To My
Parents
and

Grandmother.



-— o= e=b
E. [ ] .EE
NDNION
¢ o
W N =

——d b o=b
e o
w ww
L ]
W N =

-‘—IE
= =r
N

Contents

Chapter 1: Introduction and Backeround,

Jntroduction,

Light and the Electromagnetijc Spectrum,
Maxwell's Equations and Light.

Quantum Mechanics and Wave Particle Duality.
The Electromagnetic Spectrum.

The Interaction between Electromagnetic.
Radiation and Matter,

Emission and Absorption Spectroscopy.
Polarization Studies.

Scattering Studies.

The Gross Optical Characteristics of Tissue,
Light Absorbing Compounds in Tissue.
Experimental Studies of the Gross Optical
Characteristics of Tissue.

Theoretical Studies of Light Transmission
and Reflection.

Optical Methods for Physiological and

Biochemical Measurements,
Oximetry.

Bilirubinometry.

Sundry Optical Reflectance Methods.
Measurement of the Redox State of
Cytochrome Oxidase.

Fluorescence Measurements.
Photoplethysmography.

Glucose Measurements.

Scattering Studies.

The Use of Lasers.

Monte Carlo Methods.

Photography.

Advantages and Disadvantages of Optical Methods

for in vivo Monitoring.
Brief Description of Thesis Contents,

1.52

1.54
1.75
1.78
1.80

1.81
1.82
1.83
1.86
1.87
1.88
1.91
1.94

1.96

Chapter 2: Photography of Transilluminated Tisssue Using an

>

o

[N I \V)
NV
WN

n
4

of,
w
o

[ ]
w N

NN
.
w w
.

Image Intensifier,

Introduction and Aims,

The Image Intensifier and Other Equipment Used,

Intensifier and Camera.

Optical Filters.

Light Sources.

Results,

Basic Transillumination and Backscattering
with the Clinical Optical Fibre Bundle
(White Light) Source.

Transillumination of the Hand.

Transillumination Studies of Bacon.

Discussion of Results.
Further Studies,

C.1



E:wwwwwE:ww wawwwwKE
[ ] [ ] » [] 3 [ ] [} [ ] [ ] [ ] L]
ErrrerE"T b wwi v N

vmoiToTuorotuoiuoru,m

LWLWWwwWwWwww

=
o

b

&=

N

»
NN

=
L):.-:.-
. ° .

=
R I i
» » )
& = wwww
L]

& o2

k-

=&
v

= &
[ ]
T U
L ]

-

g —4
L]

oy On

Contents

Chapter 3: Instrumentation,

Antroduction, 3.1
Optical Components, 3.2
.1 Light Sources. 3.2
.2 Wavelength Selection. 3.5
.3 Detectors. 3.10
A4 Optical Fibre Bundles. 3.13
Photodetector Circuits and Other Instrumentation. 3.17
.1 Introduction. 3.17
.2 Instrumentation for Kinetic Studies 3.18
of Cytochrome Oxidase.
3 Photomultiplier Detection Circuits. 3.21
R Photoplethysmography Using a Photodiode. 3.24
Spectrophotometer Configuration, 3.26
. Introduction. 3.26
.2 Single Beam Spectrophotometer. 3.26
.3 Split Beam Spectrophotometer. 3.27
AU Dual Wavelength Spectrophotometer. 3.28
5 Commercial Spectrophotometers Used. 3.31
Computer Based Scanning Spectrophotometer, 3.34
.1 Introduction. 3.34
.2 Spectrophotometer Hardware. 3.38
.3 Instrument Operation and Software Overview. 3.41
A Sampling Subroutines. 3.42
5 Single Spectra Operation of the Spectrophotometer. 3.48
.6 Graphical Output Routines. 3.52
 f Multispectra Operation. 3.57
.8 Performance of the Scanning Spectrophotometer. 3.60

Cytochrome Oxidase: A Non-invasiye Method for the Study of
Cerebral Metabolism ?

Introduction, 4.1
Clinical Perspective, 4.4
1 Introduction. 4.y
2 Current Instrumentation. 4.4
Biochemical Background. 4.7
1 ATP and the Transfer of Energy. 4.7
2 Glycolysis. 4.8
3 Oxidative Metabolism. 4.8
y The ATP Yield From Glucose. 4.15
The Cytochromes and Spectroscopy. 4.19
1 Introduction. 4.19
2 The Absorbance Spectra of Cytochraues. 4.20
3 Cytochrome Oxidase. ‘Y .22
The Respiratory Chain Components: Redox 4.27
State and Kinetics,
1 Introduction. .2
2 The Redox State of the Respiratory 4.28
Chain Components.
3 The Kinetics of Cytochrome Oxidase. 4.36
y The Work of Britton Chance et al. 4.39
Experimental Work, 4.41
1 Introduction. 4 41
2 Absorption Spectra of Proprietary 4. .y2



&= &
o oNONON
[ ]

L ]
o WV =W

s © e o
VT EWN =

®
OV EWN —

= 1 =
[ ] [ ] [ ] [ ] . L] » [ ] . » L]
o Co o 0o 0o o ™ -~~~

TWN =

N ¥ &
e« 5 v o

b omd =D embd
OO0O0OO0O
. .

2

- e b

Contents

Cytochrome Oxidase.

Experiments Using Purified Cytochrome Oxidase.
Preliminary Experiments on Yeast Cells.
Spectrophotometric Studies on Yeast Cells Using
a Dual Beam (Aminco DW2) Spectrophotometer.
Experiments on Yeast Cells Using Personally
Constructed Instrumentation.

Haemoglobin, Myoglobin and Cytochrome Oxidase,
Introduction.

Haemoglobin.

Myoglobin.

Cytochrome Oxidase.

Summary .

Monitoring the Redox State of Cytochrome
Oxidase In vivo,

Introduction.

The Work of Jobsis et al.

Studies by Former Colleagues of Jobsis.

The Work of Other Groups.

Near-IR Studies.

Summary.

The Clinical Use of Niroscopy,

Signal Processing Requirements to Obtain Artefact
Free Traces During Niroscopy,

Introduction.

Theoretical Requirements.

Dual Beam Spectrophotometry.

Summary.

Mathematical Modelling of the Kinetic Behaviour
of Cytochrome Oxidase,

Introduction.

Reaction Kinetics and Modelling of Reactions.
Modelling the Absorbance and Consumption of
Oxygen by Cytochrome Oxidase.

Planned Extension and Use of the Model.

A Possible Explanation for the Change in
Affinity in vivo.

Summary and Further Work.,

X.45
X.67
X.71

§.81

3.89
§.89
%.90
§.92
§.92
5.93
§.94

§.94
§.95
X.101
§.103
X.105
3.106
3.10

3,112

§.112
§.112
§.114
5.116

5.118

§.118
3121
3.125

§.133
§.134

3,139

. Chapter 5: Oxidative Damage and its Possible Involvment in

vTgroTotTuoiuon oo WD
L ]
== O O~TO0ON EWN =

Disease States in Paediatrics,

Introduction.

Free Radicals.

Molecular Oxygen and Free Radicals.

Protective Mechanisms.

Generation of Free Radicals.

Oxidative Damage.

Developmental Profiles of Antioxidant Enzymes.
Intraventricular Haemorrhage.

Retinopathy of Prematurity.

Discussion.

Uit uon
_.\oqm'ow.nwmm-

C.3



Contents

Chapter 6: In Vivo Reflectance and Transmission Measurements.

6.1 oductio 6.1
6,2 Refle ce Studies, 6.4
6.2.1 Results Obtained Using the Photodiode. 6.5
6.2.2 Results Obtained Using The PMT. 6.10
6.3 Transmission Studies, 6.13
6.3.1 Results Obtained Using the Photodiode. 6.13
6.3.2 Results Obtained Using the PMT. 6.15
6.4 The Transition From Transmission to 6.18
Absorbance Measurements,
6.4.1 Results Obtained Using the Photodiode. 6.18
6.4.2 Results Obtained Using the PMT. 6.19
6,5 Kinetic Studies, 6.21
6,6 Discussion, 6.24
Chapter 7: The Construction of an Instrument for Recording
Pho tgg;ethxsmogr and its Preliminary Use,
1.1 AIntroduction, 1.1
1.2 Previous Use and Current Views of 1.4
Photoplethysmography,
1.3 Aims, 1.9
1.4 Processing the PPG, 1.11
T.4.1 Analogue Electronics to Provide Input 7.11
for the A/D Converter.

7.4.2 Processing the PPG Itself. 7.13
1.5 Microprocessor Based Instrument for Averaging, 1.17
Processing and Displaying Photoplethysmograms,

7.5.1 Introduction. 7.17
7.5.2 Analogue Inputs. 7.18
7.5.3 Programme Structure and General Description. 7.19
7.5.4 ECG Subroutines. 7.23
7.5.5 User Selection of Programme Options. 7.25
7.5.6 PPG Subroutines. 7.28
7.5.7 Output Routines. 7.36
1.6 Results and Discussion, 7.39
7.6.1 Introduction. 7.39
7.6.2 Basic Shape of the PPG and the Effect of AC-coupling T.40
7.6.3 PPGs from sites other than the finger. 7.43
7.6.4 Inverted PPGs. 7.45
7.6.5 Variations in the Magnitude of the PPG with 7T.46
Wavelength in Reflection and Transmission Modes.

1.1 Summary, 71.53
T.7.1 Conclusions. 7.53

Chapter 8: Summary and Conclusions,

Chapter 9: Addendum.

C.4



Optical Methods for Monitoring Physiological and
Biochemical Variables,

Thesis submitted by John Crowe, Green College for the degree of D.Pnil.,
Trinity term, 1986.

Abstract

Tne use of optical methods for performing non-invasive physiological
and Dbiochemical monitoring has been investigated, with particular
emphasis on the application of near-infrared spectrophotoretry for
following changes in the redox state of cytochrome oxiaase.

Initial studies of the gross optical properties of in _vivo tissue
were meade using an image intensifier. These demonstrated that some
light is transmitted through biological tissues and that such material is
very highly scattering.

In order to investigate the feasibiity of non-invasively monitoring
changes in the redox state of cytochrome oxidase in vivo,
spectropnotometric and oxygen measurements were made on soiutions
containing the pure enzyue and Yyeast cell suspensions. These
demonstrated the high affinity that the enzyme has for oxygen in such
preparations, in contrast to the much lower apparent affinities in vivo
that nave been reported. These results were then modelled
mathematically. and a possible-explanation for this anomaly suggested.
Potential problems with applying this method are also presented.

The interest in cytochrame oxidase is due to its importance in
oxidative metabolism. However in performing this role it also assists
in the prevention of oxidative damage, whose contribution to various
disease states in paediatrics is briefly considered.

Two instruments were also constructed, and used, firstly to measure
the spectral characteristics of transmitted and reflected light in _vivo,
ana secondly to study the cardiac synchronous pulsatile component of this
light (commonly referred to as the photoplethysmogram).
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Chapter 1: Introduction and Background.

1.1 Introduction.

The aim of the work described in this thesis was to investigate the
use of optical methods for performing physiological and biochemical
measurements, or more precisely the application of such methods to
non-invasive in vivo monitoring. This use of optical methods is
eminently suited to the care of premature infants who are at risk.

Here, an "optical method" is considered to be any technique where a
sample is 1illuminated with 1light, and the reflected, scattered or
re-radiated 1ight subsequently detected and analysed.

Non-invasive refers to the fact that 1light is shone onto and
detected from the surface of the body, although clearly very few
techniques can be truly non-invasive since some form of energy (in this
case photons) will usually be required to pass through the tissue under
investigation.

In addition to the work concerning .the in vivo optical

characteristics of tissue which is of direct relevance to non-invasive
monitoring of all types, the thesis also contains a specific assessment
of optically monitoring the redox state of cytochrome oxidase (cytochrome
aaz) in vivo. It is claimed that this can yield information regardin§
oxygen sufficiency at its site of utilization. The technique by which
this is achieved amounts to performing in vivo near-infrared (near-IR)
spectroscopy. To obtain artefact free signals relating to the redox
state of cytochrome oxidase then oxygen saturation and changes in blood
volume (which are of extreme importance in their own right) must also be
monitored in the same way.

The specific interest in near-IR spectroscopy is because of the
tremendous potential of the technique for studying cerebral metabolism

and haemodynamics in preterm infants, who are known to be predisposed to
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varying degrees of brain damage. Such a technique may help in
discovering the aetiology of the various problems and also offer a means
of monitoring, thus improving the achievable standard of nursing care.
Because of the similarities between many optical methods, experience
gained from the studies on cytochrome oxidase is 1likely to be
transferable.

This introduction aims to review optical methods which have been
proposed, assessed or indeed used. Although the emphasis is placed upon
information which is relevant to the remainder of the thesis, other
details are given which are indirectly related to the work presented, and
are considered to supplement this research. Such details illustrate the
widespread current and potential uses of optical methods in biology and
medicine. They also demonstrate how many of these methods are
fundamentally linked to others in some way, and that much can be learned
from studying different yet similar techniques.

Within this introduction firstly the basic physical nature of 1light
and its position 1in the electro-magnetic (em) spectrum are described
(Section 1.2) followed by a synopsis of the fundamental ways in which
photons may interact with other matter (Section 1.3).

The most important 1ight absorbing compounds in biological tissues
are then introduced (Section 1.4.1) along with a brfef explanation of why
they possess such properties. This is followed by the gross reflectance
and transmission spectra of both excised and in situ tissue (Section
1.4.2), and a brief review of the various theories used to explain light
propagation in tissue and to model the above optical characteristics
(Section 1.4.3).

This background information is sufficient to give details of
proposed or practised optical methods (Section 1.5) with particular
emphasis on oximetry since it 1is probably the most widely used and

advanced clinical optical method. Moreover, the principles behind its
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use (both experimental and theoretical) are applicable to other methods,
such as optically monitoring the redox state of cytochrome oxidase, which
rely upon measuring small changes in absorbance.

The various merits and disadvantages of optical methods are briefly
given in Section 1.6, followed by an outline of the remainder of the
thesis (Section 1.7).

It is felt that many optical techniques (and certainly those for use
in a clinical enviroment) are therefore related, and that a review of

this . nature emphasises these connections and serves as a useful

introduction to the field.
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1.2 Light and the Electromagnetic Spectrum.

Given the above general description of an ‘“optical method" it
becomes necessary to define "light", which is generally accepted to be
that region of the electromagnetic (em) spectrum known as the visible
region extending from about 400nm to 700nm (roughly 7.5x10+14 to
4.3x10+I4 Hz), and approximately corresponds to the band used for normal
human vision (see ROSOTTI (1983)).

However, for reasons described in Section 1.4.1, the part of the em
spectrum which is of interest in this thesis is from about 400nm to

1100nm (ie across the visible and near infra-red (IR) regions), and

therefore from hereon the term "light" will be used to cover this region.

1.2.1 Maxwell's Equations and Light.

That light is indeed an em wave first became evident in the 19th
century through the work of James Clerk Maxwell. He developed a set of
four equations (commonly referred to as "Maxwell's equations")
summarising.all the then known properties of electric and magnetic
fields. For free space these can be manipulated into the following two
vector equations which represent six scalar equations, one for each

component of the electric, E, and magnetic, B, fields:

2 - 2

Ve E €, uo d“B 1.1
dt

2 - 2

v E - e() uo d E 1.2
dt

and where €, and K, are the permitivitty and permeability of free
space, and V2 is the Laplacian operator.
These six scalar equations are identical in form to the

three-dimensional (3-D) scalar wave equation
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2 1 42
b2, = L 2%

1.3
v23t2

where ¢ 1is a scalar quantity and v is the propagation velocity of the
wave. Consequently, the scalar equations represented by equations 1.1

and 1.2 describe an em wave travelling through free space with:

J/ — 1.4

€
OuO

As usual for wave motion, the velocity of the wave is equal to the

product of its wavelength, A , and frequency,v :
vV =V 1.5

Using experimental values of €, and U Maxwell used equation 1.4 to
determine the theoretical value of the velocity of em waves. This value
was in such close agreement with direct measurements of the speed of
light that Maxwell was led to conclude that light itself is an em wave.

Maxwell's equations also show that both the electric, E, and
magnetic, B, fields must be transverse waves (ie perpendicular to the
direction of propagation), which are orthogonal to each other and in
phase as represented in Figure 1.1. Furthermore, the amplitudes of the E

and B fields are related by c, the speed of light:

E — c B 1.6

y . X

with the intensity, I, (that is the flow of em energy per unit area per
unit time) given by:
2>

= <
| €oc E 1.7

where <E2 s the time averaged value of the square of the E field.
Within free space the speed of light, ¢, has a constant value of
2.998x10 *8 ms'l, but within an homogeneous dielectric medium of

permitivitty, ¢ , and permeability, u , it changes to speed v, given by:

1 1.8
VvV = .
Y eu

In accordance with equation 1.5 the change in speed is caused by a change
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| o3

N/

Velocity, ;\\\\\\

Figure 1.1 Representation of an Electromagnetic wave.

E

in wavelength of the wave whilst it travels through the medium. The
ratio of these two speeds gives the refractive index of the medium, n,

as:
(]
n = — 1.9
Vv

If the refractive index is wavelength dependent then this leads to
dispersion, the effect which enables a prism to split white light into

its component colours.

1.2.2 Quantum Mechanics and Wave-Particle Duality.

The above description of 1light has been in terms of em waves.
However the work of Planck on black body radiation and Einstein on the
photoelectric effect led Einstein to suggest that 1light could also be
considered as discrete quanta of energy, or photons, with energy, E,

related to the frequency of the light, v, by Planck’s constant, h;
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E=hwv 1.10
Returning to Maxwell's equations, they can be used to show that
E=pc 1.11
where E and p are respectively the energy and momentum of the em wave.
Alternatively the energy of a particle can be expressed by an equation

derived from special relativity :

2
E =c (mo2 c2 + p )é 1.12

where m  is the rest mass of the particle in question. Equations 1.1l
and 1.12 must be equal since a photon can be considered as both a wave
and a particle, and thefore the rest mass, m_, of a photon must be zero.

In addition the total relativistic energy of a particle with

velocity, v, is given by;

2
m c

E = 2 1.13

(1-v3/c%?

where mo/(l-vz/cz)é is the vrelativistic mass. The energy of the
particle must be finite, which since m, is zero means that a photon can
only exist with velocity ¢, and that its energy is totally kinetic.
Electromagnetic radiation can therefore be considered as either a
wave of velocity c, (in free space), wavelength A, and frequency v, or
as discrete particles (photons) with no rest mass, and energy hv, which

is totally kinetic.

1.2.3 The Electromagnetic Spectrum.

At the time when Maxwell published his electromagnetic theory, the
known band of em radiation extended only from the infra-red (IR) across
the visible to the ultra-violet (UV). The em spectrum is now known to
extend from radio-frequency (RF) waves of a few Hz to gamma rays with

frequencies of the order of 10 22

Hz as shown in Figure 1.2.
It is perhaps worth reiterating that despite the enormous range of
frequencies present 1in the em spectrum, all types of em radiation are

fundamentally identical, that is they are all transverse, orthogonal
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electric and magnetic fields propagating with velocity, c. All that
differs is their wavelength and frequency, and therefore energy, as shown
by equations 1.5 and 1.10.

One source of em waves 1is accelerating charges, be it linear
acceleration as in a transmitter aerial, or centripetal acceleration as
in a cyclotron. The emission of visible 1light radiation due to the
re-arrangement of the outer electrons in atoms and molecules (eg gas
discharge tube) is a quantum mechanical process but can also be described
in terms of the classical oscillating dipole. How the em spectrum is
split into bands is briefly described below.

As shown in Figure 1.2, the em spectrum extends from the very Tlow
frequency region (VLF) where the energy of a photon is so small that the
quantum nature of radiation is obscured and only a smooth transfer of
energy is apparent, through the microwave, far-, intermediate- and
near-IR regions, visible and UV to X-ray and ¥-rays, where it is difficult
to observe any wavelike properties, and detection of single photons is
straightforward (as it is within the visible region).

The region of the em spectrum of direct relevance here 1is the
visible part and the edges of the UV and IR. Visible radiation is
produced by the re-arrangement of the outer electrons in atoms and
molecules which emit at specific wavelengths, and from incandescent (eg
tungsten) sources which give broad emission spectra (including near-IR as
well).

UY radiation is also produced by electronic transitions but of
higher energy than those associated with visible radiation, whilst IR
radiation is generally associated with incandescent sources (ie molecular
oscillators). Any material will absorb and radiate IR, the spectra of
radiation depending in part upon the temperature.

(Textbooks by HECHT and ZAJAC (1974) and EISBERG (1961) were used

during the preparation of the above section.)
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1.3 The Interaction Between Electromagnetic Radiation and Matter.

If light, or indeed any form of em radiation, is to be wused as a
probe to investigate or perform measurements upon various samples, then
the way in which the E and B fields of the wave interact with the
electric and magnetic components of the samples 1in question is of
fundamental importance. The principles behind the interactions are now
briefly described, with their implementation into "optical methods"

discussed in Section 1.5.

1.3.1 Emission and Absorption Spectroscopy.

In emission spectroscopy a molecule changes from a high energy

state, £, to a low energy state, E , with the excess energy emitted from

1

the molecule as a photon with energy, hv (Equation 1.10). That is;
E,-E, = hv 1.14

The greater the difference between the two energy states then the greater

the energy released and consequently the higher the frequency of the

emitted photon.

Conversely in absorption spectroscopy upon absorbing a photon of
energy, hv, from a beam of incident radiation, the molecule then moves to
a higher energy state E1 from its original energy state Eo. The
emission and absorption processes are shown diagramatically in Figure
1.3. Equation 1.14 forms the basis for virtually all types of
spectroscopy.

As would be expected from equation 1.14, and considering the extent
of the em spectrum, there are many branches of spectroscopy covering

photons of widely differing energies, all either emitted or absorbed and

accompanying changes in the energy state of the atom or molecule.
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1
(1) ? !
(11)
NN\Nr> ANN >~
photon
Eo & Eo

Figure 1.3 Absorption (i) and Emission (ii)
Processes.

1.3.1.1 Absorption Spectroscopy.

Once the details (ie shape and magnitude) of the absorption spectra
are known for specific compounds (even if not understood theoretically)
then they can be used to perform both qualitative and quantitative
analysis. u

Concerning absorption spectroscopy in the light region of the em
spectrum, from Figure 1.2 it can be seen that the fundamental processes
involved are given as due to outer electron transitions and molecular
vibrations. However, the main class of compounds of interest for
biochemical and physiological measurements actually owe their visible
absorption spectra to the presence of chromophores. These small groups
of molecules (named from Greek for colour bringer) absorb em radiation
through the excitation of their particularly mobile electrons (pi
elctrons) (see Section 1.4.1).

The majority of naturally occuring coloured pigments and artificial
dyes are coloured (ie have characteristic absorption spectra in the
visible part of the spectrum) due to the presence of chromphores
associated with conjugated 1long chain or ring structures whose energy

levels are of the right separation for the absorption of 1light photons.
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1.3.1.1.1 The Bouguer-Lambert-Beer Law.

An experimental measure of the amount of 1ight absorbed by a given
compound is given by the Bouguer-Lambert-Beer Law, (referred to as the

Lambert- Beer Law from hereon) which can be written in the form:

I=1 10 - aCd 1.15

where I is the intensity of the transmitted light through a solution of
thickness d, concentration C of a substance with absorption coefficient a
at the monochromatic wavelength in question, upon illumination by light
of intensity I . The quantity, (acd), is generally referred to as the
optical density (0D) of the solution at that wavelength. The

Lambert-Beer (LB) law is applied within oximetry (see Section 1.5.1).

1.3.1.2 Emission Spectroscopy.

Once the energy of a photon has been absorbed, then this energy is
generally simply lost to surrounding molecules, alternatively the excited
molecule may take part in some chemical reaction (the field of
photochemistry), or the energy can be lost through the re-emission of a
photon.

This re-emission can occur through two processes; fluorescence or
phosphoresence, which are distinguished by the length of time between

excitation and re-emission.

1.3.1.2.1 Fluorescence.

Fluoresence is a short lived emission and therefore disappears as
soon as the exciting source 1is removed. It is basically the reverse
process of absorption although fluorescent emissions are always at longer
wavelengths than the incident 1ight, because of the loss of some energy
within the compound, (meaning the radiative decay is always from the

upper energy state's lowest energy level). This is shown in Figure 1.4.
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The fluorescent yield is the ratio of photons emitted to the total

[
Radiationless
Decay
Absorption
NN\N>~
Fluorescence
hy
NN\~
hv
y

Figure 1.4 Illustration of Fluoresence.

number of photons absorbed. This yield is generally 1less than one
because of the existence of alternative pathways for the absorbed energy
to be dissipated along. In this case the fluoresence is said to be
quenched.

The intensity of the emitted light decays exponentially, and both
these decay times and fluorescent yield, which can be related to the
presence of endogeneous or exogeneous quenching agents, can be used to

perform fluorescent measurements, (SILVER (1985)).

1.3.1.2.2 Phosphorescence.

Phosphorescence differs from fluorescence in that emission occurs
even after the incident radiation has been removed (up to hours
afterwards). The cause of the delayed emission is a second excited state
which acts as a slowly leaking "reservoir" for the energy absorbed, and
so gives the characteristic time delay. Phosphorescence always occurs at

longer wavelengths than fluorescence and is not widely used for

physiological measurements.
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1.3.2 Polarization Studies.

The em wave represented in Figure 1.1 is plane polarized (P) that is
jts E-field lies in a fixed plane. An alternative polarization state is
circular polarization where the E field vector rotates either clockwise
(right circularly polarized (R)) or anticlockwise (left circularly
polarized (L)) as seen by an observer whom the wave is approaching. The
E vector making one complete revolution as the wave passes through one
wavelength. (nb Natural 1light has a rapidly and randomly varying
sequence of polarization states).

As earlier described the speed of 1ight through a given medium
depends upon the refractive index of the medium, which is usually
independent of the direction of the em wave. However, optically active
substances (the optical activity being due to the molecular structure)
are circularly birefringent, which means they have two distinct
refractive indices for left and right circularly polarized light. Since
a P-wave can be represented by a superposition of an R- and an L-wave,
then upon passing through an optically active medium one wave will travel
faster than the other thus emerging sooner and out of phase with the
slower wave. The net effect of this is that the resultant P-wave becomes
rotated, and so the concentration of optically active solutions can be
measured by observing the rotation of a P-wave, which will Dbe
proportional to concentration of the solution and path length of the cell
used. This is shown diagramatically in Figure 1.5i1.

The extent of rotation will be wavelength dependent due to optical
rotatory dispersion (ORD), which is the variation between the refractive
index and wavelengh. This variation is generally smooth with wavelength,
except at wavelengths where there is a chromophore which results in
anomalous ORD. (A similar effect can be observed (anomalous dispersion)

in isotropic homogeneous media)-
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(1) (i1)

‘iii‘:\

Figure 1.5 Effect on the resultant P-wave after travelling
through a: (i) non-optically active medium
(1i1) optically active medium
(iii) medium exhibiting circular
dichroism.

The optically active substance may also exhibit circular dichroism
(CD) (dichroism: 2 colours) meaning the circularly polarized waves will
not only travel at different velocities but also be differentially
absorbed. Such substances not only rotate the plane of polarization but
also cause the wave to become elliptically polarised (see Figure 1.5ii).
ORD and CD can be used to study molecular structure (symmetry in
particular) and also used for quantitative analysis once the rotatory

power of the substance of interest has been found.

1.3.3 Scattering Studies.

When interacting with matter, em radiation can be thought of as
causing the constituent electrons to oscillate at the same frequency as
the incident radiation, removing energy from the em wave in the process.
Re-radiation of part of this energy (due to acceleration of the
constituent electrons) is the process known as scattering (which 1is in
fact the fundamental physical process behind reflection, refraction and
diffraction).

If the frequency of the re-radiated 1ight is equal to that of the
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incident light then the scattered photons cannot have lost any energy
(see equation 1.10) and the process 1is known as elastic or Rayleigh
scattering. However, if the emitted photon is of a different frequency
then energy must have been either lost or gained during what is then
termed inelastic scattering. Raman spectroscopy makes use of inelastic
scattering which gives the Stokes and anti-Stokes 1lines due to the
photon's respective 1loss and gain of energy. These processes are

illustrated in Figure 1.6.

hv
. ,\/\J\/

Elastic W .
Scattering

hv
hvy
Inelastic /\/\/\/"'
Scattering ®
Energy h(v-v;)
given or taken from

scatterer.

Figure 1.6 Elastic and Inelastic Scattering.

In addition 1light can undergo quasielastic scattering (QLS:
quasielastic light scattering) from macromolecules and cells, in which
the frequency of the scattered light undergoes an extremely small shift
due to the motion of the scattering particles. If this motion is
translational and with constant velocity then the frequency shift is
equivalent to the well known Doppler shift and QLS can be used to
measure, amongst other things, the particle's velocity.

Unlike Raman scattering the shifts in optical frequency caused by
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QLS are too small to be observed spectroscopically and optical mixing
(1ight beating spectroscopy) has to be used. This technique essentially
involves mixing two light waves of marginally different frequency at the
surface of a photodetector. The resultant E-field is given by the linear
superposition of the two waves, but the photodetector output is
proportional to the square of the E-field and therfore contains a
frequency component (the beat frequency) equal to the frequency
difference between the two incident beams. Measurement of the beat
frequency therefore gives details of the frequency shift due to QLS.
(Textbooks by the following authors were referred to during the

preparation of the above section: ATKINS (1978), CHANG (1971) and HECHT
and ZAJAC (1974)).
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1.4 The Gross Optical Characteristics of Tissue.

As far as the propagation of 1light 1is concerned, tissue 1is a
heterogeneous and turbid medium which strongly absorbs and scatters
light. In addition it contains a number of highly absorbing compounds
which in conjunction with the scattering leads to very high light
attenuation. The strong scattering gives rise to appreciable
back-scattering (diffuse reflection) of 1light, with skin colouring
influenced by the action of the highly absorbing compounds.

The gross reflectance and transmission characteristics of tissue
which influence the shape of any spectra obtained in vivo are outlined in
this section. These characteristics are important since any in vivo
method involves reflecting light from or transmitting light through
tissue, they will 1limit the range of wavelengths available for in vivo
monitoring to those at which an appreciable level of light is reflected
or transmitted.

Indeed, the majority of optical methods involve detecting small
fluctuations in detected 1light intensity due to slight concentration
changes of specific compounds, against a gross background absorbance
provided at least in part by the same compound.

Below in Section 1.4.1 the chemical structure and characteristics of
the compounds largely responsible for the absorption of light by tissue
are described, which have been 1largely determined by experimental
studies. As may be expected the predominant absorbing compounds are
those whose in vivo concentrations it has been attempted to measure.

Following this in Section 1.4.2 the spectra of reflected and
transmitted light as known at present are given, with the data drawn from
many sources illustrating the wide interest in this field. Literature
searches revealed that there is less transmission data available, mainly
due to the problems of the low 1ight 1levels associated with such

measurements. The results show the profound influence of the absorbing
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compounds described in Section 1.4.1. This data can be compared directly

with results presented in Chapter 6.

In Section 1.4.3 the theoretical studies, the majority of which have
attempted to model reflection, usually treating the skin as a multilayer
structure containing the major absorbing compounds, are described.
Although no modelling of this nature was performed, awareness of such
work is considered imperative to establish theoretical 1links with
experimental data and so obtain full advantage from the use of optical

methods.

1.4.1 Light Absorbing Compounds in Tissue.

The process of light absorption and the importance of chromophores
(since 1ight photons are generally of too low energy for ordinary
electronic excitation of the electrons in atomic orbitals and too high to
be absorbed by molecular vibration) was introduced in Section 1.3.1.1.

Within molecules, the electrons shared by atoms form molecular
orbitals with the type of orbital (dependent upon how the atomic orbitals
overlap) affecting the molecules physical characteristics. If these
orbitals overlap to give a diffuse electron cloud then a pi-orbital is
formed. In addition if the molecule is conjugated then the individual
pi-orbitals can themselves overlap with the electrons de-localising with
a subsequent lowering of their energy.

As with atomic orbitals, their molecular counterparts have various
energy levels in which the electrons can exist, or move into upon
acquiring more energy (such as after absorbing a photon). The larger the
conjugated molecule the more delocalised electrons, and the smaller the
gaps between energy levels. Consequently, larger conjugated motecules
such as pigment molecules can absorb photons of less energy (ie 1light
photons) than compounds such as benzene which absorbs in the UV.

It is pigment molecules containing delocalised pi-electrons which
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are primarily responsible for the absorption of 1ight by most biological
compounds. Examples of such molecules are tetrapyrollic compounds and

carotenoids, both of which are discussed below.

1.4.1.1 Tetrapyrollic Compounds.

Haemoglobin is contained within the red blood cells and is
responsible for transporting oxygen from the lungs to tissue (see Section
4.7.2). It 1is also (along with melanin) one of the compounds most
responsible for tissue colouration. In its oxygenated form haemoglobin
appears red (hence the general redness of tissue), turning to blue as
oxygen is released (the phenomena upon which oximetry is based). However
the gross absorption spectra are similar for the two compounds as shown
in Figure 1.7 and these owe their shapes to the fact that haemoglobin is
a tetrapyrollic compound.

Tetrapyrolles are basically composed of four pyrolle subunits
organised into a ring structure (the porphin ring) which is the parent
compound of porphyrin-rings, themselves classified depending upon their
side chain constituents. Porphyrins are conjugated structures see Figure
1.8, which as described above enables them to absorb light (MILGROM
(1984)). .

Protoporphyrins are the most abundant of the porphyrins (LEHNINGER
(1977) and form quadridentate chelate complexes with various metal ions
in which the metal is held by four co-ordination bonds. Of the many
possible forms of protoporphyrin only one (protoporphyrin XI), also shown
in Figure 1.8, occurs naturally, and this is the tetrapyrollic compound
present in haemoglobin, and indeed most of the cytochromes and myoglobin
(see below).

In haemoglobin the protoporphyrin exists as a chelate complex with
Fe(II) (the heme moiety) with the four 1igand groups of the porphyrin

forming a square planar complex with the iron, whose remaining two
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Figure 1.7 Absorption spectra of some haemoglobin
derivatives (from (RICHTERICH (1981)).

co-ordination positions (perpendicular to the plane of the ring) can
either be occupied (forming oxyhaemoglobin, HbOz) or unoccupied
(haemoglobin, Hb also known as deoxyhaemoglobin) by oxygen.

The haemoglobin molecule consists of four sub-units with each one
containing a heme moiety conjugated to a polypeptide. Although the heme
moiety gives rise to the gross absorption spectra, the difference spectra
between haemoglobin and oxyhaemoglobin is due to conformational changes
in the subunits as oxygen becomes bound and released. In addition to
binding oxygen, the two spare co-ordination positions of the iron can

also be occupied by other 1ligands such as carbon monoxide, CO, which
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Figure 1.8 Structure of the porphin ring and
protoporphyrin IX
(from LEHNINGER (1977)).

forms carbomonoxyhaemoglobin. This has a slightly different absorption
spectra than either haemoglobin or oxyhaemoglobin (although again grossly
similar as shown in Figure 1.7).

Myoglobin (Mb) is also a coloured compound 1linked with oxygen
transport specifically in muscle (see Section 4.7.3), and contains a heme
moiety, which gives it both its colour and capacity to carry oxygen. It
is particularly abundant in muscles of diving mammals whose dark brown
colour is due to its presence. As with haemoglobin the Fe(II) in
myoglobin remains in this state as oxygen is bound and released.
However, in both haemoglobin and myoglobin it can be converted to Fe(III)
(haemin) by the action of oxidizing agents, which itself has a
Characteristic absorption spectra.

The majority of the cytochromes (Section 4.3) contain protoporphyrin
and hence absorb visible light. Unlike haemoglobin and myoglobin in most
of the cytochromes both the fifth and sixth co-ordination positions of
the iron are occupied and so 1ligands such as oxygen and CO cannot be
bound. (The notable exception is cytochrome oxidase, the terminal enzyme

of respiration which normally binds oxygen (Section 4.4.3). Cytochromes
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are components of the electron transfer chain, electron transfer being
carried out by the iron atom undergoing reversible Fe(II) to Fe(IlI)
transistions. Hence they differ 1in function from haemoglobin and
myoglobin in that they act as electron, as opposed to ligand carriers.

The visible absorption spectra of the cytochromes are similar and
distinctive. as shown in Figure 4.8, which should be compared in
similarity to that of haemoglobin as both are based on porphyrin. More
details are given in Section 4.3.

In addition to the visible absorption spectra due to the heme moiety
cytochrome oxidase also has a small broad absorption band in the near-IR
due to its containing copper atoms which are also associated with
electron transfer. This band is present when the enzyme is oxidised and
is of particular significance in the field of non-invasive optical
monitoring (Chapter 4). (Note that the cytochromes are only present in
sufficient quantity to visibly influence colouration in certain internal
organs which have high energy requirements and therfore high cytochrome
concentration.)

Another compound which is often responsible for skin colouration is
the bile pigment bilirubin. This 1is a breakdown product of
protoporphyrin consisting of an open chain tetrapyrolle containing no
metal atom. High concentrations of bilirubin may lead to jaundice in
neonates, and measurement of this yellowing of the skin is discussed in
Section 1.5.2. The absorption spectra of bilirubin is shown in Figure
1.9, and consists of a broad single absorption peak centred on 460nm.

Other bile pigments are of a similar structure to bilirubin and also

coloured.
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Figure 1.9 Absorbance Spectrum of Bilirubin
(from AMAZON (1981)).

1.4.1.2 Non-Tetrapyrollic Light Absorbing Compounds.

Apart from the above tetrapyrollic compounds which influence tissue
colouration, at least two other substances also play a part. Namely:
melanin and carotene.

Melanin is responsible for the degree of darkness of the skin. It
is produced by the polymerisation of the oxidation products of tyrosine
and dihydroxyphenol compounds and contains a highly conjugated amorphic
polymeric chromophoric backbone (PARRISH (1982). Within the visible
spectrum it contains no absorbance maxima or minima but consists of a
decreasing absorbance spectrum from the UV to about 1200nm in the near-IR
as shown in Figure 1.10. Melanin 1is produced in the melanosomes,
themselves situated in melanocytes, and then transferred to the

keratinocytes.

The other compound which contributes to skin colouration, producing



Introduction 1. 25

Transmission (%)

4
80 - Absorbance (A)
'
60
i ii
0.10 - (i1)
(1)
40-
0.05 -
20 - o ' -
450 500
0

T T T Wavelength (nm)
400 500 600 700

Wavelength (nm)

Figure 1.10 (i) Transmission Spectrum of Melanin

(from EDWARDS (1939).
(ii1) Absorbance Spectrum of Carotene

(from FEATHER (1980).

a yellowish tinge is carotene, the precursor of Vitamin A. It belongs to
the class of compounds known as terpenes which are constructed of a
number of isoprene (2-methyl-1,3 butadiene) sub-units, and is a member of
the carotenoids a class of higher terpenes which contain >a conjugated
backbone. The spectrum is also shown in Figure 1.10. Note the minimum
at 480 nm which manifests itself in in vivo reflectance data as a
reflectance peak when carotene is present.

The major compounds responsible for skin colouration (ie those
absorbing in the visible part of the spectrum) have now been described,
however, for completeness it is noted that the UV transmission of the
excised epidermis (see below) is strongly influenced by the presence of
aromatic amino acid compounds (both free and in proteins) which have the
general absorbtion spectrum shown in Figure 1.11.

As with the cytochromes, flavonucleotides (flavoenzymes) which are
highly coloured also influence the visible spectral characteristics of

certain internal organs. Their absorption spectrum is shown in Figure
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Figure 1.12 The Absorption Spectra of; (i) Flavin nucleotides
(Oxidised Form). Reduction causes the 450nm peak

to disappear. (from LEHNINGER (1977)).
(ii) NAD+ and NADH

1.12. Other substances containing nucleotides also exhibit uy
absorbance, including NADH.

(In the preparation of the above section the textbook by LEHNINGER
(1977) was extensively used together with HECHT and ZAJAC (1974), FINAR
(1976), ROSOTTI (1985), WILLIAMS and FLEMING (1973) and MURREL (1978)).
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1.4.2 Experimental Studies of the Gross Optical Characteristics

of Tissue.

Within this section the gross optical characteristics of tissue are
given. These are of great importance in the use of any in vivo optical
method since they dictate the optimum monitoring wavelengths. Many of
the results can be directly compared with the results presented in
Chapter 6 which complement those given in this section.

It will be seen thatthe most obvious features are the absorbance of
light by the compounds in Section 1.4.1. Results from both reflection
(Section 1.4.2.1) and transmission measurements (Section 1.4.2.2) are
given being further divided into results obtained from whole tissue,
intact organs (including those exposed in situ) and excised and separated
body components. These results illustrate why reflectance measurements
for clinical use are generally performed over the range from about
450-700nm and transmission measurements from about 700-1100nm.

(Note that in this context reflection’and transmission respectively
refer to the light whose intensity is measured leaving the sample in the
opposite and same direction as the incident light. Within tissue both
types are virtually exclusively due to scattering processes, a point
taken up in Section 1.4.3)

The reasons why these measurements have been made (apart from a
fundamental interest) are varied. Reflection measurements are useful for
determining the level and quality of lighting for photography (STIMSON
(1953)), and are also necessary to determine the most appropriate
wavelengths for use in the reflectance optical methods (see Section
1.5.1.3.).

Currently however, the bulk of data being published is a result of
the growing interest in phototherapy (the use of light for treatment
(PARRISH (1982)), including its use in cancer therapy (such as in the

activation of hematoporphyrin derivative (HPD), see Section 1.5.10) and
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in the use of lasers for treatment and surgery, (see Section 1.5.9)

although these measurements are usually only at single wavelength.
Following the experimental data the various theories used to model

the optical characteristics of, and 1light propagation 1in tissue are

reviewed in Section 1.4.3.

1.4.2.1 Reflectance Characteristics.

The spectral properties of light reflected (backscattered) from the
skin in situ are mainly determined by the absorption spectra of blood (ie
haemoglobin and its oxygenation state), melanin and to a lesser extent
bilirubin and carotene (all compounds previously introduced in Section
1.4.1). The absorption of incident 1light by water and fat is also
influential further into the near-IR.

(A1though the absorption of the incident 1ight appears to be the
major factor 1in determining the spectral properties of reflected light,
the scattering of incident 1ight by structures such as collagen (PARRISH
(1983)) and melanin granules (DIFFEY {1983)) also play a role (see also
ROSOTTI (1983)).

The spectral content of light reflected from a particular region on
the surface of the body will therefore largely depend upon the.relative
concentrations of the above substances at the chosen site, which
themselves will vary according to the subjects age, sex, race and the
location of the site itself. (Theoretical attempts to describe these
spectra are outlined in Section 1.4.3)

Many general reflectance measurements from in situ skin have been
performed (EDWARDS (1939), STIMSON (1953), JACQUEZ (1955a, 1955b),
KUPPENHEIM (1956), FEATHER (1986), TANG (1983), ANDERSON (1980,1981))
with others specifically concerned with reflectance due to a specific
compound (HANNEMAN (1978,1979). It is from these that the details for

the synopsis given above is drawn.
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Typical reflectance spectra over the range 250 to 2600nm are shown
in Figure 1.13 with the data drawn from several sources. The two graphs
in all but Figure 1.13 (iii) are for negroid and caucasian skin, the
difference between them illustrating the effect of the greater amount of
melanin in the negroid skin which has the darker appearance. The effect
of the absorption by melanin with the magnitude decreasing towards higher
wavelengths can be clearly seen (see also the results in Chapter 6).

The influence of haemoglobin on the absorption spectra is evident
from the effect of its absorbance peaks at about 420nm (the Soret band),
540 and 580nm, which actually undergo a slight shift upon deoxygenation
(see Figure 1.7). The rapidly increasing absorption coefficient of
haemoglobin below about 600nm is the main reason why so little 1light is
reflected below this wavelength.

Above 1200nm the two graphs have virtually the same shape, being
dominated by the effect of the absorption bands of water one of which is
also responsible for the decrease in reflectance at about 970nm. The
effects of both this near-IR- absorption band and the one due to the
presence of fat, are shown in Figure 1.14. These reflectance results
arise from studies of the "infrared interactance" as a way of estimating
body composition (CONWAY (1984)).

Besides reflectance studies on the surface of the body, measurements
on internal organs have also been made by workers such as N.Sato and
D.W.Lubbers. The results, from tissues such as liver, kidney, heart or
gastric mucosa unsurprisingly, tend to be dominated by the presence of
blood. However, if pressure is applied to displace blood near the
surface of organs or if the blood is completely drained or replaced then
the contribution to the reflectance spectra from the cytochromes and

myoglobin in muscle tissue can be seen clearly as illustrated in Figure

1.15.
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Figure 1.14 Reflectance spectra from triceps of male
(low fat) and female (high fat) subjects.
Also shown, for reference, are the spectra
for distilled water and pure pork fat
(from CONWAY (1984)).

1.4.2.2 Transmittance Characteristics.

1.4.2.2.1 Transmission Through Whole Intact Structures.

That light is transmitted through biological tissues, and a dominant
feature of this transmission is the absorption due to haemoglobin is
readily seen by the emergence of reddish light when a finger or hand is
held against a bright light source. However, the fact that a bright
source is required also indicates that the transmission is not very high
(SMITH (1977).

Similar observations to this simple example of the gross
transmission characteristics of whole intact tissue are made in

paediatrics (PHILIP (1982)). Intracranial lesions can be diagnosed by
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Figure 1.15 Reflectance spectra of (i) blood free
perfused rat liver (from SATO (1979b)), and
(ii) blood free perfused beating guinea pig
heart (from LUBBERS (1983a)).

transillumination (CAMBERN (1961), SWICK (1976)) with a torch being held

against the infants skull which then "lights" up. Pneumothoraces can

also be found in this manner and veins located for IV injections in the

neonatal forearm. Transillumination can also be used to detect the

32
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presence and position of breast tumours (GROS (1972), WATMOUGH (1983))
and it is from such clinical applications that much of the information
concerning the spectral transmission characteristics of whole intact
tissue is derived.

These characteristics are generally considered to be that virtually
no light is transmitted below about 700nm due to the high absorption
coefficient of haemoglobin whilst above 1300nm the absorption by water
becomes dominant.

This "window" from about 700nm to 1100nm in which 1ight will be
relatively well transmitted, is the one 1in which other transmission
measurements are made (as in pulse oximeters described in Section
1.5.1.3) and is extensively referred to by Prof. F. F Jobsis (see Section
4.8.2) concerning the possibility of monitoring the redox state of
cytochrome aa, in the brain non-invasively.

However, although such a "window" does exist data concerning the
actual transmission spectra of whole intact structures in situ, such as
the- finger, hand, arm or head is scarce, certainly when compared with the
abundance of reflectance data (WATMOUGH (1983)). Indeed only the
following three in vivo transmission spectra were found after extensive
literature searches. .

The transmission characteristics of the cheek (CARTWRIGHT (1930))
and ear 1lobe (ELAM (1949)) have been measured and are shown in Figures
1.16 and 1.17 respectively. (The ear lobe data is connected with the in
vivo determination of blood oxygen saturation using transmission
techniques). In addition, and illustrating the scarcity of such results,
the "unpublished data" of NORRIS (In SMITH (1977)) shown in Figure 1.18,
gives the absorption spectrum of a human hand. This shows the large
absorption below about 600nm and the absorption band centred at about

950nm due to water as is probably the smaller peak at  760nm.

Measurements of the transmission spectra of whole intact structures are
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Figure 1.16 Percentage transmission of Infrared through

the cheek (from CARTWRIGHT (1930)).

given in Chapter 6, and show similar characteristics.

The reason why so few transmission studies have been performed is
that the 1levels of transmitted 1ight are much smaller and therefore much
more difficult to measure than in the reflectance mode. Moreover,
considering the difficulty in modelling the optical characteristics of
biological samples for a single tissue type which is therfore homogeneous
(at least on a macroscopic scale), then attempting to model an arm or the

head which consists of several totally different tissues would be a

formidable task.

1.4.2.2.2 Transmission Through Excised Organs.

Despite the scarcity of transmission characteristics of whole intact
structures, such measurements have been performed on a variety of excised
samples. Virtually all the results of this type have been published
relatively recently and are concerned with photochaemotherapy and in

particular the use of haematoporphyrin derivative (HPD) in the detection
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Figure 1.17 Transmission spectra of; (i) cartilaginous helix of
adult white male; (a) bloodless, and histamine flushed
when breathing (b) 100% and (c) 10% oxygen.

(ii) Heat flushed ear pinna and (iii) histamine
flyshed ear lobe breathing (a) air, (b) 100% 02
and (c) 12% 02 (from ELAM (1949)).
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Figure 1.18 Absorption spectrum of a human hand (from

NORRIS, unpublished data In SMITH (1979)).

and destruction of malignant growths (DOIRON (1984)).

One approach to studying the optical properties of organs is to use
optical fibres to both introduce the light deep into and then detect it
from within the sample. With this approach the detecting fibre can be
suitably positioned to measure forward, backward or sideways scattered
light. Results from these experiments are often quoted in terms of the
attenuation coefficient (related to both the absorption and scattering
properties, see Section 1.4.3) or the penetration depth (that depth at
which the total optical power is reduced to 37 %) which is relevant for
dosimetry work. Such figures, at several wavelengths and for a variety
of organs from various animals are given by DOIRON (1983).

A similar approach but concentrating on brain tissue has shown that

the penetration depth is greater (at all measured wavelengths) in the
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adult than in the neonatal brain (SVAASAND (1983a)) which is attributed
to the greater degree of myelination. A further study also showed that
the penetration depth is longer in human intracranial tumours than in
normal brain tissue (SVAASAND (1985)). Both studies are in agreement
that the penetration depth increases with wavelength over the measured
range from about 600nm to 710nm.

Concerning the actual spectral characteristics of these organs,
these have been measured for very thin sections of tissue from 350nm to
1000nm for liver and kidney from various animals (including human)
(EICHLER (1977)) with the presence or absence of blood from the sample
having a marked effect. Measurements have also been made with the use of
fibres on rabbit liver and muscle from 375nm to 825nm (WILSON (1984)),
and over the range 400-865nm as ten single wavelength measurements using
narrow passband filters through various human structures including the
skull (with scalp), chest, abdominal wall and scrotum (WAN (1981b)).

A1l of these studies show similar findings to their respective
counterparts from a comprehensive investigation of the spectral
transmission properties over the range 400-1100nm on canine and bovine
heart, lung, kidney, liver, adipose and muscle using a scanning
§pectrophotometer which accepted excised samples of thicknesses from
1.5-16mm (PREUSS (1983), BOLIN (1984)). A selection of the transmission
characteristics obtained are shown in Figure 1.19.

The observations which can be made from these studies on the
transmission characteristics of specific organs and structures are
discussed within the respective papers, however the overall picture which
emerges is as follows. In all types of tissue the transmission tends to
be higher 1in the near-IR (from about 600-1100nm) than in the visible
(less than 600nm) with a rapid rise 1in transmission joining the two
regions. Within the visible there are also transmission minima usually

evident (which often may be due to haemoglobin), and also lesser minima
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Figure 1.19 Transmission spectra of various samples of

excised organs (from BOLIN (1984)).

38



Introduction 1. 39

in the near-IR which are probably due to water and 1ipids. Despite these
similarities between tissue types different tissues do actually possess
recognisable transmission characteristics (Figure 1.19) both in shape and
attenuation, which is very high (note log scale in this figure).

An important point is that because both transmission and reflectance
are fundamentally scattering phenomena then, as with the reflectance
spectra, the transmission is heavily influenced by the absorbance spectra
of the absorbing compounds present.

Specific measurements of the absorption and scattering properties of
various tissues aimed at producing values for wuse in theoretical
modelling of 1light propagation (WILKSH (1984), MAAREK (1982)) also give
some insight into the transmission properties of different organs.

Another field where transmission measurements have been made is in
the use of 1lasers for surgery or treatment. Consequently, the results
are only at limited single wavelengths (where lasers are available and
used) and concerned with specific tissues, but nonetheless of interest.
Such measurements are extensively referred to in reviews of the use of

lasers in medicine (see for example McKENZIE (1984)).

1.4.2.2.3 Measurements on Excised Skin.

These types of measurement have again largely been made due to
interest in the field of phototherapy. Both transmission and reflection
studies have been performed on excised whole skin and samples of
separated epidermis and dermis. A schematic diagram of the structure of
the skin is shown in Figure 1.20 in the form usually referred to
concerning its optical characteristics.

In the UV up to about 300 nm the transmission of the stratum corneum
and epidermis is dominated by the presence of aromatic amino acids
(especially urocanic acid), nucleic acids and melanin (WAN (1981),

ANDERSON (1980,1981), PARRISH (1982), DIFFEY (1983)). Some of these
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Stratum corneunm
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Epidermis
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-————— Dermis (3mm)

Figure 1.20 Schematic Diagram of the Skin
(from ANDERSON (1981)).

amino acids are also responsible for the autofluorescence of illuminated
skin between 330-360nm (ANDERSON (1981)). From 300-800nm the major
influence appears to be due to melanin (which continues to absorb,
although more weakly, up to about 1100nm). In the near-IR, absorption by
water is evident (HARDY (1956)). Transmittance of epidermis from
250-800nm is shown 1in Figure 1.21. The absorption spectra of melanin,
nucleic and aromatic amino acids are given in Figures 1.10 and 1.11
respectively.

The stratum corneum and epidermis do not appear to scatter light
very strongly at all (ANDERSON (1981)) an observation borne out by
measurements of the reflectance of 1light from whole skin and the
epidermis alone (ANDERSON (1980), hence there is 1little interest in
reflectance measurements.

In contrast the dermis (on which fewer measurements have been made)
is strongly 1light scattering, and in vivo contains the blood borne
pigments such as haemoglobin and carotene. The transmission and
reflectance spectra of human dermis are shown in Figure 1.22. This

strong scattering 1limits the penetration depth (ie the depth of
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Figure 1.21 (i) Absorbance (from ANDERSON (1981))
(ii) and transmission (from PARRISH

(1982)) charactersitics of
human epidermis.

penetration of approximately one third of the incident light energy) of
Tight into tissue (ANDERSON (1982), PARRISH (1982), SLINEY and WOLBARSHT
(1980)). This differential penetration has in fact been proposed as a
means of differentiating between the depth of measurement within the skin
in laser doppler and photoplethysmography studies (see Section 1.5.8 and

1.5.4). The variation of penetration depth with wavelength is shown in



Introduction 1. 42

Table 1.1. Although these depths are only of the order of micrometres
they are the depth at which the intensity is about 37% of the incident
level, and do not represent a depth past which no light at the wavelength

in question penetrates).
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Figure 1.22 Spectral transmittance and reflectance

of 200um thick section of human dermis
(from ANDERSON (1981)).

Finally, some work has also been performed on the optical
Characteristics of various tissues within the eye (WEALE (1966), FEUK
(1971), FINE (1985)).
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Wavelength Depth
(nm) (um)
350 60
400 90
450 150
500 230
600 550
700 750
800 1200

Table 1.1 Penetration of radiation in
fair caucasian skin. Approximate depth
of penetration is one-tbhird (37%) of
the incident energy density.

1.4.3 Theoretical Studies of Light Transmission and Reflection.

1.4.3.1 Introduction.

Within this section a brief review is given of the various attempts
to theoretically describe the optical characteristics of biological
samples. Such models have been used in a variety of fields: within
oximetry (see Section 1.5.1), to model the reflectance and transmission
characteristics of skin, to determine the penetration depth of 1ight into
tissue during phototherapy and for describing the propagation of photons
in biological samples (see Section 1.5.10).

If light (or any other wave) interacts with a system of widely
dispersed scattering centres then the outcome can be described by the use
of "single scattering" theories such as Rayleigh or Mie theory in which
it is assumed that the 1ight encounters only very few particles (BERNE
and PECORA (1976), ISHIMARU Part 1 (1978)).

(The scattering described in Section 1.3.3 1is basically single
scattering with the scattering optical methods in Section 1.5.8 also

belonging within this regime).

However, for dense populations of scattering centres, single
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scattering theory is inadequate and multiple scattering effects must be
taken into account. In such a system the light will now encounter many
particles during its passage. Biological samples which are in general
inhomogeneous and contain many structure of the order of a wavelength are
in this category, and hence multiple scattering effects must be taken
into account when considering their optical characteristics.

There are basically two approaches which can be used to model
systems in which multiple scattering occurs. Firstly as with single
scattering theory an analytical approach, in which single scattering
theory, describing the interaction of the wave with the particles, is
extended to take into account the effect of the interaction of the other
particles (ISHIMARU Part 2 (1978b)). This is generally referred to as
multiple scattering theory. Alternatively a ‘"radiative transfer" or
“transport” theory approach can be used which effectively deals with the
propagation of intensities.

From within these two types of approach several methods have been
applied to modelling the optical properties of -biological samples; the
Kubelka Munk Theory (KMT) and Photon Diffusion Theory (PDT) are both
examples of "radiative transfer" theory, whilst Twersky and Mie

scattering theory are analytic multiple scattering theories.

1.4.3.2 Multiple Scattering Theory.

The biological material in which virtually all multiple scattering
theories have been applied is whole blood. ANDERSON (1965a, 1965b) and
LIN (1974) have applied Twersky's and Mie scattering theory respectively
whilst KILKSON (1975) has studied the influence of absorption on
polarization effects of 1light scattered from red blood cells, and
MULLANEY (1970) the small angle light scattering. In addition, BELMONT
(1982) has considered the theory of differential 1light scattering by
Chromatin and DIFFEY (1983) used Mie theory in his model of UV optics of
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the skin. Most of the above papers are chiefly concerned with the
theoretical aspects of the light scattering problem, although some stem
from an interest in improving oximetric methods (see Section 1.5.1.2).
Clearly, a rigorous scattering theory approach can be used on
suspensions (eg whole blood) but application to actual tissues is
extremely difficult. Hence the use of radiative transfer theory,
concerned with the propagation of intensities is far more appropriate
when modelling the optical characteristics of whole tissue. The use of

Radiative Transfer theory in various forms is now described.

1.4.3.3 Radiative Transfer Theory.

In virtually all radiative transfer theory descriptions of 1light
propagation in tissue there are essentially two parameters which are of
most significance. These are the scattering and absorption coefficients,
and it is relevant to give a broad description of what they represent.

The scattering coefficient is strictly two coefficients associated
with the mean free path of a photon (ie the distance between scattering
centres) and the direction of scatter. It is therefore this parameter
which effects the rate and direction of photon propagation, which is of
particular importance in imaging applications and also photoradiation
therapy (PRT) (see Section 1.5.10).

The absorption coefficient, as would be expected, is linked to the
probability of a photon being absorbed (which in turn can be expressed as
an absorbance mean free path) or the amount of enerqgy deposited at each
collision. The wavelength dependence of this parameter is related to the
spectral characteristics of the sample and hence the absorption spectra
of the constituent components. It is of particular importance in
determining the energy "deposited" in a region during PRT.

The historical development of the use of theoretical radiative

transfer models 1in oximetry is given briefly during Section 1.5.1. This
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is appropriate since this area 1is where they have been most widely
applied (at 1least until the growth of interest in phototherapy). Actual
descriptions and uses of the two most commonly applied radiative transfer

models in the field of physiological measurement are now given.

1.4.3.3.1 Kubelka Munk Theory.

The Kubelka Munk approach allows the reflectance and
transmission of a single homogeneous absorbing and scattering plane layer
to be related to the incident light intensity and scattering and
absorption coefficients. The basis of the method is to divide the
radiation within the sample into that travelling in the same and opposite
directions as the incident 1light, and then relate the change in these
intensities over an incremental thickness to the absorption and
scattering coefficients. This is shown in Figure 1.23.

The differential equations obtained can then be solved as
appropriate to give relationships concerning the actual properties of
interest. (Early use of the KMT was made in the analysis of the colours
of powders and paints.)

The theory is rigorously dealt with by KUBELKA (1948, 1954) and
ISHIMARU (Chapters 10 and 11; 1978) whilst HECHT (1983) compared this
method to other similar approaches, and POLLACK (1979) used KMT as the
starting point for considering the theoretical aspects of optical
measurements on scattering media for biologiccal applications. Simpler
versions of the theory can be found in most of the papers referenced
below (especially those dealing with skin reflectance and transmission)
which cover the application of KMT to biological systems.

REICHERT (1966) described the use of the KMT in the design of
oximeters, whilst LONGINI (1968) and ZDROJKOWSKI (1969) also applied it
to oximetry as the starting point for their development of photon

diffusion theory (PDT). (KMT leads to expressions for the necessary
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Figure 1.23 The Kubelka-Munk model for radiative
transfer (from ANDERSON (1981)).

absorption and scattering coefficients).

Another application of -KMT which has found widespread use is in the
analysis of the reflectance and transmission of skin both in vivo and in
vitro (FEATHER (1980), ANDERSON (1980, 1981), DAWSON  (1980), WAN
(1981a)). As well as enabling transmission  and reflectance
characteristics to be predicted such modelling may also allow the
concentration of the yarious absorbing pigments (including haemoglobin
and bilirubin) to be quantified using only non-invasive optical
measurements. This aim is related to the work of HANNEMAN (1979) and
MENDELSON (1983b) who have used forms of the KMT to describe
theoretically the in vivo determination of bilirubin concentration and
oxygen saturation respectively using reflectance measurements.

The approach adopted when modelling the skin is generally to treat
it as a series of plane layers. The intensity of the flux in each layer

can then be expressed using KMT (ie by solving the equations shown in
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Figure 1.23) whilst the relative transmissions and reflectances of each
layer can be related in a manner like that shown in Figure 1.24 (KUBELKA
(1954), DAWSON (1980), WAN (1981a), ANDERSON (1981)).
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Figure 1.24 Two layered model with corresponding

corresponding transmissions and reflections.
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(Rl,__R2 and Tl' T2 are the diffuse
reflectance and transmittance of layer
1 and layer 2 respectively, from

WAN (1981)).

Finally, KMT is also applied in other areas of biological research
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where 1ight scattering and absorbing samples are under investigation such

as botany (SEYFRIED (1983)).

1.4.3.3.2 Photon Diffusion Theory.

As KMT is an approximate solution to the equations of radiative
transfer theory so to is photon diffusion theory (PDT) (ISHIMARU (1978)).
In addition KMT and PDT have may common links, illustrated by the work of
LONGINI (1968) and ZDROJKOWSKI (1969, 1970) who developed a form of PDT
for application to oximetry in which the absorption and scattering
coefficients were obtained via KMT. Solutions to the equations they
obtained were later given in three dimensions by COHEN (1971, 1972).

JOHNSON (1970) and TAKATINI (1979, 1980, 1978) also used PDT to
describe 1light propagation in blood and in the development of a
non-invasive reflectance oximeter respectively. (Takatini's work also
includes the use of Twersky's scattering theory to determine the
scattering cross sections of red blood cells.)

Within PDT photons are treated as particles which propagate through
a medium by a diffusion process with the diffusion determined by the
scattering, absorption and diffusion coefficients of the medium. For
significant propagation the medium must have a large scattering but small
absorption coefficient. The diffusion equation used by the above authors

is:
DVZP - aP = -8g@P 1.16

and has the form of a typical diffusion equation where D, a and s are the
diffusion, absorption and scattering coefficients respectively, and P is
the scattered photon density. Hence the diffusion is related to
"sources" and "sinks" of photons via the (sP) and (aP) terms. Solutions
of this equation for various boundary conditions, away from sources (ie

sP = 0) have been obtained (HIRKO (1975), BARBENEL (1979)).
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Besides its application in the design of oximeters, PDT has also
been used in the field of phototherapy to predict theoretically the
dosage received by a region of tissue within the body (SVAASAND (1983a,
1983b) and DOIRION (1983). Again the approach is basically that of
solving the radiative transport equations (ISHIMARU (1978)) with a
diffusion approximation, which DIFFEY (1983) has also used as a basis for
modelling the UV optics of the skin.

As demonstrated by the photon diffusion equation above, the
radiative transport equations basically come from considering the
conservation of photons. In other words the number diffusing into a
volume must equal the number diffusing out except for the effect of
"sinks" and "“sources" (ie absorbed photons and generated diffusion

photons).

1.4.3.4 Other Work.

Concluding this section on the theoretical modelling of 1light
interaction with tissue two other approaches are introduced. The first
is Monte Carlo modelling, which is basically a statistical approach in
which the absorption and scattering probabilities of the sample (often
derived from the models just described) are used to determine the 1likely
paths of a large sample number of photons through the tissue. This
method, which is potentially of use in the areas of optical
transillumintion imaging and 1light dosimetry calculations, is described
in more detail in Section 1.5.10.

The second alternative approach is one developed by LUBBERS (1973,
1975) as a means of analysing the reflection measurements from tissue,
thus enabling oxygen saturation and the redox state of cytochromes to be
monitored non-invasively. The method involves considering the tissue as

consisting of cuvettes containing solutions at different concentrations.

The Lambert-Beer 1law 1is then applied to the passage of light through
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these cuvettes, with the reflectance dependent upon their configuration.
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1.5 Optical Methods for Physiological and Biochemical

Measurements.

So far the physical nature of 1light and the modes in which it
interacts with matter have been described together with the gross optical
characteristics of tissue, and the major light absorbing compounds in the
body .

This section deals with optical methods used for physiological and
biochemical measurement. The methods described range from wide]x used
clinical methods, through established research techniques to those which
are still in the developmental stage or have been developed but never

generally accepted. Both in vivo and in vitro devices are discussed

although methods which may ultimately be wused for moni toring
physiological or biochemical variables non-invasively are of specific
interest. The emphasis is placed on the actual principles behind the
techniques rather than their clinical importance.

Oximetry is dealt with in most detail (Section 1.5.1) since it has
been practised for many years and is considered to be the most advanced
and widely used technique. Hence it is an excellent example of an
optical method on which much experimental and theoretical work has been
performed. Furthermore, other optical methods rely upon measuring small
changes in absorbance on a 1large background attenuation and so have
similarities with oximetry. Examples are monitoring the redox state of
cytochrome oxidase (Section 1.5.4), studying the photoplethysmogram (PPG)
(Section 1.5.6) and other sundry techniques (Section 1.5.3).

For completeness other methods are included which although not
strictly relevant, do contribute to the overall subject. This is
considered important since it is likely that experience and information
gained in one area of optical monitoring may be of use in others.

The techniques in this section are optical as earlier defined,

however considering the whole em spectrum, it is perhaps worth noting
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that many important and widely used clinical instruments are based on the
interaction of em radiation with tissue. For example all X-ray

techniques, NMR scanners, the use of microwaves in various applications

and thermal imaging.
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1.5.1 Oximetry.

Oximetry is defined here as the determination of the oxygen
saturation of blood using spectrophotometric methods, whether performed
in vitro or in vivo. It is probably both the most widely used and oldest
optical method (see NILSSON (1960)), and that this is so 1is not
surprising considering the influence the optical characteristics of blood
has on tissue colour (see Section 1.4.2) and the tremendous physiological
significance of oxygen transport and tension within the body (see Chapter
4).

Virtually all oxygen transported around the body is carried in the
red cells as oxyhaemoglobin, which is haemoglobin with oxygen bound to
it. Oximetry is based upon the existence of a slight difference in the
absorption spectra of these two compounds (due to conformational changes
in the protein as oxygen becomes bound and unbound) as shown in Figure
1.25 with spectrophotometric analysis used to calculate the relative
proportions of haemoglobin and oxyhaemoglobin. This is commonly
expressed as oxygen saturation SO2 given by:

_ [Hboz]
2 [Ewo,] + ()]

where the square brackets denote concentration. (Percentage oxygen

SO 1.17

saturation (pos) is given by S0,x100).

Oxygen saturation, is alinearly related to the partial pressure of
oxygen, p0g via the sigmoidal oxygen dissociation curve which governs
the take up and release of oxygen from the 1lungs and to tissue
respectively, in a controlled manner. This is described in more detail
in Section 4.7 with other physiological aspects of the importance of
monitoring tissue oxygen 1levels also discussed in this chapter. The
oxygen dissociation curve is shown in Figure 1.26 and illustrates the
fact that 502/p02 is a more sensitive indicator of changes in arterial

oxygenation at low/high pO2's.
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Figure 1.26 Oxygen dissociation curve for
haemoglobin (from YOSHIYA (1983)).

The early developments of oximetry have been reviewed by ZILJSTRA
(1953), NILSSON (1960) and JANSSEN (1972) with YOSHIYA (1983) covering
most of the subsequent significant advances since the earlier reviews.

Here the evaluation of oxygen saturation is dealt with in five sections:-

In vitro measurements on:

(1) Haemolysed blood samples, where the Lambert-Beer 1law can be
correctly applied.

(2) Non-haemolysed (whole) blood samples in both transmission and
reflection modes, where scattering as well as absorption should strictly

be taken into account.

In vivo measurements:

(3) In transmission mode through tissue such as fingers and ear
lobes and pinnae, where the scattering is large but the use of the
Lambert-Beer law appears adequate.

(4) In reflection mode from whole blood in major vessels using

catheterization, which is wholly dependent on back scattering.



Introduction 1. 57

(5) Reflection from tissue, which is again dependent on back
scattering and for which theories incorporating scattering

would appear necessary.

It should be noted that 1in addition to haemoglobin and
oxyhaemoglobin there are several other haemoglobin derivatives, all with
distinctive spectra (such as carbomonoxyhaemoglobin (see Figure 1.7)),
and therefore lending themselves to quantitative analysis using
extensions of the spectroscopic methods outlined below  (MALENFANT
(1979)). Such analysis is of potential use in applications such as the
treatment of victims of pollution from toxic fumes.

However the majority of oximeters operate under the assumption that
haemoglobin only exists as either haemoglobin or oxyhaemoglobin. which
can lead to problems 1in obtaining accurate measurements from some

oximeters.

1.5.1.1 In vitro Measurements of Oxygen Saturation on Haemolysed

Samples.

Haemolysed blood samples ideally contain no cell wall debris or any
other scattering material and so give a clear solution which will
transmit light according to the Lambert-Beer law (equation-1.15).

If the only absorbing substances in the solution are haemoglobin and
oxyhaemoglobin then at wavelength A, the optical density A, will be
given (from the Lambert-Beer law) by;

A =1 ( a[Hboz] + b[Hb]) 1.18

where a and b are the absorption coefficients for oxyhaemoglobin and

haemoglobin respectively at A; nm, and 1 is the depth of the solution.

(nb A

In I_/I where lo is the incident light on the solution and I

the amount of light transmitted).

With a total haemoglobin content of the solution of C, then;
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c = [mo,] + [Hp] 1.19

and the oxygen saturation as defined in equation 1.17 is given by;

- Clb
A

_ 1.20
SO, Cl-(a-b)

The disadvantage of this one wavelength technique is that even for a
given apparatus where a, b and 1 would be known, C is still variable
since it will be dependent upon the haematocrit of the blood sample
(density of red cells) before haemolysis. Therefore in addition to
measuring, A;, the optical density, the total haemoglobin content, C,
must also be found before the oxygen saturation can be determined.

Alternatively, if two wavelengths are used then in addition to
calculating A; from the measurements of Io(,;) and I(,;) a
corresponding equation can be obtained at another wavelength, relating
the optical density at this wavelength, A2, to the concentrations of
oxyhaemoglobin and haemoglobin by the absorption coefficients at the
second wavelength, ¢ and d.

Ay =1 (e [Hboz] + d [m]) 1.21

Equations 1.18 and 1.21 can be manipulated to give the saturation as;

A ¢c - A_a
so = —=* 2 1.22

Al (c-d) + Az (b-a)

which gives an absolute value of oxygen saturation in terms of the

measured optical densities at the two wavelengths with no values of other
parameters such as cuvette depth, 1, or total haemoglobin and
oxyhaemoglobin concentration, C, required.

This is because there are in effct two unknowns; oxygen saturation
and the combined term (C1), and two equations.

(Note that the (C1) term cannot be split by taking a third
absorbance measurement at another wavelength. Linked to this is the fact
that using two wavelengths, neither haemoglobin or oxyhaemoglobin can be

found without 1 being measured since there are two equations but three
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unknowns, even taking a measurement at a third wavelength will not help
since the three equations will be 1linearly related. However, oxygen
saturation can be found using only two wavelengths since it involves
taking a ratio of two of the variables and hence cancelling the third).
The use of the Lambert-Beer law for multiwavelength measurements is taken
up again 1in Section 4.10. (For more details of the above calculations
see (for example) ZILJSTRA (1953), GORDY (1957), NILSSON (1960), YOSHIYA
(1983)).

Any two wavelengths can be used to determine oxygen saturation, as
long as the two forms of haemoglobin have different absorption
coefficients for at least one of the wavelengths. In practice one
wavelength is wusually chosen with the absorption coefficients the same
for both haemoglobin and oxyhaemoglobin, (ie an isobestic point), so that

equation 1.22 then reduces to the simpler form of;

SO, =

1.23

From Figure 1.25 it can be seen that several isobestic points exist.
The actual choice of both wavelengths is a 'matter of compromise. The
ideal wavelength will have a low overall absorption coefficient for both
haemoglobin and oxyhaemoglobin, but a large difference between them, so
that a high 1light signal can be obtained through the cuvette which will
also vary dramatically depending upon the oxygenation state. As may be
expected these two requirements are conflicting.

In practice wavelengths around the 520-600nm structure in the
absorption spectra have been used for oximetric measurements in cuvettes
(ZILJSTRA (1953)), although the region from 600-800nm appears to have

been generally preferred (YOSHIYA (1983)) due to the Tower overall
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absorption coefficient. In the latter region (and for most oximetric
measurements in practice) 805nm has become the almost standard isobestic
point, whilst around 660nm gives a large variation in absorbance for the
two forms of haemoglobin (MOOK (1969)). Few, if any, oximeters have been
made which operate below about 500nm, that is on the Soret band. The
question of which wavelength range to use is considered as appropriate in
the following sections.

The above type of derivation can be applied not only to oximetry but
to any spectrophotometric analysis of multicomponent samples in clear
solution. Furthermore, an extension of this method (ie the application
of the LB law) is used in the majority of in vivo transmission oximeters,

despite the total lack of allowance for scattering (see Section 1.5.1.3).

1.5.1.2 In vitro Measurement of Oxygen Saturation on Whole Blood.

Non-haemolysed blood is a turbid medium due to the presence of
suspended erythrocytes and other particulate matter which means that
light is not only transmitted through a sample, but also reflected
(back-scattered). Hence both transmission and reflection measurements
can be performed, although because of the scattering, in addition to the
absorption, the transmission of 1light through whole blood does not
strictly obey the Lambert-Beer law. |

Oxygen saturation measurements have been made on whole blood in both
reflection (RODRIGO (1953), POLAYNI (1960), WARE (1960)) and transmission
(ANDERSON (1965)) modes, the latter aided in part by the fact that at
constant cuvette depth and hematocrit there 1is a linear relatioship
between oxygen saturation and the log of light transmission (KRAMER
(1950), ANDERSON (1965)). However, variations in hematocrit and cuvette
depth definitely do not affect transmission according to the Lambert-Beer
law, and this difficulty in obtaining reliable oxygen saturation

measurements from whole blood is reviewed by SUTTERER (1967). It has
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also resulted in many studies aimed at producing both theoretical and
empirical relationships which adequately describe the reflection and
transmission of light from whole blood samples, as parameters such as
hematocrit and oxygen saturation are varied.

Concerning the wavelength range of the oximeters used on whole blood
in vitro all of the papers referred to above use 1ight in the region
600-805nm (the latter wavelength as an isobestic).

Basically two types of theoretical approach have been used to
explain the experimental results of optical measurements on whole blood.
One is the application of radiative transfer theory and its amendments,
(Section 1.4.3.3), and the other the more rigorous analytical approach of
multiple scattering theory which 1is effectively an extension of single
scattering theory (Section 1.4.3.2).

RODRIGO (1965) applied Schuster's radiative transfer theory to the
problem of single wavelength reflection measurements, which was later
extended by POLAYNI (1953) to two wavelengths in a manner similar to that
described in the previous section for transmission measurements on
haemolysed samples. REICHERT (1966) continued the radiative transfer
theory approach and applied it in the form of the Kubelka-Munk theory
(KMT) (Section 1.4.3.3.1). The KMT is only applicable to parallel planes
(ie it 1is essentially a one'dimensional model), however another approach
of the radiative transfer theory is in the form of Photon Diffusion
Theory (PDT) (also described in Section 1.4.3.3.2) which can be applied
in three dimensions. |

The practical and theoretical aspects of the application of PDT to
oximetry has been discussed by several authors (LONGINI  (1968),
ZDROJKOWSKI (1969, 1970)) and JOHNSON (1970a) who has also performed an
experimental study into the propagation of near-IR 1ight in blood
(JOHNSON (1970b)). Since these early papers on the use of PDT the

solution of the equations involved for different boundary conditions have



Introduction 1. 62

been considered by many workers (HIRKO (1975), BARBENEL (1979)).
Radiative transfer theory has also been applied to the design of catheter
and tissue reflection oximeters and its use is therefore referred to
again in Sections 1.5.1.4 and 1.5.1.5.

Twersky's multiple scattering theory is a more rigorous analytical
approach to the problem of light scattering from red blood cells but has
been used by LOEWINGER (1964) and ANDERSON (1967).

Finally, although not strictly concerned with oximetry but of
potential interest is work of both a practical and theoretical nature
which has been performed on the scattering properties of blood corpuscles

(LOTHIAN (1956), NIWA (1982), REYNOLDS (1983)).

1.5.1.3 In vivo Measurement of Oxygen Saturation by Transmission.

Measurement on either haemolysed or whole blood clearly measures the
oxygen saturation of the haemoglobin within the sample which s
presumably a constant value throughout the cuvette. However, with
measurements on whole tissue where there 1is no defined cuvette, the
questions arise as to both where the oxygen saturation is being monitored
(eg in the arterial, venous or intratissular blood) and to what should
the oxygen saturation be, since it is the oxygen content of arterial
blood that is usually ﬁonsidered clinically and then more usually its pO,
rather than its oxygen saturation. These points are briefly mentioned by
NILSSON (1960) and YOSHIYA (1983), and discussed in more detail in
Chapter 4 in conjunction with the possibilities of monitoring the redox
state of cytochrome oxidase which ostensibly gives an indication of the
oxygen tension at its site of utilization.

Early developments in the field of in vivo transmission oximetry are
again covered by ZILJSTRA (1953) and NILSSON (1960), in which the means
of performing oxygen saturation measurements at a variety of sites are

described. The following four techniques are described in some detail as
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they are considered to have made a significant contribution, and also
illustrate important points in the overall context of optical
physiological measurements, including monitoring the redox state of

cytochrome oxidase.

1.5.1.3.1 The Wood Oximeter.

This device is based upon the application of the Lambert-Beer law
with the ear acting as a cuvette. The major problem with this technique
is to obtain quantitative measurements without some form of calibration
such as breathing 100% oxygen. This can be achieved if a baseline
transmission level can be found, with multiwavelength analysis then
performed on another transmission level either above or below the
baseline.

In the Wood's oximeter (WOOD (1949)) the ear was compressed until it
became bloodless, with the level of light passing through the bloodless
tissue then used as the baseline. Consequently when the ear became fully
arterialised the 1light could be considered to pass through both the
bloodless tissue component and the arterial blood, with the difference
between the two transmitted intensities then used to calcualate oxygen
saturation as outlined below. (Note that the method assumes that the
blood in the .ear is arterial blood, and so arterial and not venous or
some oxygen saturation averaged over the circulatory system (ie arteries,
capillaries and veins) is measured. (This "averaged" oxygen saturation
will be referred to as the tissular oxygen saturation hereon).

Referring to Figure 1.27, the absorbance, A, (optical density (0D))
of the bloodless ear is given by ;

A = log _if. 1.24
where Io is the light incidentlon the ear and I the amount transmitted

by the bloodless component.

Upon releasing the compression, blood flows back into the ear, and
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the transmitted intensity drops to I', with total absorbance then given
by :
A' = log — 1.25

Assuming that the increase in absorbance, A A is due to an arterial

blood component and that the bloodless tissue component has remained
constant, then the absorbance by the arterial blood is given as;
AA = A' - A = log _;7 =1 (a [HbO] + b [Hb]) 1.26

where the notation is the same as in equation 1.18. This 1is shown

diagramatically in Figure 1.27.

I

) I I
E— —_— 0D=log-To

Bloodless Ear

Io I I
— — 0D=logT°,

Arterialised Ear

Absorption due to blood = log 1

I'

Figure 1.27 Diagrammatic Representation of Wood's
ear oximeter.

Since equation 1.26 was obtained solely from the Lambert-Beer 1law,
then by measuring the absorbance in the same way at another wavelength
the oxygen saturation can be found in an identical manner as in Section
1.5.1.1 for a clear solution of haemoglobin. Equation 1.22 therefore
gives the oxygen saturation in terms of two absorbances or equation 1.23
if an isobestic point is used. This was the case with the Wood's

oximeter which used broad band "red" and “"near-IR" (isobestic of about
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805nm) wavelengths. This theory could be applied to any wavelengths
although the low transmission below about 650nm means virtually all
transmission techniques are above this wavelength.

In this in vivo application the path length, 1, cannot be measured
due to the intense scattering, but as before it cancels if two
wavelengths are used and it is assumed that the two pathlengths are the
same.

The above approach to in vivo transmission oximetry 1is reasonably
successful, which may seem somewhat surprising considering that in
optical terms tissue does not even closely approximate a clear solution,
and therefore the Lambert-Beer law should not strictly apply. However,
it may be connected with the findings that for fixed hematocrit and

cuvette depths reasonable results can be obtained from in vitro

transmission oximetry using the Lambert-Beer law (KRAMER (1951), ANDERSON
(1965)).

The Wood oximeter is also described by ZILJSTRA (1953), NILSSON
(1960) and YOSHIYA (1983), as are other in vivo transmission studies
including one which relies upon calibration procedures (SEKELJ (1951))
rather than establishing a baseline.

In summary the Wood's oximeter had problems such as the difficulty
{n rendering the ear completely bloodless, the fact that the compression
of the ear is likely to change its optical characteristics and that the
blood within the ear may not be truly representative of arterial blood
due, for instance, to circulatory disturbances. (This last point being a
problem for all in vivo oximeters which operate upon the peripheral
circulation). However, the approach adopted resulted in a significant
contribution to in vivo optical monitoring, demonstrated by the current
success of pulse oximeters which operate in a fundamentally similar way

(see later on in this section).

Other work involving monitoring oxygen saturation in vivo using
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transmission techniques, but deep in the brain, has been performed by F
F Jobsis and his colleagues, with the theory again based upon the
Lambert-Beer law. Oxygen saturation is basically monitored to correct
for artifacts due to changes in absorbance whilst studying the redox
state of cytochrome oxidase. This is described in Section 1.5.5 and in

depth in Chapter 4.

1.5.1.3.2 The Hewlett Packard Oximeter.

In the mid 1970's the Hewlett Packard oximeter was introduced
(MERRICK (1976), YOSHIYA (1983)) with the theory behind its operation
again based upon the Lambert-Beer law. In contrast to establishing a
baseline transmission value and subsequently assuming that only the
presence of blood comprising solely of haemoglobin and oxyhaemoglobin
perturbs this level, (as in Wood's device), the Hewlett Packard oximeter
considers the ear as a cuvette containg several absorbing components.

By measuring the optical density (0D) of the ear at a sufficient
number of wavelengths, a set of simultaneous equations can be set up
which describe the 0D at each wavelength in terms of the concentration of
the number of absorbing substances (ie an equation of the same form as
1.18, only for more compounds, at each wavelength). Since two of the
absorbing substances will be oxyhaemoglobin and haemoglobin then oxygen
saturation can be found. This approach is similar to that adopted in
section 1.5.1.1 except that more than two simultaneous equations are
used, as more unknowns (absorbing compounds) are taken into account.
Again the optical path length term is unknown but cancels out since a
ratio of two concentrations is used to give oxygen saturation.

The set of simultaneous equations is solved using Kramer's method so
that the concentration, C, of any one of the absorbing compounds can be

expressed as; I A F

c = nn 1.27
det K
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where A, is the optical density of the ear at wavelength, X ; FA is
related to the absorption coefficients of the compounds at the
wavelengths used, and det K is the determinant of the matrix given by the
absorption coefficients.

Using the concentrations of haemoglobin and oxyhaemoglobin given by
this equation, then after some manipulation the oxygen saturation can be
expressed as;

K + K A

so = -2 1.28

2 M, + M A

where K and M_ allow for constant absorption components and K, and M,
are terms related to the absorption coefficients of the absorbing
substances. A, is the absorption at wavelength, A,

Values for Ky and MA. were found by measuring the oxygen
saturation in 22 volunteers by conventional means, taking 750 data points
and determining the values of A, and B, giving the best fit between the
oxygen saturation measured conventionally and using this method. These
constants were then permanently stored in computer memory and used for
all future calculations. The actual Hewlett Packard oximeter operates on
the ear pinna and uses eight wavelengths selected by interference filters
mounted on a rotating wheel. Optical fibres are used to "pipe" the light
to and from the ear. One advantage of this instrument is its relative
insensitivity to transducer movement, a constant problem when performing

physiological optical measurements.

1.5.1.3.3 Pulse Oximeters.

Light transmitted through the finger consists of a constant ("DC")
level plus a cardiac synchronous ("AC") pulsatile component generally
referred to as the photoplethysmogram (PPG) (which is discussed in more
detail in Section 1.5.4 and Chapter 7). Of interest in this section is

the analysis of these "AC" and "DC" components, that enables the oxygen
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saturation of the pulsatile arterial blood responsible for the "AC"
signal to be found. This is now generally referred to as pulse oximetry.
Commercially available pulse oximeters tend to operate either on the ear
or finger.

The basis of pulse oximetry 1is very similar to that of Wood's
oximeter. The 1largest value of transmitted 1light, I, is used as a
baseline (the "DC" component) with the decrease in transmitted light to
level I' (due to the pulsatile ("AC") component) then considered to be
totally due to the influx of arterial blood (YOSHIYA (1980, 1983),
KONISHI (1976). Analysis of the difference between these 1ight levels
allows the oxygen saturation to be found. The similarity between this

and the Wood's device can be seen by comparing Figures 1.27 and 1.28.

Io Incident Light
Absorbance due
to tissue, bone
and

non-pulsatile
blood.

I Constant '"dc¢" Level

) T
PPG Decreased Light
Level due to Absorbance due
Inflow of Arterial to Pulsatile
Blood. Arterial Blood.

Increasing Light
Levels.

Figure 1.28 Schematic Diagram of the Operation
of a Pulse Oximeter.

From Figure 1.28 and comparison with the description of the Wood's
oximeter above it can be seen that the OD of the arterial blood is given

by equation 1.26 and so use of two wavelengths again allows the oxygen
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saturation of this blood to be found and expressed by equation 1.22, or
1.23 if an isobestic point is used. Wavelengths used in this oximeter
(manufactured by Minolta) are 650 and 805nm.

In constrast to the Wood's oximeter where the baseline transmission
measurement on the bloodless ear was constant this is not the case with
pulse oximetry since a continuous measurement of oxygen saturation is
being made and therefore the overall transmission of light (the "DC"
level) may indeed change, thus altering the baseline. This may lead to
errors and is overcome in the Minolta device by using the differential of
the absorbance at the two measuring wavelengths (KONISHI (1976)).

Again the Lambert-Beer law appears adequate, although an amendment
to how oxygen saturation is calculated has recently been proposed which
apparently allows for scattering using the Kubelka-Munk theory.
Effectively the square of the optical densities rather than the OD's
themselves are used (SHIMADA (1984)).

In addition to the Minolta instrument there is the commercially
available Biox pulse oximeter (Ohmeda BOC Health Care) which works on a
slightly different principle (WILBER (1983)). The significant difference
between these two machines is that whereas the Minolta device uses the
(negative) optical density, log (I'/I) (ie log (AC+DC/DC)) of the
arterial blood, the Biox instrument uses (I-I'/I1) (ie AC/DC), which is in
fact the first order approximation of the former term.

This approximation reflects a slightly different means of
Processing. The Minolta instrument effectively uses the top and bottom
of succesive pulses as the 1light intensities from which the 0D s
calculated, whereas the Biox instrument continuously samples the PPG (at
a rate much faster than the pulse rate) and simply uses successive
samples to continually calculate the oxygen saturation. Hence between
each sample only a small change in the blood will have occurred, and so a

first order approximation is sufficient. (The oxygen saturation of the
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incremental amount of blood responsible for the change in blood volume is
effectively calculated).

The Biox instrument also has very good resistance to movement
artefacts, due to signal processing that weights the calculated oxygen
saturation depending upon pulse height and the way in which the oxygen
saturation is displayed and updated (WILBER (1983). It uses wavelengths
of 660 and 940nm.

Pulse oximeters are intended to measure arterial oxygen saturation
since the spectrophotometric measurement should ideally only be made on
the pulsating arterial blood solely responsible for the PPG. Whether
this is 1likely to be completely true is discussed in Chapter 7, with the
clinical implications of the actual measurements of oxygen saturation
covered in Chapter 4. A review of pulse oximetry from a clinical
viewpoint together with a clinical evaluation of the method are given by
YELDERMAN (1983).

Other potential problems with pulse oximeters exist due to
assumptions that the path length is the same for the two wavelengths (ie
scattering is the same), that there is no significant change in the depth
of tissue with pulsation, and that oxygen consumption by the fingertips
is not sufficient to cause significant change in oxygen saturation (see

YOSHIYA (1983) and Chapters 4 and 7 for more details).

1.5.1.3.4 Modified Lambert Beer Law.

In Section 1.5.1.2 the problem of measuring oxygen saturation in
whole blood due to scattering was outlined, together with references to
the application of Twersky's scattering theory as a solution. A
combination of the Lambert-Beer 1law and Twersky's theory has been used
(PITTMAN (1975a, 1975b) to develop a technique for monitoring oxygen
saturation in the microvasculature (microcapillaries with flowing red

blood cells and on microvessels in the hamster cheek pouch) using
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transmission spectrophotometry in which the scattering effects are
compensated for.

Basically the Lambert-Beer law is used but with the addition of an
extra term, S, for scattering. Absorbance, A, is given by:

A=aCd + S 1.29
using the same terms as in Equation 1.15, which produces an equation of
similar form to that obtained from Twersky's scattering theory.

Use of three wavelengths (two isobestic) enables oxygen saturation
to be found whilst also compensating for scattering. This method has
been successfully used in microdensitometry (DULING (1983)), using
wavelengths at 546 and 520nm (isobestics) and 555nm (measuring), and
although developed by PITTMAN (1975a) exclusively for transmission work
has also been used in reflection mode on the retinal vessels (DELORI

(1982)).

1.5.1.4 In vivo Reflection Measurements on Whole Blood Using

Catheterization.

Oxygen saturation can be found in vitro from the 1ight backscattered
from whole blood as described in Section 1.5.1.2. The same technique can
also be applied in vivo on the blood in major vessels, or indeed the
heart using catheterization, to enable the light to be piped into the
body with optical fibres (POLAYNI (1962)). Alternatively solid state
devices can be mounted on the end of a catheter (JOHNSON (1971)) which is
then inserted.

As with other spectroscopic mehods of oxygen saturation
determination two wavelengths are used (one being an isobestic) which in
this technique also allows corrections to be made for artefacts such as
those due to pulsation of the blood and changes in hematocrit.

Oxygen saturation is given by the following relation:
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R - B
Air

R
r

1.30

SO

where A and B are constants and R is the intensity of the reflection at
an IR (ir) and a red (r) wavelength. The formula has been established
experimentally and explained theoretically including using an extension
of RODRIGO'S (1953) application of Schuster's radiative transfer theory
(POLAYNI (1960, 1962, 1972), ENSON (1962)).

PDT as described in Section 1.5.1.2 can also be applied to the
design of in vivo catheter oximetrs (eg ZDROJKOWSKI (1970) from POLAYNI
(1962)) whilst LIN (1974) uses Mie scattering theory. Further details
and thoughts on the method are given by MOOK (1968), JOHNSON (1974) and
PAYNE and HILL (Chaps 23-25, 1975) the 1latter also including a
description of the clinical use of the device (see also GAMBLE (1965) and
WILKINSON (1979)). JANNSEN (1972) also contributed to the field by
describing how careful arrangement of the fibre ends could be used to
overcome artifactual problems, while HAASE (1980) describes an in vivo
catheter oximeter also capable of monitoring blood pressure and pulse
rate.

In addition to monitoring oxygen saturation the technique can also
be used for dye dilution studies used to monitor cardiac output. Here a
bolus of dye is introduced into the circulation and its progress and.
dispersion then monitored spectroscopically (SUTTERER (1972), POLAYNI
(1972)). The same type of studies can also be performed non-invasively

using transmission measurements on the ear (eg JANSSEN (1972)).

1.5.1.5 In vivo Reflection Measurements from Tissue.

Early attempts at monitoring oxygen saturation using skin
reflectance measurements are reviewed by ZILJSTRA (1953), NILSSON (1960),
YOSHIYA (1983), TAKATINI (1978). The early devices such as Brinkman's

haemoreflector only used one wavelength (although later extended to two)
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and suffered from lack of suitable instrumentation, both in terms of
light emitters, detectors and for signal processing.

In the early 1970's COHEN (1972) produced a skin reflectance
oximeter using 1light emitting diodes, however the problem with such
devices is in producing quantitative rather than qualitative
relationships with oxygen saturation. Since this time a group at Case
Western Reserve University (Cleveland, USA) have made several efforts to
produce such a device. LAING (1975) describes measurements on choroidal
tissue whilst CHEUNG (1977) developed a five wavelength device for use on
the skin surface, with TAKATINI (1979, 1980, 1978) extending this work
and introducing a theoretical analysis in 3-D using PDT. The group have
also applied KMT to the problem (MENDELSON (1983a)).

The above reflectance devices all use steady ("DC") levels of 1light
reflected from tissue for analysis, but the same group have also
suggested using the pulsatile component of the reflected 1light to
determine oxygen saturation (MENDELSON (1983b, 1983c)). This would
appear to be related to the pulse oximeters described in Section 1.5.1.3.
However, in the reflection device only the pulsatile component of the
signal is used to calculate the oxygen saturation, which has been found
to be proportional to the ratio of the magnitude of the pu}sati]e
component of light reflected from the finger at two wavelengths.

This type of relationship is of similar form to that used to
calculate the oxygen saturation in catheter oximeters (equation 1.30,
Section 1.5.1.4) except that in these the whole level of reflected light
is used. In addition there is a significant difference between the two
types of device in that an increase in the oxygen saturation 1is related
to an increase in thelR/R signal ratio for the catheter oximeter but a
decrease in this signal ratio for the skin reflectance device. This
represents a fundamental difference in the operation of the two

instruments which is discussed in Chapter 7, where a possible explanation
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of the reflectance results is given.

Other reflection measurements of oxygen saturation have been
performed by SATO (1981) and D.W. LUBBERS and colleagues (LUBBERS
(1973,1975), FRANK (1984)) Both workers take complete spectral scans of
the tissue and analyse the way in which they vary with changing
physiological status, and have extensively used these methods to study
not only the oxygen saturation but also the redox states of the
cytochromes (see Section 4.8).

Much of Lubbers work in the area of oxygen saturation monitoring
involves the use of his qualitative analysis which involve "transferring”

the in vitro spectra into that obtained in vivo using the method briefly

described in Section 1.4.3.4.
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1.5.2 Bilirubinometry.

Bilirubinometry is the measurement of serum bilirubin 1levels using
skin reflectance. One reason for the interest in this technique is its
application to paediatrics since neonates are often unable to conjugate
and excrete bilirubin (a breakdown product of protoporphyrin) which
consequently accumulates in the circulation and tissues. Measurement of
these levels of serum bilirubin is important because excessive amounts
can lead to severe central nervous system damage (referred to as
kernicterus).

Because of its structure (see Section 1.4.1) bilirubin is 1light
absorbing (LEE (1976), AMAZON (1981)) and therefore its concentration can
be measured spectrophotometrically, which indeed can, and is, performed
on blood samples. The absorbance spectrum was shown in Figure 1.9.

The presence of bilirubin can be seen in vivo as a yellowish tinge
to the skin, known as jaundice, a condition which was generally diagnosed
visually, often with the aid of "tinctometers" and other colour matching
devices. Since jaundice is visibly detectable then clearly it should be
possible to develop an instrument to perform this task. This is the
other reason for the interest in bilirubinometry since like oximetry it
is an optical method which has been proven to be clinically applicable
with a commercial instrument available. Lessons‘ learnt from its
development may be applied to other similar techniques.

In the development of a bilirubinometer HANNEMAN (1978) used a
spectrophotometer with fibre-optic probe to measure neonatal skin
reflectance spectra over the range 400-750nm, (such spectra actually
depend chiefly on tissue and not serum bilirubin levels and these two may
differ significantly). The spectra were then analysed empirically in 5nm
bands to determine the best fit between the reflectance data and serum
levels measured conventionally. Use of data from five of the 5nm “bins"

gave the best fit, with two of these associated with the bilirubin
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associated with the bilirubin absorption spectra and the other three
considered to be correction factors for artefacts such as absorption by
haemoglobin, despite the attempts to overcome this problem by applying
pressure to displace surface blood.

The idea of producing an optical instrument for monitoring serum
bilirubin levels was taken up by YAMANOUCHI (1980, 1983) and a commercial
device ultimately produced by the Minolta company. It is a two
wavelength device shown in Figure 1.29. The probe end is placed on the
neonate's skin and gently pressed which displaces surface blood and then
causes a flashlamp to discharge. The intensities of reflected 1light at
the two wavelengths are used to determine serum bilirubin levels with the
theoretical basis derived from the Lambert-Beer law (YAMANOUCHI (1983)).

An alternative attempt to theoretically describe bilirubinometry was
made by HANNEMAN (1979) using the Kubelka Munk theory, and 1is described
in a paper concerned with the interference of skin colour on the method.
This is potentially a major problem and many of the clinical assessments
of the Minolta transcutaneous bilirubinometer have addressed themselves
to the effect of widely varying skin colours particularly as only two
measuring wavelengths are used (HANNEMAN (1982), HEGYI (1981a)).

In conclusion, the relatively recent devg]opment of a transcutaneous
bilirubinometer can serve as a model concerning the clinical use of
optical methods in general. The initial empirical observations which
seemed to suggest such a technique was feasible, was followed by
spectrophotometric measurements, then the development of mathematical
models to describe and analyse the reflectance spectra, and finally the
production of a commercial instrument. This was subsequently thoroughly
tested with investigations to determine 1its possible shortcomings (ie
interference of other skin pigments), its use as a monitor for other
studies (the spread of dermal icterus (HEGYI (1981b))) and finally the

question of what the actual device is measuring (ie what do the figures
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Figure 1.29 Schematic illustration of the
transcutaneous bilirubinomter
(from YAMANOUCHI (1980)).

mean) and how they should be used clinically. In addition there is the
evidence that although optical methods may be thought of as being
non-invasive, they clearly are not because of the effectiveness of the
incident light from either sunlight or a phototherapy unit in assisting
in the breakdown of bilirubin (McDONAGH (1980)). Considering future
developments (ENGEL (1982)) to the bilirubinometer perhaps a multi

wavelength version would assist in removing any remaining artefacts.
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1.5.3 Sundry Optical Reflectance Methods.

Oximetry and bilirubinometry are probably the two most obvious
examples of the use of reflectance spectra to perform in vivo clinical
measurements. However, other reflectance methods have been suggested and
these are described in this section, which is concluded with
transillumination techniques that are already used.

Firstly it is perhaps worth noting that in the broadest sense the
most widely used optical reflectance method is that of judging a person's
general state of health by their "colour". For this reason the actual
standard (spectral properties and intensity) of lighting in hospitals and
surgeries is actually quite important. Dermatologists often rely upon
visual assessment of skin colour, when examining the reddening of the
skin after allergic tests have been performed by fixing the allergen in
contact with the skin for a prolonged length of time.

What amounts to being simply the redness of the skin has been
extensively studied by the reflectance from various sites on the body and
under different conditions of a HeNe laser (SINGH (1981, 1982), CHITRA
(1983)). It was found that reflectance varied with skin pigmentation,
blood flow, composition of tissues and difference 1in density and
hydration. '

AFROMOWITZ (1979, 1983) has used the reflectance 1levels of green,
red and near-IR 1light to assess the degree of skin damage caused by
burns. It is suggested that the change in reflectance is associated with
changes in the structure of skin proteins caused by heat and that such
measurements could help 1in determing the viability of burnt skin or if
plastic surgery is required. The earlier this decision is taken then the
greater the likely success of the operation, which must be weighed

against the chance of the burnt skin recovering.
The results in Figure 1.14 indicate the feasibility of measuring

water and fat content in vivo using near-IR reflectance ("interactance",
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CONWAY (1984)). It has already been suggested it may be possible to
monitor pH and electrolyte status from their effect on the water
absorption band, whilst this and the haemoglobin band could enable
haematocrit to be determined (M.D.W (1986)). Clearly the area of the
near-IR reflectance, where there are no large absorbing compounds could
become an important region for non-invasive in vivo monitoring.

Reflectance measurements have also been performed on the eardrum
(HEEKE (1982), throat (OHYOMA (1982) and gums (GEISER (1982) and used to
assess neonatal maturity (KRAUSS (1976)). Finally, for completeness,
studies to measure the translucent properties of the skin (HARGENS
(1980)) and also its refractive index (PUGLIESE (1980)), both in vivo,
should also be mentioned.

Although primarily dealing with reflectance methods, this section is
an appropriate place to describe several clinically used
transillumination methods. The 1location of breast tumours using
transillumination, known as diaphonography, (WATMOUGH (1983)) has been
- investigated, although the problems of scattering discussed in Section
1.4.3 compromise definition and restrict the thickness of the sample,
meaning the breast must wusually be gently compressed before being
studied. A new instrument using two wavelengths (one in the near-IR) to
compensate for scattering has been reported (M.D.W (1986)) but as yet
there appears to be no clinical evaluation of it. In a review of all
methods used for breast imaging, KOPANS (1984) states "transillumination
techniques should be considered experimental”. He also says that there
is no well documented evidence that the technique at present has a role
to play in scanning, although in the future with suitable sources,
detectors and processing an instrument capable of performing this role
may be produced.

Within neonatal paediatrics transillumination finds several uses

(PHILIP (1982)), partly due to the thinner sections of tissue which are
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dealt with. They include the detection of hydrocephalus where the
application of a torch to the side of the head causes the fluid filled
skull to "light" up (SWICK (1976)), for the 1location of arteries and
veins in the arm for administering injections and in the diagnosis of

pneumothoraces.

1.5.4 Measurement of the Redox State of Cytochrome oxidase.

A relatively new technique which 1is considered extensively in
Chapter 4 is monitoring the redox state of the terminal enzyme of the
mammalian respiratory chain, cytochrome oxidase (cyt aag). This can
apparently give information about oxygen sufficiency at an intracellular
level (or viewed in other terms about metabobolic rate).

The method is similar to oximetry in that it requires a small
absorbance change to be monitored on top of a 1large background
attenuation. The interest is in using this technique non-invasively
which means it is a redox state dependent absorbance band in the near-IR
that the enzyme posses, upon which measurements are made.

To monitor qytochrome oxidase redox state non-invasively both oxygen
saturation and changes in blood volume must also be monitored due to
their potential interference thus there are strong links between this

technique and oximetry. The method is extensively covered in Chapter 4.
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1.5.5 Fluorescence Measurements.

Fluorescence (and phosphorescence) measurements (see Section
1.3.1.2) may involve either monitoring the fluorescent yield or the
effect of quenching agents on the decay time (lifetime) of the
fluorescence. Consequently the technique can be applied to monitor the
state or concentration of either fluorescing compounds or quenching
agents, which themselves may be either endogenous or exogenous.

Before spectrophotometric measurements of the redox state of
cytochrome oxidase (previous section) were performed the rate of cellular
metabolism was monitored using fluorescent measurements of nicotinamide
adenine dinucleotide (NADH). NADH is the component which feeds electrons
into the respiratory chain, also by alternately accepting / donating
electrons and thus changing its redox state (see Chapter 4). Since it
fluoresces over the range 450-480nm when reduced (NADH), but does not
when oxidised (NAD+) then its redox state can be monitored by
fluorescence measurements (the absorption spectra was given in Figure
1.12).

A review of monitoring brain NADH redox state using this technique
is given by MAYVESKY (1984), whilst RENAULT (1982) describes a laser
fluorimeter for performing such measurments to study cardiac metabolism.
He has also considered the use of double beam fluorimetry to try and
overcome the constant problem with optical methods of interference due to
blood (RENAULT (1984)), which was previously addressed by KRAMER (1979)
who considered the problem of movement, hemodynamic (blood volume) and
oximetric (changes in oxygen saturation) artefacts when monitoring
fluorescence from the cerebral cortex. An instrument for monitoring both
spectrophotometric changes (eg hemoproteins) and fluorescence (eg flavins
and NADH) is described by HASSINEN (1982). Due to the links between this
technique and monitoring the redox state of cytochrome oxidase certain

aspects will be considered in more detail in Chapter 4.
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The uses of non-naturally occuring fluorescent compounds include the
introduction of pyrenebutyric acid (PBA) which enables oxygen
concentration to be monitored since the latter is a powerful quenching
agent and therefore the degree of quenching gives an indication of oxygen
concentration (MITNICK and JOBSIS (1976)). Another such compound is
fluoroscein which 1is widely used in opthamology to study variables such
as the rate of transport of fluid within the transparent structures of
the eye (JONES (1979), and also look for micro-ulcers in the eye (SILVER
(1985)).

Haematoporphyrin derivative (HPD) can also be introduced into the
body where it 1is taken up preferentially by tumour cells. Since it
fluoresces from about 620-690nm when excited by light of around 405nm it
can be used to detect such cells (KINSEY (1980)). (In addition its
activation by HeNe 1ight (628 nm) 1leads to the production of free
radicals and subsequent destruction of these cells), A variety of
fluorescent compounds are also widely used in the construction of fibre

optic sensors (see Section 1.5.10).

1.5.6 Photoplethysmography.

Photoplethysmography has been extensively reviewed (CHALLONER
(1976)) with the field split into "DC" and "AC" photoplethysmography, the
latter being involved with the study of the cardiac synchronous component
of reflected or transmitted 1ight from various sites on the body.

As part of the vresearch for this thesis an instrument was
constructed to enable the "AC" photoplethysmogram (the PPG) to be studied
and so the topic 1is extensively covered in Chapter 7. Suffice to say
that in its various forms the technique has been used to study skin blood

flow (the most common wuse), pulse wave transit time and myocardial
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contractility.

1.5.7 Glucose Measurement.

The previous six techniques (except fluorimetry) have relied upon
monitoring small changes in the attenuation of reflected or transmitted
light in vivo, and therefore have much in common with the work described
in later chapters. Some of the remaining methods in this section rely
upon different modes of interaction of light with matter or have 1less
directly in common with the remainder of the thesis, and therefore are
included for completeness since they may in some way eventually prove
useful to techniques such as in vivo near-IR spectroscopy.

Several optical methods for measuring glucose concentration in vivo
have been proposed, in addition to those already used in vitro, and it
therefore seems pertinent to consider this topic in a section of its own.
The reason for monitoring glucose concentration is because of its use in
the care and control of diabetes mellitus, a metabolic disorder due to
disturbance of the normal insulin mechanism. A consequence of diabetes
is wildly and widely fluctuating blood glucose levels, the stabilization
of which (at present by administering insulin) is the aim of treatment.
Hence the need to monitor blood glucose concentrations, which can be
found from blood samples but do not then provide a continuous glucose
profile.

The optical methods described below could all provide continuous
measurements and therefore be used to obtain complete profiles of daily
glucose concentration, or even as the sensor in a closed loop insulin
dispensing system. This would enable tighter glucose control and hence
better treatment than is possible using either injections or even a

continuous infusion pump.
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Three properties of glucose solutions enable their concentration to
be monitored optically; their IR spectra and the fact that their optical

activity and refractive index are concentration dependent.

1.5.7.1 IR Spectrophotometry.

With the arrival of lasers operating in the IR the spectroscopic
analysis of biological samples became possible as the high power outputs
available were sufficient to overcome the large attenuation by such
samples due to the presence of water.

Consequently IR 1laser spectroscopy could be applied to the
measurement of physiologically important substances. Moreover, use of
attenuated total reflectance (ATR) spectroscopy, in which an ATR prism is
placed on the surface of the skin, apparently enables IR spectroscopy to
be performed non-invasively, with the measurement being made on the
boundary layer of the skin due to interaction with the evanescent wave
(KAISER (1979), ARAI (1985)). The ATR technique also places less thermal
load on the sample. Glucose is one of the substances whose concentration
it has been suggested may be measured non-invasively in this manner, with
a CO2 laser operating at about 9000-10000nm as the source (KAISER
(1979)).

1.5.7.2 Polarimetry.

Measuring the optical rotatory power of sugar solutions is a

standard way of determining concentrations in vitro, and it has been

proposed that the same technique may also be applied in vivo using the
aqueous humour within the eye as the "sample" (RABINOVITCH (1982), MARCH
(1982)). The proposal was to attach a solid state laser diode and
detector to a scleral contact lens which could be placed on the eye with
the glucose concentration of the aqueous humour then measured. The

inclusion of a telemetry system was also suggested to provide feedback



Introduction 1. 85

from the sensor to an insulin pump.

Apart from the obvious engineering problems to be overcome there are
also the questions of the selectivity of such polarimetric measurements,
due to the presence in the aqueous humour of other optically active
substances, and the sensitivity of the method, which have both been
considered (GOUGH (1982), RABINOVITCH (1982)).

An alternative strategy for measuring the concentration of blood
glucose using polarimetry is simply to use part of the body relatively
transparent to light, such as the ear lobe, as the "sample cell® (MULLER
(1979)). This approach is progressing with apparently successful results
(MULLER, Private Communication) despite the fact that it might be
expected that the plane polarization state of the incident beam would be
lost due to multiple scattering as the 1light propagates through the

sample in question.

1.5.7.3 Refractive Index Changes.

Along with the optical activity of sugar solutions being dependent
upon concentration so 1is their refractive index. Hence the amount of
Tight coupled at a glass/glucose solution interface into the liquid will
be dependent upon their relative refractive indices, and so variations in
the amount of coupled 1ight can be used to monitor the refractive index
of the solution and so its concentration. Such a technique, in which the
amount of light lost from an optical fibre surrounded by a glucose
solution is used to measure concentration, has been demonstrated in vitro
(ROSS (1985)).

Finally colourimetric methods are used as standard practice to
monitor urine glucose content by dipsticks whose colour is dependent upon

glucose concentration (due to the composition of their coating).
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1.5.8 Scattering Studies.

The underlying physical principles of scattering studies were
outlined in Section 1.3.3. Virtually all such studies (BERNE (1976)) are

performed in vitro on widely dispersed systems such as macromolecules,

and so single scattering theories (see Section 1.4.3.1) can be used to
describe the nature of the scattering.

The most popular technique for investigating biological samples 1is
quasielastic light scattering (QLS) using 1light beating spectroscopy
(CUMMINS (1970)) to detect the small (about a few kHz) shifts in
frequency of the scattered 1light. QLS can be used to measure directly
the dynamic properties (eg translational and rotational diffusion
coefficients) of macromolecules 1in solution, and to study the molecular
weights of large molecules and viruses, aggregation and polydispersity.
The technique has been extensively reported and reviewed (PECORA (1972),
BLOOMF IELD (1981), McCONNELL (1981), SATELLE (1982)).

Scattering studies have also been suggested as a means of
determining pH since this affects the shape of erythrocytes (REYNOLDS
(1983b)), of caterogizing microparticles and biological «cells (KAYE
1982)) and also for measuring the refractive index of cells (ie
refractive index matching (BARER (1954)).

A11 of the above are in vitro techniques, however one application of
QLS has found widespread use in vivo, namely laser Doppler velocimetry
(LDV) which can be used to measure the velocity of moving particles and
was initially used in vivo in much the same way to determine the velocity
of blood cells in arteries (TANAKA (1974)).

Since then LDV has been applied transcutaneously using a HeNe laser
used to illuminate the skin surface through an optical fibre, with
Doppler shifted 1ight scattered from the red blood cells then detected at
the surface of a photodetector by beating the light with a non-Doppler
shifted beam . It is 1in this form (NILSSON (1980)) that LD¥ has been
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widely used in both clinical and research applications (COCHRANE (1986)).

There is continuing interest in this area concerning the use of
different types of sources, at different wavelengths and the precise
contribution of Doppler shifted light to the overall signal (DE MUL
(1984), GUSH (1984), BOGGETT (1985)).

1.5.9 The Use of Lasers.

The use of lasers in itself is not strictly an "optical method" in
the context of this thesis, since no 1light is necessarily detected.
However, due to their now widespread use both in the biological sciences
and in a clinical enviroment the inclusion of this section is considered
appropriate.

Lasers emit coherent, polarised and highly monochromatic and
(usually) collimated 1light which if required can often have extremely
high intensity. They are available over most of the visible and - near-IR
spectrum and often available in either pulsed or continuous wave (cw)
mode.

Typical clinical uses of lasers include opthamology for a variety of
purposes (eg fixing detached retinas), dermatology (eg removal of
portwine birthmarks and tattoos), surgery (carbon dioxide lasers (10.6
um) used as scalpels and phototherapy (eg activation of HPD to produce
free radicals to destroy cancer cells by HeNe laser (628 nm)). A further
description of the use of lasers in the biological sciences and medicine
can be found in the following reviews (ARNDT (1983), ANDERS (1982),
LETOKHOV (1985), McKENZIE (1984)).

There are also now commercially available instruments containing
HeNe lasers and GaAlAs laser diodes available which can apparently be

used for theraputic purposes. (Ormed, Italy; CBL Optronics, Italy;
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Felas Medical Lasers, W. Germany; Acetec, France).

Some laser devices for dermatological applications aim to make
specific use of wavelengths at the maximum absorbances of haemoglobin and
tattoo pigments for the removal of port wine stains and tattoos
respectively. Quite whether such specific wavelength ranges are required
is brought into question by the application of a technically much simpler
(and cheaper) device which can remove tattoos extremely effectively
(COLVER (1985), (1986)). The instrument consists of a tungsten halogen
(broad band) lamp, gold coated reflector and quartz rod to guide light to
the skin, with a sapphire tip to transmit the light but conduct surface
heat from the skin after application of the light.

The "Infra-Red Coagulator" (MBB-AT Technologie, Munich, W. Germany)
as it is named, was designed for the thermal coagulation of blood in
operations such as liver transplants, however its application to
dermatology, with its demonstrated ability to remove tattos effectively

is considered particularly interesting.

1.5.10 Monte Carlo Methods.

When the absorption and/or scattering coefficients of biological
tissues are known then it may be possible to calculate the reflectance or
transmi ttance characteristics of these samples by using one of the
theoretical methods such as Photon Diffusion Theory (PDT), the Kubelka
Munk theory (KMT) or the Lambert-Beer 1law, which have been described
above (Section 1.4.3).

These techniques are however limited to the specific uses for which
they have tended to be developed and even between them by no means offer
a complete description of 1light propagation 1in biological samples.

Indeed for non-homogenous tissues in which both scattering and absorption
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are equally important they are far from adequate.

An alternative means of calculating the optical characteristics of
biological samples is to use a Monte-Carlo model. With this method the
experimentally derived probabilities for photon absorption and scattering
are used to predict the likely course of individual photons entering the
sample. By considering a large number of such individual photons and
averaging their collective fates an approximation of the overall
characteristics of the sample can be estimated. Such a technique is
basically statistical, hence the name.

The Monte Carlo method was first developed to study neutron
scattering and a general description of the technique is given by
McCRACKEN (1955). It has since been applied to many problems otherwise
too complex to solve and in the last few years has been used to study the
propagation of 1light through tissue. (Other Monte Carlo models are
extensively used to solve problems in other fields).

The method has been used (MAAREK (1982, 1984)) for this purpose, to
model the propagation of 1light through various biological samples
including blood. The parameters used in this work were the cumulative
probability distributions for the mean free paths of the distance
travelled by a photon before its next scattering event, and the direction
in which the mean free path will be. Also the absorption probability
coefficient to determine whether or not a photon will be absorbed at any
one collision is required. The values used were either found by
experiment, or derived from the work of ZDROJKOWSKI (1970) (see Section
1.4.3.3).

In addition to calculating the reflectance and transmittance
properties of the samples the Monte-Carlo method has also been used by
this group to model the propagation of ultrashort 1light pulses through
tissue (with respect to time). Their results have been used in

conjunction with their own experimental evidence (JARRY (1984)) to
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consider the possibilities of imaging thick biological samples with light
using a collimated Yight source and the spatial and / or temporal (hence
the need to model pulse propagation) discrimination of emergent photons
(MAAREK (1985b)).

Their interest in imaging stems from work they are also performing
similar to that of Jobsis (see Chapter 4) on monitoring the redox state
of cytochromes. If the two areas of work could be connected then it may
be possible to obtain images showing regions of high or low oxygen
saturation, (via cytochrome oxidase redox state, and changes in blood
volume.

The Monte-Carlo method has also been independently used to model the
absorption and flux distribution of light in tissue (WILSON (1983, 1985))
in order to help determine appropriate dosage in photoradiation therapy
(PRT). This topic has been studied both experimentally and theoretically
(SVAASAND (1983)) but such theoretical treatment has primarily been
concerned with the situation where either scattering or absorption are
dominant. The Monte-Carlo technique allows both scattering and
absorption processes to contribute equally to the optical properties of
tissue.

This application of the Monte Carlo method is fundamentally similar
to that described above, although it is chiefly concerned with modelling
the energy distribution of the 1ight within the tissue due to absorption
processes, which calls for a slightly different approach.

In summary it is clear that the theoretical models of the optical
characteristics of biological samples (such as KM theory, PDT and the
Lambert-Beer law) described earlier in the introduction have certain
limitations. This 1is largely due to the complex nature of the
interaction of light with tissue. However, an alternative means of
theoretically determining these characteristics may be to apply the

Monte-Carlo method for which the absorption and scattering coefficients
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of the tissue must be known.

A major limitation of the method at present is the lack of widely
available data giving the values of these coefficients, and therefore
also the associated question of how similar these constants are from

sample to sample.

1.5.11 Photography.

Photography, undoubtedly an optical method, essentially consists of
the recording of intensity variations (possibly with spectral filtering)
with spatial discrimination.

Within clinical medicine straightforward photography is often used
to record the physical status of parts of a patient's anatomy. Here the
reflectance characteristics of skin are important since certain aspects
may need to be enhanced by choice of flashlamp "colour" or the use of
spectral filters.

As distinct from recording normally visible features from a patient,
infrared photography as it is known (or near-IR using the terminology of
this thesis since the film is sensitive in the visible and near-IR ranges
to about 900nm and 1is used in conjunction with a high pass filter thus
blocking ]igh; below about 700nm) enables normally non-visible
structures, most noticeably the pattern of the venous system, to be seen.
The general use of IR photography is covered in KODAK (1977).

It has been considered as a means of studying the female breast
vasculature as an aid in cancer diagnosis (ROSENBLOOM (1953)), and also
to study the postprandial intensification of venous pattern (GIBSON
(1961, 1964)). The reason the veins (which appear darker) are visible is
because they absorb even more light than the rest of the tissue surface
which tends to reflect light in this region relatively strongly (see

Figure 1.13).

The application of IR photography demonstrates the difference
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between this type of measurement and that described in Section 1.4.2,
namely that the spatial variation of spectral information is obtained
rather than simply the spectral details themselves. With this in mind
perhaps photography of the skin over narrow spectral ranges (ie a study
of spatial and spectral characteristics of skin reflectance) would reveal
previouly unnoticed insights into the anatomy at and just below the skin
surface.

Considering photographyas a combination of intensity and spatial
optical measurements then other techniques also fall into this category.
Flying spot methods (similar in operation to a television) have been used
to obtain spatial information of oxygen saturation and fluorescence.

Measurements of retinal venous blood oxygen saturation in humans
have also been made using photographs taken with pairs of filters (red
and green, and red and near-IR) (HICKHAM (1963)). In addition
photographic methods have been used to study the cutaneous microrelief

(CORCUFF (1982)) and skin surface texture (MARSHALL (1982)).

1.5.12 Optical Fibre Sensors.

This type of device offers great potential for monitoring both in
industry and medicine, since the ‘"sensor" 1is relatively inert and
requires no electrical connections overcoming many safety and "noise"
problems. The term optical fibre sensor is used here to imply that there
is a "sensor" on the end of a fibre (or fibre bundle), although it is
sometimes used to also refer to catheter oximeters (Section 1.5.1.4).

Fibre sensors can broadly be split into two types; physical and
chemical. Physical sensors which are reviewed by PETERSON (1984) can be
used to monitor the variables: temperature, pressure and even radiation,
whilst a variety of chemical sensors reviewed again by PETERSON (1984),
NYLANDER (1985), TROMBERG (1984) have been constructed.

The chemical sensors generally operate by measuring either the
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reflectance or fluoresence from the reagent in the "sensor", which will
be dependent upon the quantity to be measured, with light shone down onto
and then reflected back from the “"sensor" itself. In such sensors the
optical design 1is vrelatively straightforward and it is the chemical and
physical design and construction of the "sensor" cell which requires most
effort to obtain reliable, accurate and a stable senors with fast
response times.

Operating in a slightly different manner are sensors which rely upon
the compound to be measured interacting with the treated surface of an
unclad fibre and thus affecting the total internal reflectance (not
unlike the refractive index glucose sensor, Section 1.5.7.3). This
technique is now being used to measure antibody concentréion since fibres
can be coated with the appropriate antigen with subsequent binding

affecting the optical characteristics at the fibre boundary. (NYALANDER
(1982, 1983)).



Introduction 1. 94

1.6 Advantages and Disadvantages of Optical Methods

for in vivo Monitoring.

One of the major advantages of optical methods for in vivo

monitoring is their non-invasive nature (except for the passage of
photons as noted in the Introduction). Another is the option of using
fibre optic bundles (see Section 3.2.4) to "pipe" light to and from the
surface of the body, which not only leads to a versatile device in terms
of measurement site, but also has the advantages, of electrical isolation
and em noise immunity. A similar degree of versatility can be obtained
by the use of small semiconductor electro-optic devices.

Further advantages of non-invasive in vivo optical techniques are
that they do not suffer from the inherent degredation or contamination
problems which electrochemical or enzyme based sensors are prone to.
Their component costs are also not prohibitively high.

Although not strictly an advantage, the continued development of
novel and improved semiconductor devices (such as laser diodes and
photodiode arrays) is likely to enhance the performance of existing
optical methods The transfer of techniques from areas of the analytical
Chemistry and biochemistry to in vivo optical applications is also likely
to have a similar effect.

As far as the disadvantages of in vivo optical methods are concerned
they share the common problem with other types of sensor of specificity
of measurement due to interference from other compounds. There are also
potential problems from the unwanted detection of ambient 1ight which may
require the use of appropriate 1light source modulation and signal
processing and/or shrouding of the area under investigation. In addition
reflectance measurements in particular are prone to movement artefacts,
usually due to small changes in detector-sample-source geometry.

A difficulty with optical methods, as seen from Section 1.4.3, is in

describing theoretically their precise behaviour. This can lead to
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problems concerning the ideal processing of the detected signals, and may
also complicate transducer design.

Finally, there is the safety of optical methods to consider as with
these techniques photons must pass through the body. Although it is
unlikely that sources capable of causing gross tissue damage would be
used, those sources actually employed in in vivo monitors could lead to
severe eye damage through inadvertent use (SLINEY (1980)). This is
particularily so with near-IR sources whose outputs are not visible.

In addition there is the possible effect of physiological and
biochemical changes being produced by 1low level light irradiation
(GREGUSS (1984), ROCHKIND (1986)). This has in fact lead to several
companies producing therapeutic laser systems using HeNe continuous wave
(cw) lasers (which apparently also produce shape changes and haemolysis
in erythrocytes (SINGH (1984))), and pulsed GaAlAs laser diodes (904nm)
(see Section 1.5.9). These instruments are claimed to be suitable for a
wide range of uses and treatments.

That photochemical effects can be produced by such irradiation is
shown by the use of phototherapy for the treatment of neonates suffering
from jaundice, and the known daily rhythm of certain mammalian hormone
productions (TAMARKIN (1985)).

In conclusion optical methods are considered to be particularily
applicable to non-invasive in vivo monitoring, although the possibility
of the necessary irradiation producing (albeit probably small)

biochemical and physiological effects should be borne in mind.
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1.7 Brief Description of Thesis Contents.

In Chapter 2, studies performed with a Tow 1ight level camera are
described, their purpose being to investigate the overall 1light
transmission and reflectance characteristics of tissue.

This is followed, in Chapter 3, by a description of the
instrumentation used to perform the experiments presented in the thesis,
including the microcomputer controlled scanning spectrophotometer which
was constructed.

Chapter 4 deals with the feasibility of monitoring the redox state
of cytochrome oxidase non-invasively. It contains the results of
experiments performed on purified cytochrome oxidase and yeast cells, and
a description of these results in terms of a mathematical model. This is
then used as a basis of a possible explanation for the apparent lowering
of the affinity of cytochrome oxidase for oxygen in vivo.

Chapter 5 is a consequence of the preceding chapter. It addresses
the possibility that the disease states which the type of monitoring
described in Chapter 4 may help to prevent, are in fact due to oxidative
damage, the rate of which can be enhanced or decreased by several
factors.

In Chapter 6 the results of in vivo reflection and transmission
measurements, made with the scanning spectrophotometer are presented, and
discussed.

An instrument capable of recording and producing traces of the PPG
from different sites and using different wavelength light is described in
Chapter 7. Preliminary results obtained using this instrument and the
conclusions drawn from them are also presented.

A summary of the whole thesis is given in Chapter 8.



Phot ography 2.1

Chapter 2: Photography of Transilluminated Tissues Using

an Image Intensifier,

2.1 Introduction and Aims,

Tnat some light i1s transmitted througn tissue can reaaily be seen by
looking at the hand, finger or ear pinna against a light source. Tnis
fact was covered in Section 1.4.2.2 including a description of the gross
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