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ABSTRACT

Since the early 1980s the increase in use of pulse oximeters in many
clinical situations has been quite remarkable, turning it into one of the

most important methods of monitoring in use today. Pulse oximetry

essentially uses photoplethysmography to calculate oxygen saturation.
Consequently the wavelength dependence of the photoplethysmogram

(PPG) 18 of direct relevance in the performance of pulse oximeters.

The experimental results obtained on the wavelength dependence of
the AC, DC and AC/DC PPG components for the 450 - 1000nm range are
undoubtedly different to the ones predicted by the current simple pulse
oximeter model based on the Lambert-Beer law. Moreover, they show
unexpected phenomena regarding the magnitude of the above components
over the whole range, with distinct differences between the reflection and
transmission modes. This 1s of significance to the technique of pulse

oximetry suggesting that perhaps other wavelengths should be considered

for use, and that use of both "reflection” and "transmission" probes on the
same oximeter may lead to inaccurate readings in one of the modes.

A finger model was developed and results from Monte Carlo
simulations of photon propagation obtained. The results did not
correspond to the experimental results, this 1s most probably due to either
wrong parameters or model.

Recent advances in the use of reflection pulse oximeters on fetal
monitoring during labour, have raised the question of possible artifacts
which may arise due to inadequate probe application in the birth canal.
The importance of complete opposition of the reflectance probe was
examined on an adult finger. False low oxygen saturation readings were
recorded with malpositioned probes. A new probe with modified geometry
was designed which offered an improved performance in reducing this
artifact and further suggestions were given for 1ts possible elimination.

Finally, a proposal for a novel, visible multi-wavelength reflection
pulse oximeter 1s presented with the aim of replacing current pulse

oximeters in certain situations where their use 1s questionable.
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CHAPTER 1

INTRODUCTION

The most common cause of preventable disaster in the operating
theatre and critical care environments, is patient hypoxia. An instrument
that would continually and accurately monitor the oxygen saturation of a
patient’s blood, preferably non invasively, would facilitate detection of
hypoxia before clinical signs are apparent, and enable the physician to
initiate corrective actions before it is too late. Until the early 1980s,
oxygen saturation was mainly calculated by obtaining arterial blood and
examining the profile of the blood gases. However, the disadvantages of
this method are that it is in vitro, with the risk of sample contamination,
and more importantly is invasive and also not continuous. Although,
several other ways of monitoring oxygen saturation optically have been
proposed, like the Wood oximeter (Wood, 1948) and the Hewlett-Packara
ear oximeter (Saunders, 1976), their success was limited.

Since the early 1980s a new technique, namely pulse oximetry,
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has become widely used. Pulse oximeters (Yoshiya, 1980; Taylor, 1986:
Griffiths, 1988; Blackwell, 1989) are used in many clinical settings, such
as intensive care, surgery and emergency medicine to name just a few, for
the continuous, in vivo, non invasive monitoring of "arterial” oxygen
saturation. The current situation regarding pulse oximetry is that of an
extremely commercially successful instrument, mainly because of the ease
of operation. Although several problems have been reported relating to
the use of pulse oximeters, it has to be emphasized that pulse oximeters
are very reliable clinical instruments in most cases, and this has been
clearly proved over the last few years. Nevertheless it is widely
acknowledged that the precise mechanism of their operation is not totally
understood.

In the following sections of the introduction the clinical
background of oxygen transport is reviewed along with oxygen saturation
monitoring techniques. Also the theory and wuses of
photoplethysmography, the technique utilised by Pulse Oximetry for
monitoring oxygen saturation, are presented. In Chapter 2 the present
theory, uses and limitations of pulse oximetry are examined. Finally an
outline of the objectives of this thesis is given. Chapter 3 describes the
instrumentation (both hardware and software), the system set up and
experimental procedure for the capture and analysis of the

photoplethysmogram within the 450 to 1000nm wavelength range. In

Chapter 4 the consequences of the wavelength dependence of the

photoplethysmogram to pulse oximetry are considered and discussed.
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Chapter 5 gives an introduction to the structure and optics of the skin, a
description of the Monte Carlo technique used for simulating light
transport in tissue and results relating to the wavelength dependence of

the photoplethysmogram, obtained from a series of Monte Carlo

principally in reflection mode but also in transmission. In Chapter 7 a

suggestion for a novel reflection pulse oximeter based upon the

observations in Chapter 4 is given. Final conclusions are given in chapter

8.

1.1 CLINICAL BACKGROUND

In this section the cardiovascular system and the respiratory
functions of blood are explained. It is not intended to be a very detailed
description, but sufficient to enable the principles of pulse oximetry to be

explained and discussed.

1.1.1 Circulation of the blood

The blood circulates through the arterial system present in the
tissues of the body. The blood volume is about 8% of the total body
volume and it consists of cells suspended in a fluid called plasma. Each
of the blood constituents is adapted for a special purpose and the main

function of blood is that of transport. Blood carries all the materials that
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cells need to function correctly, that is fats, amino acids, sugar, vitamins,
salts, water, hormones and most importantly oxygen. Moreover, blood
carries all the waste products of metabolism of cells, such as carbon

dioxide and urea away from the tissues to the organs of excretion.

Blood 1s continually pumped by the heart through a closed
system of blood vessels. The energy required to drive the blood through
the series of blood vessels is provided by the rhythmic contractions of the
heart, the heart being nothing more than a muscular pump. In reality,
the heart can be thought off as two pumps in series with each other.
From the left ventricle blood is driven to the tissues through thick walled
vessels, the arteries. In the tissues blood is driven through a meshwork
of fine vessels, the capillaries, where an exchange of materials between the
blood and the tissues occurs. The capillaries drain through venules into
veins and eventually back to the right atrium. This is the systemic
circulation. From the right atrium blood flows to the right ventricle and
then it 1s pumped through the pulﬁionary arteries to the lungs. In the
thin walled capillaries of the lungs the blood equilibrates with the O, and
CO, in the alveolar air. It then is carried by the pulmonary veins to the
left atrium. This represents the pulmonary circulation. The pulmonary
and systemic circulation of blood are shown in Fig. 1.1.

The exchange of gases between blood and tissues, and blood and

alveolar air is treated with some detail in section 1.1.3.
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Figure 1.1: The pulmonary and systemic circulation.

1.1.2 Oxygen Transport - Blood Constituents

Oxygen 1s necessary for life because it is fundamental to cellular
respiration. As mentioned above ox&gen 1s transported from the lungs to
the tissues and organs of the body by the blood. Although oxygen does
dissolve in plasma its solubility is such that the amount of dissolved
oxygen alone carried in the plasma, is not sufficient for man’s oxygen
requirements. Sufficient oxygen quantities are carried by one of the blood
constituents, the erythrocytes. The function of erythrocytes (or red blood

cells) 1s central to the respiratory functions of blood, which is to transport

oxygen from the lungs to the tissues and organs. Erythrocytes are non-

nucleated cells, their shape being a biconcave disc with mean diameter of
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7.2pm and mean thickness of 2pm. This configuration has been found to
be optimal for diffusion between the surface and all parts of the interior

of the cell. Their main constituent is haemoglobin, which makes up about

94% of the erythrocyte. Most of the oxygen carried by the blood depends
upon the ability of haemoglobin to combine chemically with large
quantities of oxygen. The oxygen content of blood is therefore the sum of
the oxygen chemically combined with haemoglobin and the oxygen

physically dissolved in plasma. The oxygen content of blood is defined as

the quantity of oxygen transported by the blood per minute.

1.1.2.1 Haemoglobin

Haemoglobin is a conjugated protein and consists of the protein
globin united to the iron containing substance haem. The haemoglobin
molecule is composed of four haem groups and four protein chains. Each

of the four iron atoms can combine one O, molecule.

Hb+0,=HbO, (1.1)

This combination is not an oxidation but an oxygenation. This
gives haemoglobin its most important property, to combine rapidly and
reversibly with oxygen. The oxygenated form of haemoglobin is known as
oxyhaemoglobin (HbO,) and the deoxygenated is known as reduced
haemoglobin or deoxyhaemoglobin (Hb).

The percentage saturation of haemoglobin (ie the ratio of

oxygenated haemoglobin over total haemoglobin) is a function of the
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oxygen’s partial pressure (pO,), which 1is described by the oxygen

dissociation curve. The characteristic sigmoid shape of the oxygen

dissociation curve (Fig. 1.2) 1s due to the shifting affinity of Hb for O,.
That is combination of the first haem in the Hb molecule with O, increases
the affinity of the second haem for O, which in turn increases the affinity
of the third haem which in turn increases the affinity of the fourth. The
sigmoid shape of the dissociation curve is highly relevant to the function
of haemoglobin. The flat section which is principally concerned with
oxygen uptake, ensures that arterial blood leaves the lungs well saturated
even when partial pressure is reduced to about 67 mm Hg (by living at
altitude or by modest lung disease). The steep lower portion ensures an
adequate oxygen supply to tissues by releasing large amounts of oxygen

for relatively small decreases in partial pressure.
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Figure 1.2: Oxygen haemoglobin dissociation curve.

Different factors shift and may alter the shape of the oxygen
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dissociation curve. These include temperature, partial pressure of CO,
(PCO,) and concentration of 2,3-diphosphoglycerate. A fall in blood pH,
which is due to its CO, content rising, or an increase in temperature shifts
the curve to the right. The right shifting due to the increase in pCO, is
known as the Bohr effect. In the tissues the pO, is between 10 and 40mm
Hg. Therefore, a shift of the curve to the right means that at a given
tissue pO,, oxyhaemoglobin unloads more of its oxygen. This is of clear

physiological value, as an active tissue has a relatively high pCO,, low pH

and higher temperature and all these changes result in more oxygen being

unloaded.

1.1.2.2 Other forms of haemoglobin

Other forms of haemoglobin are also present in blood. These can
sometimes be so significant that they demand specific consideration.
When blood 1s exposed to Various“drugs the ferrous iron in the Hb
molecule i1s converted to its ferric form, forming methaemoglobin (MetHb).
Methaemoglobin is incapable of combining reversibly with oxygen and thus
cannot act as an oxygen carrier. Some oxidation of haemoglobin to
methaemoglobin occurs normally, but an enzyme system in the red cells,
the NADH-methaemoglobin reductase system, converts methaemoglobin

back to haemoglobin.

Carbon monoxide also reacts with Hb to form

carboxyhaemoglobin (COHb). As the affinity of Hb for O, is much less
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than that of Hb for CO, high levels of carboxyhaemoglobin result in a

reduction of the oxygen carrying capacity of blood, because CO binds

1irreversibly to Hb.

1.1.3 Transfer of GGases

In alveolar air at normal atmospheric pressure and at a body
temperature of 37° C the partial pressure of oxygen is 100mm Hg and of
carbon dioxide 1s 40mm Hg. In the tissues at rest the partial pressure of
oxygen 1s 3dmm Hg and of carbon dioxide 46mm Hg. The net transfer of
gas between alveolar air and blood as well as between blood and tissue

continues as long as there is a pressure gradient. Oxygen passes from the
alveolar air to blood because the partial pressure of oxygen in the air is
higher than in the blood. Carbon dioxide passes in the opposite direction
because 1ts partial pressure is higher in blood than in the air. In the case
of tissues the above situation is reversed, with oxygen passing from blood

to the tissues and carbon dioxidedhpassing from the tissues to blood

(Ganong, 1973). This is indicated 1in Fig. 1.3.

MONITORING OXYGEN SATURATION

Oxygen saturation is defined as the oxygen content expressed as
a percentage of the total oxygen capacity and the degree of blood
oxygenation can be described by either the functional oxygen saturation

or the fractional oxygen saturation, given in equations 1.2 and 1.3
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Figure 1.3: The partial pressures of oxygen and carbon dioxide in the gas

transport system and the pressure gradients for oxygen (solid line) and
carbon dioxide (dotted line).

respectively.

C[HbO,]

— = x100% (1.2)
C[HbO,]+C[HD]

Functional Sa0, =

C[HbO,)

- e %x100% (1.3)
C[HbO,] +C[Hb)+C[MetHb]+C[COHD]

Fractional Sa0, =

where: C[Hb] concentration of haemoglobin
C[HbO,] concentration of oxyhaemoglobin
C[MetHb] concentration of methaemoglobin
C[COHb] concentration of carboxyhaemoglobin

The fractional oxygen saturation takes into account the fact that
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other forms of haemoglobin are present in the blood (section 1.1.2.2) which
affect the degree of blood oxygenation, thus the ratio of oxyhaemoglobin

to total haemoglobin is also used. In normal healthy people the arterial

blood saturation is usually between 96 - 100%.

Utilisation of the physician’s senses (sight, hearing, touch, smell)
has trom the beginning of medicine been the mainstay in diagnosis and
tracking the course of disease. The first ever method used for assessing
blood oxygenation levels was that of skin colour or cyanosis. The word
cyanosis 1s derived from the Greek word xvovo, meaning ciark blue.
Unfortunately, cyanosis is only a late sign of significant desaturation.
Moreover, detection of cyanosis depends on skin pigmentation and
perfusion and on the haemoglobin concentration in blood. Thus, with an
anaemic patient the oxygen saturation would have to be much lower to
detect cyanosis whereas a polycythaemic patient would show signs of
cyanosis much earlier. In a study by Comroe (Comroe, 1947) 1t was found
that cyanosis is not a reliable clinical sign of hypoxemia, clearly indicating
that other means to complement the physician’s senses are required, 1n
order to assess blood oxygenation levels accurately.

Several electrochemical methods for blood gas analysis have been
developed over the years, with a complete historical review on the subject
given by Astrup and Severinghaus (Astrup, 1986) and Ziljstra (Ziljstra,
1953). A different way of determining oxygen saturation is using optical

measurements of haemoglobin and these techniques come under the name

of oximetry.
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1.2.1 Oximetry

As mentioned in section 1.1, virtually all oxygen transported
around the body is carried in the red cells as oxyhaemoglobin, which is the
oxygenated form of haemoglobin. Oximetry, which is defined as the
determination of the oxygen saturation of blood, is based upon the
existence of differences in the absorption spectra (Alexander, 1989;

Wukitsch, 1988) of oxyhaemoglobin and deoxyhaemoglobin as shown in

Fig. 1.4 (Data from Zilstra, 1991).
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Figure 1.4: Millimolar absorptivities of four haemoglobin derivatives.

An oximeter is an optical-electronic device in which the difference
in light absorption between haemoglobin species can be measured, and

thus oxygen saturation, by using standard spectrophotometric techniques.
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The field of oximetry started developing rapidly in the early 1930s where
much of this research was associated with anaesthesia. Later oximetry
was associated with aviation medicine, encouraged by experiments using
unpressurized aeroplanes flying at high altitudes during World War 2.

There are several methods of assessing blood oxygenation levels
depending on the means of processing. These can be divided into two
groups; in vitro methods and in vivo methods.

Most of these techniques are based, or were originally based, on

the Lambert-Beer law. This law states that the transmission of light

through a solution is a logarithmic function of the concentration of the

absorbent.
I =1104, A=eCL (1.4)
where: I . the transmitted light intensity
I . the incident light intensity
A . the absorption
£ - the extinction coefficient of the absorbent 1n

- 1
L, mmol™” em™.

C . the concentration of the absorbent in mmol L™

L . the path length 1n cm
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Where several absorbents are present in a solution, then the

absorption A is given by :

L C L +e C, L + ... +e C L (1.5)

Some of the technological breakthroughs in oximetry along the

years and present techniques are presented here.

1.2.1.1 In vitro methods

The in vitro methods are of course invasive since they require an
arterial blood sample. Haemolysed or non-haemolysed (whole) blood can
be used according to the particular method used. The theory of oximetry
on haemolysed blood is given in Appendix A.

The CO-Oximeter is an automated spectrophotometer that uses
four specific wavelengths to measure the relative concentration of
oxyhaemoglobin, deoxyhaemoglobin, carboxyhaemoglobin and
methaemoglobin (Shapiro, 1982). The four wavelengths were chosen based
on the absorption characteristics of the above haemoglobins. In the case
of adult haemoglobin no corrections are needed when using the CO-
Oximeter. However, 1n the case of fetal haemoglobin there are
dissimilarities in spectral properties at the wavelengths used by the CO-
Oximeter and the readings must be corrected (Cornelissen, 1983; Zijlstra,
1983). Although this technique is invasive, in vitro and non continuous 1t

is today considered as the "gold standard” in oximetry due to the accurate
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results it produces.

1.2.1.2 In vivo methods

Reports of using ear oximeters for determining oxygen saturation
go back to the 1940s. In the Millikan oximeter (Millikan, 1942) the
instrument was preset to indicate an oxygen saturation value of 100%
when the subject was breathing 100% oxygen. Therefore any consequent
readings of oxygen saturation were only relative.

The Wood oximeter (Wood, 1948) used a rather different
approach to the problem. It used Lambert-Beer law analysis on the ear,
with the ear acting as a cuvette. The absorption in the ear tissues was
distinguished from the absorption due to arterial blood. This was achieved
by squeezing out the blood by simply compressing the ear. Measurements
of light intensity were taken at two wavelengths for the same reasons
described in Appendix A. These served as the baseline. The compression
was then released and two new measurements of light intensity were
taken after the arterial blood was re-admitted. The procedure of this
technique is shown in Fig. 1.5. The difference between the new

measurements and baseline is due to arterial blood absorption and this

was used to calculate oxygen saturation.
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Figure 1.5: Wood’s ear oximeter.

Referring to Fig. 1.5 from the Lambert-Beer law the absorbance A, . of the

bloodless ear is given by:

Again from Fig. 1.5 the absorbance A, due to ear tissues and arterial blood

1S:

The difference of the two gives the absorption A , due to arterial blood

only.

- A, = log— (1.8)
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For the two wavelengths employed the absorptions due to the arterial

blood, ignoring scattering effects, are:

A.pa1 = L (g,,[HBOIC[HDO,] + €, ,[Hb)C[Hb]) (1.9)

A,pr2 = L (€,,[HDO,JC[HDO,] + €,,[Hb]C[HD]) (1.10)

From now on the analysis and calculation of Sa0O, is exactly the
same as for haemolysed samples as given in Appendix A. In practice the
Wood oximeter used a red and an isobestic wavelength in the near
infrared, thus the equation for SaQ, is in the form of equation A.5.

The advantage of the Wood oximeter was that it provided
absolute rather than relative values of oxygen saturation, and the
influence of earlobe thickness, or skin pigmentation was eliminated.
However, 1n practice 1t suffered from the long time needed to operate the
oximeter, the need to compress the ear and the associated difficulty in
excluding all arterial blood for the baseline measurements.

Although the above methods were available for many years they
failed to gain any major clinical use. The reluctance to use ear oximetry
can partly be explained by reservations concerning its accuracy and partly
due to the practical difficulties in operating these early instruments.

The Hewlett Packard ear oximeter (Saunders, 1976) overcame
the calibration problems of the above oximeters. It used eight narrow

wavelengths (obtained from a rotating filter wheel) and the light was
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piped to the ear by using fibre bundles. A large number of wavelengths

were used because the ear was again considered as a cuvette but with

several absorbing components; with oxyhaemoglobin and
deoxyhaemoglobin being two of them. The Hewlett Packard oximeter was
relatively insensitive to changes in earpiece position.

The use of fiberoptics for oximetry began in the early 1960s
(Polyani, 1960, 1962; Enson, 1962; Kapany, 1967). Oxygen saturation
measurements were made from blood in major vessels or the heart using
catheterisation. A fibre bundle was incorporated at the tip of the catheter,
with half of the bundles acting as the transmitter and the other half
acting as the receiver. When the light enters the blood it is scattered by
the red blood cells illuminating an area around the catheter tip. A portion
of the light after it is scattered and absorbed by the red cells returns to
the tip of the catheter and via the receiving bundle to the detection device.

As with other spectroscopic methods of oxygen saturation two wavelengths

are used (red and infrared). The ratio of the backscattered light at the
two wavelengths is used to compute oxygen saturation. A variation of this

oximeter was used by Johnson (Johnson, 1971) where solid state devices

were mounted on the tip of the catheter.

Despite all previous work, oxygen saturation monitoring was
revolutionised in the late 1970s by Pulse Oximetry. Pulse oximetry gives
continuous in vivo non invasive functional oxygen saturation readings.
The reasons that this new technique succeeded and gained wide

acceptance are several and these are explained and analysed in detail in

1.18



chapter 2. It is the simplest method yet to be used, since it does not
require any on-site calibration and is easy to apply. This method

essentially uses the photoplethysmography technique and therefore, before

explaining pulse oximetry the photoplethysmography technique is

reviewed.

1.3 PHOTOPLETHYSMOGRAPHY

Photoplethysmography refers to the monitoring of time varying
changes 1n the intensity of light scattered from tissue in vivo. Although
the human body 1s normally assumed to be opaque to light transmission,
most soft tissues will transmit both visible and near-infrared radiation.
Light is therefore shone onto an area of the skin and a photodetector 1s
used to detect the emergent light arriving after its interaction with the
skin, blood and other tissue. The amount of light measured by the
photodetector depends upon a number of factors:-

a) the optical properties of the tissues at the measurement site.

b) the wavelength, direction of emission and output power of the

light source.

c) the sensitivity of the detector.

d) the interface between emitter and detector and the skin.

e) the geometry of the emitter and detector.

Conventionally two components are considered to be observed
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during photoplethysmography, the "AC" component and the "DC"

component as shown in Fig. 1.6.

PULSATI LE
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~ DUE TO
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O BONE AND
TISSUE
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Figure 1.6: Light absorption through living tissue as a function of time.

The AC component is a cardiac synchronous signal caused by the
arterial pulse. The DC component is a very slowly varying signal which
is thought to be largely due to the total blood volume in the skin.

With the PPG method there are also two modes of measurement,
the Transmission mode and the Reflection mode as illustrated in Fig. 1.7.

In the Transmission mode the light source 1s at one side of the
skin under investigation and the photodetector 1s placed at the opposite
side of the skin. This mode is obviously limited to only a few areas of the

body, such as fingers, toes, ear lobes, where the distance between the

source and the detector 1s not too great.
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Figure 1.7: Transmission and Reflection modes as wused in
Photoplethysmography.

In the Reflection mode the light source and the photodetector are
positioned side by side. A proportion of the light entering the skin i1s back
scattered and emerges from the skin adjacent to the light source.
Therefore, the photodetector placed next to the light source will detect this
light. The further apart the photodetector is from the light source, the
more difficult it is to detect the light. This source - detector configuration
is much more versatile, thus allowing measurements to be performed on
virtually any skin area.

It has to be remembered that although the terms "transmission”
and "reflection" are used here, the process is that of overall forward

scattering and back scattering respectively.

Looking at the interaction of light with the skin in more detail,

ligcht leaving the source undergoes many optical processes as 1t passes
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through the skin. These optical processes are reflection, refraction,
absorption and scattering. Of these the most important is that of multiple
scattering. Although the exact underlying mechanisms responsible for
producing the PPG are still incompletely understood, it is thought that it
1s mainly produced by absorption of the multi scattered light. Light is
absorbed by the tissue, bone and venous blood. This absorption is
assumed to be constant and gives rise to the DC PPG. The AC PPG is
again believed to be produced by an absorption process, with the incoming
arterial pulse causing an increase in the blood volume and consequently
a decrease 1n the received light intensity. An added complication with the

AC component 1s that the creation of this alternating signal may be due
to a change in the optical transmittance of blood. This was demonstrated
by Challoner (Challoner, 1979) in an experiment using a rigid tube. Since
a rigid tube excludes any volume changes, the change in the optical
transmittance of blood was attributed to changes in the orientation of
erythrocytes. In the case of the DC éignal the orientation of erythrocytes
does not apply, and the measurement of the total blood volume 1s due
predominantly to the absorption of the multi-scattered light.

In both transmission and reflection photoplethysmography the
PPG signal is produced by an absorption process, thus the blood volume
and light intensity pulses are in antiphase. However, in the retlection
mode under certain physiological conditions PPG signals have been
observed that are in phase with the blood volume pulse (Nijboer, 1982).

This signal is generally referred to as the "inverted" PPG, Fig. 1.8.
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Nijboer found that the "inverted" PPG is a local phenomenon restricted to
the reflection mode. It is thought to be caused by a relative increase in

the optical density of the surrounding tissue in relation to the arterial

vessels.
A
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Time
N
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Antiphase “Normal” PPG In-phase “Inverted” PPG

Figure 1.8: "Normal" and "inverted" AC PPG signals.

1.3.1 Uses of Photoplethysmography

Although Photoplethysmography has found its major use in pulse
oximetry (as explained in the following section), it has been used in many
other applications. Some of them are presented here:-

The photoplethysmogram was first introduced by Hertzman in
the late 1930s (Hertzman, 1937) for the measurement of blood volume 1n
skin. Photoplethysmography does not yield a quantifiable measurement
of blood volume in absolute units. This is because the amount of light
arriving at the photodetector depends on the vascular bed which varies

from individual to individual. Assuming that during the measurement
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parameters like temperature, humidity and ambient lighting which alter
the optical properties of the skin remain constant, then the method
measures variation in blood volume relative to an arbitrary reference level,
thus it provides information on skin blood volume changes. Most of the

pioneering work and use of the photoplethysmogram to investigate
cutaneous blood flow was done by Hertzman in the 1930s and 40s
(Hertzman, 1938; 1946). However, technical limitations with the detectors
and light sources at that time, prevented this technique becoming popular
until recently. Challoner and Ramsay used photoplethysmography for
assessing blood flow (Challoner, 1974), especially after some external
action, such as after injection of drugs or irradiation. Two probes were
used, one at the test site the other at the control site. The results
obtained are qualitative as the changes at the test site are always
compared with the adjacent control site.

Kamal, Harness and Mearns (Kamal, 1989) used the frequency
analysis of the photoplethysmograih to extract information about the
autonomic nervous system control of the cardiovascular system. This
information is similar to that which can be obtained from heart rate
variability studies.

The frequencies of thermoregulation, baroreception (blood
pressure control) and breathing represent the main activities of the
autonomic nervous system. All these appear in the frequency spectrum of
the photoplethysmogram as frequency components below 0.5 Hz. These

natural frequencies may be moved by using an external stimulus and this
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has given rise to the concept of forcing frequency testing (Mearns, 1985)

as a technique to test the autonomic and cardiovascular system. In the

frequency range 0.5 - 2 Hz the major peak is due to the mean heart rate
and also as explained by Kamal et al (Kamal, 1989) frequency components
which are due to the modulation of the heart rate by the frequencies below
0.5 Hz. The information above 2 Hz is due to the harmonics and has
minimal clinical value. In Figures 1.9 and 1.10 the frequency spectrum of
the photoplethysmogram is shown in the range 0.0097 - 4.9902 Hz (DC
component removed). These results (Damianou, 1989) are from studies on

the same subject breathing at 0.31 Hz and 1.2 Hz in Fig. 1.9 and Fig. 1.10

respectively.
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Figure 1.9: Frequency spectrum of the photoplethysmogram with the
subject breathing at 0.31 Hz.
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Figure 1.10: Frequency spectrum of the photoplethysmogram with the
subject breathing at 1.2 Hz.

As seen in Fig. 16 the signal detected by the
photoplethysmogram has a steep rise with the dicrotic notch on the falling
slope. Sherebrin (Sherebrin, 1990) examined the shape of the PPG signal
for three different age groups. Although the shape of the PPG signal 1s a
complex affair depending on environmental temperature, respiration,
posture, exercise, heart function and thickness of the blood vessels, he
found that in most older groups the rise and fall of the signal was more
oradual and the dicrotic notch less pronounced. He also examined the
power spectrum of the PPG signal with respect to the fundamental for
each of the three age groups. A decrease in harmonic content of the signal
was observed with age. The object is to use this information from the

shape of the AC PPG signal in order to measure non invasively the elastic
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properties of the vascular tree as a function of disease and aging.
Diverse applications include investigating sexual fantasies in
women (Meuwissen, 1991). The extent to which a number of themes 1n a
female sexual fantasy questionnaire were rated as sexually arousing,
correlated with the levels of physiological response recorded by vaginal

photoplethysmography while women engaged in fantasy employing these

themes.

Simpler applications of the photoplethysmogram can be found in
heart rate monitors used in sports equipment, either incorporated 1n

exercise machines or watches for "serious joggers".
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PULSE OXIMETRY

2.1 PULSE OXIMETRY THEORY

Although the principles of oximetry (described in the previous
chapter) have been known since the turn of the century it was not until
the early 1980s that the technique found widespread clinical use in the
form of pulse oximetry. Since then t;he increase 1n use of pulse oximeters
in all critical care situations has been quite remarkable, turning it into
one of the most important methods of monitoring in use today.

All forms of oximetry rely upon the differences in the absorption
spectra of haemoglobin (Hb) and oxyhemoglobin (Hb0,). What has made
pulse oximetry a success where other earlier oximeters failed 1s its

processing of the cardiac synchronous component of light scattered from

tissue, related to the arrival of the "pulse”.

The theory of pulse oximetry has been developed by adapting the

theory of in vitro oximetry. Consequently, the Lambert-Beer law has been
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used as the basic theory for the operation of pulse oximetry. This theory
as 1s often presented and explained in the literature is discussed here in

detail. The assumptions of this theory and therefore the limitations of

pulse oximetry are highlighted.

Since, pulse oximetry uses the pulsatile component of the PPG
signal (see Fig. 1.6) and assumes that this component is solely due to the
arterial oxygenated blood, the DC and the AC components of the
photoplethysmogram can be thought of to be analogous to measurements
on the compressed and blood-filled ear respectively in the Wood’s oximeter.
Application of the same theory as for the Wood’s oximeter provides a basic
description of the operation of pulse oximeters.

Assuming pulse oximetry monitoring on the finger, the finger can
be modelled as a cuvette of length L, consisting of blood, skin and bone.
This cuvette expands by a further length AL with the influx of artenal
blood, as shown in Fig. 2.1. In this figure A and I are the absorption and
transmitted light intensity respectivély due to the ‘'nonblood’ compartment
and the blood present at the end of the outflow phase. A’ and I’ are the
absorption and transmitted light intensity respectively due to the

‘nonblood’ compartment, the blood present at the end of the outflow phase

and the arterial blood that flows into the finger.
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