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NOMENCLATURE

light intensity

incident light intensity

wavelength, in Angsttoms (a)

particle diameter

particle radius

refractive index

number of particles per milliliter

concentration, in millimoles per liter (mM/1)

relative concentration of oxygenated hemoglobin
(except in Chapter VIII where ¢, is an empirical
constant)

relative concentration of reduced hemoglobin
(except in Chapter VIII where c, is an empirical
constant)

extinction coefficient (d = 1 cm, ¢ = 1 mM)

extinction coefficient for hemoglobin at a differ-
ential wavelength

extinction coefficient for hemoglobin at an isobestic
wavelength

extinction coefficient for oxygenated hemoglobin
extinction coefficient for reduced hemoglobin
(except in Chapter X where €r is the extinction

coefficient for melanin in the red spectral band)

extinction coefficient for melanin in the infrared
spectral band

optical density = log'(Io/I)




ODx

D3 00%

31, by
20 P2

a3, b3

IR

viii

optical density of blood of unknown oxygen saturation
optical density of fully oxygenated blood
empirical constant-in’equation 4.2
empirical constant in equation 4.2 (in Chapter VII,
b also refers to a length factor of a scattering-

particle)

empirical constants of equation 4.2 for oxygenated
nonhemolyzed blood at a differential wavelength

empirical constants of equation 4.2 for reduced
nonhemolyzed blood at a differential wavelength

empirical constants of equation 4.2 for nonhemolyzed
blood at an isobestic wavelength

particle density, or number of scatterers per unit
volume

total attenuation cross section for one scatterer

absorption cross section for one scatterer

scattering cross section for one scatterer

fraction of the total scattering cross section of
one scatterer in free space received by the
detector

fractional volume occupied by scattering particles

transmittance in the red spectral region = I/Io

transmittance in the infrared spectral region = I/I,

reflectance (except in Chapter X where R is the
light transmittance of the "bloodless ear" in the

red spectral band)

light transmittance of the"bloodless ear" in the
infrared spectral band

sample depth



I. INTRODUCTION

For many years, measurements of the light transmitted
by thin films of nonhemolyzed whole blood have been used
for estimating oxygen saturation. More recently, reflec-
tance measuremenﬁs of thick layers of nonhemolyzed blood
have been used for the same purpose. The lack of precision
of these empifical technigques suggested to us that more
basic work was required to investigate ﬁhe light séattering
and absorbing properties of nonhemolyzed blood.

‘Spectral analyses of dilute hemoglobin solutions have
been performed since 1862 and concentrated hemoglobin solg—
tions have been studied -since 1933. These studies have
repeatedly demonstrated that Beer's law is obeyed by hemo-
globin solutions and by hemolyzed‘blood. |

Fundamental studies to inves#igate the scattering
properties of nonhemolyzed red blood cells have been few.
Empirical observations have shown that light transmission
by nonhemolyzed blood deviates from Beer's law. However,
the theoretical nature of the absorption and scattering of
light by nonhemolyzed blood has not been elucidated.

The investigation of the scattering and absoxbing
properties of nonhemolyzed blood has beenvhindered by the

inability of conventional measuring techniques to yield



absolute measurements in the study of scattering materials.
It is known that the geometrical arrangement of the spectro-
photometric system used to measure light transmission or
reflection influences to a large extent the measgred value.
Other factors influencing optical density are cell ofﬂf
particle size and relative refractive index. The extent of
the dependence of optical density on these factors has not
been adequately demonstrated.

Using both conventional spectrophotometric techniques,
and techniques designed to intégrate the scattered light, Qe
sought to clarify the nature of the relationship.of optical
density to particle concentration, sample depth, and pigment
changes, and to demonstfate the dependence of optiéal
density values on the geometry of the measuring system. Our
chief aim was to study the light absorbing and scattering
properties of undiluted nonhemolyzed blood with the hope of
explaining these properties in térms of a light scattering
theory. 2An understanding of the basic absorbing and scat-
tering properties of blood might provide a basis for a
precise technique for estimating oxygen saturation, or
would ser#e to explain the lack of reliability of present
oximetric techniqgues.

In addition to experiments on red blood cells, the

present study includes observations on both absorbing and




nonabsorbing emulsions, and on dyes in the presence of light
‘scattering particles - red blood cells and nonabsorbing

emulsified particles.




II. HISTORICAL REVIEW

A. Spectrophotometry

The practice bf photometry was founded by Bouguer. His
publication in 1729, "Essai d'optigue sur la gradation de 1la
lumigre,"” contains a description of the first photometer, an
instrument for comparing the luminous intensities of two
sources of light using the eye as a null indicator (18).
Bouguer realized that the eye is an adequate instrument for
making comparisons but cannot be used as a meter for making
Quantitative measurements. Bouguer's instrument depended on
the comparison of the brightness of the two halves of a
surface which were respectively illuminated by the two
sources to be compared. By varying the distances of the
sources from the screen the two halves were made to appear
equally bright. He obtained the ratio of the intensities of
the two sources by employing a law first clearly enunciated
by Kepler - the law of inverse sguares.

In the "Essai" Bouguer also showed that the change in
the intensity of a collimated beam passing through various
thicknesses of a homogeneous absorbing material is an expo-
nential function of its path length in the medium.

If dx represents an infinitesimal thickness of a layer

of a homogeneous absorbing medium, I represents the inten-
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sity at any point of the path, and <« represents the
fraction by which absorption reduces the intensity in unit

length of path, then
dr/dx = - I | 2.1
Equation 2.1 is integrated over the total thickness.

I
X X
J[ (dr/1) = - & dx 2.2
I, - Jo
If I, is the incident intensity. and IX is the transmitted

intensity through thickness x, then
In (I,/I]) = - A x 2.3
Equation 2.3 may be expressed in the exponential form
I =1Ice 2.4

where X is a constant, usually referred to as the absorp-
tion coefficient.

Lambert (138) arrived at the law independently at a
later date. Consequently, it is sometimes referred to as
the Bouguer-Lambert law. Middleton (19), in the introduction
to his translation of Bouguer's "Traité d'optique,” credits
Lambert with performing the-"essential sexvice of developiﬁg
a system of photometric units and setting down the laws of

photometry." -



In 1851, Beer (14) demonstrated that for a given sample
thickness light transmission was an exponential function of
the concentration of the absorbing substance in a solution -
that is, the absorption coefficient introduced by Bouguer
and by Lambert was directly proportional to concentration.

Therefore,

o = ke 2.5

where k is a constant depending upon the nature of tﬁe
absorbing material per unit concentration at a specified
wavelength, and ¢ is the concentration. Substitution of
equation 2.5 into equation 2.3 gives the expression commonly

referred to as "Beer's law:"
1in (IX/IO) = -kecx - 2.6

Beer's law applies only if monochromatic radiation is used.
This law is strictly true only for the intensity of individ-
ual frequencies within a beam of light, but it will be in-
valid for the total intensity of a band of frequencies.

In 1519 Legnardo da Vinci used colored glasses in the
study of his paints - an early example of the separation of
light into bands of wavelengths to study absorbing species
(240) . Newton (173), in 1666, separated sunlicht into a

ten inch continuous spectrum using a prism and a lens. A



spectrum is defined as the ordered arrangement of radiation
according to wavelengths. Spectral lines - which afe images
of a narrow slit, each of which contains light of a very
narrow band of frequencies - were first observed independ-
ently by Wollaston (248) in 1802 and by Fraunhofer (68) in
1814. |

There is no single device which is capable of separating
the entire electromagnetic spectrum into its component wave-
lengths, nor is any single receilver capable of detecting
every region of the spectrum. The term spectroscopy usualiy
implies the range of electromagnetic waves which can be dis-
persed into individual components by means of prisms, optical
gratings cr optical interferometers. The first practical
application of the prism and the diffraction grating have
been credited to Newton and to Fraunhofer, respectively (88).
In 1859, Bunsen and Kirchoff‘(26) developed a practical
instrument fof producing a spectrum.

The range of wavelengths used in spectroscopy has been
subdivided into various regions. Fig. 2.1 shows individual
spectral regions, means of dispersion, and detectors used
in the subdivisions.

Since the eye is an excellent detector of wavelengthé
from 4000 A to 7500 A, the first region studied was the

visible. The infrared region was first described in 1800 by
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9
Herschel (95) who used a thermometer to measure the heating
power of the various colors in the spectrum of sunlight.
In 1801, Ritter (188) made measurements in the ultraviolet
by studying the relative efficiencies of rays in different
portions of the spectrum in blackening silver chloride.

Bouguer's method, in which the eye is used as the

detector, is called subjective photometry. By contrast,
the utilization of physical detectors such as radiometers,
photoelectric Eells, or photographic plates characterizes
objective photometry. Strictly speaking, the term photom- -
etry should be applied only to the visible region of the
spectrum, 4000 A to 7500 A, that is, light. Light was
defined by Crittenden (43) in 1923 as "radiant energy
evaluated in porportion to its ability to stimulate our
sense of sight." The infrared and ultraviolet radiations
are properly referred to as sources of radiant energy.. Ra-
diometric and photometric units are related numerically by
a gquantity "K," the “lumin?sity",or “luminous efficiency"”
of the radiation involved. K is measured in lumens pexr

watt. Radiometric and photometric units have been compiled

by Middleton (162).

B. Spectrophotometry of Hemoglobin Solutions

The first spectral analysis of the pigment hemoglobin

was a qualitative study by Hoppe-Seyler (101l) in 1862. He

s im e e S o S U S
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described the absorption‘bands of oxyhemoglobin at 5750 A
and 5400 2 (the alpha and beta absorption bands) in the
visible region. Vierordt (239), in 1876, carried out quan-
titative measurements of the absorption of hemoglobin
throughout the visible spectrum. Hari (87) has provided a
comprehensive survey of the many papers published between
1879 and 1917.

The spectrophotometric constant used by the early
workers was introduced by Vierordt (238). The expression
was derived from Beer's law and referred to as the-“absorp;

tion ratio" oxr "absorption constant," A:
A = (c/0.D.) 2.7

where ¢ represents the concentration of hemoglobin in grams
per milliliter, and optical density is referred to as 0.D.
Drabkin (49) introduced the notation éi:ﬁ = (0.D.)/(cd)
where € ;IIZ is cvalled the extinction coefficient, ¢ is the
concentration in millimoles per liter, 4 is the sample depth
in cm, and 0.D. is the optical density using 10 rather than
e as the base of the logarithﬁ. Table 2.1 shows extinction‘
coefficients fof oxyhemoglobin determined over the period
from 1879 to 1943. Since the spectrophotometric constants
of the earlier workerskwere expressed in terms of absorption

ratios, it w?% necessary to convert these into extinction
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TABLE 2.1. Extinction coefficients for oxygenated hemoglobin
cm1 cm
Author vear Wavelength emWavelength emM
(a) (a)
Hifner (104) 1879 | 5380-5470 15.32(5530~5670 11.52.
von Noorden (178) 1880 | 5350~5470 16.70(5530~5670 12.65
Otto (179) 1882 | 5350-~5470 16.53|5530-5670 :12.46
1883 [ 5350~5470 11.93|5530-5670 8.80
1885 [ 5350~5470 11.93[5530-5670 8.88
1885 | 5350-5470 15.46|5530-5670 11.60
Krtiger (136) 1888 | 5360~5530 12.85 . . . .
1890 | 5360~5530 13.05 . .
Cherbuliez (38) 1890 | 5360-5410 12.59|5530-5580 8.19
Hufner (105) 1894 | 5320-5420 12.75[5540~5650 8.07
de Saint Martin (195) 1898 | 5380~5490 12.56|5570-5680 7.76
Aron and MH#ller (6) 1906 5340-5460 11.44|5570-5690 8.35
5340-5460 13.36|5570-5690 8.88
Bardachzi (10) 1906 | 5320~5420 12.52|5540-5650 7.98
Butterfield (31) 1909 | 5340~5420 14.15|5560-5650 8.93
Letsche (143) 1911 | 5340-5420 12.65|5560-5640 8.03
Butterfield (33) 1913 | 5460 13.36 . . .
Hari (87) l9l7v 5330-5420 14.30]5560-5660 8.86
Newcomer.(l72) 1919 | 5390-5430 14.65]5580-5620 8.93.
Welker (245) 1920 | 5340-5420 14.16|5530-5570 9.02
Kennedy (122) 1926 | 5400 14 .35( 5600 8.77
Drabkin (48) 1932 | 5400 15.18] 5600 9.60
(49) 1935 | 5400 15.251 5600 9.43
Horecker (102) 1943 | 5400 15.00] 5600 8.87
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coefficients in order to make a valid comparison. The early
measurements show considerable variation dﬁe to wide spectral
bands and inadequate instrumentation.

Until the work of Newcomer (172), the studies on hemo-
globin suffered from the disadvantage that crystalline hemo-
globin was used for the determinations. Concentration was
established by dissolving weighed amounts of crystals in
known volumes of water. As Kennedy pointed out (122), the
mefhod was inherently inaccurate due to the unknbwn water
content of the crystals. Hlifner (105) and Butterfield (31,
33) checked hemoglobin concentration concentration by meas-
uring carbon monoxide capacity; Butterfield also established
the hemoglobin concentration on the basis pf iron ahalyses.'

The development of precise gasometric techniques led
to the use of the oxygen capacity technique of Van Slyke
(234) for establishing hemoglobin concentration much more
accurately. The first study employing oxygen capacity meas-
urements was made by Néwcomq; (172), in 1919. However, the
accuracy of this study is doubtful since his optical density
measurements were made using a quartz spectrograph with very
low dispersion, In 1926, Kennedy, using a Bausch and Lomb
spectrophotometer of the Kénig-Martens type, made the first
study using precise instrumentation and accurate determina-

tions of hemoglobin concentration based on oxygen capacity
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measurements (122).

All the studies mentioned were performed usiﬁg dilute
hemoglobin solutions. It was not until Kramer's study in
1933 (127) and Drabkin's study in 1935 (50) that Beer's law‘
was validated for concentrated hemoglobin solutions. Drabkin
used hemoiyzed, undiluted, whole blood and crystallized hemo-
globin solutions in concentrations as high as those found in
red blood cells.’ The study also validated the assumption

~that hemoglobin forms a pure solution rather than molecular
aggregates. Drabkin and his associates (7, 48, 49) made
precise determinations of the extinction coefficients of
oxyhemoglobin, as well as various hemoglobin derivatives for
the entire visible region of the spectrum.

The first investigator to study the abso:ption séectrﬁm
of hemoglobin in the ultraviolet was Soret (2145; In 1858,.
using a fluoresqing’eyepiece, he observed a h;gply absorbing
band (which hés been named after him) in the uifraviolet,
centeréd at 4300 A. Gamgee (70) continued ﬁhis investigation
in 1895. In 1964, Benesch, Benesch, and Macduff (15) made a X
thorough investigation of the absorption of reduced hemoglobin
in the Soret region and found that former values obtained had
been in error due to the\presence of methemoglobin.

The absorption characteristics in the near infrared were

not studied until 1914 when Hartridge and Hill (92) showed
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qualitatively that there was an oxyhemoglobin band in this
region. Merxkelbach (160), in 1935, showed that oxyhemoglobin
had a broad absorption band with a maximum around 9100 A.
Carboxyhemoglobin had practically no absorption in the infra-
red. Sidwell et al (208), in 1938, described the near ihfra—
red up to 7700‘A and reported an absorption band for reduced
hemoglobin at 7550,A. In 1943, Horecker (102) extended the
study of hemoglobin in the near infrared up to 10000 A. Hor-
ecker pointed out that the qugastion of the presence of impu- .
rities had been neglected in previous studies. He compared
the extinction coefficients for oxyhemoglobin, reduced hemo-
globin, carboxyhemoglobin, methemoglobin, and cyanmethemo-
globin, obtained from whole hemolyzed blood with those ob-
tained from solutions of pure hemoglobin. He found no dif-
ferxences in the wvisible region and‘concluded that other
blood gonstituents make a negligible contribution to the
light absorption of hemolyzed whole blood in this region.

A point which was of interest to several workers was
the guestion of the identity of extinction coefficients for
different mammalian species. Reichert and Brown (187) in
1909, Barcroft (9) in 1928, and Winegarden and Borsook (246)
in 1933 showed that interspécies differences existed. How-

ever, Drabkin and colleagues (48) as well as Horecker (102)

could not demonstrate species differences.




The effect of pH on the extinction coefficient of
hemoglobin and its derivatives was studied by Drabkin (7,
48), who showed that only that of methemoglobin depended

on pH.

C. Measurement of Oxygen Saturation

1. Hemolyzed Blood
The observation that various hemoglobin derivatives
exhibit different absorption spectra led to the development

of methods for quantitating the individual components in a

single sélution containing a mixture of two or more pigments.
The major problem to which the spectrophotometric technigue
was first applied was the determination of the oxygen satu-
ration of blood. Until the introduction of spectrophoto-
metric techniques, the standard method of measuring oxygen
content and capacity was the manometric technique of Van
Slyke and Neill (237).

The analysis of blood for oxygen saturation by optical
means was pursued.simultanequsly along the following lines:
in vitro studies on hemolyzed blood and on nonhemolyzed
blood; in ino_studies based on transillumination of or
reflection from living, perfused tissue.

Blirker in 1911 (28) and Hartridge in 1912 (91) described
an instrument called a "microspectroscopic comparator" for

measuring the oxygen saturation of hemoglobin solutions.
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This instrument was used by Krogh and Leitch in 1919 (135) to
study the hemoglobin dissociation in f£ish blood at low tem-
peratures, and again by Hall iﬁ 1834 (80) and in 1939 (81)
for measuring the oxygen saturation of human blood. In this
technique colorimeter cups containing hemoglobin solutions of
0% and 100% oxygen saturation were arranged in series in the
light path. The spectrum of hemoglobin representiné any
degree Qf oxygenation could be obtained by varying the rel-
ative depths of the solutions in the two cups. The ratio of
the depths of the two hemoglobin solutions to one another
was read on a vernier scale. A sample of unknown saturation
was.placed beside the referenée samples and by matching the
colors the degree of oxygen saturation could be determined;
Comparison with the Van Slyke method showed a standard devia—_
tion of the differences of *1.3%, which, considering the
rather simple technique, is remarkably good'agreement.

A method bearing some resemblance to the microspectro-
comparator technigue was described by Millikan in 1933 (164).
This was an empirical bichromatic technigue using a mercury
arc as a light source. A Wratten D filter transmitted the
4360 A line in the violet, and a yellow Wratten G filter
transmitted the 5790 A, 5760 A, and 5460 A lines. A differ-
ential photocell measured directly the difference in the

amount of light transmitted through the D and G £f£ilters.
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Calibration lines for each hemogiobin concentration were
obtained from readings on fully oxygenated and fully reduced
hemoglobin. In addition to the limited accuracy yielded by
this technigue, it was also necessary to.dilute the blood
two hundred times.

A more direct and theoretically sound method for quan-
titating two or more components present simultaneously in a
single solution was described by Vierordt in 1876 (239). The
rationale of this method was the use of optical dénsity
ratios of mixtures of pigments at discrete wavelengths.

This concept led eventually to many useful techniques:
the guantitation of extinction coefficients of hemoglobin
derivatives which cannot be isolated, such as sulfhemo-
globin; the analysis of bloocd for oxygenated hemoglobin; the
guantitation of the concentration of indicator substances
in blood used in the determination of cardiac output by

dilution techniques.

2) One Wavelength Methods for Estimating Oxyvgen Saturation

Vierordt[s method is based on the fact that if a solu-
tion obeys Beer's law and monochromatic light is used, the

extinctions due to different pigments are additive.

Let €o

€

¢y concentration of oxygenated hemoglobin

extinction coefficient of oxygenated hemoglobin

. extinction coefficient of reduced hemoglobin

]
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c, = concentration of reduced hemoglobin

¢ = total hemoglobin concentration = c, *+ e,

Then

o = (€ ¢, +€rc2)d , 2.8
and oxygen saturation may be expressed as

(c;/c) (100) = %0 2.9

2

From equation 2.8 it can be shown that

%0, = (c3/c) (100) =[ — o €x 2.10

+ ](100)
c(€E. - €))a (€, - €O)

r

Equation 2.10 shows that percent oxygen saturation is
a linear function of optical density. The validity of this
relationship was demonstrated by Kramer (128) in 1934, using
hemolyzed blood with total hemoglobin concentrations up to
16 gn/100 ml, and a sample depth of 0.22 cm. Kramer's
measurements were made in the red region of the spectrum
using a Zeiss red filter. Further experhments in 1951 (131)
demonstratgd the same linear relationship between oxygen
vsaturation and optical density in the near infrared.

Kramer (128) developed a method for determining oxygen
saturation based on equation 2.10. In addition to the

optical density of the hemolyzed blood sample, the total

hemoglobin concentration must be determined. Kramer obtained
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‘ the total hemoglobin concentration :Eromb the optical density
of a fully 6xygenated sample.

Other one wavelength methods were described by Brink--
man and Wildschut (21) and Jonxis (112, 113) between 1938
and 1943; These authors estimated total hemoglobih conceﬁ—
tration by reducing the sample with sodium dithionite and
measuring the optical density of the reduced sample.

In 1945, Dtabkin (51) described a one wavelength method
in which total hemoglobin conceﬁtration was estimated by
conversion to cyanmethemoglobin (49). The standard deviation
of the differences between Van Slyke and spectrophotometric

analyses was +t2.9%.

b) Two Wavelength Methods for Estimating Oxygen Saturation

From equation 2.8 the optical densities of a sample at

two discrete wavelengths )‘l and A o may be expressed:

By combining equations 2.11 and 2.12, an eqguation for oxygen
saturation is obtained which is independent of the total

hemoglobin concentration.
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Nahas and associates in 1949 (17C) and in 1950 (167) e,
improved the bichromatic technigue by introducing the use
of the isobestic point at 5050 A; They also designed a spe-
cial cuvette with a very thin sample chamber (0.0l cm) for use
on undiluted samples, which could be filled anaercbically.

Referring to equation 2.13, if one of the wavelengths .

is isobestic for oxygenated hemoglobin (that is, € 5, = €

/\i
= € 5) . the relation is simplified and results in a linear -/
equation.
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where‘(ODl/ODz)o is the ratio of opticai densities at 6050 A
and 5050 A when the blood has been completely oxygenated;
(ODl/ODz)r is the same ratio when the blood has been totally
reduced by the addition of sodium dithionite; and (GDl/ODz)X

is the ratio for the sample of unknown saturation. Since
(ODl/ODZ)o and (ODl/ODZ)r are eguivalent to (€:Vf€é)o and ~
(GJ/'Ez)r. they will not vary with hemoglobin concentration
but will depend only on wavelength. Calibration pf the method
consists in establishing theseé ratios for a particular spectro-
photometer. BAnalysis for oxygen saturation requires only that
readings of optical density be made on the sample at the two
wavelengths and the ratio of these readings 1is then substi-

tuted into eguation 2.15.

c) Choice of wavelengths

The very small sample depth provided by the special

cuvette designed by Nahas was necessary because of the
relatively high extinction coefficient for hemoglobin at
5050 A. Jonxis and Boeve (114) and Gordy and Drabkin (74)
used the isobestic point at 8050 A, where the extinction
coefficient is much lower than it is at 5050 A. At 8050 A
thicker cuvettes with sample depths of about 0.1 cm can be
uéed, and Nahas (169) modifiéd the design of his anaerobic
cuvette by changing the depth from 0.0l cm to 0.1 cm.

As to the choice of the differential wavelength, Gordy
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and Drabkin (74) put forth arguments in favoxr of 6600 A.
At this wavelength methemoglobin and reduced heméglobin show
the same extinction coefficients, so that errors introduced
by the presence of the pigment methemoglobin are somewhat
reduced. Falholt (59) and Johnston et al (11ll) have chosen
slightly shorter wavelengths (6200 A to 6500 A) where the
differences between light absorption by oxygenated and reduced
hemoglobin are greater and the absorption spectrq of these
pigments arelrelativelybflat. At wavelength regions where
the extinction coefficients change very rapidly the wave-
length setting becomes very critical (209) and highly moﬁo-
chromatic light is necessary.

The wavelength 8050 A is not isobestic for all forms
of hemoglobin. At this wavelength the extinction coefficient
of carboxyhemoglobin is one £ifth of that of oxygenated or
reduced hemoglobin, and for methemoglobin it is approximately
_twice that of oxygenaﬁed or reducedkhemoglobin. I£ methemo-
globin or carboxyhemoglobin are present in appreciable gquan-
tities, the optical density measured at 8050 A no longer
represents the total pigment concentration. In normal blood
the total amouﬁt of inactive pigment present was estimated
to-be 1.3% by Van Slyke et al (236) and 3% by Roughton,
Darling, and Root (192). The amount of methemoglobin and

ferrihemoglobin was found to be less than 0.5% of the total
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pigment by Van Slyke and his associates (236). However,
according to Drabkin and sSchmidt (51), Comroe and Walker
(41), and Dempsey and Wilson (46) the amount of inactive
hémoglobin is negligible. Lambertsen, Bunce, Drabkin, and
Schmidt (139) and Refsum (184) showed that in the case of
hea&y smokers £here nay be significant amounts of carboxy-
hemoglobin.

In cases where a considerable level of carboxyhemoglobin
or methemoglobin is suspected, a method described by Gordy
and Drabkin (74) for determining the percent of oxyhemogloﬁinb
in the presence of either of these pigments is useful. Since
the method is of extreme complexity, it is of limited wvalue
for routine determination.

The‘criteria for the choice of wavelengths may be
summarized: (i) the extinction coefficients should be low
enough that measurements may be made on undiluted blood
- {assuming thin sample chambers of either 0.01 cm or 0.1 cm),
(ii) the extinction coefficients at the isobestic wavelength
and at the difﬁerentialrwavelength should be of simila:
order of magnitude, (iii) wavelengths should be chosen from
flat regions of the absorption spectra of oxygenated and
reduced hemoglobin, (iv) it is advantageous, although not
essential, to choose wavelengths at which abnormal pigments

show the same extinction coefficients as reduced hemoglobin.
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d) Modified One Wavelength Methods

An alternative approach to overcoming interference due
to the presence of other pigments has been described (60,
96, 103). These are essentially one wavelength methods and
their primary objecé is to measure arterio-venous diffefences
in the oxygen content of simultaneously drawn arterial.and
ﬁixed venous samples. A knowledge of the A-V difference is
used in the estimation of cardiac output by means of the
Fick principle. A-V difference is obtained from.the differ-
ence in optical density between an arterial and a mixed
venous sample. In the method described by Hickam and
Frayser (96) and by Huckabee (103),‘ca1i£ration is accom-
plished by correlating the optical density difference be-
tween a venous and an arterial sample with the A-vV differ-
ence determined simultaneously by Van Slyke analysis. Thus
A-v difference 1s obtained from an empirically determined
regression equation. The measurement of optical density
difference is maae by reading the optical density of ﬁhe
venous sample against the arterial sample as blank. Since
the optical density aifferences are considerably less than
the absolute values of the optical densities of the indi-
vidual saméleé, the need for extremely small sample depths

is eliminated. Hickam and Frayser used a 0.05 cm cuvette,

and Huckabee used a 0.3 cm cuvette. In the technique of
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Feinberg and Alma (60) the calibration is based on meas-
urements of extinction coefficients for reduced and

oxygenated blood in 0.1 cm cuvettes against water blanks.

e) Evaluation of Methods for Hemolyzed Blood

(1) A-v Difference

Table 2.2 shows that the A-vV difference may be deter-
mined with a high degree of accuracy using the modified one
wavelength techniques. Advantages cited by the authors
(60, 96, 103) on the use of one wavelength only for this
determination are: (i) when using the bichromatic technique,
usually one of the wavelengths is outside the optimal range
of the instrument, (ii) the wavelength setting need not be‘
changed during one series, since total hemoglobin may be
determined after thejser;es of A~V differences‘in optical
density has been measured, (iii) methemoglobin and other
inactive forms of hemoglobin will be present in both venous
and arterial samples in essentially the same quantities,
since both saﬁpleSvare withdrawn simultaneously and the
effect of the inactive pigments will be eliminated.
(2) Oxygen Content

Estimation of oxygen content requires an accurate
determination of total hemoglobin concentration. The bi-
chromatic technigues rely on the isobestic reading for this

determination. Nahas' comparison with Van Slyke analyses




TABLE 2.2. A-V difference, one Wavelength method for hemolyzed blood

Spectro- , Sample Hemolyzing
Investigator photometer Wavelength Depth Agent spp?
(») (cm) (vol %)

Hickam and Beckman DU 6600 0.5 Neutral %p.2
Frayser (96) saponin

1949
Huckabee (103) Beckman DU 6600 0.3 Freezing io.l

1955 and thawing
Feinberg and Beckman DU 6550 0.1 Saponin 0.6
Alma (60)

1960

a ' :
Standard deviation of the 4

sp = [1/(n-1) 3(a - OF]

éfferences between one wavelength method and

reference methods.

9t
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of total hemoglobin concentration showed a mean difference
of 0.09 gm/100 ml, with a standard deviation of the differ-
ences of 0.4 gn/100 ml (169). It might be argued that the
one wavelength method is superior to the bichromatic tech-
nique for determining absolute values of oxygen content,
since total pigment is measured by conversion to cyanmethemo-
globin. The cyanmethemoglobin method is a more accurate
téchnique for estimating total hemogldbin.' However, the one
wavelength method entails the use of sample depth. Error
may be introduced due to variations in sample depth when
assembling the very thin cuvettes required for undiluted
blood.
(3) Oxygen Saturation

Although the one wavelength method for estimating A=V
difference may be used for measuring oxygen saturation, the
method offers no advantage. Since the measurement depends
on only one optical density reading at the chosen wavelength,
the results will be subject to the same erxrrors as the bi-
chromatic method. In addition, determinations of absolute
values of oxygen saturation by this method intrdduces the
factors of sample depth and total hemoglobin concentration.
These factors play no part in the bichromatic method since
ratios of optical density are always employed, and the effect

of concentration and depth are eliminated. The two wavelength
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technigue offers the best solution to the problem of the
spectrophotometric determination of oxygen satﬁration.

Table 2.3 shows a summary of the results obtained in the
various studies comparing the two wavelength spectrophoto~
metric method with the reference method of Van Slyke and
Neill. 1In many cases, a high degree of accuracy was achieved.
However, the results in general show a tendency for values
of oxygen saturation obtained by the spectrophotometric
technique to be slightly higher than those from simultaneous
Van Slyke determinations (51, 74, 124, 139, 169, 184).
several authors have attempted to explain this discrepancy
on the basis of inaccurate corrections for dissolved oxygen
in Vvan Slyke determinations (59), or attributed it to the
presence of inactive hemoglobin (100). However, it is
improbable that these factors account entirély for this
discrepancy .

£f) Technical Factors

In order to reduce the error to a minimum, the refine-

ment of measuring teéhniques has been dealt with in many

studies.

One point bf considerable importance is the efficiency
of hemolyzing technigques. Several authors have found that
after hemolysis there is a gradual reduction in oxygen satu-

ration manifested by optical density changes (60, 99, 186,
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TABLE 2.3. Oxygen saturation, two wavelength method for hemolyzed blood

}
' Spectro- Sample | Hemolyzing
Investigator Year photometer | Wavelengths | Depth Agent spp@
(n) (cm) | | (%05)
Nahas and Fowler (170) 1949 . . 6050, 5050 .. Saponin 2.2
Nahas (168) 1951 | Beckman DU | 6050, 5050 | 0.010 Saponin *1.9
Roos and Rich (191) 1952 Beckman B 6000, 5050 0.100 Saponin S
PH 9.7
Klungsdyr and Stda (124) 1954 | Beckman DU | 5580, 5750 | 0.007 Saponin 9.4
Tsao et al (224) | 1955 | Beckman DU | 5760, 5050 | 0.010 Saponin Ba
Jonxis and Boeve (114) 1956 | Beckman 6800, 8050 | 0.100 Saponin 1.3
Refsum and Sveinsson (186) | 1956 | Beckman DU | 5760, 5600 | 0.007 Saponin 1.2
: 0.010 Saponin fha
Refsum (184) 1957 | Beckman DU | 5760, 5600 | 0.007 Saponin 3.0
5760, 5060 | 0.007 Saponin fl.3
5600, 5060 | 0.007 Saponin f1.3
Gordy and Drabkin (74) 1957 | Beckman DU | 6680, 8050 | 0.100 Saponin +3.6
' : Saponin 3.4
Saponin 3.2
Triton X100 | *o.9

6¢C



TABLE 2.3. Continued
 Spectro- Sample| Hemolyzing
Investigator Year photometer | Wavelengths | Depth Agent SDD
' (a) (cm) (%0,)
Nahas (169) 1958 | Beckman DU | 6600, 8050 0.100 Saponin
pH 704 _2 '0
*1.7
Deibler et al (45) 1959 . . 6500, 8050 .. Triton X100 2.3
Holmgren and Pernow (100) | 1959 | Beckman B | 4750, 5030 | 0.010 Saponin
+
pH 7.0 =3.5
2.1

a
Standard deviation of the_d
24 - 2]

SDD = EL/ (n-1)

gfferences between spectrophotometric and vVan Slyke techniques.

o€



31
224) . On the other hand, constant optiéal density values
have been observed up to seven minutes (99), fifteen minutes
(74), thirty minutes (59), forty minutes (96), and one hour
(103).

Several authors have commented on the time required for
hemolysis. Most think that hemolysis should take place in
less than one minute (169, 186, 224). It has been suggested
that if the mixing of saponin and blood is delayed, a protein
precipitate may form at the interface of the blood and hyper-
tonic saponin solution (224).

Saponin is the hemolyzing agent most commonly used. o
Some workers consider it advantageous to neutralize the acid
PH of the saponin solution (96, 100, 169). Roos and Rich
have varied the technigue by using a highly alkaline saponin
solution (pH 9.7) with the aim of shifting the oxyhemoglobin
dissociation curve to the left, thus overcoming any tendency
for the satura;tion to diminish during the analysis. This
does not appear to present any advantage, since the sample
must be diluted and the alkaline sapénin solution must be
evacuated in the Van Slyke apparatus. Triton X-100 has also
been used as a'hemolyzing agent (45). 1Its use is limited
by its pfoperty of attacking lucite which is the most commonly
used material for thin sample chambers. Another method of

hemolysis ~ alternate freezing and thawing - avoids chemical

|1
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contamination (103, 209). The results éf studies employing
this technique do not indicate that the method is superior
to the use of a chemical hemolyzing agent.

The technique of obtaining fully reduced samples of
blood has been subject to some controversy. The usual method
is to add sodiﬁm dithionite to blood at a concentration of
approximately 10 mg/ml (59, 74, 168, 184, 224). Alternatively,
Tsao (224) found it necessary to evacuate the blood sample
in the Van SlYke apparatus in order to obtain a fully reduced
‘sample and Feinberg and Alma (60) found thaﬁ the results
were slightly different when the evacuation method was used
rather than the addition of a chemical reducing agent. Ac~
cording to Drabkin (51), normal blood may contain substances
other than oxyhemoglobin which may combiné with carbon mon-
oxide after treatment with sodium dithionite, thus increasing
tﬁe carbon monoxide combining capacity. In spite of this,
Drabkin considers it a satisfactory reducing agent for cali-
brating the method of measuring oxygen saturation in hemo-
lyzed Dblood. |

Both lucite and glass cuvettes have been used, and
comparison of the results does not indicate that either is
superior for measuring oxygen saturation in hemolyzed blood.

Since the measurements are made on whole, hemolyzed

blood, rigorous spectrophotometric technigue requires that
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the optical density readings made against distilled water as
blank be corrected for the optical density of the plasma.
This involves subtracting [?.D.plasma(IAhematocrigﬂ from
the optical density of the whole hemolyzed blood. Except
in blood with a very high 1lipid or bilirubin level, the
optical density of plasma is negligible in comparison with
that of hemolyzed blood and the added complication introduced
by this correction is not justified (45).

It is difficult to estimate the relative importance of
the variations in technique; however, it seems reasonable to
assume that attention to detail without sacrificing effi-

ciency and fapidity of analysis can only improve the results.

2. Nonhemolyzed Blood

While techniques for measuring oxygen saturation in
hemolyzed blood were being developed and improved, methods
for obtaining the same information in nonhemolyzed blood
were receiving even more attention. The first methods were
based on the transillumination of a layer of blood. Later,
methods based on reflection of light were advanced.

The method of measurement of oxygen saturation in non-
hemolyzed blood was investigated in view of its applications
to (i) intact tissues, such as the pinna of the ear, (ii) ex-

posed, unopened blood vessels, and (iii) in vitro measuremehts.
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a) One Wavelength Tranémission Methods

| The first technique in which the oxygen saturation of
nonhemolyzed blood was studied was that of Nicolai (175),
who performed the measurement by transilluminating intact
tissue. fhe first interdigital web of the hand was com-
pressed'with a metal ring clamp and the isolated tissue was
transilluminated with light of wavelengths corres?onding to
the maximum absorption of hemoglobin in the visible region
of the spectrum. Light transmission Chanées which occurred
while the tissue was occluded were interpretea as a measure
of the reduction time of oxyhemoglobin.

In 1935 Kramer (129) studied the absorbing propexrties
of flowing nonhemolyzed blood in plane parallel glass |
cuvettes of different thicknesses. Using a Winkel-Zeiss
monochromator, he studied the relationship between oxygen
saturation and optical density at discrete wavelengths
between 6000 A‘and 6800 A at sample depthsiva:yinq from 0.06
to 0.24 cm. Optical density was correlated with manometric
determinations of oxygen saturation. He showed that, at
constant hemoglobin concentration, optical density is
linearly related to oxygen saturation, as it is for hemolyzed
blood (128). 'However, unlike‘hemolyzed blood, nonhemolyzed

blood showed a nonlinear relationship between total hemoglo-

bin concentration and optical density. The slope of each
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line relating oxygen content to optical density varied with
the hémoglobin concentration of nonhemolyzed blood; as
opposed to the constancy of the slope for hemolyzed blood.
These observations indicate that whole nonhemolyzed blood
does not obey Beer's law. In addition, Kramer observed that
the change in optical density resulting from a change from
0% to 100% oxygen saturation was much greater £or nonhemo-
1yzed blood than for hemolyzed blood of the same hemoglobin
concentration.

Kramer applied the results of his studies to devise a
method for measuring oxygen saturation continuously on
blood diverted from opened blood vessels. A small unit
which consisted of a flattened glass tube forming a sample
chamber 0.1 to 0.2 cm thick, a small tungsten light source,
a selenium photocell with max imum sensitivity at the red
end of the spectrum, and a galvanometer, was used. No colo;
filter was uséd, so that estimation of oxygen saturation was
based on differences in light transmission of oxygenated and
reduced hemoglobin over a broad spectral range of red and
near infrared Light. Calibration by manometric techniques
or by Kramer's one wavelength photoelectric method for
hemolyzed bloodh(lZS) wasirequired for each hemoglobin con-
centration. He showed that the logarithm of the galvanometer

deflection was a linear function of the oxygen content of the

A
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blood, as estimated by the reference method.

The technique was also used on unopened vessels. The
eXposed vessel was placed between plane parallel plates and
transilluminated by a water cooled source. Kramer claimed
an extraordinary accuracy of t1%. Both methods were used
in several physiological studies involving exchange, trans-
port, and utilization of oxygen (130, 133). |

The one wavelength principle of Kramer was used by
Drabkin and Schmidt in 1945 (51) for the continuous monitor-
ing of changes in arterial saturation using a‘spectrophoto4
metei. A 0.007 cm cuvette was introduced into the stream of
one femoral artery in the dog. In order to determine abso-
lute values of oxygen saturation, samples of blood were
removed periodically for independent spectrophotometric
analysis on hemolyzed samples.

A number of one wavelength methods for estimating the
oxygen saturation of nonhemolyzed blood have been descriﬁed.
These methods required individual calibration for each hemo-
globin concentration studied.

The method described by Sabiston and his associates (194)
utilized a densitometer which was originally designed for\the
continuous determination pf the concentratioﬁﬂof Evans blue
dye for measuring cardiac output (71). This instrument used

an interference filter which provided monochromatic light.
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The detector used was a photomultiplier tube. The relation-
ship between optical density at 6300 A and oxygen saturation
was shown to be linear for samples flowing through the
cuvette at a constant velocity. Calibration was performed
by comparing the results of Van Slyke analysis with the
optical density of the blood. Statistical analysis of the
results was not presented, but the authors stated that the
maximum differences froﬁ Van Slyke analyses varied from 3%
to 5% oxygen saturation.

In the one wavelength methods described,by Handforth
{84) and by Roddie, Shepperd and Whelan (189), transmittance
measurements were made on stationary samples of nonhemolyzed
blood. It was assumed that the relationship between optical
density énd oxXygen saturation was linear although gelatin
filters with wide transmission bands were used. The use of
stationary samples and gelatin filters suggests that the
accuraéy of these methods would be very limited.

Hickam and Frayser in 1952 (97) presented a one wave-
length method for estimating A-V differences in nonhemolyzed
blood. The method is essentially the same as the method
previously described for hemolyzed blood (96), that is, |
optical density differences between venous agd arterial
samples were related empirically to Van Slyke determinations

of A-v differences in oxygen content. Measurements were made
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on stationary samples. The authors observed that variable
optical density readings were obtained for the first few
seconds after blood was injected into the cuvette, due to
the effect of sedimentation, but became constant and remainedv
so after several minutes. The accuracy of the method
appeared to be very good, although a separate regression
line was required for hemoglobin concentrations below

5 gm/100 ml. The standard deviation of the differences
between the spectrophotometric technigue on ngnhemolyzed
blood and Van Slyke determinations of A-V differences was
*_0.4 volumes %. No results were presented on the accuracy
of the method for determining oxygen saturation. Similar to
the method for hemolyzed blood, measurement of total hemo-

globin concentration for each sample is reguired.

D) Two Wavelength Transmission Methods

Concurrent with Kramer's work on nonhemolyzed blood,
which began aboﬁt 1935, Matthes (151) performed similar
experiments with a photoelectric instrument, using red and
green light transmitted through Zeiss filters to measure the
oxygen saturation of nonhemolyzed blood flowing through a
plane parallel glass sample chamber with a depth of 0.02 cm.
He later substituted an infrared filter for the green filter

because of the high optical density‘of blood and the relative
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insensitivity of the photocells in the‘green region of the
spectrum (153) . He extended the method to measure carboxy-
hemoglobin in nonhemolyzed blood. This was possible because
of the higher transmittance of carboxyhemoglobin in the near
infrared which had been demonstrated earlier by Hartridge
and Hill (92); The method was adapted for continuous meas-
urements in opened blood vessels for estimating oxygen satu-
ration (154) and carboxyhemoglobin (155).

The firs£ instrument which made possible the estimation
of absolute values of the oxygen saturation of nonhemolyze&
blood was the bichromatic whole blood oximeter, introduced
by Wood and his associates (76, 249). This technique is
still emploved routinely in many laboratories for clinical
purposes. Light from a multiple incandescent source passes
through avpolyethylene tube, compressed to a lumen depth of
0.058 cm, to three selenium barrier-layer photocells. ' The
outer cells are covered by two layers of Wratten 88A infra-
red gelatin filters, and the center cell is covered by a
Wratten 29F red gelatin filter. The effective wavelength
bands of this system extend from 7500 A to 9000 A and from
6000 A to 7500 A. Measurements are made on flowing samples.
Calibration is performed empirically by relating the ratio
of the optical density in the two spectral regions to

oxygen saturation values obtained by Van Slyke analysis.

i g s
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Although the validity of this method has been amply demon-
strated in the case of hemolyzed blood,.there is no theoret-
ical justification for applying it to nonhemolyzed blood,
which, as demonstrated by Kramer (129), does not obey Beer's
law. The calibration curve relating the ratio of optical
densities to oxygen saturation was not linear, particularly
at high oxygen saturations. The authors suggested that the
nonlinearity of the calibration might be due either to the
failure of nonhemolyzed blood to obey Beer's law or to the
use of gelatin filters which‘pass a wide band of wavelengths
(249) . States and Anderson (216) showed that wide band
filter photometers yield a nonlinear relationship between
 concentration and optical density. ’

Wood compared his results with those obtained by the
reference.Van Slyke technique and by the spectrophotometric
technigue for hemolyzed blood using the Beckman spectrophoto;
meter (251). As shown in Table 2.4, the error is of the
same magnitude in both comparisons.

In 1956 Nilsson (176) presented a similar absolute
reading whole blood oximeter using polyethylene tubing
flattened to 0.05 cm and a Wratten 29F filter combined wiéh
two photocells of different spectral sensitivity. The

resulting effective band widths were 6000 A to 7000 A and

7000 A to 10000 A, respectively. Nilsson states that the




TABLE 2.4, Oxygen saturation, two wavelength method for nonhemolyzed blood
Investigator | Year |Wavelengths Comparison % 0y Hb Range spp?
(A) Range [gm/100ml) (%02)
Nilsson (176) 1956 6000~7000, Oximeter vs Van Slyke >90 . . 2.0
7000-10000 >75 . . 4.4
>50 . . 7.7
Sekelj (202) 1957 6000-7500, Oximeter vs Van Slyke 23-100|9.2-15.7 | ¥1.9
7500-9000
6500, Oximeter vs Van Slyke 25-100|7.6-15.1 | ¥1.8
7500-9000
 Wood (251) 1960 6000-7500, Oximeter vs Van Slyke >90 13-25.8 ;1.9
7500-9000 <90 " -2.8
Oximeter vs hemolyzed method >90 " 1.7
<90 1 3.0
Cornwall et al | 1963| 6000-7500, Oximeter vs hemolyzed method . . 2.2
42) 7500-9000
Loewinger et al| 1964 6500, Oximeter vs Van Slyke 11-100 . . *1.3
(145) 8050 '

Agtandard deviation of the differences =

X (m-fi)*]’z

1574
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instrument has a linear calibration curve of optical density
ratios versus Van Slyke analyses, in spite of the wide wave-
length bands. However, the accuracy of the method at dif-
ferent levels of oxygen saturation does not support this
claim. The standard deviation of the differences between
oximetric and vVan Slyke determinations at S0% oxygen satu-
ration was iZ%, at 75% it was i4.4%, and at 30% it was t7.7%.
In 1957 Sekelj (202) described a whole blood oximeter
for obtaining absolute values of oxygen saturation. It was
observed that measurements must be made on samples flowing
above a limiting value, in orxder to obtain a high degree of
repeatability. A plane parallel sample chamber was designed
for flowing blood. Its sample depth was 0.07 em. An incan-
descent light source diffused by a ground glass plate and
selenium barrier-layer photocells covered with a Wratten 29
filter and three layers of Wratten 87 filters were used fér,
the red and infrared regions, respectively. The resulting
calibration curve was nonlinear, especially at high oxfgen
saturations. When an interference filter with peak trans-
mission at 6500 A and half band width of 130 A was used in
place of the Wratten 29 filter, a linear calibration curve
was obtained between the ratio of optical densities and the
results of Van Slyke analysis. The accuracy of the method

was improved and calibration was simplified, since only a
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few comparisons with the manometric technique were neces-
sary in order to construct the calibration line. Results
obtained with both systems were compared with vVan Slyke
analyses and are shown in Table 2.4.

Kay and Coxon (117) estimated oxygen saturation in
nonhemolyzed Blood using a glass cuvette inserted into the
light path of a commercial ear oximeter, based on the design
of Stott (219). Wide band filters were used and measurements
were made on stationary samples. Accuracy was found to be
te% of oxygen saturation.

Broch et al, in 1962 (23), presented a whole blood
oximeter for measuring oxygen saturation. Gelatin filters
were used. The method differed from the previously described
techniques, which relate the ratio of optical densities to
oxygen saturation obtained by manometric technigues. In this
method the infrared light transmission of the blood was set
at a predetermined value, and the sensitivity of the red
circuit was adjusted accordingly. Estimation of oxygen satu-
ration was then based on the difference between the light
intensities transmitted by the blood in the two spectral
regions. No theory was presented, and there appears to be
no justification for the method. Comparison with spectro-
photometric analyses on hemolyzed blood is presented graph-

ically without statistical analysis. The accuracy appears



to be approximately i3%.

Cornwall, Marshall, and Boyes (42) described a method
using wide band gelatin filters and cadmium sulphide cells.
The method is based on a different treatment of the optical
densities of nonhemolyzed blood in the red and infrared
spectral regions. The theoretical discussion presented is
based on Hulbert's theory (106), a form of radiative transfer
theoxry which holds only for special boundary conditions.

Vexy recently, Loewinger, Gordon, Weinreb, and Gross
(145) described an ingenious technigque which appears to be
theoretically souhd and gives accurate results. The samples
are centrifuged in microhematocrit tubes, and optical den-
sities are read at 6500 A and at 8050 A on a Hilger Uvispec
spectrophotometer. Since the cells are packed, the sample
behaves essentially as a solution of hemoglobin of the same
concentration as that present within the red blood cells.
The results apparently justify this statement. The data is
treated according to the method used for hemolyzed blood,
that is, using Beer's law, which implies a unique linear
relationship between the optical deﬁsity ratios and oxygen
saturation. Calibration is performed empirically by relat-
ing the optical density ratios to oxygen saturation values
obtained by Van Slyke analysis. A éomparison of results by

this method and van Slyke analysis is shown in Table 2.4.




In spite of the high degree of accuracy obtained by this
technique, its usefulness is limited by the difficulty of
collection and preparation of the sample and the prolonged

time interval between sampling and measurement.

c) One Wavelength Reflection Methods

The development of oximetric techniques for measuring
oxygen saturafion has not been limited to transmission
methods only. In 1949, Brinkman and Zijlstra (22) described
a reflection oximeter, using light of about 7000 .A. The
blood was diluted with an equal volume of a hypertonic
solution (2% NaCl, 0.3% Na salicylate, and 0.05% NaCN).

The method was based on the assumption that the relationship
between the amount of light reflected from a blood sample
and the hemoglobin oXygen saturation was logarithmic. | It
was necessary to construct a calibration for each hemoglobin
concentration, by measuring the reflection of an oxygenated
sample and of a sample reduced by the addition of an equal
volume of reduding solution (1% NaySy04, 2% NayBy0,, and
0.3% Na salicylate). |

A similar one wavelength system was developed by Refsum
and Hisdal in 1958 (185). A Wratten 29 filter was used.
These authors showed that the calibration line was different
when the reflection value for completely reduced blood was

obtained by extrapolation from points of higher saturation
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than when sodium dithionite was used. In addition, it was
assumed that different calibration lines for various hemo-
globin concentrations were parallel. Once a family of cal-
ibration lines was constructed, the value of oxygen satura-
tion could be read from the line corresponding to the actual
value of the hemoglobin concentration. The accuracy of this
method compared with a reference method showed a standard
deviation of the differences of £1.4% oxygen saturation.

In 1953, Rodrigo (190) investigated the reflection
method described by Brinkman and Zijlstra. His analysis was
based on the light scattering theory of Schuster (199).
This, like Hulbert's theoxy, is a particular case of radi-
ative transfer. Rodrigo found that the relationship between

the reflection of an infinitely thick,knon-transmitting

layer of blood and oxygen saturation was linear. He predicted

this linearity from Schuster's theory by making simplifying
assumptions. Rodrigo constructed a one wavelength instrument
using an interference filter at 6500 A. The method reguired

dilution and reduction solutions. He used the relation

R.= 1/2p 2.16

where p = (a/(és ) + 1, a is the absorption coefficient, s
is the scattering coefficient, and Q is the backward scat-

terred fraction of the total scattered light. R, is the
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reflection of an infinitely thick layexr. When Rodrigo
plotted the reciprocal of reflection agéinst oxygen Satuf
ration, the relationship was indeed lineaf. Although the
differences for blood of different hemoglobin concentrations
were not large, he found it necessary to construct a cali-
bratiQn curve for each blood sample, in order to obtain

adequate accuracy.

d) Two Wavelength Reflection Methods

Polanyi (18l) applied the same principle used by
Rodrigo to the construction of a bichromatic reflection
oximeter. This was designed to be an absolute reading
instrument not reguiring individual calibration for each
blood sample. Measurements were made using interference
filters with peak transmissions at 6600 A and at 8050 A and
cadmium sulphide photoconductors. The ratios of reflections
at the two wavelengths are related to oxygen saturation
values determined spectrophotometrically on hemolyzed blood.
A single calibrating line is obtained and it is apparently
independent of hemoglobin concentration. Polanyi et al (242)
compared this technigue to the spectrophotometric technique
for hemolyzed blood and found that the standard deviation of
the differences between the two methods was f1.4% oxygen
saturation. They also compared the spectrophotometric tech-

nigque for hemolyzed bloéd and the Van Slyke method. The
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standard deviation of the differences was tl.7%. These
authors concluded that there was no significant difference
in the standard deviation of the differences between Van
Slyke, speqtrophotometric, and reflection oximeter determi-
nations of oxygen saturation.

The principle of the method described by Polanyi and
his colleagues was applied by Enson et al (58) t§ the
construction of an intravascular and intracardiac reflection
oximeter for measuring oxygen saturation and for estimating
dye concentration in blood. Light was focused on the end df
a bundle of glass fibers contained wiﬁhin a Cournand arterial
needle or within one lumen of a standard double lumen cardiac
catheter. Light was transmitted through interference filte}rs,
with peak transmissions at 8050 A and 6600 A, alﬁernately
forty times per second. The filtered light was conducted
to the blood, and the diffusely reflected light conducted
back to a photomultiplier through a second group of fibers.
The ratio of reflected intensities at the two wavelengths
was again linear with oxygen saturatioﬁ. The standard devif
ation of the differences between reflection oximeter read-
ings and Van Slyke values was t1.9% saturation.

In all reflection oximetry techniques a sample depth
in excess of 0.3 cm is used, since it was observed empiric-

ally that measurements of oxygen saturation were much more
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accurate if the layer of blood was thick enough to be opague.
The results obtained with whole blood oximeters have
shown that errors in oxygen saturation determinations may
be considerable when the hemoglobin concentration is about
8 gm/100 ml or less (202). Hickam and Frayser (97) found
that a separate calibration was required at low oxygen ca-
pacities. Enson and his colleagues found that the standard
calibration of the intracardiac reflection oximeter was not
accurate for’blood samples with hematocrits less than 30%,
and recommended that individual calibration curves be con-
- structed for low hemoglobins. Similarly, Refsum and Hisdal
(185) found that the calibration lines showed considerably
more variation if the hemoglobin concentration was less
than 12 gm/100 ml. These findings indicate that'neither
the theory advanced by Rodrigo (190) and Pélanyi (181), nor

that employed by Brinkman and Zijlstra (22) and Refsum and

Sveinsson (185) is entirely adequate.

D. Light Transmittance, Scattering and Reflectance
by Biological Materials

l. Transmittance

a) Oxygen Saturation and Hemoglobin Concentration

The study of the light transmittance of red blood cells
begins essentially with Kramer's work in 1935 (129). The

two main problems considered in his studies werxe: (i) the




variation of optical density with particle concentration
and sample depth as parameters, (ii) @he variation of optical
density with changes in the extinction coefficient of the
pigment, mediated by changing oxygen saturation at constant
particle concentration and samplie depth. Xramer's results
showed that the relationships in the first case were non-
linear, while the relationship between optical density and
oxygen saturaﬁion was linear.,

Sample depth was varied from 0.06 cm to 0.24 cm, con-
centration was increased up to 14.2 gm/100 ml, and wave-

length was varied from 6000 A to 6800 A. Conventional

spectrophotometric techniques were used. Extinction coef-

ficients for nonhemolvzed blood were much higher than those

for the same concentration of hemolyzed blood.

Kramer found that extinction coefficients for nonhemo-

lyzed blood, calculated from Beer's law (€;ﬁ) decreased as

hemoglobin concentration increased. By varying sample depth,

it was found that concentration and depth were not interchange-

t

able as they are for solutions which cbey Beer's law. In

other words, eguivalent variations in concentration and depth

wnich did not change the number of red blood cells in the

light path gave different values of optical density.

The relationship between optical density and oxygen

content can be represented by a family of straight lines
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with each line representing a different hemoglobin concen-
tration. Beer's law predicts that Eheée lines will be
parallel for solutions. Kramer found that the lines for
hemolyzed blood were indeed parallel. However, the lines
for nonhemolyzed blood showed decreasing slopes with increas-
ing hemoglobin concentration.

In 1939 Drabkin and Singer (52) studied the absorption
and scattering of light by nqnhemolyzed washed dog erythro-
cytes andvsuSpehsions of milk and cream fat particles dis-
persed in water and in hemoglobin solutions. Measurements
were made at discrete wavelenéths between SOOO‘A and 6300 A.
The maximum and minimum extinction coefficients for oxyhemo-
globin were at 5780 A ( € = 15.13) and at 6300 A ( € = 0.45),
respectively. In the relationship between optical density
and particle concentration their results were similar to
Kramer's. The extinction coefficients of both red blood
cell and fat particle suspensions decreased as particle
‘concentration increased. Unlike Kramer, they found that
concentration and depth were interchangeable. However,
the experimental évidence to support this finding is limited
to three observations only and the accuracy of these studies
ié not as high as those of Kramer.

| Drabkin and Singer developed an empirical equation for

determining the extinction coefficient of the absorbing
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pigment from the total extinction (optical density) of the
suspension. They found that the relationship between the
total extinction and the pigment extinction for fat parti-

cles suspended in hemoglobin solutions could be expressed as

P 8 | 2.17
where E,. is the total extingtion or optical density,
log (;O/I> , EP is the extinction due to the pigment
hemoglobin, and Es is the extinction due to scattering only.

The empirical relationship was restated for red blood cells:

D 2.18

where £; = l}(Nd)?] / [l + a(Nd)é] , log Es = Db + mloQ(Nd),
and a, b, m, and n are empirical constants. At particle |
concentrations greater than 3.6 X 109/cm3 (which was equiv-
alent to a hemoglobin concentration of 8.7 gm/lOO ml) fl was
approximately 1.0, and equation 2.18 reduced to équation 2.17.
Eg and fl, the coefficient of Ep, were both empirical
functions of N, the particle concentration. Drabkin énd
Singer pointea out that the use of conventional spectrophoto-
metric techniques permitted the collection of only a very
small fraction of the scattered light, and concluded that it was
not possible éo relate their findings to any theory of light

scattering.
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In 1951, Kramexr, Elam, Saxton, and Elam (131) published
a continuation of the investigation of the light scattering
and absorbing properties of nonhemolyzed blood which Kramer
had started in 1935 (129). 1In their study, they extended
the wavelength range into the infrared. The object of the
study was to measure quantitatively the transmittance of
whole blood and to express the results asvdeviations from
Beer's law. Their hypothesis was that light scattering
lengthens the optical path, resulting in an increase in the
absorption of light by the hemoglobin within the red blood
cell, and that this would increase the difference between
the extinction coefficients of reduced and oxygenated hemo-
globin‘when these pigments are contained within,the‘cell.

Absorption spectra from 6000 A to 11000 A were recorded
on blood flowing under gravity, using conventional spectro-
photometric techniques. They confirmed their previous
results, that the relationship between oxygen content and
optical density was linear, but the slope of the lines
varied with hemoglobin concentration. Extindtion coeffi-
cients for nonhemolyzed blood exceeded those of hemolyzed
blood by factors of seven to twenty. The increase was
greater when the corresponding extinction coefficient for
hemolyzed blood was low. This can be attributed to the

flattening effect obtained with conventional spectrophoto-
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meters. The differences between the extinction coeffi-

cients for reduced and oxydgenated blood were greatly in-

creased, and these differences were found to be unique

functions of hemoglobin concentration and.samp;e depth.

- Extinction coefficients were found to be inverse func-
tions of both cell concentration and sample depth, and con-
conetration and depth were not interchangeable.

Kramer predicted that since extinction coefficients
decreased as concentration increased, a densely packed mass
of red cells would appear to have properties similarx to
those of a highly concentrated hemoglobin solution.

Kramer's work is the most thorough investigation into
the light transmitting properties of nonhemolyzed blood
which has appeared in the literature. But, it has two
limitations. First,‘conventional spectrophotometric tech-
nigues rather than instrumentation designed to studyvlight
scattering were used. Second, the wavelength range was
limited with respect to variation in the extinction coef-
ficient of hemoglobin. Kramer's work was restricted to the

red and near infrared regions of the spectrum. The maximum

“extinction coefficient for oxygenated hemoglobin in this

range is 1.05 (at 6000A). Only Drabkin and Singer studied
oxyhemoglobin at highly absorﬁing.wavelengths (between 5000 A

and 6000 A).
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b) Flow Effect

Many studies on the light transmittance of nonhemolyzed
blood have shown tﬁat the optical density of flowing blood
is different from that of stationary blooa (97, 129, 180,
194, 202) and that optical density varies with flow rate.
Kramer found that optical density decreased with increasing
flow rate and became asymptotic at high rates of flow (129).

The flow effect has been the subject of several inves-
tigations but‘no definite conclusions have been reached by
the authors concerned. Two main possibilities have been
considered as explanations for this phenomenon. One is an
orientétion of the disc shaped red blood cells during flow.
The other is streaming or axial accumulation of the red celis.

The problem was studied in capillary tubes by Taylor
(221) and by Bayliss (13); it &as studied in plane parallel
cuvettes by Wever (244). Both Taylor and Bayliss measured
the transmittance of the tube near the wall and at the
center and found that more 1ight was transmitted near the
wall. This was considered to be evidence that axial accumu-
lation takes place but did not provide any information con-
cerning the orientation of the particles.

Bayliss and Wever both studied the problem of the
orientation of the cells by adding lecithin to the blood,

thus causing the cells to become spherical. In a plane
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parallel sample chamber Wever found that optical density
still changed with flow rate and concluded that axial accu-
mulation was the pertinent facfor. It is interesting to
note that while the optical density of dog blood decreased
with increasing flow, that of ox blood increased. Bayliss
found that in human blood the flow effect was not signifi-
cantly different whether the cells were discs or spheres,
while the effect was preseht in dog blood only when the red
cells were discs. Bayliss reached no definite conclusions

concerning the cause of the flow effect.

¢c) Size and Shape of Red Blood Cells

It has been observed (142, 159) that alterations in red
cell shape and size induced by osmotic pressure variations
in the suspending media result in changes in the optical
density of red cell suspensions. Sinclair and his colleagﬁes
(212) found that light transmission was reduced when cells.
were suspended in hypertonic media. 2Zijlstra (22) found
that more light was reflected by red blood cells in hyper-
tonic solutions. These phenomena are thought to be due to
increased curvature of the cell surface, due to shrinkage.

Sinclair et al (212) studied the light transmission of
canine blood recorded continuously from the femoral artery,

and found that four breaths of 50% CO after breathing 100%

2'

oxygen, resulted in a considerable increase in the light
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transmission of-the blood. Salmon, Stish, and Visscher (196)
showed a similar increase in transmission with increasing
- carbon dioxide content. They demonstrated that an increase
in carbon dioxide tension resﬁlted in an incfease in cell
size. Similar observations had been made by Nasse in 1878
(171) and by Hamburger in 1892 (83). Meldahl and @rskov
(159) and Lefevre and Lefevre (142) found that light trans-
mission was increased when red cell volume had increased, as
shown by an increase in hematocrit. The evidence indicates
that light transmission varies directly with cell size; an
increase in cell size‘results in an increase in light trans-
mission.

It may be concluded that the optical density of non-
hemolyzed blood depends on a number of variables: the meas-
uring system; sample depth:; hemoglobin concentration; hemato-
crit; cell size and shape; the refractive index of the medium

in which the cells are suspended.

d) Absorption Sppétra of Red Blood Cell Suspensions

The question of the identity of hemoglobin within the
red blood cell and in solution after lysis of the cell has
been the subject of several studies. Observations of the
absorption spectra of nonhemolyzed red blood cells by con-

ventional spectrophotometric technigques had shown the Soret
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band to be absent (3). The first explanation of this anomaly
was the postulated existence of a stromatic hemoglobin com-
pound within the red blood cell.(2). In 1941, Keilin and >~
Hartree (119) imitated a suspension of red blood cells by
suspending droplets of concentrated oxyhemoglobin solution

in o0il. The mixture formed a suspension of vexy fine drop;
lets of hemoglobin solution varying from 7 to 14 microns in
diameter. Spectroscopic examination of the suspension showed
that while the strength of the alpha and beta bands was at
least eighty pexcent of that of the original solution, thé
Soret band had completely disappeared. On the other hand,

a suspension of oil droplets dispersed in a dilute hemoglobin
solution showed absorption bands of the saﬁe intensity as |
the corresponding bands in a.pure solution of hemoglobin.
They concluded that the failure to obsexrve the Soret band
was an optical phenomenon, but offered no explanation.

Jope (llS)bshowed that while a uniform suspension of red
blood cells showed no Soret band, a very strong Soret band

] appeared if the red cells were allowed to settle under grav-
ity. This phenomenon could now be interpreted in terms of
the conclusions of Kramer (131l) and of Loewinger (145), that
a highly concentrated suspension assumes the optical charac-
teristics of a solution.

Keilin and Hartree studied the absorption spectra of
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red cell suspensions and other scattering materials using an
entirely different approach. In 1939, they suspended col-
loidal heart muscle preparatioﬁs in a medium with a refrac-
tive index high enough to match that of the cells (118).
Similarly, Barer (11, 12) and his colleagues suspended
intact red cells in bovine serum albumin. By matching the
refractive index of the suspending medium to that of the
cell, light scattering was greatly reduced. Barer referred
‘té these suspensions as "clarified" cell suspensions. The
results showed that a suspension of red blood cells in a
35% w/v protein solution was actually less cloudy than a
lysed suspension containing the same amount of hemoglobin;
the results also showed the alpha, beta, and Soret bands

to be present.

2. Scattering

Latimer (140), working with scattering suspensions of
chlorella, demonstrated the phenomenon of selective light
scattering - that is, scattering on the long wavelength
side of an absorption band due to the anomalous dispersion
of the refractive index about the absorption band. Select-
ive scattering can cause an apparent shift in the absorp-
tion maximum. The shift varies with the angle at which
light is collected. It can be eliminated, to a great

extent, by using the diffusing plate technique which will be
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described in Chapter III.

Latimer suspendealélgal cells in media of different
refractive indices. Optical density was measured first at
selected anglés, and then with diffusing plates attached to
the sample and blank cells. The differences in optical
density were very much reduced when diffusing plates were
used, but were hot completely eliminated.

Studies on scattering suspensions by Shibata et al (206, .
207) and Latimer (140) have demonstrated that the diffusing
plate method has two main advantages. First, the general
1evel of optical density is reduced. Second, the detector
receives a more representative sample of the light emerging
from the scattering medium. The result of the second factér
is that measurements of optical deﬁsity are much less depend-
ent on the geometry of the measuring sYsEem wheﬁ diffused
light rather than collimated light is used. |

In 1961, MacRae, McClure, and Latimer (149) studied the
single scattering properties of a single partial layer of
orientated red blood cells. They derived aﬁ equation, simi-
lar to one which had been used by Lothian and Lewis (148) in
their study of very dilute suspensions of red blood cells.
The equation was developed in texms of large particle theory

and allowed them to predict theixr results quantitatively.
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3. Reflecténce

In 1956 Kramer, Graf, and Overbeck (132) studied the
reflection of light from nonhemolyzed blood in cuvettes and
in intact tissues. They used a convergent lens, Wratten
filﬁers, and photocells separated from the sample by 2 cm.
Sample depth fanged from 0.13 cm to 1.3 cm and hemoglobin
concentration was varied up to 13.7 gm/100 ml. Measurements
were made on fully oxygenated and fully reduced blood over a
range of wavelengths from 5000 A to 10000 A. As sample depth
was increased, reflection increased and became asymptotic..As
concentration was increased, at constant sample:depth, reflec-
tion increased, reached a maximum, and then decreased, showing
a parabolic relationship to sample depth. Reflection scans
of reduced and oxygenated Dblood were complementary to the
corresponding absorption scans. In other words, regions of
high transmittance also showed high refléctance._ |

" Berzon and Schubert (16) repeated Kramer's experiments
and demonstrated that reflectance values are highly depend-
ent on the geometry of the measuring system.

With their intracardiac reflection oximeter, Enson and
his colleagues (58) measured the reflectance of a layer of
blood greater than 0.3 cm, at various hemoglobin concentra-
tions. They showed a parabolic relationship between reflec-
tion and hematocrit which was similar to that shown by Kramer

et al.




IITI. LIGHT SCATTERING

The failure of nonhemolyzed blood to obey Beexr's law
has been repeatedly demonstrated, and the cause has been
attributed to the light scattering properties of red blood
cells.

When a light ray encounters a particle whose refractive
index differs from that of the surrounding medium, it is
deviated from its rectilinear path. The intensity and.an-
gular distribution of the scattered light depend upon the
size, shape, and orientation of the particle, its refract-
ive index relative to that of the continuous phase, and the
wavelength of the incident light. If the refractive~index.
of the particle relative to tﬁat of the medium is cbmplex,

the particle will absorb part of the light.

A. Single Scattering

If, in a light scattering system, the particles are
separated by distances sufficiently large to insure that
each particle and the waves scattered from it are independ-
ent, and if there are no interfereﬁce effects between scat-
tered waves, and if the intensity scattered by N particles
is N times‘the intensity scattered by one particle, then it
is a single scattering systen. An excellent survey of single

scattering is given by Van de Hulst's book Light Scattering
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by Small Particles.

A single scattering suspension obeys Beer's law of

light transmission:

I = Ioe 3.1

N is the number of particles per millili;er, Coxt is the
effective scattering surface area or the scattering cross
section of a particle, and 4 is the depth of the sample.

Tables of light scattering coefficients have beén
published in the literature. The quantity usually listed is
the ratio of the scattering surface area, or the scattering
cross section of the particle to its geometrical cross sec-
tion. This ratio is referred to variously as the éffidiency
factor, Qsca (232) , the total scattering coefficient, K
(147) , the scattering area ratio, K (162), or the scattering
area coefficient, S (21l1).

Q a depends on several parameters: the ratio of the

sc
diameter of the particle, D, tp the wavelength of the inci-
dent radiation in the suspending medium; thekrefractivé
index of the particle relative to that of the suspending
medium; the shape of the particle and its orientation; the
solid angles subtended by the beams 6f the incident and the

measured radiation. Qgea is usually expressed as a function

ofx= WD/N . From Qsca the intensity scattered at any
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angle from the direction of incidence can be calculated.

In 1871, Rayleigh (183) derived compléte analytic
solutions for scattering by spherical and nonspherical
particles much smaller than the wavelength of light.

- For spherical particles of sizes comparable with the
wavelength of light, a series solution of the Maxwell equa-
tions, describing the interaction of the particles with
electromagnetic radiation, has been derived. This solution

is generally referred to as the Mie theory (163), It has

" been pointed out (146) that although Mie published his

theory in 1908, the formulas had been previously published
by other authors as earLyvasﬂlé90.

Particles whose dimensions are large with respect to
the wavelength of the incident radiation can be considered
in terms of classical diffraction théory and geometrical |
scattering by external reflection and refraction (98). 'Such
particles show a strong tendency to scatter light in the
forward direction.

The red blood cell is a biconcave disc with a mean
diameter of 8 microns. 1Its thickness at the center is about
1 micron and at the outer edge its thickness is about 2
microns. The index of refraction, as determined by MacRae,
McClure, and Latimer (149) is 1.401. Relative to water
(m = 1.33), its refractive index is 1.053. Due to their

dimensions, red blood cells are strongly forward scattering,




65

and may be treated in terms of geometrical optics and

classical diffraction theory.

B. Multiple Scattering

A system exhibits multipie scattering if each particle
in the system is exposed to light scattered by other parti-
cles. Under these circumstances, the particlés are excited
not only by incident light but also by waves originating
from other particles.

In a system in which the particles receive light which
has been scattered by other particles there is no simple
proportionality between the intensity of light scattered by
the system and the number of particles présent. This obser-.
vation constitutes one of the tests proposed by Van de Hulst
(232) for the existence of multiple scattering. The second
tesﬁ is a measure of the optical depth T, where I = Ioe—ql.
If T is more than 0.1 but less than 0.3, then a correction
for double scattering must be made. If T is greater than
0.3, a multiple scattering theoxry is required.

In general, problems of multiple scattering fall into
two categories: (i) ihose involving incoherent scattering
only, and (ii) those in which coherent as well as incohex-
ent effects must be considered. When the particles are

separated by sufficient distances that the phase relations

between the waves scattered by the particles are random,
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the intensities of the waves may be added and the sum
referred to as the "incoherent scattered intensity". If the
particles are sufficiently close to one another, there will

be phase coherence between the scattered waves. The inter-

ference between these waves must be considered in the compu-

tation of the scattered radiation. This scattered radiation
is called the "coherent scattered intenéity."

Several methods for treating scattering problems have
been developed. The procedure chosen and the approximations
involved are determined primarily by the relation between
the wavelength and the average distance between particles.
If the wavelengﬁh is very smgll compared to interparticlé
distance, coherence effects can bé neglected, and a particle
scattering theory can be used to treat the incoherent scat-
tering. Another treatment for incoherent scattering consists
in calculating scattering in successive orders, taking into
accoﬁnt attenuation for each order, but neglecting interfer-—
ence. When particle separation and waveléngth become compa=-
rable, interference must be considered and a wave treatment
is necessary .

| Van de Hulst (232) estimated that the particles must
be separated by 1.5 diameters to insure a lack of coherence
phenomena. Chuichill,-Clark, and Sliepcevich (40) studied

the effect of particle separation by measuring the transmis-
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sion of dense dispersions of spherical particles 1.2 and
0.8 microns in diameter, at various concentrations. They
found that interference effects became noticeable when the
distance between the centers of adjacent particles was 1.7

diameters.

1. Incoherent Scattering

a) Radiative Transfer Approach

The problem of multiple; incoherent scattering has
received a great deal of attention, particularly in the study
of the transmission of stellar radiation or the pfopagation
of light through turbid media, such as fogs and stellar
atmospheres in which the‘center—to-center distance between
particles is about 100 diametexrs (233).

The relatively simple radiative transfer approach to
the problem of incoherent, multiple scattering is based on
the Boltzmann integro-differential equation for Eransport
processes - the classical theory for the multiple scattering
of particles by a random distribution of scatterers. The
application of this eguation to light is an approximation
in which the light rays are considered as the trajectories
of particles, which are then treated in terms of classical
particle mechénics. In other words, it is a "ray" treatment
of a "wave" problem.

Although less complex than a wave treatment, the
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radiative transfer approach to the multiple scattering of
light rays still presents enormous mathemaiical difficulties.
The integro-differential equations must be solved by ite?a-
tive procedures on electronic computers.

The essence of the integro-differential equation of

transport is:

- the rate of de-
the net rate of crease in inten- the rate of in-
change of the sity due to loss crease in inten-
intensity in = - | by absorption and| + |sity by multiple
the light path by primary scat- scattering
tering

The equation of radiativg transfer has been integrated
only for the highly restrictea conditions that the material
is continuous, and that the single scéttering is of the
simplest possible form; it must be isotropic for particle
scattering, or dipole for electromagnetic scattering.

The first exact solution was given by Chandrasekar in
1950 (35) and applies only to nonabsorbing scatterers.

A first approximation, referred to as either the
Schuster theory (199) or the Kubelka-Munk equations (137),
has been applied to a wide variety of problems. These in-
clude (i) the diffuse transmittance of opal glass (37),

(ii) the diffuse reflectance of paper (116, 217), paint
pigments (198), éhd humép skin (24). This theoxy also forms

the theoretical basis used by Rodrigo (190) and by Polanyi
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(181) for their reflection oximeters, and by Cornwall et al
(42) for transmission oximetry.

The Schuster theory considers diffuse radiation incident
on a plane-parallel slab of a homogeneous, continuous medium,
in which scattering particles of various sizes and shapes
are dispersed. Kottler (126) has pointed out that as the
particles become more closely packed, differences in their
size and shape become less important. Hodkinson (98) showed
that the single scattering by an assembly of irregular parti-
cles within a range of sizes larger than the wavelength is
similar to single scattering by spheres, although the Mie
theoxry of scattering for sphefical particles cannot be apélied
to a single irregular pa;ticle. Schuster (199) enunciated
his theory describing the escape of radiation from the self-
luminous foggy atmosphere of a star. However, the theoxy
assumes that the scattered radiation travels in only two
directions: half is directed forward and half bacﬁward. This
assumption is true only for Rayleigh scatterers, but not for
large particles. The theory is characterized by only two
constants, one for scattering and one for absorption. |

Similar two constant models have been developed by
Gurevich (78), Amy (5, 197), and Wurmser (253).

In 1927 silberstein (210) generalized the Schuster

theoxry for the case of collimated incidence, pointing out

that the transmitted light consists of two parts - the
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séecular light which is the residue of the unscattered beam,
and the diffuse light. Silberstein also removed the restric-
tion that the forward and backward scattering coefficients

are equal.

Ryde (193), in 1931, introduced separate forward and
backward scattering coefficients for diffuse lighﬁ, B and F,
and for collimated light, B' and F'.

Duntley (53) suggested that the absorption coefficient
for diffuse light was not necessarily the same as for col-
limated light and extended the theory to include six constants,
four for scattéring and two for absorption. Hulbert's theoxry
(106) was developed along lines similar to those of Duntley.

Using the radiative transfer approach, Chu and Churchill
(39) derived a six flux model. The six flux components are
the forward and backward scattered power per unit area in
three orthogonal directions, or, in other words, a forward
component, a backward component, and four sidewise components.

All the theories mentioned above can be reduced to the
Schuster theory by reducihg thé number of constants to two -
a scattering coefficient and an absorption coefficient.

In many applications of the radiative transfer approach
to multiple scattering, the observation has been made that
the coefficients for scattering and absorption are constant

only for certain ranges of particle concentration and sample
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depth. Churchill and his associates (40) showed that when
the interparticle distance is too small coherence effects
become noticeable as a change in the value of the coeffi-
cients, and concluded that the theory is no longer applica-
ble to the system when this particle concentration is reached;
Kottler (125), in a study of opal glasses, found that the
scattering coefficients chowed a sharp rise as the thickness\
of very thin plates was increased, and he attributed this
behaviour to the fact that much of the light'wag transmitted
specularly in very thin samples. At larger depthé, the coef-
ficients showed a slow rise. This could not be explained,
and was an indication of the inadequacy of the Schuster
equations. The failure of the Schuster, or Kubelka-Munk
equations, to yield constant coefficients has been observed

in several studies (17, 53, 72, 85).

b) Successive Scattering

In 1940, Hartel (89) developed a theory for the multiple
scattering of light by spherical particles. The angular
distributions of scattered light for each successive order
of scattering are determined. The theory has been applied
to polystyrene latex particles by Woodward (252) for concen-
trations up to 0.005 gm/gm of particles 3 microns in diameter.
Smart et al (213), using an improve@ technique, validated

the theory for concentrations up to 0.01 gm/gm. The theory
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is based on Mie's single scattering theory for spherical
particles only. The theory has not been tested in the
range of concentrations analogous to those found in blood,

0.2 to 0.7 vol/vol.

2. Coherent and IncoherentkScatteiing

The multiple scattering of waves has received consider-
able theoretical treatment (27, 225). Much of the experimen-
tal work has been done in the X-ray and microwave regions of
the electromagnetic spectrum. The optical region has re- .
ceived less attention.

The multiple scattéring of waves has been divided into
two catogories: scattering by fixed configurations and peri-
odic arrays, such as diffraction gratings; scattering by
random statistical distributions, such as gases.

The second categorxy, random distributions, is of partic-
ular interest since nonhemolyzed blood represents such a
éonfiguration. Twersky has developed a general formalism
for such media (226-230). Although the theory was developed
for use in the microwave region, the conditions imposed -
~that the particles are large compared to the wavelength of
the incident light and have a relative index of refraction
near 1.0 - permit its use under the appropriate cdircumstances
in the optical region. Twersky obtains the multiple scat-

tered amplitude in texms of the single scattered value and
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of the fractional volume occupied by the scatterers. It is
assumed that each particle is excited by the primary wave
plus the resultant of the initially unknown total scattered
fields of the other particles. Similar general procedures
are given in more detail by Foldy (61l) and by Lax (141).

The model used is that of a plane parallel slab, normal
to the direction of incidence, of depth 4 in the z-direction,
and of infinite dimensions in the x-y plane. There are N
randomLy located scatterers per unit volume. The scatterers
in the slab are large compared to the wavelength; and their

index of refraction relative to that of the suspending medium

is close to 1l.0.

Since the problem is one of a random distribution,
averages must be taken over a statistical ensemble of scat-
terers. The quantities which are to be obtained are the
average value of the wave function, <u> , the square of its

(=)

of the wave function, <|u.|2 . Angular brackets denote an

absolute magnitude, 2. and the average of the square

average over a statistical ensemble. The square of the

absolute magnitude of the average value of the wave function,

(*

, describes the coherent aspect of scattering. It has

~ been shown (61) that the average value of the wave function

satisfies the wave equation in a continuous medium in which

no scatterers are present, and in which the velocity of
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propagation is different from the velocity in the original
medium in the absence of scatterers. The average of the
square of the wave function is, in general, different from
the square of the average value, and this difference repre—

sents the incoherent scattering, V:

e o - @

C. Technigques for Measuring Light Scattering

2

1. Measurement at Specified Angles

The study of the single scattering properties of
particles calls for an instrument which will measure the
angular distribution of the scattered light. Conventional
single scattering instruments such as the commercial photo-
meter based on the design of Brice, Halwer, and Speiéer (20)
measure the laterally scattered light and the light transmii;ted
in the forward direction (turbidity). The position.of the
detector may be varied to measure scattering at discrete
angles up to 1359 from the incident direction. The ideal
system employs a collimated light beam, a lens-pinhole
receiver with the pinhole placed precisely at the focal point
of the lens, and a phototube perfectly aligned with the light
source. It is important that the detector subteﬂd a very
small angle at the sample particularly in measurements of

turbidity, since collection of any scattered light will
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result in an underestimation of Q the efficiency factor

sca’

or total scattering coefficient.

2. Integration of the Transmitted and Scattered Light

The object of measuring the integrated light is usually

the determination of the absorption spectrum of a iight

scattering, pigmented material. A fundamental question
which has been the subject of many investigations is whether
the absorption coefficient of a pigment within a biological
cell is identical to that of the extracted pigment in solu-
tion. In orxder to settle this question, the absorption

spectrum of the suspension must be measured in such a way

that the effects of light scattering are completely eliminated.

It has been well established that the absorption
séectra of scattering suspensions of pigmented particles
measured in a conventional spectrophotometer are shifted
towards higher values than those of the same pigment in
solution. The spectrum is also “flattened" - that is, the
optical densities at an absorption maximum and at an absorp-
tion minimum are greatly increased but their ratio is reduced
in'comparison with a true solution (121, 140, 207).

These distortions of the absorption spectra of licht
scattering materials are due to the loss of scattered light.
If the detector is far off in the forward direction and is

small enough to include only a negligible amount of the



scattered wave, the extinction coefficient will have its
maximum value. If, however, the detector is close enough
to include all the scattered light, the total extinction will
be reduced. 1Ideally, the detector should be placed immedi-
ately adjacent to the sample chamber in order to collect all
the forward scattered light. This is practically impossible
to achieve. Other methods have been devised to overcome
this difficulty.

One of two methods is generally used. In one of these
techniques, diffusing plates are p;aced immediately in froﬁt
of the sample or directly behind it to reduce the optical
density levels of the light scattering sampie. This tech-
nigue is actually an approximation of the second and more
theoretically sound method, the use of an integrating
sphere. Although both methods succeed in shifting the ab-
sorption spectrum to lower optical density levels, neither
method measures up to the requirement of providing a "true“
absorption spectrum. The simplicity of the diffusing plate
technique has led to its widespread use as an alternative to
the more complicated integrating sphere technique. Both
methods have been employed in the present study.

These two methods have been applied to biological
materials freguently during the last ten vears. However,

the same principles have been used for measuring the optical
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density of photographic plates for about seventy-five years.
In 1887, Abney (l)jplaced an opal glass diffusing plate in
contact with an exposed photographic plate and found that

the optical densit} was greatly reduced. In 1891, Hurter

and Driffield (107) pointed out that the optical density of
light scattering photographic plates depends to a consider-
able extent upon the geometrical arrangement of the measuring
system as well as upon the interreflections between the
diffusing plate and the test sample. Detailed investigations
of Callier (34), in 1909, led to the development of opal
glass densitometers and to the use of integrating sphere
photometers for measurements on light scattering photographic
plates.

In this‘review, the term optical density has been used
with no restriction on the way in which the sample is
illuminated or on the way in which the transmitted light is
measured. The quantities measured with the diffusing plate
or integrating sphere techniqgues can be interpreted more
easily if optical density is defined according to the
standardization used in photographic theory. Optical density
may be defined'in one of the following ways, depending on
the way in which it is measured (158):

1) specular density.

2) diffuse density: i) single diffuse density
ii) double diffuse density
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These three types of optical density are illustrated in
Fig. 3.1 and are defined as follows:

Specular density: the radiant flux is incident normally

on the sample and only the normal component of the trans-
mitted flux is measured. Ideally, the light soﬁrce and the
detector are perfectly collimated so that & and © are both
zero, and the measurement is analogous to the measurement of
the turbidity of a single scattering suspension (Fig. 3.la).

Single diffuse density; the radiant flux is incident

normally on the sample and all of the transmitted and
scattered flux is measured (Fig. 3.1b) or, in accordance
with the optical reversibility principle, the incident
radiant flux is perfectly diffuse and only the specularly

transmitted component is measured (Fig. 3.lc).

Double diffuse density: the radiant flux incident on
the sample is completely diffuse and all the transmitted

flux is measured (Fig. 3.1d).

a) Diffusing Plate Technigue

In 1954, shibata, Benson, and Calvin (207) suggested
the use of diffusing plates for measuring absorption spectra
of light scattering biological materials, and the ﬁethod has
been used by other authoxrs (4, 140) to study unicellular
organisms, red blood cells, and suspensions of pigmented

particles such as carotenes and chloroplasts.
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Fig. 3.1. Optical density of scattering material.

= = solid cone angle of illumination
© = solid cone angle of collection

(a) Specular density
(b) Single diffuse density

(¢) Single diffuse density
(d) Double diffuse density
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Opal glass or ground glass plates are placed on the

detector side of both sample chamber and blank cell. It is

assumed that the quantity of light from the diffusing plate

must be proportional to the light intensity emerging from

the cuvette.

Let I
P

i

]

il

The theory as outlined by Shibata follows (206).
parallel or specular transmitted light
diffuse transmitted light

total transmittedvlight = Ip + Ié
absorbed light
reflected light

total incident light = I

t+ Ia+Ir

In an ordinary spectrophotometer, the specular transmitted

light and some of the scattered light will be intercepted

by the detector, depending on the geometry of the system

and particularly on the distance between the sample and

detector, as shown in Fig. 3.2a. Shibata expresses the

situation in the following way:

I

Optical Density = log —2 3.3

Ip + fId

‘where £ is a constant between zero and one. In ordinary
spectrophotometers £ is quite small, resulting in high levels

of optical density.

When diffusing plates are used,
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Fig. 3.2(a) Conventional spectrophotometric technique.
" 3.2(b) Diffusing plate technique.
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. 1 |
Optical Density = log X ~o = log ___jfl__ 3.4

and f is equal to one. This is equivalent to a measurement
of single diffuse density. Equivalent résults should be
obtained if the diffusing plates are placed on the light
source side of the cuvettes (206, 207).

According to this theory the only fractions of light
not received by the detector are the absorbed and reflected
fractions, and optical density should correspond to that

obtained in an integrating sphere. This type of measurement

" still does not give a "true" absorption spectrum, since the

back scattered component is not measured.

At this point we may point out our objection to the

~ theoretical validity of the opal glass method. The assump-

tion is made that the same fraction, & , of the incident
and transmitted light is collected by the deteétor. However,
the incident light is measured as the light tranSmittea by
the opal glass when it is illuminated by collimated light.
The transmittance of the sample is ﬁeasured as the light
transmitted by the opal glass when it is illuminated by
diffuse light. It has been shown (53, 106, 126, 137, 193)
that scattering coefficients,‘and consequently transmittance,
will differ, depending on whether the incident light is col-

limated or diffuse. Therefore, the assmuption that X is
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the same for both incident light and for light transmitted
through the sample is not strictly true. It may be concluded
that the method cannot provide absolute values of log (Io/It)
and it is not equivalent to an integrating sphere. However,

it appears to be a very good approximation.

b) Integrating Sphere

The theory of the integrating sphere was first enunciated
in 1893 by Sumpner (220). If a source of light is placed
inside a hollow sphere which is coated internally with a
perfectly diffusing material, the luminance of any part of
the surface due to light reflected from the remainder of the
sphere is the same and 1s proportional to the total flux.

The flux received per unit area by one part of the surface

of a sphere from a given area of any other part is the same
~and is independent of the relative positions of the two parts
of the sphere. Only reflected light reaches the detector,
and this reflected light is the same at any point of the
sphere wall.

The integrating sphere may be used to measure diffuse
transmittance (transmission and scattering in forward
directions) or diffuse reflectance (scattering in backward
directions) as illustrated in Fig. 3.3.

To measure diffuse transmittance, the sample chamber

is located at the entrance aperture of the sphere (Fig. 3.3a).
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Fig. 3.3(a) Integrating sphere technigque for measuring
diffuse transmittance

Fig. 3.3(b) Integrating sphere technique for measuring
diffuse reflectance.
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The ratio of the luminance of a portion of the sphere wall
with and without the sample in place gives the transmission
factor of the medium. Similarly, for diffuse reflectance,

the sample is placed so that it forms a part of the sphere

wall (Fig. 3.3b). The reflectance is obtained from the ratio

of the luminance of the sphere wall, with the sample in
place, to its luminance when the sample area is replaced
with a standard of the same material coating the inside of
the sphere.

Different values are obtained for both transmittance

and reflectance depending on whether the incident light is

- collimated or diffuse. If reflectance with collimated

incidence is being measured, the sphere must be designed SO
that specular reflection will either exit via the entrance
aperture, or be caught in a light trap.

The precaution must be taken that none of the incident
light reaches the detector before it has suffered multiple
reflections within the sphere. For this purpose a screen
is placed in the direct path between the entrance aperture
and the detector.

The elemeﬁtary theory of the integrating sphere has
been presented by Walsh (241l). A detailed discussion of
the general theory for reflectance was given by Jacquez

et al (110).
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Although the theory of the integrating sphere is fairiy
simple, practical application presents difficulties which
are unavoidable and limit its usefulness. It is impossible
to build an integrating sphere which completely fulfills
the conditions of the theory. The accuracy which may be
obtained is limited by the presence of’ﬁhe sample, the -
entrance and exit apertures, and'the screen, which interfere
with the internél reflectigns and act as light sinks. 1In
additioﬁ, it is impossible to obﬁain a perfectly diffusely
reflecting surface on the inside of the sphere. Even a |
freshly prepared coat of magnesium oxide has a reflectance
" of only 0.98 in the visible region. Magnesium surfaces are
vexry fragile, do not show long term stébility, and are
difficult to reproduce with identical reflectance properties
(25) . Barium sulphate may be substituted for magnesium
oxide. It is easier to prepare and has a reflectance almost
as high as that of magnesium oxide, 0.96 (25).

For maximum sphere efficiency, the sphere should be as
small as possible.. On the other hand, it should be suffi-
ciently large that the entrance and sample apertures and
detector port occupy as small é fraction of the total area
as possible. A compromise must be made between a large
sphere to minimize error and a small sphere to maximize

efficiency.
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Two procedures for measuring diffuse transmittance or
reflectance are possible - the substitution method and the
comparison or.simulténeous method. In the substitution
method, a measurement is made with and without the sample
at the sample aperture. In order to use the comparison
method, there must be two sample ports and two entrance
ports placed symmetrically in relation to the photocell
aperﬁure; one is for the standard oxr blank, and one is for
the sample. Both remain in place during the measurements.
Measurements are made first with the incident beam on ﬁhe
sample and then on the standard. Both procedures should
- yield the same result, but the comparison method is gener-

ally found to be more accurate (86, 110).



iVv. MEASUREMENT OF THE OXYGEN SATURATION

OF WHOLE NONHEMOLYZED BLOOD™

A. Introduction

In 1935 Kramer (129) demonstrated that the relationship
between oxygen saturation and optical density, at a given
~ hemoglobin concentration, was linear. With respect to total
hemoglobin concentration, however, Kramer showed that the
light transmitted by nonhemolyzed blood did not obey Beer's
law. A method for estimating the oxygen saturation of non-
hemolyzed blood was described. 1Individual calibration was
required for each hemoglobin concentration. éimilar one wave-
vlength methods were described by Drabkin and schmidt (51),
Sabiston et al (194), Handforth (84), Roddie, Shepperd, and
Whelan (189), and Hickam and Frayser (97).

The first absolute method for measuring oxygen saturation
in nonhemolyzed blood was the two!wavelength technique 6f‘Wood
and his associates (249). The method uses the principle on
ﬁhich the bichromatic technique for hemolyzed blood is based.
The ratio of the optical density of a blood sample at two
wavelengths is related to the oxygen saturation obtained from
another type of measurement,-such as Van Slyke analysis. The

method is theoretically sound for hemolyzed blood which obeys

*Published in part. Anderson, N.M. and P. Sekelj: J. Lab. Clin.
Med. 65: 153, 1965.
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Beer's law. Unfortunately, nonhemolyzed blood deviates from
Beer's law; consequently, there is no theoretical justification
for using this technique. The method may be considered ab-
solute since it is not necessary to calibrate for each hemo-
globin concentration. But an initial empirical calibration
against reference technigues is required. In Wood's bichro-
matic qximeter, the use of gelatin filters with wide pass bands
results in a nonlinear calibration. The curvature is partic
ularly high for oxygen saturations over 90%. Sekelj (202) used
an interference filter rather than a Wratten 29 filter in his
cuvette oximeter and obtained a linear calibration curve.

At normal hemoglobin concentrations the method is clinic-
ally adequate but lacks scientific precision. The standard
deviation of the differences between oximetric oxygen sat-
uration determinations and Van Slyke analyses is about 2%.
Observations made over eight years in this laboratory have
shown thatlerrbrs in oxygen saturation determinations may be
considerable when the hemoglobin concentration is about
8‘gm/lOO ml or less. Both transmission and reflection methods
are unreliable at low hemoglobin concentrations. Enson and
his associates‘(SS), using an intravascular reflection oximeter,
found that individual calibration curves were required for
- hematocrits below 30%.

One of the first objects of these studies was to inves-

tigate the possibility of devising an independent method for



determining the oxygen saturation of whole nonhemolyzed

blood - a method which would not reguire standardization

against reference methods and which would possess uniform

accuracy over the whole range of hemoglobin concentrations.

B. Instrumentation

The measuring system is shown in Fig. 4.1l. The housing

is of stalnless steel.
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Fig. 4.1. Cross section of cuvette assembly. Inset shows
dimensions of the sample chamber. Bepinel tivg
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1. Light Socurce. The light source consists of a 6 volt, 0.5

ampere flasﬁlight bulb with a ground glass diffusing plate at
the base of the lamp house. The diameter of the diffusing
plate is 1.63 cm.

2. Sample Cuvette. The sample cuvette consists of two con-

tacting lucite plates. The sample chamber is milled out of
the upper plate. Before assembling the cuvette, a thin layer
of silicone grease is applied between ‘the two éontacting

sur faces.

The cuvette is designed so that measurements can be made
on flowing samples. In order to minimize streaming effects,
the sample cuvette is designed so that the sample enters and
leaves the chamber through pinholes which cause turbulence to
occur.

The dimensions of the sample chamber are 3.0 by 1.3 cm.
The area occupied by the sample chamber is larger than the
area of the detector. 1In order‘fo prevent light from reaching
the detector without passing through the sample, a thin metal
plate with a central rectangular aperture was placed on the
upper surface of the lucite cuvette. The plate, painted with
nonreflecting black paint, prevents light from passing around
the sample chamber to the detector.

Sample depth may be varied by changing the upper plate

of the cuvette; An estimate of sample depth was made with a
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micrometer; a more precise value was established according to
the method of Drabkin and Austin (50) using a solution of
Coomassie blue dye.

3. Photocells and Filters. The detector is located 2.27 cm

below the sample chamber and consists of three selenium
barrier layer photocells (Electrocell, Type N) covered with
interference filters (Schott-Jena).

The area occupied by the three photocells is 1.86 cm by
1.0 cm. The area surrounding the photocells and filters is
coated with nonreflecting black paint. The two outer photo-
cells have interference filters with maximum transmission at
8050 A. The interference filter covering the central cell
has its maximum transmission at 6330 A.

_ Since the wavelength at which an interference filter
transmits maximally depends on the angle at which light is
incident on the filter (79), we considered the possibility
that the transmission of the filters might be altered by the
use of diffuse incident light. The interference filters were
scanned in the Beckman DU spectrophotometer (Fig. 4.2). With
diffuse light the maximum transmission was shifted 40 A
towards shorter wavelengths and the half intensity band width
was broadened from 140 A to 170 A. These differences are

- negligible for oximetric purposes.
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Fig. 4.2. sScans of red interference filter: (a) collimated
incidence, (b) diffuse incidence.
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C. Material and Methods

Citrated human blood from the blood bank was used.
Fifty milliliter aligouts of blood were rotated in a 1,000 ml
tonometer for 20 minutes. At 7 minute intervals, the equilib-
rating gas (5% CO, in compressed air or 5% co, ip Ny, bubbled
through water) was allowed to flow through the tonometer for
15 seconds. Oxygen saturation and capacity were determined
by Van Slyke analysis; the two samples were mixed in vaxying
proportions to produce samples of intermediate saturation.

Measurements on nonhemolyzed blood were made at a £low
rate of 3.8 ml/minute using a constant speed withdrawal pump
(Harvard Apparatus Co. Inc.).

Hemolyzed samples were prepared by adding 10 mg/ml saponin
in a 50% solutioﬁ. Measurements were'made on stationary

hemolyzed samples.

D. Results
With this instrument it was possible to reaffirm the

validity of Beer's law for hemolyzed blood. Fig. 4.3 shows

that the relationship between the oxygen content of hemolyzed
blood and optical density at various hemoglobin concentrations
and at two sample depths was linear. The line joining the
points of 100% saturation shows that the relationship between
oxygen capacity, or total hemoglobin concentration, was also

linear.




Fig. 4.3 (a). 4
Legend accompanies Fig. 4.3 (b).
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Fig. 4.3 (b).
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Fig. 4.3. Hemolyzed blood: oxygen content is plotted against
optical density at 6330 A. The line joining points of 100%
oxygen saturation shows the linear relationship between
oxygen capacity and optical density.

(a) sample depth 0.027 cm.

(b) sample depth 0.071 cm. (Reprinted from J. Lab.
Clin. Med. 65: 153, 1965).
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Extinction coefficients were calculated according to
Beer's law. Table 4.1 shows the values obtained for the
extinction coefficients of hemolyzed blood at 6330 A and
8050 A in the present study compared with those obtained
by Gordy and Drabkin (74) using (1) the Beckman DU spectro-
photometer and (2) using a Bausch and Lomb Spectronic 20
diffraction grating spectrophotometer. The results obtained
with the cuvette oximeter show very close agréement with
those obtained by Gordy and Drabkin using the Beckman DU
spectrophotometer. The extinction coefficients they measured
with the Bausch and Lomb diffraction grating spectrophotometer
do not agree vérykwell with either their own results from
the Beckman DU spectrophotometer or with our cuvette oximeter
values.

Our next step was to see whether the observations of
Kramer et al (129, 131) using conventional spectrophotometric‘

technigues on Whole nonhemolyzed blood could be reproduced

with our measuring system. Results were obtained at two

sample depths (0.027 cm and 0.071 cm) and are shown in Fig. 4.4.
As in the case of hemolyzed blood, oxygen content was linearly
related to optical density at a given hemoglobin concentration.
This observation is in agreement with that of Kramer. However,
there is one major difference between the present results and

those of Kramer. The straight lines relating oxygen content




TABLE 4.1. Extinction coefficients for hemolyzed blood

P

h

Extinction Coefficients

Instrument 6330 A 8050 A
HbO2 Hb reduced HbO2 and Hb reduced
Beckman DU Spectro-
photometer?®
(guartz prism)
Mean 0.175 1.060 0.196
s.n.P 0.011 0.040 0.010
s.E.C t. 004 +.014 T.004
Bausch & Lomb
Spectronic 202
(diffraction grating)
Mean 0.263 1.240 0.254
Whole Blood Oximetexr
0.027 cm sample depth
Mean 0.180 1.263 0.174
S.D. 0.012 0.034 0.007
S.E. +.004 t.012 t.002
0.071 cm sample depth
Mean 0.172 1.195 0.175
S$.D. 0.017 0.040 0.004
S.E. * 006 ¥ 014 ¥ ool
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TABLE 4.1. Continued

85ece Gordy and Drabkin (74), p. 293, p. 296.

Pgtandard deviation = [l/(n-—l) Z(x—:?)z___l ;5.

. 1
Cgtandard error of the mean = S.D./n°.
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Fig. 4.4 (a).
Legend accompanies Fig. 4.4 (c).
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Fig. 4.4 (b).
Legend accompanies Fig. 4.4 (c).
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Fig. 4.4 (c).

WHOLE BLOOD 28
SAMPLE DEPTH 0-070 cm
WAVELENGTH 633 my 24

r20

% SOWNIOA  LNIINOD NISAXO

22 20 8 6 14 2 1’0 ‘s
OPTICAL DENSITY = log 10/t

Fig. 4.4. Whole nonhemolyzed blood: oxygen content is
plotted against optical density at 6330 A. The lines
relating oxygen content to optical density are linear.
The line which relates oxygen capacity to optical density
in each graph is not linear. |

(a) sample depth 0.027 cm, Series A.

(b) sample depth 0.027 cm, Series B.

(¢) sample depth 0.071 em. (Reprinted from J. Lab.

Clin. Med. 65: 153, 1965).
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to optical density were parallel rather than divergent as
Kramér and his colleagues found using a sample depth of

0.13 cm and a wavelength of 6530 A. They found that the
difference between extinction coefficients for oxygenaﬁed

and reduced blocod at 5 volumes % capacity was 1.00 and at

20 volumes % capacity it was l.70; Similarly, Hickam and
Frayser (97) showed an increase in the difference between
extinction coefficients with increasing hemoglobin concen-
tration but of small magnitudé. At a wavelength of 6600 A,
these workers found a difference of 1.02 for a group of
blood samples whose ongen capacity ranged from 3.3 to 7.1
volumes %, and 1.15 for a group with a capacity range of

16.6 to 25.1 volumes %, at a sample depth of 0.163 cm.

Kramer performed the same experiment at a wavelength of

10230 A. The lines were again divergent. It should be noted
that the sample depths used in our cuvette oximeter were
considerable smaller than»those used in the studies of Kramer
et al, and of Hickam and PFrayser; also the diffusing plate
technique was used rather than the conventional spectrophoto-
metric techniques of the other workers. We concluded that
the difference between our results and those of the other
grbﬁps must be due to the differences in the geometrical and
optical systems of the instruments.

The linear relationship between oxygen content and
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optical density shows that Beer's law is partially wvalid for
nonhemolyzed blood. The optical densiﬁies due to the individ-
ual pigments, .oxyhemoglobin and reduced hemoglobin, are
additive even when present in the form of a suspension as

long as the hemoglobin concentration and sample depth are
maintained constant.

The relationship between oxygen capacity or total hemo-
globin concentration was ﬁonlinear. This is demonstrated in
Fig. 4.4 by the line joining the points of 100% saturation
at each hemoglobin concentration.

The noniinear relationship between oxygen capacity or
- total hemoglobin concentration and optical dénsity is
esséntially the same as that obtained by Drabkin and Singer
(52), Kramer (131), and Hickam and Frayser (97).

Two different sets of results were obtained at the
0.027 cm sample depth, due to a slight dhange in the geometry
of the measuring system. . The importance of the geometrical
arraﬁgement of the measuring system was discussed in Chap-
ter IIIf

The firét set of results was obtained with the lamp of
the cuvette oximeter situated at the top of the chimney of
the lamp house (see Fig. 4.l1l). The lamp was moved closer to
the diffusing plate before thé next set of experiments was

performed. Two different curves of optical density versus
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hémoglobin concentration were obtained (Fig. 4.4, a and b).
At a given hemoglobin concentration, optical density was
gréater in the first set of experiments (Series A} than in
the second set (Series B). On the other hand, the results
obtained on hemolyzed samples showed no difference between
Series A and Series B. We concluded that the differences in
the results obtained on nonhemolyzed blood were the result
of an optical phenomenon and provided a subject for further
investigation (Chapter V). When experiments were performed
at 0.071 cm sample depth, care was taken to insure that the
geometry of the measuring system was in no way altered. As
_Fig. 4 .4c shows, a unigue relationship betﬁeén optical
density and oxygen capacity was obtained.

Extinction coefficients were calculated for oxygenated
and for reduced nonhemolyzed blocd, using the relationship

of-Beer's law:
log (I_/I) = Optical Density = € cd 4.1

€ is expressed in terms of 1 cm depth and 1 mM/liﬁer con-
centration. We found that the extinction coefficients for
nonhemolyzed blood decreased as hemoglobin concentration
increased. By curve fitting, using Newton's method of
successive approximations, the following expression relating

“extinction coefficients and hemoglobin concentration at a -




constant depth was obtained:

€

e = 1/(ac + D) 4.2

S

blood. Hemoglobin concentration in mM/liter is represented

bo signifies the extinction coefficient for nonhemolyzed
by ¢; aand b arelconstants depending on the geometrical and
optical characteristiés of the measuring system. Fig. 4.5
shows extinction coefficients for oxygenated and reduced blood
at 6330 A and for blood at the iscobestic wavelength, 8050 A,
plotted against hemoglobin concentration in mM/liter. The -
curves were calculated from equation 4.2. Comparison between
“calculated and measured values of extinction coefficients is
presented in Table 4.2. At a sample depth of 0.027 cm the
standard deviation of the differences between experimentally
obtained extinction coefficients and those calculated £from
eqﬁation 4.2 were: at 6330 A, oxygenated blood *+0.018 (0.7%
of the mean value) and reduced blood %0.017 (0.4% of the mean
value); at 8050 A, t0.018 (1.1% of the mean value). At a
sample depth of 0.071 cm, these values were: at 6330 A, oxy -~
genated blood t0.028 (L.6% of the mean value) and reduced
blood £0.049 (1.6% of the mean value); at 8050 A, £0.014
(1.3% of the mean value).

Next, we attempted to derive unique equations which
would express the oxyéen saturation of whole blood (a) in a

one wavelength system using two readings of optical density -

7
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. Fig. 4.5. Legend accompanies Fig. 4.5 (c).
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Fig. 4.5 (c).

44
40 WHOLE BLOOD
SAMPLE DEPTH 0-07 cm
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Fig. 4.5. variation of extinction coefficients of whole
nonhemolyzed blood with hemoglobin concentration for
oxygenated and reduced blood at 6330 A and at 8050 A.
(a) sample depth 0.027 cm, Series A.
(b) sample depth 0.027 cm, Series B.

(c) sample depth 0.071 cm. (Reprinted from J.
Lab. Clin. Med. 65: 153, 1965). '
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TABLE 4.2. Comparison of extinction coefficients for nonhemolyzed blood obtained
by experiment with those obtained by calculation from equation 4.2
Extinction Coefficients
Sample| Hemoglobin 6330 A 8050 A
Depth |Concentration
(cm) (mM/1) HbO Hb reduced HbO, and Hb reduced
Exp. %q. 4.2 Exp. Eg. 4.2 Exp. - Eq. 4.2
0.027 5.2 3.294 3.304 4.760 4.764 2.063 2.064
5.4 3.225 3.212 4.725 4.682 2.043 2.019
5.5 3.004 2.988 4.438 4.417 1.742 1.726
5.9 2.873 2.872 4.353 4.316 1.659 1.671
7.1 2.754 2.730 4,238 4.248 1.752 1.777
8.5 2.280 2.232 3.707 3.700 1.380 1.352
10.6 2.058 2.066 3.545 3.540 1.415 1.414
11.9 1.739 1.735 3.134 3.125 1.068 1.085
s.n.p.? t50.018 To0.017 t0.018
% of MeanP 0.7% 0.4% - 1.1%
0.071 1.2 3.117 3.109 . . . . . . . .
1.6 3.024 . 2.946 . . . . . . . .
3.3 2.280 2.284 3.765 3.814 1.530 1.539
4.0 2.027 2.077 . . o . .« . . .
4.0 2.100 2.074 3.610 3.617 1.400 1.399
4.9 1.856 1.876 3.338  3.413 : 1.270 1.266
5.9 1.696 1.697 3.197 3.214 1.152 1.147

60T



TABLE 4.2. Continued

Extinction Coefficients
Sample | Hemoglobin 6330 A 8050 A
Depth |Concentration
. (cm) (mM/1) HbO, Hb reduced HbO, and Hb reduced
. Exp. Eq. 4.2 Exp. Egq. 4.2 Exp. Eq. 4.2
0.071 7.0 1.535 1.536 o . .« . . . . .
7.4 1.494 1.482 2.980 2.952 1.006 1.002
8.2 1.406 1.386 2.792 2.826 0.940 0.938
8.8 1.328 1.320 . . . . . . .
12.2 1.090 1.053 . . . . . e . .
12.4 1.030 1.036 2.395 2.310 0.697 0.702
12.8 1.006 1.011 2.321 2.271 0.685 0.686
S.D.D. t0.028 *0.049 t0.014
% of Mean 1.6% 1.6% 1.3%

Qstandard deviation of the diffe

[/(n-1) 3(a - &3] "

S'D.D. =

fences between experimental and calculated values

b . . ' . .
Standard deviation of the differences expressed as a percent of the mean extinction

coefficient value.

01T
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one of the sample at collection and one of the same sample fully
oxygenated, and (b) in a two wavelength system where optical
density is measured at a wavelength whexe the extinction
coefficients of oxygenated and reduced hemoglobin are diff-
erent, and at an isobestic wavelength.

Two equations were derived: one equation is based on
measurements at 6330 A only, and the other is based on readings
at two wavelengths, 6330 A and 8050 A. The first eguation
was derived from equation 2.1l0 by substituting equation 4.2
into it:

%0y = ;i (100)
_{ODx [op100% (azby - bap) + bzoﬂ - bd ODlOO%} (100)

OD100% [OP100% (azby - Daay) + (by - by)d]

4.3

where oD, is the optical density of the sample on collection,
and ODlOO% is that of the sample aftgr oxygenation. The
symbols a;, bl and Ay s by reéresent the constants of equa—\
tion 4.2 for oxygenated and reduced whole blood, respectively.
The second eqguation was obtained by substituting equation 4.2

into equation 2.14:
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€3
o = —— (100
%0, 3 ( )

_[opgostarps -aghy) + p1a] [ 0063300405050, byay)

+ (by0Dg34 - b3°D805)d:| (100)

ODgps P3d S(ODsos B30y -b3) + Bylay - ay)|

4.4
+ (b2 - bl)d}

oD and ODg45 represent optical density at 6330 A and at

633
8050 A, respectively. The final equations with the approp-
riate constants substituted into them are shown in Table 4.3.

The symbols a, and bj represent the constants of equation 4.2

3
at 8050 A.

The equations can be expressed graphically as shown in
Fig. 4.6. The lower part of the graph shows a family of
straight lines in which percent oxygen saturation is plotted
against optical density at 6330 A. Each line represents a
specific heﬁoglobin concentration. The hemoglobin concen-
trétion is obtained from one of the two upper graphs, depend-
ing on whether the one wavelength or two wavelength system
is being used.:

Oxygen saturation measurements were compared with those
obtained by single Van Slyke analyses. The comparison is
shown in Fig. 4.7 and Table 4.4. At a sample depth of

0.027 cm, forty samples were analyzed; the samples ranged

in hemoglobin concentration from 8.6 to 19.9 gm/100 ml, and




TABLE 4.3. Equations for calculating oxygen saturation using one wavelength (equation 4.3)
and two wavelengths (equation 4.4)
Sample | Equation
Depth Numbex Equation
(cm)
a ODx(—2.99oODlOO% + 3.836) - 3.bO7ODlOO% (100)
~2.996(0D1q0) 2 + 0.3290D7 0
(0'3800D805 + 0.351) (“0.2160:063301)805 + 0.384-OD633 -0.7400D805) (100)
4.4 %02 = >
—0.441(0D805) + 0.024 OD805
b ODy (~3.6500D7 ggg; + 4.000) - 3.4800D)gqe (100)
0.027 4.3 %0, = 3 650 5 p
-3. (ODlOO%) + 0. J'ODlOO%
44 o, = (0.0040D805 + 0.003) (—0.3640D6330D805 + 0.4000D633 -0.7810D805) (100)
L] 2 - 2

€1t



TABLE 4.3. Continued
Sample | Equation
Depth Number Equation
(cm)
OD_(-0.6930D, noy + 1.417) - L.7580D,,~., (100)
0.071 [ 4.3 %0, = — 100% 100%
~0.693 (0D gge) 2 - 0.3420D1 (e
. o = (0.0400D g, + 1.758) (~1.0040D4,0Dg - + 1.4160D 4, =2.6300Dg..) (100)
- 2 b
~2.748(0Dgg5) % - 0.8990Dgy5

3pquations for Series A.
quations for Series B.

ANS
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OXYGEN SATURATION - WHOLE BLOOD

ODg33
%0, = f,(c)[ =d +iz(c)]

d=sample depth(cm)
TO FIND “c" (HEMOGLOBIN CONC)

| WAVELENGTH METHOD 2 WAVELENGTH METHOD
( 20

N
[+]

Hb CONC. gm/100m!
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% OXYGEN SATURATION

[=]

0Dg33my

Fig. 4.6. Graphic illustration of equations 4.3 and 4.4 for
oxygen saturation in whole nonhemolyzed blood. The upper
graphs relate hemoglobin concentration to optical density
at 6330 A and 8050 A. The lower graph relates oxygen sat-
uration to optical density at 6330 A. (Reprinted from J.
Lab, Clin. Med. 65: 153, 1965).
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Fig. 4.7. Oxygen saturation obtained from the one wavelength method,
equation 4.3, (a), and from the two wavelength method, equation 4.4,
(d), versus oxygen saturation obtained by Van Slyke analysis, at
a sample depth of 0.027 cm.

(a) One wavelength method: the standard deviation
of the differences is t2.08%.

(b) Two wavelength method: the standard deviation
of the differences is f2.61%.



117
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Fig. 4.7. Continued. Oxygen saturation obtained from the
one wavelength method, equation 4.3, (c), and from the two
wavelength method, equation 4.4, (d), versus oxygen satura-
tion obtained by Van Slyke analysis, at a sample depth of
0.071 cm.

(c) One wavelength method: the standard deviation
of the differences is 1.07%.

(d) Two wavelength method: the standard deviation
of the differences is *1.37%.
(Figures 4.7c and 4.7d were reprinted from J. Lab. Clin.
Med. 65: 153, 1965). S
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TABLE 4.4. Comparison of oxygen saturation values obtained by’
Van Slyke analysis with those obtained by cal-
culation from equations 4.3 and 4.4 ‘

Sampleg Hemoglobin Oxygen Saturation
Depth | Concentration
(em) | gm/100ml mM/Ll | Van Slyke Eq. 4.3 Eq. 4.4
0.027 8.6 5.2 96.20 96.10 96.20
86.96 86.39 87.18
67.27 65.57 66.53
57.25 55.76 56.81
47.15 46.26 47.39
9.1 5.4 88.81 87.08 88.73
78.19 77.38 78.68
67.49 64.01 65.48
56 .54 56.05 . 57.61
45.55 45,00 . 46.72
9.2 5.5 97.32 97.49 97.78
86.86 90.24 80.54
76 .88 78.08 . 78.42
63.91 65.08 65.51
52.23 55.42 55.88
_ 40.55 41.39 41.92
9.8 5.7 95.90 98.59 97.37
73.13 71.57 69.87
61.03 63.96 62.14
49.01 45.36 43,21
11.8 7.1 96.90 96.83 93.05
: 86.84 88.18 83.90
65.44 64.79 59.13
55.32 57.07 50.96
: 43.61 43.54 36.64
14.2 8.5 97.01 97.17 96.11
83.92 85.03 . 83.72
70.74 72.78 71.22
57.90 61.48 59.69
31.23 37.45 35.16
17.6 10.6 98.00 97.50 98.12
90.55 89.50 50.23
82.58 80.35 81.21
66 .40 65.16 66.22
58.26 55.16 56.36
l19.9  1l.9 97.00 98.57 96.69
83.52 - 83.84 8L.27




TABLE 4.4. Continued
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Samplel Hemoglobin Oxygen Saturation
Depth | Concentration
(cm) | gm/100ml mM/1 | Van Slyke Eq. 4.3 Eg. 4.4
.07 56.25 58.74 54.97
41.42 40.89 36.27
27.35 29.62 24 .46
Mean 69.46 69.76 68.74
S.D.D.%(%05) | t2.08 I2.61
0.071| 5.5 3.3 96.17 96.22 96.05
86 .46 87.29 87.10
75.51 75.05 74 .82
53.00 55.17 54 .89
41.60 43.07 42.76
6.7 4.0 97.01 96 .49 94 .95
' 87.17 88.79 87.08
77.10 78.81 - 76.98
66.37 66.14 63.92
44 .69 45.59 42.90
8.2 4.9 95.92 95.58 97.36
89.11 88.82 91.05
74 .59 74.78 77 .44
9.8 5.9 100.00 99.91 100.04
89.23 87.09 87.51
77 .54 74.93 75.09
53.79 53.34 53.52
12.4 7.4 97.88 97.22 95.83
73 .66 72 .24 71.62
, 49.30 50.25 49.43
13.7 8.2 97.50 97.79 96 .72
84.50 85.84 84 .46
70.00 71.36 69.62
60.20 60.59 58.57
47.50 48.50 46 .17
. 34.90 35.99 33.34
20.8 12.4 99.00 98.38 98.27
84.90 84.25 84.06
70.20 69.37 69.09
21.5 12.8 98.78 98.67 99.37
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TABLE 4.4. Continued

Sample | Hemoglobin Oxygen Saturation
Depth |Concentration
(cm) [gm/100ml mM/1l | van Slyke Eq. 4.3 Eq. 4.4
0-07 86.96 86.74 87.66
74 .64 75.25 76.38
Mean 76.10 76.23 | 75.78
S.D.D. (%0,) 109 7 =1.37
@3tandard deviation of the differences between experimental
and calculated values. = |:l/ (n-1) Z(d - d)?] =,

~in saturation from 27.4% to 98%. The standard deviations of
the differences between oxygen saturation values obtained using
the whole blood equations and those obtained by single Van
Slyke analyses were: one wavelength equation t2.08%; two wave-
length equation t2.61%. At a sample depth of 0.071 cm, thirty-
two sampleé. were analyzed:; thé samples ranged in hemoglobin
concentration from 5.4 to 21.4 gnt/lOO ml, and in saturation
from 34.9% to 100%. At this sample depth, the standard dev-
iations of the differences were: one wavelength egquation
T1.00%; two wavelength equation £1.37%. The results obtained
at 0.071 cm sample depth show a much higher degree of accuracy
than those at 0.027 cm. The error was higher at 0.027 cm sample

depth for two reasons. First, there was more variability in
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sample depth as a result of reassembling the sample cuvette
for each experiment. Second, the absolute error in optical
density units was appfoximately the same at both sample
depths, but at the smaller sample depth, the error repre-~
sented a larger fraction of the total optical density.

To avoid the time consuming calculations, a no-
mogram (144) was constructed for the two wavelength equa-
tion for a sample depth of 0.071lem. It is shown in Fig. 4.8.

In order to construct the nomogram, the equation was

rearranged as follows:
%0y = £, (ODggs) - £, (ODg33) £5 (MDggs) 4.5

Two linear scales were drawn 20 units apart, one
répresenting percent oxygen saturation and the other repre-
senting optical density at 6330 A. Both these scales were
arbitrarily set to 20 units. The Cartesian coordinates of
the curve for optical density at 8050 A were then obtained
according to the following eguations, using zero percent on
the percent oxygen saturation scale as the origin:

400 £, (ODgnz)
X = 3 805 4.6

20 f3 (ODSOS) + 10

200 £; (ODggs)

20 f3 (0D805) + 10
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NOMOGRAM FOR % OXYGEN SATURATION
{-040 0D, +1-758){(~ 1004 0,004+ 1-416 ODgy3~2:630 0Dy
x 100

%0, =

-2:748 ODZo5~ 899 ODgqy

% OXYGEN SATURATION

Fig. 4.8. Nomogram for percent oxygen saturation from
equation 4.4, for two wavelengths. A line joining optical
density at 6330 A on the scale at the right and optical
‘density at 8050 A on the curved scale in the middle crosses

the scale at the left to give percent oxygen saturation.
(Reprinted from J. Lab. Clin. Med. 65: 153, 1965).

In oxder to compare our newly developed method with
the previous technique of relating ODR/ODIR to percent
oxygen saturation determined by a reference method, we have
used the optical density values obtained in the present
study to calculate oxygen saturation according to both
techniques. Previousli, the error encountered in the range
of hemoglobin concentrations from 9 to 21 gm/100 ml was of

the order of tg%, but it was greatly increased at low hemo-
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globin concentrations. This is demonstrated in Fig. 4.9.

The closed circles refer to the previously used technique.
The crosses show the mean absolute error in percent using the
method described in this chapter. It can be seen that the
degree of accuracy achieved by the present method is consid-
erably greater than that obtained with previous whole blood

oximetric téchniques, especially at low hemoglobin concen-

trations.

- - N [N
@ » o0 o »
]

MEAN % ERROR

»

X - X X = X
. Xe
T ——— ;
4 8 12 6 20 24
HEMOGLOBIN CONCENTRATION  gms/100m!

Fig. 4.9. Mean percent error versus hemoglobin concentration.
Closed circles refer to the previously used method of stan-
dardization, and show greatly diminishing accuracy with de-
creasing hemoglobin concentration. The crosses refer to the
method described in this study, showing that the error is
fairly uniform over the entire range of hemoglobin concen-:

trations studied. (Reprinted from J. Lab. Clin. Med. 65: 153,
1965)'
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E. Conclusions

The observations of Kramer et al (129, 131) on the light
transmittance of nonhemolyzed whole blood have been verified
with one major difference - the linear relationship between
optical density and oxygen saturation consisted of a family
of parallel lines in the present study, rather than divergent
lines as obtained by Kramer and by Hickam and Frayser (97).
We have concluded that the cause of this disérepancy is the
loss of a large fraction of the scattered light in the con-
'ventidnal spectrophotometric techniques employed by these
authors. In the present study, the use of the diffusing
“plate technigque permi.tted a lérge gquantity of the forward
scattered light to be collected.

The nonlinear relationship between total hemoglobin
concentration and optical density was similar to that ob-
tained by Kramer, by Drabkin and Singer (52), and by Hickam
and Frayser. This nonlinearity shows that the former whole
blood oximetric technigues in which the data were treated
according to the method for hemolyzed blood were theoret-
ically unjustified and failed to provide sufficiently acc-
urate results. By recognizing that this relationship
deviates from Beer's law, and e#pressing it mathematically,
we obtained a new method for estimating oxygen saturation.

An initial standardization of the system is required
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which is analogous to that required by the spectrophotometric
technique for hemolyzed blood, such as that of Nahas (168)
using the Beckman DU spectrophotometer. All that is required
by the present method is the establishing of three curves of
extinction coefficients versus hemoglobin concentration, one
for oxygenated whole blood at a wavelength in the red regidn
of the speétrum, one for reduced blood at the same wavelength,
and one for whole blood at an isobestic wavelength. The
latter curve may be obfained at the same time as the other
curves since readings are made simultaneously at both wave;
lengths on a double beam galvanometer.

Although the equation for the oxXygen saturation of non-
hemolyzed blood at two wavelengths contains several constants,
its simple form permitted the construction of a nomogram to |
avoid tedious calculations.

This method of estimating the oxygen saturation of
whole nonhemolyzed blood has several advantages: (a) it is
independent of hemoglobin concentration, (b) it shows a high
degree of accuracy over the entire range of oxygen satura-
tions tested (27% to 100%), (c¢) it shows an accuracy which
is the same over the whole range of hemoglobin concentra-
tions tested (5.5 to 21.5 gm/100 ml), and (d) it does no£
require comparison with standard methods of determining

oxygen saturation.



V. FACTORS INFLUENCING THE "APPARENT" OPTICAL DENSITY

OF SCATTERING SUSPENSIONS

A. Introduction

Instruments for measuring light scattering £all into
two main categories. One type measures the light scattered
at discrete angles and requires that both light source and
detector be highly collimated. Such measurements are mean-
ingful only for single scattering suspensions. The second
type of instrument is the integrating sphere spectrophoto-
meter; this instrument integrates the light transmitted and
scattered by either single oxr multiple scattering suspensions.,

Conventional spectrophotometers do not fall into either
category since the detector is not collimated, nor does it
collect all the light scattered into the forward hemisphere.
In a conventional spectrbphotometer, a maximum value of
optical density is obtained if the incident illuminatioh is
collimated and the detector is placed sufficiently far away
from the sample that vexy little, if any, of the scattered
light is collected. Keilin and Hartree (121) showed that
as the detector is moved closer to the sample so that more
scattered light is collected, the optical density diminishes.
Thus, the optical density of a séattering suspension depends
to a great extent upon the geometrical arrangement of the

measuring system. For this reason, the term optical density
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is often preceeded by the adjective "apparent" when the term
is used with reference to a scattering suspension.

The inadequacy of conventional spectrophotometers for
studying scattering suspensions has frequently been commented
upon. Drabkin and Singer (52) considered that it was imposs~- |
ible to relate their results to a light scattering theory
because such a large fraction of the scattered light was not
measured by their spedtrophotometer. It is well known that
unless all the light scattered by a scattering suspension of
a pigmented material is collected, its absorption spectrum
is flattened and éhifted towards higher optical density values.é

An approximation of the integrating sphere technique may
be obtained using a conventional spectrophotometer if dif-
fusing plates are pléced on the light sourceAside or the
detector side of boﬁh the blank and the sample chambers.
Shibata et al (206, 207) showed that the diffusing plate
technigque resulted in an increase in the proportion of scatt-
ered light received by the detector; in their studies of
algae and red blood cell suspensions, the optical density
levels of the absorption spectra were greatly reduced and
the definition was markedly increased. Shibata's theory for
the diffusing plate technique was outlined in Chapter III;
Section C2a. In Chapter 1V, Section D, we noted that studies
made at a sample depth of 0.027 cm resulted in different

values of optical density for nonhemolyzed blood when the
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lamp was moved closer to the diffusing plate;'however, in the
same series of experiments, the results for hemolyzed blood
were independent of the measuring system. This £finding
emphasizes the point that the diffusing plate technique is
only an approximation of the theoretically sound integrating
sphere method.

The geometry of the measuring system not only affects the
results numerically'but may alter the relationships between
optical density and the various parameters of the scattering
suspension. We noted, in the previous chapter, that the
relationship between the optical density of nonhemolyzed
blood and oxygen saturation obtained using conventional spec-~
trophotometric techniques differed from that obtained when .
the diffusing plate technique was used. In the fotmer case,
the relationship consisted of a family of divergeht lines,
while in the latter case, the lines were parallel.

We proposed to make a detailed investigation of the
dependence of the apparent optical density of nonhemolyzed
blood and of scattering suspensions on the geometry of the
measuring system when both conventional spectrophotometric
and diffusiné piate techniques are employed.

The effect of flow on the optical density has been the
subject of considerable controversy, as we pointed out

earlier (Chapter II, Section Dlb). Studies have been per-
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formed on blood flowing through tubes (13, 221) and through
plane parallel sample chambers (244). Conflicting results
" have been obtained in these studies; some of the results
suggest that optical density increases as flow rate in-
creases Whiievothers suggest the opposite. Two main causes
for the flow effect have been suggested - axial accumulation
and particle orientation. In the present study we measured
the changes in optical density produced by varying £low
rate.

In this chapter we also studiéd the effect of the
fqrmation of rouleaux on the optigal density of nonhemo-

lyzed blood.

B. Material and Methods

In order to eliminate the possibility that the observed
changes in optical density might be due to differences in
the light transmitting properties of the interference filters
under various experimental conditions, two sets of experi-
ments were carried out (a) on nonscattering solutions, hemo-
lyzed blood or aqueous solutions of Coomassie blue dye, and
(b) on scattering materials, nonhemolyzed blood and scatter—.
ing emulsions of n-butyl benzoate (Eastman Kodak) in water. 7

All blood samples were fully oxygenated by rotating

50 ml aliquots in a 1,000 ml tonometer for 20 minutes. A
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slow stream of 5% CO; in oxygen was first bubbled through
water and then passed continuously through the tonometer.
Hemoglobin concentration was determined by the cyanmethemo-
globkin method (49).

The butyl ester of benzoic acid, n-butyl benzoate, is
a colorless oil. Light absorbing as well as nonabsorbing
emulsions were prepared. Emulsions of n-butyl benzoate in
water were prepared using Tween 20 (Atlas Chémicgl Industries
Canada, Ltd.) as an emulsiﬁying agent. The mixture was
ultrasonicated in 100 ml aliquots for 10 minutes. The
resulting particles were spherical with diameters ranging
from 1 to 4 microns. In order to make a light absorbing
emulsion, Sudan blue stain was added to the n-butyl benzoate
at a concentration of 25 mg/1l and the emulsions were then
prepared as described above; Sudan blue is completely
inséluble ih water and, conseguently, it is entirely
restricted to the emulsified particles. Sudan blue was
scanned in the Beckman DU spectrophotometer (Fig. 5.1).
Since it shows two absorption peaks, one at 6000 A and one
at 6400 A, it is a suitéble pigment for study in the cuvette
oximeter where the maximum transmission of the red filtered.
photocellvis 6330 A.

Preliminary experiments were performed using the meas-

uring system described in Chapter IV for the estimation of
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7000

5000 6000
Wavelength A

Fig. 5.1. Scan of Sudan blue stain. The extinction
coefficient is expressed in terms of 1 cm path length
and 1 gm/1 concentration.
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. ~ oxXygen éaturétion in nonhemolyzed blood.

"For the final experiments, a new light source was de-~
signed to provide a constant and uniform source of illumi-
nation. The ligﬁt source is éhown in Pig. 5.2. It can pro-
vide either collimated or diffuse illumination. Light from
a 6 volt, 10 watt lamp is rendered parallel for collimated
illumination. For diffuse illumination, ground glass plates,
separated by 0.75 cm are placed at the base of the lamp
house. Tﬂe optical density of nonhemolyzed blood was found
to be smaller if three, rather than one, or two, diffusing’
plates were uséd.

Sample depth and flow rate were held constant at 0.025 cm
and 3.8 ml/minute, respectively, for the experiments in
Sections 1,2, and 3. A small sample depth was chosen for

‘most of the experiments of this chapter since previous ex-
periments had showﬁ that variations in optical density due
to variations in the geometry of the measuring system were

more pronounced as sample depth was decreased.

C. Experimental Results

l. Instrumental Variations
To ascertain that the measured values of optical density
were independent of the geometry of the system and of light

. | intensity levels, the experiments shown in Outlines la and 1b

were performed. An additional aim of these experiments was




] o 133

Lens assembly

~ Diffusing plates

T oy oy 1

Holder for Sample
chamber and Photocell
assembly

Fig. 5.2. Light source for cuvette oximeter. Diffusing
plates may be removed for collimated incidence.’ ‘ o




OUTLINE I. INSTRUMENTAL VARIATIONS

Variable
Experiments
Material

Incident
Illumination

Results

Variable
Experiments

Material

Incident
Illumination

Results

Ia. ILLUMINANCE

PRELIMINARY FINAL

DYE SOLUTIONS
BLOOD, NONHEMOLYZED

DIFFUSE DIFFUSE
COLLIMATED
Table 5.1la
Ib. PHOTOCURRENT
PRELIMINARY FINAL

DYE SOLUTIONS
BLOOD, NONHEMOLYZED

DIFFUSE DIFFUSE

COLLIMATED

Table 5.1b
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to make certain that the photocell response was linear with
light intensity over a wide range.

Ia. Illuminance. Lamp voltage was varied in order to

change the illuminance at the detector. The illuminance
(lLumen/£t%) was measured using a photographic light meter.
There were no significant difﬁerences in appareﬁt optical
density although illuminance was varied over wide ranges,
from 9 to 180 lumen/ft2 for diffuse incidence, and from

95 to 310 lumen/ft? for collimated incidence (0.1<p<0.2),
as shown in Table 5.la.

Ib. Photocurrent. As a further check to establish

- that the response of the instrument was independent of

the experimenﬁal variations, the photocurrent for the
incident iight was set at two different values, on suc-
cessive measurements, by reducing the photocurrent to one
half of its initial value for the second reading. The
results of Table 5.1b show that, again, no significant

differences were observed (0.8<p<0.9).

2. Geometrical Variations

IXa. Distance between the light source and the dif-

fusing plate. Only preliminary experimenﬂs were performed’

to investigate the effect of the distance between the lamp
and the diffusing plate on optical density since the im-

proved light source for the final experiments has a colli-




TABLE 5.la. Instrumental variations: illuminance

. 6330 A 8050 A
. Incident
Material |kjjumination 4.0 Volts 5.2 Volts 4.0 Volts 5.2 Volts
Illum.® 0.D. |Illum. ©0.D. [Illum. 0.D. |Illum. O.D.
Preliminary Experiments
Dye Solution,
197 mg/1 Diffuse 9 0.116 34 0.122
156 0.126 59 0.126
50 0.121 180 0.116
Blood®
9.2 gm/100 m}] Diffuse 50 0.213 155 0.208 50 0.174 |155 0.168
9.4 " 10 0.39%4 32 0.388 10 0.260 32 0.268
9.4 " 16 0.438¢ 59 0.449 15 0.278 59 0.268
11.7 " 10 0.482 36 0.494 10 0.309 36 0.291
11.7 " 50 0.227 180 0.212 50 0.191 |180 0.187
IFinal Experiments
Dye Solutioﬁ,
197 mg/1 Diffuse 22 0.116 77 0.111
Collimated 95 0.117 310 0.115
f Blood?
"~ 11.4 gm/100 m) Diffuse 22 0.446 77 0.452 22 0.304 77 0.300
Collimated 95 0.592 310 0.585 95 0.386 |310 0.381

@1lluminance was measured in lumen/ft%
bNonhemolyzed blood.

Cpifferent values of optical density at the same hemoglobin concentration were obtained by

varying the geometry of the system as described in Section C2, Ila.

9€T



TABLE 5.1b. Instrumental variations: Photocurrent
Optical Density
corinl Incident 6330 A 8050 A
Materia Illumination Photocurrent Photocurrent
' X ‘ 2x x 2%
Preliminary Experiments
Dye Solution Diffuse 0.126 o 0.126
197 ng/1 0.120 0.125
0.119 0.118
Blood,
Nonhemolyzed
9.4 gn/100 ml| Diffuse 0.439 _ 0.448 0.272 0.274
0.389 0.392 0.269 0.259
11.7 " 0.487 0.488 0.303 0.298
0.229 0.219 0.191 0.189
Final Experiments
Blood, Diffuse 0.588 0.589 0.385 0.382
Nonhemolyzed :
11.4 gm/100 ml Collimated 0.444 0.454 0.301 0.304

LET



138

OUTLINE I1I. GEOMETRICAL VARIATIONS

Variable

Experiments
Material

Incident
Illumination

Results

Variable

.Experiments
Material

Incident
Illumination

Distance

Results
Variable

Experiments
Material

Incident
Illumination

Distance

Results

IIa. DISTANCE BETWEEN LAMP

AND DIFFUSING PLATE

PRELIMINARY

BLOOD, HEMOLYZED
BLOOD, NONHEMOLYZED

DIFFUSE

"I'able 5.2a
Fig. 5.3

IIb. DISTANCE BETWEEN LIGHT SOURCE

AND SAMPLE CHAMBER

PRELIMINARY

DYE SOLUTIONS

DIFFUSE

0.6 to 2.0 cm

FINAL
BLOOD, NONHEMOLYZED

DIFFUSE
COLLIMATED

0.5 to 4.9 cm

Table 5.2b

IIc. DISTANCE BETWEEN SAMPLE CHAMBER

AND DETECTOR

PRELIMINARY
DYE SOLUTIONS

DIFFUSE

FINAL
BLOOD, NONHEMOLYZED

DIFFUSE
COLLIMATED

2.3 to 5.5 cm

Table 5.2¢
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. mated beam of light while the light in the original lamp
house is uncollimated. Measurements were made on hemolyzed
and nonhemolyzed blood. Fig. 5.3 shows the optical density
of both these materiais ploﬁted against the distance of the
lamp from the diffusing plate. While there was no change
in optical density with hemolyzed blood, with nonhemolyzed
blood there were increases of 77.7% and 55.5% in optical
density ét 6330 A and 8050 A, respectively, when the lamp
was moved from 0.8 ecm to 8.1 cm from the diffusing plate at
the base of the lamp house. This experiment demonstrates =~ ¢,
that the diffusing plate technigque does not provide an

- absolute method of measuring optical density since the

results depend on the way in which the diffusing plate is

illuminated and on'the diffusing properties of the dif-
fusing plate.

IIb. Distance between the light source and the sample.

To see whether the distance between the diffusing plate and
tﬁe sample chamber affected the apparent optical density of
the sampies, this distance was varied by inserting metal
tubes between Ehe base of the lamp house and the sample
chamber. The metal tubes were coated inside with nonreflect-
ing black paint. |
Preliminary experiments were carried out using a solu-

‘ tion of Coomassie blue dye as the test substance and final




TABLE 5.2a. Geometrical variations: Distance between the light source and the diffusing

plate
) Incident Distance Optical Density
Material  li9yumination| (cm) 6330 A 8050 A
Preliminary Experiments

Blood, Diffuse 0.8 0.036 0.030
Hemolyzed 1.5 0.039 0.030
11.5 gm/100ml 2.7 0.039 0.030
4.0 0.037 0.029

5.7 0.037 0.029

6.8 0.035 0.031

7.5 0.036 0.027

8.2 .0.039 0.030

Blood, Diffuse 0.8 0.323 0.202
Nonhemolyzed 1.2 0.361 0.222
11.5 gm/100ml 2.0 0.393 ~0.240
3.3 0.454 0.261

4.8 0.506 0.282

5.8 0.520 0.296

6.5 0.546 0.2%94

7.0 0.555 0.301

7.6 0.567 0.306

8.1 0.574 0.314

o¥T
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Fig. 5.3. Optical density is plotted against d, the distance
of the uncollimated light source from the diffusing plate.
Sample depth is 0.025 cm, hemoglobin concentration is 11l.5 gm
per 100 ml, and flow rate is 3.82 ml per minute.
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experiments were performed on whole nonhemolyzed blood. The
resﬁlts are sthn ianable 5.2b. No differences in optical
density were 6bservedlwhen a solution of Coomassie blue dye
was the test substance. However, the re;ults obtained on
nonhemolyzed blood showed that optical density increased
systematically as the diffusing plate was moved away £from
the sample; a total increase of 6% to 8.5% of the initial
optical density value for a ten-fold change in distance was
obtained. This is not surprising since it may be expected
that the light becomes less diffuse as a unit of effective'

surface area is moved away from the source. This experiment

" again demonstrates that the diffusing plate technigque does

not provide absolute optical density values.

With collimated incidence, opticai density showed a
slight systematic decrease in optical density as the colli-.
mated light source was moved away £rom the sample. The
changes were -1% and -3.3% of the initial value at 6330 A
and 8050 A, respectively. A strictly parallel beam of light
maintains the same inténsity at any distance‘f:om the source,
but perfectly collimated light is difficult to obtain. The
present sourceIShowed slight divergence, and decreasing

optical density is to be expected under these circumstances.




TABLE 5.2b. Geometrical variations: Distance between the light source and the sample

Optical Density

. Incident Distance
Material |y1jjumination (cm) 6330 A 8050 A
Preliminary Experiments
Dye Solution | Diffuse 0.6 0.118
197 mg/1 2.0 - 0.118
Final Experiments
Blood, .| Diffuse 0.5 0.488 0.324
Nonhemo ly zed 2.7 0.504 0.328
11.4 gm/100ml 3.7 0.515 0.333
4.9 0.529 0.333
% change from initial value: +8.5 +6.0
Collimated 0.5 0.621 0.405
2.7 0.620 0.392
3.7 0.616 0.390
4.9 0.614 0.392
lue: -1.0 -3.3

% change from initial va

€vT
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IIc. Distance between the sample and the detector.

Keilin and Hartree showed that the apparent optical density
of red cell suspensions varied with the distance between the
sample and the detector when gonventional spectrophotometric
techniques were used (121). However, according to Shibata's
theory for the diffusing plate technigue (described in
Chapter iII),‘this distance should have no effect on optical
density when a diffusing plate is used.

The normal distance in our system between the sample
and detector is 2.27 cm. This distance was doubled using
the same spacers as in Section IIb. Prelimiﬁary experiments
on solutions of Coomassie blue dye showed no differences in
optiéal density. Final experiments with nonhemolyzed blood
showed that even with diffuse illumination, the apparent
optical density increased 32% at 6330 A, and 60% at 8050 A
when the distance between the sample chamber and the detector
was doubled. With collimated incidence the increases were
much larger - increases of 75% and 123% at 6330 A and 8050 A,
respectively. Even with diffuse illuminatioh, the distance
between sample and detector is very important in determining
the optical dehsity value, although the differences are

much smaller than those obtained with collimated light.



TABLE 5.2¢. Geometrical variations: Distance between the sample and the detector

Optical Density

. Incident Distance
t
Ma erlal Illumination (cm) 6330 A 8050 A
'Preliminary Experiments
Dye Solution | Diffuse 2.3 0.118
197 mg/l 5.5 0.117
Final Experiments
Blood, Diffuse 2.3 0.488 0.324
‘Nonhemolyzed 5.5 0.642 6.517
11.4 gm/100ml
% change from initial value: +31.7 +59.6
Collimated 2.3 0.621 0.404
5.5 1.088 0.900
% change from initial value  +75.2 +122.8

SYT
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3. Edge Effects

Edge effécts always present a problem in the study of
light scattering materials. For edge effects to be negli-
gible, the sample must be of infinite extent in the plane
perpendicular to the direction of incidence (200, 213).
This is definitely not the case in the cuvette oximeter
sincevthe sample area is smaller than that of the light
source and slightly larger than the detector area. In order
to gain a qualitative idea of the importance of the edge
effects in determining the optical density of a scattering
suspension, the following experiments were undertaken.r

We mentioned in Chapter IV that a thin metal black
disc with a central rectangular aperture was used in order
to prevent light from reaching the detector without passing
through the sample. Additional discs were constructed with
apertures of 0.2 cm, 0.6 cm, and 1.0 cm. The length of
each aperturg was maintained constant at 2.4 cn.

IIIa. Variation of the sample area and the detector

area. In the first series of experiments, the aperture of
the sample was varied from 0.6 to 1.0 cm while the detector
aperture was fixed first at 1.0 cm and then at 0.2 cn.

Preliminary expgriments on a solution of Coomassie
biue dye showed that the optical density did not vary under
the various experimental conditions imposed, as shown in
Table 5.3a.

The results for the final experiments, performed on
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OUTLINS III. EDGE EFFECTS

IIIa. SAMPLE AREA AND DETECTOR AREA

PRELIMINARY FINAL

DYE SOLUTIONS BLOOCD, NONHEMOLYZED
' : EMULSIONS

DIFFUSE DIFFUSE

COLLIMATED

Table 5.3a

IIIb. RELATIVE ALIGNMENT OF SAMPLE
AND DETECTOR

PRELIMINARY FINAL

DYE SOLUTIONS BLOOD, NONHEMOLYZED

EMULSIONS

DIFFUSE DIFFUSE

COLLIMATED

Table 5.3b
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nonhemolyzed blood and on nonabsorbing emulsions, were
qualitatively the same for both collimated and diffuse
incidence although the differences were much larger when
the‘incident light was collimated.

When the detector aperture was 1.0 cm, the optical
density of both nonhemolyzed blood and the emulsion was the
same whether the sample aperture was 0.6 cm or 1.0 cm.
Thus, when the detector area was larger tﬁan or equal to
the sample area, further reduction in sample area had no
effect.

However, when the width of the detector aperture was
" only 0.2 cm, the optical density was much smaller than it
was when the detector aperture was 1 cm, particularly when
the sample area was as large as possible. Upon reducing
the detector aperture from 1.0 to 0.2 cm, the optical
density was reduced an average of 3.3% and 7.2% for diffuse
and collimated incidence, respectively, when the sample
aperture was 0.6 cm. With a sample aperture of 1.0 cm,

these changes were 13.8% and 36.9%. Therefore, optical

density was reduced when the detector aperture was made

smaller than the sample aperture, and under this condition,

the larger the sample area was, the greater was the decrease

in optical density. This means that minimum thical4dénsity

values can be approached by using a small detector area

and a very large sample area.




TABLE 5.3a.

Edge effects: Variation of the sample area and the detector area

Material Incident Apertures (cm) Optical Density
ateria . .
Illumination Detector Sample 6330 A 8050 A
Preliminary Experiments
Dye Solution | Diffuse 1.0 0.6 0.118
197 mg/1 1.0 0.119
0.2 0.6 0.122
1.0 0.120
Final Experiments
Blood, Diffuse 1.0 0.6 0.353 0.239
Nonhemolyzed 1.0 0.350 0.231
8.4 gm/100ml 0.2 0.6 0.338 0.231
1.0 0.306 0.188
Collimated 1.0 0.6 0.447 0.282
1.0 0.456 0.290
0.2 0.6 0.392 0.252
| 1.0 0.298 0.138
Emulsion Diffuse 1.0 0.6 0.625 0.470
2.5% 1.0 0.622 0.453
0.2 0.6 0.602 0.461
1.0 0.540 0.405

6vT



TABLE 5.3a. Continued
t ical i
Materinl Incident Apertures (cm) Optical Density
Illumination Detector Sample 6330 A 8050 A
Emulsion Collimated 1.0 0.6 0.814 0.592
2.5% 1.0 0.810 0.594
0.2 0.6 0.780 0.582
1.0 0.629 0.404

06T
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IIIb. Relative alignment of the sample and the detector.

When a 0.2 cm aperture is placed over the photocells, the
detector may be considered as a slit relative to the sample.
Since blood cells are large particles with respect to

light scattering, they should not scatter uniformly in all
directions and optical density may be expected to vary as
the detector slit is moved relative to the sample.

The sample aperture was held constant at 1.0 cm. Optical
density was measured when the 0.2 cm aperture was placed at
the edge of the detector and again when the aperture was ati
the center of the detector. The apparent optical density -
 measured under these circumstances was compared with the |
control value of optical density, obtained with the whole
detector exposed.

Preliminary experiments on nonhemolyzed blood showed that
the optical density of a clear, nonscattering solution did
not depend onAwhich part of the detector was exposéd.

In the final experiments on blood and dn a scattering
emulsion, there were very large differences between values
of optical density measured when the 0.2 ém detector
aperture was in the optical axis and values obtained when
the detector slit was off to the edge. When compared with
the control values,.the optical density was very much
reduced by exposing only the central area of the detector,

as the results of Table 5.3h show, and considerably in-



TABLE 5.3b. Edge effects: Relative alignment of the sample and the detector

A Incident Detector Position of Optical Density
Material T1lumination Aperture Detector 6330 A 8050 A
(cm) Aperture
Preliminary Experiments
Dye Solution, | Diffuse 1.0 0.123
197 mg/1 0.2 center 0.120
0.2 edge 0.122
Final Experiments
Blood, Diffuse 1.0 0.404 0.267
Nonhemolyzed, 0.2 centerx - 0.344 0.223
9.9 gn/100 m} 0.2 edge 0.436 0.351
Collimated 1.0 0.532 0.352
0.2 center 0.358 0.192
0.2 edge 0.660 0.497
Emulsion, Diffuse 1.0 0.622 0.453
2.5% 0.2 center 0.540 0.405
0.2 edge 0.616 0.526
Collimated 1.0 0.810 0.594
0.2 centerx 0.629 0.404
0.2 ‘edge 1.004 0.79%4
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creased when only the edge of the detector was exposed.
When the 0.2 cm aperture was placed over the central part
of the detector, so that primarily forward scattered light
wasAcollected, the mean reductions in optical density were
13.8% and 33.2% for diffuse and collimated incidence,
respectively, from the contrdl value. With the aperture
piaced at the edge of the detector, the changes amounted
to increases of 14.9% and 38% over the control value, for
diffuse and collimated incidence, respectively.

Evidently, when the detector is off the axis of the
system, it collects less of the light scattered in forward
directions and a greater probortion of the laterally scat-
tered light. Thus, the light scattered in the direction of
incidence constitutes the greatest part of the light being
scattered. These experiments show that red blood cells
scatter light according to large particle optics - that is,
the forward component of the scattered light is by far the

largest.

4. Flow Effect and Rouleaux Formation
IVa. Flow rate. Preliminary measurements were made at
two sample depths, 0.025 cm and 0.071 cm, and at two flow
rates, 3.8 ml/minute and 7.6 ml/minute. Diffuse incident
light was used; hemoglobin concentration was varied.

The results (Table 5.4a) showed no differences at 0.071 cm,
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TABLE 5.4a. Flow rate
Optical Density
: Sample 6330 A 8050 A
Incident
terial . . Depth -
Material lriiumination (gm) Flow Rate (ml/minute)
1.9 3.8 7.6 15.3 38.2 1.9 3.8 7.6 15.3 38.2
Preliminary Experiments

Blood,
Nonhemolyzed Diffuse 0.025

2.5 mM/1 ' 212 .201 L164 157

3.8 .292 .288 229 220

5.4 .363 .350 285 .271

6.4 .400 .384 .310 .297

8.8 469 441 .353 .340

Diffuse 0.071 -

1.5 .280 .280 192 .192

5.1 .594 .594 439 442

7.5 .701 .702 .528 .529

10.3 .824 .826 .61l .612

11.3 .854 .854 .629 .633

Final Experiments

Blood,
Nonhemolyzed

6.8 mM/1 Diffuse 0.025 .431 .,411 .401 .379 .36% .264 .254 .251 .239 .234

6.8 mM/1 Collimated 0.025 450 .440 .412 .395 .377 247 .236 .223 .205 .199

-
811
(o1



TABLE 5.4a. Continued
Optical Density
datopiay | Incident Sampélle 6330 A 8050 A
ateria Illumination Dep Flow Rate (ml/minute)
(cm) 1.9 3.8 7.6 15.3 38.2 1.9 3.8 7.6 15.3 38.2

Emulsion, : .

10% Diffuse 0.025 .799 799 .79% .799 .799 632 .632 .632 .632 .632
Emulsion,
Pigmented

2.5% Diffuse 0.025 .632 .632 .632 .633 .632 LA22 421 422 .423 421

9sT
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but, at 0.025 cm optical density was significantly lower at
the higher flow rate (p>0.001).

For the final experiments, the smaller sample depth,
0.025 cm, was chosen. Using both diffuse and collimated
incidenc§, measurements were made at one hemoglobin concen-
tration while flow rate was varied from 1.9 to 38.2 ml/minute.
Measurements were also made on nonpigmented and pigmented
emulsions using diffuse incident light. At 0.025 cm sample
depth, flow rAté exerts a considerable effect on the optical
density of nonhemolyzed blood. The use of diffuse incidenﬁ
light serves to minimize this effect to some extent. On
the other hand, emulsions of spherical particles showed }
no variation in optical density over the same wide‘range \
of flow rates. In the historical review (Chapter II) it
was mentioned that there were no conclusive studies on the
cause of the flow effect, although two factors were thought
to be of importance; axial accumulation and particle orien-
tation were considered to be the main causes of the flow
effect. 8Since, in our experiments, it was the épherical
emulsified particles which did not exhibit any flow effect,
it would appeaf that orientation of the red blood cells
is responsible for the changes in optical density observed
when flow rate is changed. However, Wever (244) and

Bayliss (13) found that the flow effect was still present
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in suspensions of spherical red cells. Further investiga-
tion is necessary to see whether lecithin treated blood
cells show £flow dependency in our experimental system.

IVb. Rouleaux. When rouleaux formation occurs in blood,
the cells suffer a redistribution in the suspending material.
To see the effect on optical density of the accumulation of
red blood cells to form aggregates, rouleaux formation was
produced in fresh human blood by the addition of dextran.

1.5 ml of 6% dextran in normal saline was added to 15 ml of
blood. Control samples were prepared by adding 1.5 ml of | )
normal saline to blood. Rouleaux formation was confirmed =
by increased sedimentation rates. Microscopic examination
revealed that the majority of the cells had formed rouleaux
consisting of 8 to 10 cells; the range was approximaetly 4

to 20 cells. Control samples showed a few rouleaux consisting
of 2 cells, but the majority of the cells were single.

Optical density showed a small but significant decrease

when rouleaux were present as shown in Table 5.4b (p>0.001).

D. Conclusions

We have shown that the measured transmittance or optical
density of a scattering suspension is highly dependent on
the conditions under which the observation is made when both
conventional spectrophotometric and diffusing plate tech-

nigues are used.



TABLE 5.4b. Rouleaux

Optical Density

. . Sample
Incident
. 6330 A
Material T1llumination Depth 8050 A
: (cm) Control Rouleaux Control Rouleaux
Final Experiments
Blood,
Nonhemolyzed
6.1 gn/100ml | Diffuse 0.025 0.517 0.493 0.353 0.332"
6.4 " 0.552 0.543 0.380 0.370
6.1 " Collimated 0.025 0.430 0.405 0.464 - 0.446
6.4 " 0.722 0.709 0.501 0.491
6.1 " Diffuse 0.071 0.969 0.954 0.718 0.708
6.4 " R 0.981 0.978 0.746 0.734
6.1 " Collimated 0.071 1.185 1.169 0.874 0.865
p<0.01 p<0.001

651
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It is known that the diffusing plate technigue results
in decreased values of optical density when scattering
suspensions are being studied. In the present study we have’
shown that the technique also greatly minimizés the effects
caused by varying the geometrical parameters of the measuring
system. However, the diffusing plaﬁe technique possesses
several shortcomings. The optical density value is dependént
upon the degree to which the light is diffused as it emerges
from the diffuéing plate; this is in turn determined by the
diffusing properties of the plate itself and by the manner
in which it is illuminated. The most important factor appears
to be the distance between the sample chamber and the detector
in both the diffusing plate and conventional spectrophotométric
techniques. Another important consideration is the problem
of edge effects. Light scattering theories are usualiy devel-
oped for a plane parallel slab of scattering material of
infinite dimensions in the plane perpendicular to the optical
axis of the measuring system. We have also fouhd that this
factor plays a very important role in determining the apparent
optical density of a suspension. Variation of the position
of the detectof provided evidence that light scattering by
blood is predominantly in the forward direction.

With both conventional spectrophotometric techniques

and with the diffusing plate technique it is almost impossible
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to define the quantity of scattered light being collected.
In addition, the guantity which is beiﬁg measured does not
fall into any of the categories of optical density which
were defined in Chapter III, that is - specular, single
diffuse, or double diffuse density. The reason is that the
detector is neither a point detector, noxr is it one which
subtends . a solid cone angle of 180°. Consequently, such
systems cannot provide absolute values of transmittance or
of optical density.

In the present studies an increase in flow rate from
3.8 ml/minute to 7.6 ml/minute produced no change in optical
- density at the larger sample depth (0.071 cm). However, at
the smaller sample depth (0.025 cm), the optical density
showed large reductions in optical density when flow rate
was increased from 1.9 ml/minute to 38.2 ml/minute; at this
sample depth the values of optical density at 3.8 ml/minute
and at 7.6 ml/minute were significantly different (p <0.001).
The decrease in optical density with increasing'flow rate
was smaller when diffusing plates were used. These results
indicate that the geometry of the measuring syétem plays én
impqrtant role.in the flow effect. The cause of the flow
effect on optical density remains a problem to be investi-
gated.

Rouleaux formation also caused a small decrease in
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optical density. The small but significant decrease in optical
density was attributed to.ﬁhe formation of aggregates of the
pigmented particles.

In designing an instrument for the practical purpose of
measuring the oxygen saturation of nonhemolyzed blood, the
following points should be considered. The ideal system
should provide low values of optical density at a sample
depth large enough to insure repeatability and to minimize
variations in optical density due to such factors as flow
rate and rouleaux formation. The hiéh optical density of
nonhemolyzed blbod makes a very small sample depth necessary.
A compromise must be made between a very small sample depth
and accuracy of measurement. A larger sample depth may be
used if the diffusing plate technique is employed énd the
. geometrical system arranged so that the maximum émount of
scattered light is collected by the detector; this may be
accomplished by placing the detector as near as possible to
the sample and by providing a sample area much larger than
the detector area. In order to keep the quantity of blood
required for a determination to a minimum, a rather small
fiow réte is an advantage. The results have shown that a

flow rate of 3.8 ml/minute is satisfactory.



Vi. DEVIATIONS FROM BEER'S LAW BY
NONHEMOLYZED BLOOD AND OTHER
SCATTERING SUSPENSIONS

A. Introduction

Studies on the light transmitting properties of non-
hemolyzed blood and red cell suspensions which have appeared
in the literature were described in the historical review
(Chapter‘II) in detail. A brief summary of these studies
follows.

Extensive experiments were performed by Kramer and his
coileagues'(129, 131) on the relationships between the
- optical density of blood and oxygen saturation, total hemo-
giobin concentration, and sample depth (0.06vcm to 0.24 cm)
at wavelengths between 6000 A and 11000 A. The}studies of .
Drabkin and Singer (52) were concerned mainly with the
relationship between optical density and total hembglobin
concentration; their measurements were made in a region Qf
the spectrum which shows much higher light absorption,

5000 A to 6300 A, than that studied by Kramer et al.

These studies demonstrated that the relationship be-
tWeenkoptical density and oxygen saturation, at a constant
hemoglobin concentration, is linear; in other worxds, it
follows Beer's law. On the other hénd, the relationship

between optical density and total hemoglobin concentration
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deviates from Beer's law. Verification of these findings in
our laboratory was described in Chapter IV.

Kramer found that the relationship between optical density
and sample depth was nonlinear. Alternatively, in their
empirical equations describing the relationship between
optical density and concentration, Drabkin and Singer used
the product of red cell concentration times sample depth,

suggesting that the optical density of nonhemolyzed blood

~varies linearly with sample depth. However, in their study,

the majority of observations were made at a depth of 0;007‘cm.

Measurements at other sample depths consisted of two determi-

" nations at a depth of 1 cm and one estimation at a depth of

10 cm; these results did not prove the existence of a linear
relationship between optical density and sample depth.
Furthermore, Kramer demonstrated that concentration and

depth are not interchangeable for nonhemolyzed blood as

‘they are for hemolyzed blood.

Extinction coefficients for nonhemolyzed blood were
calculated by Kramer et al using‘the relationship of Beer's
law. Instead of remaining constant as they do in the case
of a nonscattering solution, they decreased as hemoglobin
concentration increased. Similar results were cbtained by
Hickam and Frayéer (97) . This obserxrvation led Kramer to

suggest that at vexry high hemoglobin concentrations the
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light transmitting properties of nonhemolyzed blood approach
those of hemolyzed blood.

In Chapter IV we showed that the relationship between
extinction coefficients for nonhemolyzed blood and total
hemoglobin concentration at 6330 A and at 8050 A could be
expressed with a high degree of accuracy by the empirical
equation

= 1
rbe (ac + b)

We decided to continue the investigation of the
relationship between optical density and sample depth at
6330 A, employing two measuring techniqués: the diffusing
plate technigue using the cuvette oximeter; and conven-
tional spectrophotometric techniques using the Beckman DU
spectrophotometer. We attempted to apply equation 4.2
to the results cobtained on whole nonhemolyzed blood,
suspensions of red celis, and scattering emulsions, at
five sample depths and using both types of measuring systems.

In this chapter we will also explore the possibility
of using equation 4.2 to describe the results obtained on
nonhemolyzed blood by previous authors who used conventional
spectrophotometric techniques - Kramer et al, Hickam and
Frayser, and Drabkin and Singer. Equation 4.2 was derived

from-results at 6330 A and 8050 A. At both these wave-
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lengths the extinction coefficient of hemoglobin is fairly
low. Similarly, the wavelengths studied by Kramer (6530 A
to 10230 aA), and by Hickam and Frayser (6600 A) as well as
one of the wavelengths studied by Drabkin and Singer (6300 A)
showed very low extinction coefficients. The extinction -
coefficient for oxygenated hemoglobin does not exceed 0.45
at wavelengths of 6300 A or longer. Of the shorter wave-
lengths studied by Drabkin, that with the highest extinction
coefficient wa;s 5780 A where € = 15.13. We expected that
if equation 4.2 could be used to describe results obtained by
other authors, it would be more likely to apply with greatér

accuracy at wavelengths with low extinction coefficients.

B.vMaterial and Methods

The following materials were studied: oxygenated whole
nonhemolyzed blood; oxygenated red blood cells suspended in
isotonic, hypétonic, and hypertonic saline; scattering
emulsions, pigmented and nonpigmented. The scattering
emulsions of n-butyl benzoate in water were prepared as
described in Chapter V.

-Measurements were made on flowing samples using the
diffusing plate technique with the cuvette oximeter, and
using the Beckman DU spectrophcoctometer with the cuvette

oximeter sample chamber inserted in the light path.
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As in Chapter V, the experiments have been divided into
a series of pieliminary experiments and a series of final
experiments. The preliminary experiments were performed
using the cuvette oximeter and the first light source,
which was described in Chapter IV. These experiments were
carried out on whole nonhemolyzed blood only. The final
experiments were performed using the cuvette oximeter with
the second light source (described in Chapter V) and also
using the Beckman DU spectrophotometer. Final experiments
were carried out on whole nonhemolyzed blood, red blood
cell suspensions, and emulsions; both nonpigmented and
| pigmented.
Since it was observed in Chapters IV and V that the
. apparent optical density of nonhemolyzed blood measured in
the cuvette oximeter with the £first light source depended
on the distance between the lamp and the diffusing plate, the
preliminary experiments were performed with the lamp'posi-
tioned at one of three levels within the chimney of the lamp
hoﬁse.

All measurements were made at a constant flow rate of
3.8 ml/minute. Five sample depths were used: 0.012, 0.025,
0.035, 0.055, and 0.071 cm. Depth was determined according
to the method of Drabkin and Austin (50) using Coomassie blue

dye. The cuvette must be dissassembled and an interface of
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silicone grease applied between the two contacting plates of
the chamber before assembling the sample chamber prior to
each experiment; this resulted in a slight uncertainty in
sample depth. The mean and standard deviation for each

sample depth is given in Table 6.1.

C. Results

All the materials studied showed the known deviations

from Bq@r's law exhibited by nonhemolyzed blood; the relation-

ship of optical density to both sample concentration and
depth was nonlinear. Complete numerical results for all
- materials at the five sample depths and at various particle

concentrations are presented in Table 6.2.

1. Optical Density and Sample Depth
The relationship between optical density and sample

depth was nonlinear for all the scattering materials

~

. //N\
studied. Fig.{'G.J)shows this relationship for nonhemolyzed

“whole blood. Oﬁé'hemoglobin concentration is represented
for the preliminary experiments, one for the final experi-
ment using the cuvette oximeter, and one for the final

experiments using the Beckman DU spectrophotometer.

N |
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TABLE 6.1. Sample depth

Sample Depth (cm)

0.0119 0.0227 0.0332 0.0540 | 0.0706
0.0123 0.0250 0.0363 0.0550 0.0707
0.0125 0.0264 0.0349 0.0543 0.0708
0.0111 0.0265 0.0358 0.0556 0.0722
0.0122 0.0243 0.0347 0.0559 0.0711

Mean 1 0.0120 9.0250 0.0350 0.0550 0.0711
s.n.2 t.0005 £.0016 t.0012 t . 0008 t.0001

aStahdard deviation = [l(n-l) z(x - X) 2] %




TABLE 6.2. Comparison of optical density values at 6330 A for various scattering

: suspensions obtained by experiment with those obtained by calculation

from equation 6.1
Optical Density
a1 Sample Depth (cm)
Materia 0.012 0.025 0.035 0.055 0.071
Exp. Eq. 6.1| Exp. Eg. 6.1 | Exp. Egq. 6.1 | Exp. Eq. 6.1 | Exp. Edq. 6.1
Preliminary Experiments, Cuvette Oximeter
Lamp Close to the Diffusing Plate
Blood »
0.7 mM/1 0.035 0.034 0.058 0.059 0.083 0.084 0.125 0.122 0.153 0.146
3.8 0.125 0.129 0.232 0.228 0.312 0.313 0.439 0.435 0.504 0.507
6.7 0.180 0.177 0.326 0.318 0.440 0.427 0.580 0.583 0.656 0.672
9.2 0.205 0.204 0.372 0.370 0.407 0.491 0.658 0.664 0.752 0.762
1.3 0.220 0.221 0.398 0.404 0.522 0.532 0.718 0.714 0.837 0.817
Lamp at an Intermediate Distance from the Diffusing Plate

Blood
1.2 mM/1 0.063 0.071 0.121 0.128 0.156 0.162 0.229 0.234 0.276 0.270
l.6 0.080 0.086 0.150 0.154 0.196 0.193 0.286 0.278 0.334 0.320
4.0 0.174 0.172 0.310 0.298 0.389 0.376 0.513 0.515 0.580 0.595
7.0 0.249 0.234 0.414 0.398 0.513 0.502 0.668 0.667 0.761 0.771
8.8 0.273 0.262 0.440 0.440 0.552 0.555 0.719 0.728 0.834 0.842
2.2 0.290 0.298 0.483 0.495 0.619 0.624 0.815 0.805 0.943 0.932

OLT



TABLE 6.2. Continued

—

Optical Den

sity

terial Sample Depth (cm)
Materia 0.012 0.025 0.035 0.055 0.071
Exp. Eq. 6.1 |Exp. Eq. 6.1 | Exp. Eg. 6.1 |Exp. Eg. 6.1 | Exp. Eq. 6.1
Lamp Distant from the Diffusing Plaﬁe

Blood ,
1.2 mM/1 0.083 0.089 0.162 0.163 0.213 0.216 0.300 0.286 0.373 0.353
3.1 0.182 0.182 0.321 0.320 0.404 0.412 0.531 0.543 0.625 0.642
7.0 0.314 0.292 0.497 0.493 0.633 0.616 0.802 0.805 0.900 0.914
9.4 0.338 0.335 0.553 0.555 0.678 0.687 0.896 0.896 0.994 1.002
12.3 0.370 0.373 0.610 0.609 0.741 0.747 0.970 0.971 1.086 1.075

Final Experiments, Beckman DU Spectrophotometera

Blood
1.8 mM/1 0.320 0.325 0.485 0.465 0.581 0.577 0.767 0.759 0.816 0.817
5.1 0.469 0.484 0.780 0.775 0.939 0.%940 1.179 1.177 1.216 1.243
7.0 0.533 0.520 0.884 0.855 1.053 1.031 1.266 1.275 1.344 1.340
8.6 0.550 0.541 0.920 0.903 1.087 1.085 1.331 1.330 1.398 1.397
11.8 0.560 0.566 0.240 0.964 1.140 1.154 1.410 1.405 1.462 1.468

Final Experiments, Cuvette Oximeter

Blood
1.0 mM/1 0.052 0.068 0.106 0.123 0.156 0.169 0.236 0.243 0.293 0.292
1.0 ' 0.059 0.068 0.118 0.123 0.162 0.170 0.249 0.244 0.301 0.292
1.4 0.093 0.092 0.170 0.164 0.234 0.224 0.341 0.320 0.407 0.382
1.7 0.090 0.110 0.189 0.197 0.253 0.268 0.365 0.378 0.446 0.449
2.5 0.141 0.148 0.254 0.262 0.345 0.352 0.482 0.489 0.578 0.577

ILT
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TABLE 6.2. Continued
Optical Density
Sample Depth (cm)
Material 0.012 0.025 0.035 0.055 0.071
Exp. Egq. 6.1| Exp. Eq. 6.1 | Exp. Eq. 6.1 | Exp. Eg. 6.1| Exp. Eg. 6.1
2.7 mM/1 0.150 0.154 0.280 0.272 0.368 0.365 0.503 0.506 0.602 0.597
3.3 0.174 0.179 0.324 0.314 0.416 0.419 0.575 0.574 0.660 0.674
4.1 0.204 0.206 0.363 0.359 0.489 0.475 0.623 0.644 0.739 0.752
4.9 0.231 0.227 0.416 0.393 0.530 0.517 0.699 0.696 0.803 0.810
6.4 0.274 0.261 0.442 0.448 0.588 0.584 0.779 0.776 0.904 0.899
7.8 0.284 0.289 0.495 0.492 0.644 0.637 0.829 0.838 0.944 0.967
8.2 0.293 0.294 0.420 0.500 0.656 0.647 0.860 0.849 0.974 0.979
8.9 0.305 0.306 0.516 0.518 0.677 0.668 0.866 0.873 "0.999 1.006
9.3 0.312 0.311 0.531 0.526 0.682 0.678 0.898 0.885 1.018 1.019
0.2 0.322 0.322 0.541 0.543 0.702 0.698 0.916 0.907 1.058 1.043
1.3 0.332 0.335 0.547 0.562 0.717 0.720 0.941 0.933 1.086 1.070
RBC 0.6%NaCl :
1.8 mM/1 0.105 0.141 0.223 0.246 0.286 0.303 0.400 0.416 0.473 0.465
2.5 . . .. . .. e .. 0.573 0.575
3.1 . o . o . o . . . . . . e o . 0.596 0.647
3.3 0.210 0.206 0.373 0.368 0.456 0.449 0.614 0.600 0.680 0.671
3.6 . . .« .« . e . . . . . . o . . 0.738 0.705
3.9 0.203 0.224 0.399 0.401 0.493 0.489 0.644 0.648 0.722 0.726
4.6 . . o .« o o« o o o e .« . . . 0.805 0.785
5.8 0.264 0.269 0.496 0.487 0.597 0.592 0.762 0.769 0.839 0.863
7.3 0.308 0.294 0.550 0.535 0.670 0.648 0.835 0.833 0.930 0.935
8.3 0.320 0.3056 0.578 0.559 0.682 0.677 0.865 0.865 0.976 0.971
11.0 0.350 0.332 0.610 0.611 0.729 0.738 0.928 0.933 1.043 1.049
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TABLE 6.2. Continued
Optical Density
. Sample Depth (cm)
Material 0.012 C.025 0.035 0.055 0.071
Exp. Eg. 6.1 Exp. Egqg. 6.1 | EXp. Egq. 6.1 | Exp. Eg. 6.1} Exp. Eg. 6.1
RBC 0.9%NaCl
© 1.8 mM/1 0.177 0.192 0.313 0.318 0.408 0.406 0.526 0.506 0.618 0.581
2.4 e o e e . . . e . . . . . . . . 0.658 0.679
3.1 o . e . . . . o . . . . .« . 0.758 0.767
3.6 .« . .« o« . e . . . e . . . . . . 0.815 0.820
3.9 0.310 0.300 0.483 0.485 0.593 0.596 0.718 0.742 0.830 0.845
4.3 0.332 0.314 0.519 0.507 0.627 0.620 0.779 0.771 0.868 0.878
4.6 .. . . . . . . . . . . . . . . 0.866 0.891
7.8 0.413 0.404 0.651 0.640 0.778 0.752 0.935 0.943 1.076 1.067
10.3 0.435 0.442 0.703 0.693 0.821 0.813 1.009 1.00% 1.133 1.139
11.9 0.422 0.459 0.683 0.718 0.822 0.838 1.033 1.039 1.168 1.172
RBC l.49%NMaCl
1.1 mM/1 0.154 0.158 0.273 0.306 0.357 0.347 0.485 0.409 0.458 0.451
1.6 0.224 0.214 0.399 0.392 0.486 0.446 0.522 0.532 0.639 0.591
2.3 0.272 0.276 0.449 0.476 0.555 0.543 0.678 0.654 0.742 0.735
2,4 0.274 0.282 0.467 0.484 0.549 0.552 0.682 0.666 0.754 0.748
3.1 . . . . . . o . . . e . e . . . 0.827 0.862
3.1 . . . . 0.550 0.549 0.644 0.628 0.764 0.764 0.854 0.866
3.3 0.327 0.345 .« .« o « . . « . e . . . . -
3.9 0.387 0.381 0.576 0.601 0.668 0.688 .« . . . . . . .
4.0 . . . . . . . . . . . . 0.866 0.856 0.962 0.976
4.1 0.394 0.392 0.590 0.612 0.702 0.702 0.845 0.862 . . . .
4.7 . . .- . 0.658 0.643 0.760 0.738 0.896 0.910 1.002 1.042
5.3 0.463 0.449 0.683 0.670 0.773 0.770 . . . . . . .
5.8 0.462 0.468 0.671 0.689 0.787 0.792 0.951 0.982 . . ..

CELT



TABLE 6.2. Continued
Optical Density
Material Sample Depth (cm)
0.012 0.025 0.035 0.055 0.071
BExp. Eg. 6.1 Exp. Eg. 6.1 | Exp. Egq. 6.1 | Exp. Eg. 6.1 | Exp. Eg. 6.1

6.6 mM/1 . . - . . . . . . . . . 1.041 1.026 1.171 1.186
6.6 . . . . . . . . 0.861 0.825 1.040 1.027 1.186 1.187
8.1 0.560 0.542 0.780 0.754 0.881 0.869 1.078 1.088 1.258 1.263
8.8 0.573 0.558 . . . . . . . . 1.138 1.110 1.312 1.292
10.2 0.581 0.588 0.805 0.792 0.942 0.914 1.171 1.150 1.308 1.343
12.8 0.520 0.630 0.834 0.824 0.967 0.952 1.235 1.204 . . . .
14 .4 0.462 0.651 0.801 0.839 0.965 0.970 1.238 1.229 1.476 1.443
Emulsion ,

2.5% 0.455 0.449 0.574 0.551 0.665 0.589 0.736 0.646 0.776 0.728
5.0 0.617 0.611 0.714 0.733 0.775 0.792 0.865 0.873 0.933 0.958
10.0 0.721 0.746 0.864 0.878 0.944 0.958 1.035 1.079 1.109 1.137
15.0 0.800 0.805 0.926 0.940 1.004 1.030 1.127 1.141 1.207 1.213
20.0 0.839 0.838 0.965 0.975 1.063 1.070 1.178 1.187 1.272 1.255
30.0 0.879 0.874 1.034 1.012 1.125 1.113 1.280 1.236 1.314 1.300
Emulsion.,

Pigmented

2.5% 0.62 mg/lb 0.446 0.454 0.632 0.601 0.736 0.667 0.869 0.778 0.966 0.910
5.0 1.25 0.667 0.660 0.846 0.859 0.969 1.000 1.206 1.228 1.394 1.435
10.0 2.50 0.851 0.852 1.114 1.098 1.380 1.333 1.778 1.728 2.079 2.016
3Collimated incidence. All other values were obtained with diffuse incident light.

Pooncentration of Sudan blue in the emulsion.

PLT
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Fig. 6.1. Relationship between optical density and sample

depth for nonhemolyzed whole blood at 6330 A. The lines

do not represent an eguation.

Curve (a): preliminary experiment with the lamp close to the
diffusing plate; hemoglobin concentration 11.3 mM/1l.

Curve (b): final experiment with the cuvette oximeter;
hemoglobin concentration 11.3 mM/1.

Curve (c): final experiment with the Beckman DU spectro-
photometer; hemoglobin concentration 11.8 mM/1l.

.07
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2. Optical Density and Particle Concentration
The results demonstrating the relationship between
optical density and particle concentration are depicted
. ' (Fig. b2 and b, 3)
graphically only for the sample depth of 0.071 em. The
dots show the experimental results. The lines represent

the equation for optical density obtained by substituting

equation 4.2 into Beer's law:

. . 1 '
Optical Densi = cd|l=l—o-=__ ¢d
P ¥ |-_érbc :\ l:( =+ D) :l 6.1

Optical density values calculated from equation 6.1 are
- presented in Table 6.2. Statistical analysis is given in
Table 6.3 and shows the standard deviation of the differ-
ences between experimental and calculated optical density

values.

a) Whole Nonhemolyzed Blood

Fig. 6.2 shows all the results obtained on whole non-
hemolyzed blood at a sample depth of 0.071 cm. Curves (a).
(b), and (c) are the results of the preliminary experiments.
It may be seen that the lowest optical density values were
obtained when the lamp was closest to the diffusing plate.
As the lamp was moved away, the optical density values

increased. Curve (d) shows the final cuvette oximeter




TABLE 6.3. Statistical analysis of the results of Table 6.2: standard deviation of the

differences between experimental values and values calculated from equation 6.1

Standard Deviation of the Differences (in optical density units)

Sample Depth (cm)

Material
0.012 0.025 0.035 0.055 0.071
Preliminary Experiments, Cuvette Oximeter

Lamp Close to the Diffusing Plate
Blood t0.0032 t0.006 t0.008 t0.005 to.015
(1.79%)P (2.0%) (2.3%) (0.9%) (2.5%)

Lamp at an Intermediate Distance from the Diffusing Plate
Blood to.010 t0.010 t0.008 t0.008 t0.012
(5.4%) (3.3%) (2.1%) (1.5%) (2.0%)
Lamp Distant from the Diffusing Plate

Blood %0.011 +0.003 t0.011 t0.009 t0.016
(4.2%) (0.6%) (2.0%) (1.3%) (2.0%)

Final Experiments, Beckman DU Spectrophotometer
Blood to.012 t0.021 t0.014 t5.007 t0.012
(2.4%) (2.6%) (1.4%) (0.6%) (1.0%)

Final Experiments, Cuvette Oximeter

Blood 10.007 10.010 t0.009 t0.011 10.012
(3.6%) (1.9%) (1.7%) (1.6%)

(2.8%)

LLT



§ TABLE 6.3. Continued

Standard Deviation of the Differences (in optical density units)

Sample Depth (cm)

Material

0.012 0.025 0.035 0.055 0.071
RBC 0.6%NaCl t0.021 t0.014 +0.013 t0.010 £6.022
‘ (8.2%) (3.1%) (2.3%) (1.3%) (2.9%)
| RBC 0.9%%NacCl t0.020 +0.018 +0.011 £0.015 +0.017
: (5.8%) (3.2%) (1.7%) (1.8%) (1.9%)
RBC 1.4%NaCl t0.058 t0.020 t0.016 t0.025 +0.025
(14 .3%) (3.4%) (2.3%) (2.7%) (2.6%)
Emulsion *0.012 *t0.019 *t0.038 *t0.049 t0.029
(1.6%) (2.3%) (4.0%) (4.7%) (2.6%)
Emulsion, +0.007 to.022 +0.052 *0.057 *0.058

Pigmented (1.1%) (2.6%) (5.2%) (4.6%)

(4.0%)

value.

8standard deviation of the differences between experimental and calculated optical density
. _ 215
values —[}/(n—l) E(d - d) J 2,

Pstandard deviation of the differences expressed as a percent of the mean optical density

8LT
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WHOLE NONHEMOLYZED BLOOD

1.4~ SMMPLE DEPTH 0.07l em __~

WAVELENGTH 6330 A
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Fig. 6.2. The points represent experimental values. The

s0lid lines were calculated from equation 6.1

Curve (a), © : preliminary experiment with the lamp close to

the diffusing plate.

preliminary experiment with the lamp at an inter-
mediate distance from the diffusing plate.
preliminary experiment with the lamp distant
from the diffusing plate.

final experiment , cuvette oximeter.

final experiment, Beckman DU spectrophotometer.

/

Curve (b), O

(2]

Curve (c¢), ©

o

Curve (d), &
Curve (e), A
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results. This curve almost coincides with curve (c¢) of the
preliminary experiments, where the lamp was distant from the
diffusing plate. These results again demonstrate that
optical density wvalues measuréd with the diffusing plate
technigue are not absolute but depend on the manner in which
the diffusing plate is illuminated.

The highest values for the optical density of nonhemo-
lyzed whole blood were obtained with the Beckman DU spectro-
photometexr. A strict comparison between optical density
values obtained with the two differené techniques cannot be
made; the means of providing monochromatic light and the
- degree of monochromacy are very different; the spectrophoto-

meter uses a phototube as detector and the cuvette oximeter.
employs selenium barrier layer photocells. However, a
qualitative comparison shows that, as expected from the
known phenomenon of the shift to higher optical density
values when conventional spectrophotometric techniques are
uséd, optical density values are higher than those obtained
with the cuvette oximeter system employing diffuse incident
“light.

We found that the equation

O0.D. = —_—1 c d
(ac + D)

could be used with a high degree of accuracy to describe
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the results obtained on whole nonhemolyzed blood in both

the preliminary and final experiments. As shown in

Table 6.3, the largest standard deviation of the differences
between experimental and calculated valueé Qas 0.021 optical
density units. Expressed as percent of the mean optical

density value, this amounts to 2.6%.

b) Red Blood Cell Suspensions

In Fig. 6.3, curves (a), (b), and (c) show the relation-
ship between optical density and the total hemoglobin concen-
tration of red blood cells suspended in NaCl solutions.

. Red cells suspended in NaCl solutions of different tonicity
showed considerable differences in apparent optical density.
This confirms the findings of other investigators (212) who
found that optical density increased when red cells were
suspended in hypertonic saline and‘decreased when the'cells
were suspended in hypotonic saline. These authors attributed
the results to the osmotically induced changes in cell size.
Curve (d) for whole nonhemolyzed blood was plotted for:
comparison with the red cell suspensions. The optical
density of red cells suspended in isotonic saline was greater
than that of whole blood of the same hemoglobin concentration.
The curve for whole blood (d) is almost coincident with that

for red blood cells in 0.6% NaCl. The differences in optical
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1.4 RED CELL SUSPENSIONS _ =" (c)
- »
SAMPLE DEPTH 0.071 cm o~ "0
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Fig. 6.3. Relationship between optical density at 6330 A and
hemoglobin concentration for red blood cell suspensions.
Sample depth was 0.071 cm. The lines were calculated from -
equation 6.1.
Curve (a), o
Curve (b), O
Curve (c), o
Curve (d), a

red blood cells suspended in 0.6% NaCl.
red blood cells suspended in 0.9% NaCl.
red blood cells suspended in 1.4% NaCl.

whole nonhemolyzed blood.
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density between red blood cells suspended in plasma and red
cells suspended in normal saline is probably due to the
difference in refractive index between plasma and 0.9% NaCl.
Barer (11, 12) showed that scattering by ted blood cells
was eliminated by suspending the cells in a solution whose
refractive index matched that of the cells. He found that
a protein solution with a concentration of 35 gm/iOO ml
was sufficient to cause a suspension of red blood cells to
take on the appearance of a solution. Since plasma contains
about 7 to 7.5 gm/100 ml protein, the refractive index
difference is reduced and consequently the red cells scatter
less light in plasma than in isotonic saline.

The degree of accuracy achieved using equation 6.1
to describe the results was again very high for the isotonic
and hypotonicvsuspensions. It was slightly less for the
hypertonic suspensions. The maximum standard deviation of
the differences between calculated and experimental values
was 0.22 optical density units for the isotonic and hypo-
tonic suspensions. This is 2.9% of the mean.optical
density value. The maximum standard deviation of the
differences fof the hypertonic suspensions was dispropor-
tionately high at the sample depth of 0.012 cm. It was
0.058 optical density units, representing 14.3% of the mean

optical density value. This high deviation is largely due
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to considerable differences between calculated and experi-
mental vaiues at the two highest hemoglobin concentrations.
At the other sample depths, the error was much smaller

(0.025 opticél density units representing‘2.7% of the mean

value).

c) Emulsions

Fig. 6.4 shows the relationShip between opticél density
and the wvolume concentration of emulsified droplets of
n-butyl benzoate, both nonpigmented (curve a) and pigmented
(curve b). Equation 6.1 was again used with a considerable
- degree of accuracy. The agreement between calculated and
experimental values was of the same order for the nonéig—
mented and pigmented emulsions. The maximum standard
deviation of the differences between calculated and experi-
mental values for the nonabsorbing emulsion was 0.049
opticgl density units. For the‘absorbing emulsion, the
maximum standard deviation of the differences was 0.058
optical density units, representing 4.0% of the mean optical
density‘valuef

The standard deviation of the differences between
calculated and experimental values was of comparable
‘magnitude at all five sample depths. However, since the

optical density values increase as sample depth increases,
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EMULSION OF n-BUTYL BENZOATE IN WATER
1.8 SAMPLE DEPTH 0.071 cm
(b) WAVELENGTH 6330 A
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Fig. 6.4. Relationship between optical density at 6330 A and
volume concentration of n-butyl benzoate emulsions. ‘Sample
depth was 0.071 cm. The solid lines were calculated from
equation 6.1. ‘

Curve (a), ® : nonpigmented emulsion.

Curve (b), m : pigmented emulsion.
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the percentage difference between calculated and experimental
observations was smaller at large sample depths.
3. Optical Density and the Product of
Concentration and Depth

Kramer demonstrated that, due to the deviations from
Beer's law, concentration and depth were not interchangeable
for nonhemolyzed blood, and thus, when optical density waé
plctted against the product of concentration times sample |
depth, a family of nonlinear curves resulted, with one
curve for each sample depth (131l). Similar graphs
(FPigures 6.5 and 6.6) were constructed for the :esults
of the final cuvette oximeter experiments on nonhemdlyzed
blood and on nonabsorbing emulsions. Families of curves
resulted for both of these scattering materials.

4. Application of Equation 6.1 to
Results in the Literature

Data in the literature on the relationship between
optical density and total hemoglobin concentration was
available froﬁ: Kramer et al (131), Figures 8a and &b;
Hickam and Frayser k97), Fig. 3; Drabkin and Singer (52),
Tables I, II, and III. 1In order to apply eguation 6.1 to
data reported in the literature, these were reproduced and
indicated by dots in Figures'6.7 (a) to 6.7 (h).

Equation 6.1 was used to describe all these results
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Fig. 6.5. Relationship between optical density and the product
of hemoglobin concentration times sample depth for whole non-
hemolyzed blood, at 6330 A. Sample depth was varied from
0.012 cm to 0.071 cm. The lines do not represent equations.
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NONHEMOLYZED BLOOD.

OPTICAL DENSITY

(a) KRAMER ET AL (131)
SAMPLE DEPTH 0.130 cm
WAVELENGTH 6530 A
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, (b) KRAMER ET AL (131)
! SAMPLE DEPTH 0.130 cm
: WAVELENGTH 10230 A
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| | 1 | | | []

0 2 4 6 8 10 12 14
Fig.'6.7. Relationship between optical density and hemoglobin

concentration for nonhemolyzed blood. The dots represent
experimental data taken from the literature. The solid lines
were calculated from equation 6.1.
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OPTICAL DENSITY
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Fig. 6.7. Continued.
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(a-h)

as shown in Fig. 6.7. The lines were calculated from this
equation and the points represent the experimental values
obtained by the various authors. The numerical results
are given in Table 6.4. Statistical analysis (Table 6.5)
shows that the standard deviation of the differences
bétween calculated and experimental results is greater for
the data dbtained from the literature than for the results
obtained in the present study (shown in Table 6.2). How-
ever, it may be seen from Fig. 6.7 that the differences
are due, td a large extent, to the fairly high degree of
scatter of experimental data about a line of best fit in
the studies from which the data was taken. The evolution
of the experimental and calculated curves shows quite close
agreement. Table 6.5 shows that the standard deviation of
the differences is fairly uniform for all the results.
Except in the study of Drabkin and Singer.at 6300 A, where the
standard deviation of the differences is 7.1% of the mean
optical density value, the value ranges from 0.062 to 0.089
representing 3.5% and 4.1% of the mean optical density
values respectively).

These results indicate that equation 6.1 is of greater
general validity than we had expected. It was originally -
derived for results obtained using the diffusing plate tech-

nigue, at sample depths of 0.027 c¢cm and 0.071 cm, and at



TABLE 6.4. Comparison of optical density values for nonhemolyzed blood in the literature
with those obtained by calculation from eguation 6.1

Hb 7 Optical Density
Authors ionQi) Exp. Egq. 6.1| Exp. Egqg. 6.1 |Exp. Eg. 6.1 | Exp. Eg. 6.1 | Exp. Eq. 6.1
' 6530 A 10230 A
Kramer 2.9 1.405 1.315
et a1® | 4.9 1.588 1.629
(131) 8.8 1.879 1.937
13.4 2.150 2.108
2.7 1.380 1.276
4.4 1.567 1.584
7.2 1.855 1.883
13.5 2.230 2.178
6600 A
Hickam 0.5 0.762 0.776
and 0.9 1.116 1.089
Frayse 1.2 1.278 1.209
(97) 1.4 1.289 1.323
1.7 1.505 1.434
2.1 1.513 1.530
2.2 1.554 1.561
2.5 1.607 1.615
3.3 1.653 1.751
3.6 1.768 1.782
3.8 1.689 1.813

96T



TABLE 6.4. Continued

Hb Optical Density

Authors|Conc.
(mM/1) Exp. Eqg. 6.1| Exp. Egq. 6.1 | ExXp. Eq. 6.1 | Exp. Eg. 6.1| EXxp. Eq. 6.1

1.827 1.837

4.1
6.3 1.998 1.979
11.2 2.132 2.113
15.0 2.313 2.161
5000 a 5420 A 5620 A 5780 A 6300 A
Drabkin . 0.392 0.507 0.398 0.424 0.405 0.416 0.408 0.418 0.432 0.573
and . 0.753 1.001 0.770 0.920 0.753 0.873 0.761 0.903 0.695 1.046
Singexr® . 1.610 1.590 1.727 1.613 1.661 1.500 1.738 1.617 1.544 1.526
(52) . 1.822 1.888 1.986 2.021 1.887 1.856 2.033 2.051 1.715 1.740

1.900 1.898 2.099 2.037 1.957 1.869 2.134 2.068 1.785 1.748
1.928 2.005 2.170 2.194 2.033 2.005 2.208 2.238 1.847 1.819
2.033 2.062 2.289 2.280 2.134 2.078 2.322 2.333 1.847 1.857
2.189 2.164 2.427 2.442 2.228 2.215 2.478 2.511 1.971 1.924
2.324 2.293 2.6792 2.654 2.457 2.392 2.748 2.747 2.041 2.004

*

. *

HFOOULBRDWWNDEHO
NN OWONONDW,

10. 2.686 2.638 3.290 3.281 2.871 2.905 3.360 3.465 2.228 2.210
11. 2.653 2.675 3.430 3.353 2.960 2.963 3.710 3.549 2.208 2.231
3sample depth = 0.130 cm
bsample depth = 0.163 cm
Cgample depth = 0.007 cm

L6T



TABLE 6.5. ©Statistical analysis of the results of Table 6.4: standard deviation of the
differences between experimental results in the literature and optical
density values calculated from equation 6.1

Authors Standard Deviation of the Differences (in optical density units)
6530 A 10230 A
Kramer 2 0.070 0.062
et al (131) (4 .0%) (3.5%)
6600 A
Hickam 0.066
and {4.1%)
Fraysefb(97)
5000 A 5420 A 5620 A 5780 A 6300 A
Drabkin 0.086 0.070 0.072 0.089 0.118
and (4.7%) (3.3%) (3.7%) (4.1%) (7.1%)
. c
Singex” (52)
qSample depth = 0.130 em
bgample depth = 0.163 cm
Csample depth = 0.007 cm

86T




199

wavelengths of 6330 A and 8050 A. The results presented in
Table 6.2 of this chapter showed that it may be applied with

a high degree of accuracy to results obtained on scattering

emulsions as well as blood, using the diffﬁsing plate cuvette I/

oximeter and the Beckman DU spectrophotometer. We have also
shown”that it applies (with somewhat lower accuracy) to
results obtained by other authors using conventional spectro-
photometric techniques, over a much wider range of sample
depths (0.007 cm to 0.163 cm), and at wavelengths from 5000 A

to 10230 A where € varies from 15.13 to less than 0.2.

D. Conclusions

We have verified the observation that whole nonhemolyzed
blood and red blood cell suspensions do not obey Beer's law
Qiﬁh respect to particle concentrétion and sample depth,
and that, unlike clear, nonscattering solutions, sample
depth and particle concentration may not be interchanged.
The results for pigmented and nonpigmented emulsions of
n-butyl benzoéte in water were qualitatively the same as
those.for blood.

- We have again demonstrated that the optical density
of red blood Cell suspensions and whole blood depends on
the measuring technique used. The diffusing plate technique

gives lower optical density values than conventional spectro-
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photometric technigques as shown by comparing the cuvette
oximeter resulis with the Beckman DU spectrophotometer
results. However, it does not provide absolute optical
density values.

The nonlinear relationship between optical density and
the concentration of scattering material may be described
with a high degree of accuracy using the empirically deter-

mined equation

1
OD. ©
{ac + Db) ¢ d

This equation was derived originally to describe the
relationship between total hemoglobin concentration in
nonheﬁolyzed blood and the optical density measured using
the diffusing plate technique at 6330 A and 8050 A. We
found that it could be applied to suspensions of red blood
cells and scattering emulsions, both absorbing and.non—
absorbing, as well as to nonhemolyzed whole blood. We also
found that it could be used for results obtained using
conventional spectrophotometric technigues in our studies
on nonhemolyzed blood and may be applied to studies by |
Kramer et al (131), Hickam and PFrayser (97), aﬂd Drabkin ahd
Singer (52). Thé application of this equation to the
results of Drabkin and Singer is particularly interesting

since these studies included wavelengths in the highly
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. absorbing region of the spectrum between 5000 A and 6000 A;
rather than in the red and near infrared regions iﬁ which
little absorption occurs.

The successful applicatioh of the above equation to
all these results indicates that, although it was derived
for a specific set of parameters, it is of considerable
general validity with respect to wavelength, type of

suspension, and measuring system employed.




VII. APPLICATION OF MULTIPLE SCATTERING THEORY
TO LIGHT TRANSMISSION BY BLOQD

AND OTHER SUSPENSIONS

A. Intrcduction

éne of our principal aims was to treat the problem of
light absorption and scattering by undiluted blood in terms
of a light scattering theory. The particle concentration of
undiluted blood is so high that a multiple scattering theory
which accounts for both coherent and incoherent scattering'
nust be used. We attempted to apply a theoxy developed by
Twersky (226-230) for a random distribution of particles
larger than the wavelength of tﬂe incident light and with a
rélative refractive index close to 1.0 to the investigation
of the scattering and absorbing properties of whole nonhemo-
lyzed blood. In a recent publication, Loewinger, Gordon,
Weinreb, and Gross (145) pointed out that this scattering
theory might be applicable to blood.

Twersky 's theoxry defines the amount of light traﬁsmitted
and scattered into the forward half space. In Chapter Vv, we
showed that the diffusing plate technique results in the
collection of a large amount of scattered light. However,
this technigque does not entirely eliminate, but only reduces,
the effects due to the,geometry'of the measuring system on

optical density. Since it is almost impossible to estimate
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the fraction of the scattered light being collected in such
a measuring system, the diffusing plate technigque does not
provide absolute measurements of the forward transmitted~and
scattered light. In order to evaluate quantitatively the
scattering and absorption of light by concentrated suspen-
sions of red blood cells, a different measuring system is
necessary - one in which the quantity of light being measured
can be defined in precise terms. The closest approximation
to the ideal instrument is the integrating sphere.

In Chapters IV and VI we showed that the nonlinear
relationship between the optical density of nonhemolyzed
blood and hemoglobin concentration may be represented by

an equation of the form

Optical Density = erbccd = E—l cd 6.1
HLac + b) '

and that this‘equation may be applied to suspensions of red
blood cells in hypotonic, iaotonic, and hypertonic solutions,
and also to emulsions of both absorbing and nonabsorbing
spherical particles. It may be applied‘to results obtained
using both the diffusing plate technigue and conventional -
spectrophotometric techniques. Its successful application
to data from the literature obtained using conventional

spectrophotometers over a wide range of wavélengths and

v
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sample depths indicates that it is of considerable general
validity. A further aim of this chapter is an attempt to
validate its applicability to the integrating sphere results
on red blood cell suspensions, scattering emulsions, and
suspensions of large artificial red blood cells. |

B. Multiple Light Scattering Theory 2pplied to
Concentrated Red Blood Cell Suspensions

The intensity which is transmitted into the forward
half space by a rapdom distribution of discrete scatterers
i's given by Twersky (230) in the following relation: /7
/// )
I/IO= e"§6§+q(6)(e—ﬁ96 d(ﬁ ‘86 Sd]- e"QGd) 7.1

'The to;cal attenuation cross section for one scatterer, 6 ’
is equal to 6 at 65 (absorption + scattering):;
qg = 65‘8 , wWhere ‘g is the particle density or number of
scatterers per unit volume; q(g) is the fraction of the
total scattering cross section of one scatterer in free
space received by the detector.

For scatterers which do ndt absorb light, equaﬁion 7.1

reduces to

/I, = e-(g65d+q(5)(l - e_‘%6 s‘d) - 7.2
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For absorbing scatterers, equation 7.1 may be written in

the form

/1, = UL I}‘ “365‘1 rq(o)(L - e"QGSd)] 7.3

The factor outside the square brackets on the right hand side

is the only term which contains GS the absorption coeffi-

a’
cient. This term corresponds to absorption by the hemoglobin
within the cell. The terms in the sguare bracket account
for the scattering by the red cells. ‘The first term in the
square brackets describes the cocherent scattering and the
second term, 'q(S) (1L - e” lSGsd) corresponds to incoherent
scattering.

For large scatterers with relative refractive index

near 1.0, Twersky has shown (227) that the scattering atten-

uation coefficient is given by
lg6 = 2%x%b(m - 1)2H(1 - H) 7.4
s -

where x = 2¥x/A , b is a length factor determined by the
dimensions of the particles, m is the relative index of

refraction, and H is the fractional volume occupied by the
‘scattering particles. The above expféssion shows thaﬁlthe
attenuation due to scattering has a parabolic distribution

with respect to particle concentration, due to the factor
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H(1l-H). Eguation 7.3 may now be written

2 2
/1, = o~ 308 [ >0 nma

+ q(S Y(L1 - e‘zxzb(m-l) ?'H(l—H)d):I

For simplification in applying this theoxry to problems in
light transmission, this eguation was expressed using the
base 10 rather than e. Taking logarithms on both sides,

equation 7.5 may be written in terms of optical density:

log I,/1I ) )
= 0.0. = §6 .a - log |:10-2x b(n-1) 2H(1-H)a

2 2 -
w8y (1 - 1072 P m-1) H(l-—H)d)—J

It may be seen that the first term on the right, ‘S 6ad'
-is equivalent to Beer's law, where density, 93', is used
instead of éoncentration, c. The second term on the right
corresponds to sdattering;it.is independent of absorption
since Gia does not appear. Scattering is related to the
red blood cell concentration in terms of hematocrit, or
the fractional volume of the system occupied by the blood

cells.

From equation 7.6 it may be seen that the relationship

between concentration and absorption is exponential while

the relationship between concentration and scattering is

’ 7.6
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parabolic.

In oxder to apply this theory to nonhemolyzed blood,
conventional spectrophotometric terms have been introduced:
concentration, ¢, in millimoles per liter was substituted
for density, (g ; € was substituted for ,6a7 H represents

hematocrit. Thus equation 7.6 becomes -

0.0. = €ca - log [107HIMA 4 (§) (1 - 107G ]
" 7.7

where s was substituted for 2x2b(m—l)2.

At constant hemoglobin concentration and sample depth,
the second term on the right hand side, corresponding to
scattering is constant and equation 7.7 is that of a straight
line, 0.D. = m'€ + D', where m' = slope = (cd), and

b' = y=intercept = -log [lO-SH(l-H)d + q(g)(lO-SH(l—H)d):l

.

In other words, with concentration and depth held constant,
the extinctioh coefficient of the pigment within the scat-
tering particle is the only independent variable and it is
linearly related to optical density.

I£ the optical density of nonhemolyzed blood at a
constant hemoglobin concentration and sample depth is plotted
against € , a straight line with a slope m' and a y—intercept,
b', should result. Since m'€ = € cd, then m'€ is neces-

sarily the optical density of hemolyzed blood.
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Now if the optical density of nonhemolyzed blood at

' a constant hemoglobin concentration is plotted against the

optical density of hemolyzed blood, a straight line with a
slope of 1.0 and the same y-intercept, b', as defined above

should result.

C. Integrating Sphere

An integrating sphere 7 inches in diameter was built in
our laboratory to be used with the Beckman DU spectrophoto-
meter (Fig. 7.1). It was designed to measure single diffuse
density. Coliimated light from the spectrophotometer strikes
the sample chamber at normal incidence; the sample chamber isv
situated‘in the usual sample position of the instrument. The
detector is placed at 30° relative to the entrance aperture.
A screen between the entrance and detector apertures prevents
light from reaching the detector before it has been reflected
f;om-the walls of the sphere. A photomultiplier attachment
is used for waveiengths up to 6300 A.

The entrance and detector apertures ére 1.0 em and
1.35 cm in diameter, respectively. The area of the sample
aperture for transmittancé measurements is identical to that
of the entrance aperture, 0.78 cmz.'

The sphere was prepared by first coating the inside

metallic surface with flat white paint, and then spraying

the surface 9 times with a 67% barium sulphate suspension




4—_ 7 n ._>

ENTRANCE
APERTURE
(0.78. cm?)

INCIDENT LIGHT FROM SPECTROPHOTOMETER

.

SAMPLE ///;v__

DETECTOR

CHAMBER
APERTURY
SCREEN (1.43 cn”)

¥ DETECTOR OF
SPECTROPHOTOMETER

Fig. 7.1. 1Integrating sphere attachment for measuring transmittance,’
built for the Beckman DU spectrophotometer.

60¢C
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in water with carboxymethylcellulose as a binder.

Since the Beckman DU spectrophotometer is a single beam
instrument, the substitution rather than the comparison method
must be used. To measure transmittance, the instrument is
standardized with distilled water in the sample chamber to
read zero optical density, that is, 100% transmittance -
according to the usual procedure for spectrophotometry. The
sample is then drawn through the cuvette at a constant flow
rate (3.8 ml/minute) and the optical density or percent
transmittance reading is taken.

As in the cuvette oximeter experiments, the sample
chamber must bé disassembled and an interface of silicone
grease applied between the two contacting plates of the
cuvette before assembling the sample chamber prior ﬁo each
experiment. The technique for measuring sample depth was
described in Chapter VI. The means and standard deviations
for the sample depths are given in Table 7.1. Five sample

depths wexre used: 0.011, 0.025, 0.035, 0.048, and 0.071 cm.

{

D. Materials

The following materials were studied: fully oxygenated
nonhemolyzed red blood cells suspended in isotonic saline;

emulsions of n-butyl benzoate in water; semipermeable micro-

capsules consisting of droplets of a hemoglobin solution
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TABLE 7.1l. Sample depth
Sample Depth (cm)
0.0112 0.0248 | 0.0356 0.0404 0.0707
0.0105 0.0245 0.0351 0.0487 0.0685
0.0110 0.0233 0.0364 0.0494 0.0709
0.0111 0.0253 0.0355 0.0467 0.0743
0.0112 0.0267 0.0339 0.0456 0.0721
0.0112 0.0262 0.0334 . . 0.0701
. . 0.0240 . . .. ..
.. 0.0242 . . .. . .
Mean 0.0110 0.0249 0.0350 0.0480 0.0711
s.n.2 t 0003 t o011 * o011 +.0017 +,0019
- 1
Qstandard deviation = [}/(n~l) E(x - x)%] 2,

encapsulated in nylon membranes (358).

The red cell suspensions and emulsions were prepared as
described in Chapter V.

The semipermeable microcapsules were prepared in the
Physiology Department of McGill University by Dr. T; M. S.
Chang. The particles have a mean diameter of 40 microns,
with a standard deviation of ¥20 microns. Contained within
the microcapsule is a solution of hemoglobin (methemoglobin
and oxyhemoglobin) at a concentration of approximately one
third that present within the normal red blood cell.

Measurements were made at discrete wavelengths between

5000 A and 6300 A.




212

E. Results
1. Red Blood Cells
Two interesting features of Twersky's theory are first,
the exponential relationship between absorption and concen-
vtration, showing that absorption obeys Beer's law, and
second, the parabolic relationship between scattering and

the fractional volume occupied by the scattering material.

a) Relationship between Ovtical Density and Wavelength

The optical density of red blood cell suspensions at
various hemoglobin concentrations was measured in the inte-
grating sphere at four wavelengths. Wavelengths at which

the extinction coefficient for oxyhemoglobin covers a wide

range were chosen: 5400 2 ( € = 15.5); 5600 A (€ = 9.3);
5050 A (€ = 5.2); 6000 A (€ = 0.8).

Fig. 7;2 shows optical density plotted against hemo-
globin concentration at the four wavelengths mentioned.
The relationship between optical density and concentration
was almost linear at the wavelength at which € is highest.
With decreasing € the evolution of the curve became more
and more parabolic as predicted by Twersky's theory. The
results indicate that at wavelengths with high extinction
coefficients, the absorption term is dominant, while at

wavelengths with low extinction coefficients the scattering

term predominates.
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1.8F RED BLOOD CELL SUSPENSIONS
[ )
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Iy
8 7
o o A
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Fig. 7.2. Optical density at a sample depth of 0.011l cm is

plotted against hemoglobin concentration at four wavelengths

at which the extinction coefficient for oxygenated hemoglobin

has a wide range of values: at 5400 B3, € is 15.5; at 5600 A,
€ is 9.3; at 5050 A, € is 5.2; at 6000 A, € is 0.8.
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b) Relationship between Optical Density and Sample Depth

Optical density was measured at five sample depths and
at two wavelengths - 5050 A and 6300 A. Fig. 7.3 shows
optical density plotted agaiﬁst sample depth at these two
wavelengths. The relationship between optical density and
depth for all hemoglobin concentrations tested was almost
linear at 5050 A where € is quite high ( € = 5.2), while
at 6300 A, where € is 26 times smaller ( € = 0.2), the
relationship was markedly nonlinear.

¢) Relationship between the Optical Density of Nonhemolyzed
Blood and the Optical Density of Hemolyzed Blood

In sectioh B of this chapter we said that if the optical
density of nonhemolyzed blood at a constant hemoglobin con-
centration and sample depth is plotted against the extinction
coefficient of hemoglobin, a straignt line with a slope
m' = ¢cd and a y—intercept b'! should result; or, if the optical
density of nonhemolyzed blood is plotted against that of
hemolyzed blood, a straight line with a slope of 1.0 and the
same y—intercept, b', should result.

Optical dénsity was varied by changing the wavelength.
Three different concentrations of nohhemolyzed and hemolyzed
blood, ranging from 2.5 to 6.3 mM/1 (4.1 to 10.6 gm/100 ml) in
hemoglobin concentration were scanned at iOO A intervals

between 5000 A and 6200 A at a sample depth of 0.011l cm.
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Optical density is plotted against sample depth at

two wavelengths, 5050 A (Fig. a) and 6300 A (Fig. b). At 5050 A,
the extinction coefficient for oxygenated hemoglobin is 5.2; at
6300 A, it is 0.2. Each line represents a different hemoglobin
concentration in mM/1l, as shown by the value beside each curve.
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At longer wavelengths, the sensitivity of the measuring
s}stem was diminished, making the use of wide slits necessary,
resulting in less monochromatic incident light. The optical
density of nonhemolyzed blood was plotted against the optical
density of hemolyzed blood of the same concentration. 1In
'each case the result was a straight line with a y intercept,
as shown in Fig. 7.4 for a hemogiobin concentration of 4.3 mM/1l.
The mean slope at the three hemoglobin concentrations studied
was close to 1.0 (0.92).

To show that this linear relationship was valid at all
sample depths, measurements wefe made at discrete wavelengths
between 5050 A and 5900 A. At sample depths greater than
0.011 cm, measurements could be made only at fairly low
hemoglobin goncentfations due to the high extinction coef-
ficients of hemoglobin in this region of the spectrum.

The reiationship between the optical density of non-
hemolyzed red blood cell suspensions and the optical.
density of hemolyzed blood at a constant hemoglobin concen-
tration was linear at all sample depths. The slope at the
various sample depths is shown in Table 7.2. There appears
to be a slight trend towards an increase in slope with
increasing sample depth. However, the mean of the slopes at
all sample depths was 0.97. This was considered to be close

enough to the theoretical prediction of 1.0 to be considered
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OPTICAL DENSITY OF NONHEMOLYZED RED BLOOD CELL SUSPENSIONS
'\

OPTICAL DENSITY OF HEMOLYZED BLOQOD
o .| | 1 -

0 .1 .2 .3 N .5 .6 .7

Fig. 7.4. The relationship between the optical density of non-
hemolyzed blood and that of hemolyzed blood is linear at a
constant hemoglobin concentration and sample depth. Each point
represents a pair of measurements at one wavelength. The wave-
length range was 5200 A to 6200 A, and measurements were made at
100 A intervals. Hemoglobin concentration was 4.3 mM/1 and
sample depth was 0.01l1l cm
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. | TABLE 7.2. Constants used in the application of Twersky's
theory to nonhemolyzed blood
Sample Hemoglobin v ’
Depth Concentration n® Slope s
(cm) Range
0.011 2.5 - 11.7 mM/1 9 0.%4 109.1
4.1 - 19.5 gn/100 ml
0.025 0.6 - 2.1 mv/1 4 0.91
0.9 - 3.5 gm/100 ml
0.9 - 8.3 gn/100 ml
0.035 0.3 - 3.1 mM/1 7 0.96 150.2
0.6 - 5.3 gm/100 ml :
0.048 0.3 - 3.1 mM/1 7 - 1.03 150.2
0.6 - 5.3 gm/100 ml
0.071 0.3 - 3.1 mM/1 - 7 1.00 150.2
Mean 0.97

@Number of observations.

as such in subsequent calculations.
This straight line relationship is veryvsignificant.
It shows that the linear relationship of Beer's law between
optical density and the extinction coefficient of hemoglobin
is valid for hemoglobin even when it is contained within
scattering particles.
‘ The quest;i.on of the identity of the absorbing properties

of hemoglobin within the red blood cell and of free hemoglobin
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had been raised by Adams, Bradley, and Macallum (3), Keilin
and Hartree {119), Jope (ll1l5), and Barer (11, 12). Drabkin
and Singer found it nécessary to use a fairly complicated
expression to relate light absorption by hemoglobin in intact
red cells to the extinction coefficient of hemoglobin in
solution.

Barer was able to show that if scattering was completely
eliminated by suspending red blood cells in concentrated
protein solutions, the suspension behaved like a hemoglobin
sdlution (11, 12). In the present experiment, the straith
‘line relationship of Fig. 7.4 demonstrates that light
absorption by the hemoglobin molecule within the red bléod
cell is the same as light absorption by free hemoglobin in

solution.

d) Application of Twersky's Theory

In order to express optical density in terms of Twersky's'
theory, it was necessary to obtain values for the constants
s and<1(g) of equation 7.7. Values of s were obtained at
each sample depth and are shown in Table 7.2. It may be seen
that, except at 0.01l cm, the values of s are almost identical
at sample depths from 0.025 cm to 0.071 cm. The mean of s
at the four iargest sample depths, 150.1, was used to calcd-

late the results at these sample depths. At 0.0ll1 cm, s was
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109.1. The value ofc;(&) was found to be 0.4 at all sample
depths.

Optical density was calculated from equation 7.7 using
these constants. Table 7.3 shows the experimental values
and the calculated values. The results are presented graph-
ically in Figures 7.5a to 7.5d. The dots represent the ex-
perimental values and the solid lines were calculated from
equation 7.7.

| The agreement between experimental and calculated values

wa§ very good. Statistical analysis is presented ‘in Table 7.4.
‘The mean of the standard deviations of the differences between
experimental observations and values calculated from Twersky‘sn
theory for all four wavelengths and five sample depths was
0.015 optical density units, or 2.0% of the mean optical
value. The maximum standard deviation of the differences
was 0.038 optical'density units, representing'5.4% of the
mean value at a sample depth cf 0.011 cm and a wavelength
of 5600 A.

The demonstration that Twersky's theory may be applied
to nonhemolyzed blood is particularly interesting since it
enables us to separate the effects of absorption from the
effects of scattering on the optical density of blood.
N Fig. 7.6 shows the results at 5050 A and at a sample depth

of 0.071 em. In this illustration, the optical density




TABLE 7.3. Comparison of optical density wvalues for red blood cell suspensions obtained by
experiment with those obtained by -calculation from equations 7.7 and 6.1
Optical Density
by Hb , Sample Depth (cm)
Conc.
(2) |/ 0.011 0.025 ‘ 0.035 A 0.048 . 0.071 .
Exp. Eqg. EqQ. Exp. EJ. Eq. Exp. Eqg. Eqg. Exp. Eq. Eq. ExXp. EJ. Eqg.
7.7 6.1 7.7 6.1 7.7 6.1 7.7 6.1 7.7 6.1

5050 0.3 . . . . . . . . . |0.148 0.157 0.153|0.210 0.214 0.220(0.319 0.316 0.334
0.6 . . . . . . |0.180 0.177 0.193| . . .. . . . . . . . . . . . . . .
0.6 . . . . . . . . . . . - |0.275 0.272 0.270(0.388 0.372 0.386|0.583 0.549 0.576
0.6 . . . . . . |0.206 0.205 0.221] . . . . . . . . . . . . . . . . . .
0.7 [0.078 0.079 0.098/0.208 0.227 0.245(0.301 0.316 0.312(0.427 0.433 0.444|0.615 0.635 0.6561
0.9 . . . . . . . . . . . |0.404 0.398 0.393|0.557 0.543 0.557|0.820 0.798 0.820
1.1 . . . |0.346 0.339 0.357| . - . . . . . . . . . . . . . . . .
1.2 . . . . . . . . . . . . |0.538 0.527 0.518|0.731 0.718 0.723]1.063 1.061 1.051
1.4 {0.405 0.429 0.447| . . . . . . . . . . . . . . . . . . . . . ..
1.5 |0.161 0.158 0.189|0.426 0.450 0.472|0.593 0.617 0.628/0.815 0.858 0.864|1.196 1.242 1.243
1.6 . . . . . « |0.502 0.499 0.509| . . . . . . . . . . . . . . . . .
1.8 [0.192 0.199 0.232| . . . . . . . . . . . . . . . . . . . . . .
2.1 . . . . . . . - . . .« ]0.893 0.876 0.854(1.176 1.188 1.183|1.668 1.701 1.662
2.1 . . . . . . |0.652 0.647 0.642 . . .. . . . . . . . . .
2.5 |0.253 0.260 0.29 . . . . e . . . . . . . . . . . . . . . .
2.5 . . . . . . . . « « |1.041 1.031 1.002]1.364 1.390 1.376/1.932 1.971 1.907
2.6 . . . . . . |0.756 0.763 0.760| . . . . . . . . . . . . . . . . . .
2.7 |[0.310 0.282 0.318{0.779 0.790 0.796|1.070 1.101 1.069|1.432 1.481 1.463(2.002 2.078 2.015
3.0 |0.313 0.307 0.341| . . . . . . . . . . . . . . . . . . . . .
3.2 . . . . . . . . . .« . 11.264 1.254 1.215]1.662 1.678 1.651 . . . .
3.8 . . . (1.040 1.078 1.031} . . . . . . . . . . . . . . . .




TABLE 7.3. Continued
Optical Density
C\ Hb Sample Depth (cm)
(a) l‘;ﬁ;“i’ 0.011 0.025 0.035 0.048 0.071
T Exp. Eq. Eq. Exp.. Eq. Eq. Exp. Edg. Egq. Exp. Eqg. Eq. Exp. Eq. Eq.
7.7 6.1 7.7 6.1 7.7 6.1 7.7 6.1 7.7 6.1
4.2 |0.430 0.415 0.443| . . . . . . . . . . . . . . . . . . . . . .
4.3 |0.434 0.423 0.449| . . . . . . . . . . . . . . . . . .
5.0 . . . . . . ]1.305 1.323 1.232] . . . . . . . . . o o . . .
5.5 |0.557 0.518 0.534|1.342 1.431 1.317/1.886 1.947 1.8%| . . . . . . .
5.6 |0.543 0.528 0.540]| . . o . o . « e . . . . . e . . . . . . . .
6.3 |0.590 0.579 0.585] . . . e . . . . . . . . o . . o .
7.0 [0.622 0.625 0.623)| . . . . .. . .« . . . . . . . .
8.7 |0.704 0.738 0.707)| . - - . . . . . . . . o . . . .
8.9 |0.697 0.736 0.713] . . . . . . . . . - .« . . . .
10.3 |0.766 0.801 0.770 . . . . . . . . . . . . . . . . . . .
11.7 |0.822 0.855 0.820) . . .- . . . . . . . . . . . . .« . . . .
5200 0.3 . . . . . - . . . . |0.164 0.177 0.173]|0.234 0.242 0.244|0.370 0.358 0.370
0.6 . . . . . . |0.201 0.201 0.202] . . . . . - . o . . . « . o e o .
0.6 . . . . . . . . . . . . |0.305 0.309 0.307]|0.429 0.423 0.429|0.645 0.624 0.645
0.9 . . . . . . . . . |0.452 0.453 0.449]0.628 0.618 0.624|0.929 0.910 0.928
1.1 . . . [0.387 0.385 0.386| . . . e e e e e . . « e e e . .
1.2 . . . . . . - . . |0.599 0.596 0.601|0.819 0.812 0.823(1.204 1.212 1.201
1.6 . . . |0.567 0.569 0.568] . . .« . o . . . o o o . . . . .
2.1 . . . . . . . . |1.010 1.004 1.001]1.364 1.363 1.358 . . . .
2.1 . . i . . . |0.746 0.734 0.744 . . . . . . . . . . . .
2.5 |0.287 0.297 0.293] . . . . . . . . . .« . . . . . . . . . .
2.5 . . . . . . . . + « [ 1.171 1.185 1.183/1.5%94 1.600 1.594 .




TABLE 7.3. Continued
Optical Density
DY Hb Sample Depth (cm)
Conc.
(a) [mM/2 0.011 0.025 0.035 0.048 0.071
Exp. Eq. Eqg. Exp. Eg. Eq. Exp. Ed. Eq. Exp. Eqg. Eqg. Exp. Eq. Eg.
7.7 6.1 7.7 6.1 7.7 6.1 7.7 6.1 7.7 6.1
- 3.2 . . . . . . . . . . . |1.456 1.446 1.452]|1.936 1.941 1.936| . . . .
4.3 10.489 0.487 0.480 . . . . . . . . . . . . . . .
6.3 ]|]0.672 0.674 0.672| . . . . . . . . . . . . . . . . .
5300( 0.3 . . . . . . .. . . . . [0.212 0.237 0.233]|0.303 0.314 0.317]|0.479 0.480 0.480
0.6 o . . . (0.257 0.270 0.264] . . . o . . . . . . . . . . . . .
0.6 .« . . . . . . . - « 10.400 0.412 0.416|0.567 0.569 0.565|0.854 0.841 0.850
0.9 . . . . . . . . . . - |0.598 0.611 0.603(0.827 0.835 0.830(1.240 1.230 1.243
1.1 . |0.508 0.518 0.507| . - . . - e « - .. . . .. .. . .
1.2 . . . . . . . . . |0.800 0.813 0.802|1.102 1.110 1.108(1.658 1.632 1.652
l.6 . . . 0.747 0.767 0.749| . . . . . . . . .o . . . . . . .
2.1 . . . . . . . . . . . . |1.360 1.371 1.350|1.896 1.867 1.888| . . . . . .
2.1 e e e . . |0.987 0.998 0.986 . . . . . . . . . . . .
2.510.381 0.414 0.407| . . = . . . . .o . . . . . . . . . . . .
2.5 e o e . . . . . . . |1.600 1.625 1.597]|2.250 2.204 2.248 . . .
3.2 . . . . . . . . . . - |1.957 1.998 1.962 . . . . . . . .
4.3 10.676 0.688 0.675| . . . . . . . . . . . . . . . . .
6.3]0.956 0.971 0.956| . . . . . . . . . . . . . . .- . . . . .
- 5600| 0.3 . . . . . . . . . . . |0.185 0.205 0.198(0.263 0.280 0.274(0.419 0.424 0.414
0.6 . . . . . |0.228 0.232 0.228] . . . . . . . . . . . . . . . . . .
0.6 . . . . . . . . . . |0.346 0.358 0.353|0.484 0.488 0.485(0.738 0.723 0.738
0.9 - S . . . . . . - « |0.516 0.525 0.517(0.712 0.717 0.710]/1.068 1.056 1.057
1.1 . . e . . |0.442 0.446 0.440| . . . . . . .. . .. L. .. .

£ee



TABLE 7.3. Continued
Optical Density
DY Hb Sample Depth (cm)
Conc.
(a) /1 0.011 0.025 0.035 0.048 0.071
: Exp. Edg. Eq. |Exp. Eqg. EqQ. EXp. EdJ. Fg. Exp. Ed. Eqg. Exp. Eq. Eq.
7.1 6.1 7.7 6.1 7.7 6.1 7.7 6.1 7.7 @ 6.1
1.2 . . . . . . . . . . |0.689 0.697 0.688|0.943 0.951 0.943|1.377 1.397 1.377
1.6 . - . . « |0.648 0.649 0.650| . . . . . . . . .. . . . . . . ..
1.8| 0.238 0.272 0.268| . . . . e e . . . . . . . . . . . . .
2.1 . . . . . . . . . - - |1.176 1.171 1.165[1.582 1.592 1.587| . . . . . .
2.1 . . . . . - |0.857 0.855 0.857] . . . . . . . . . . . . . . . . .
2.5 0.341 0.357 0.350( . . . . . . o e . . - . . . . . . . . .
2.5 . . . .. . . . 1.369 1.385 1.382|1.886 1.875 1.878
3.0 0.391 0.423 0.410 . . . . . . . . . . . . . . . . . . .
3.2 . . . . . . . . 1.710 1.698 1.70412.310 2.287 2.305 ..
4.2| 0.548 0.579 0.554| . . . . . . . N . . . . . .
4.3| 0.588 0.590 0.564 . . . . . . . . . . . .
5.6 0.701 0.747 0.706| . . . . . . . . . . . . . . . .
6.3 0.824 0.825 0.778 . . . . . . . . . . . . .
7.0] 0.829 0.922 0.843| . . . . . . . . . . . . . . .
8.9| 0.970 1.082 1.006] . . . . . . . . . . . . . .
10.3] 1.116 1.202 1.116 . . . . e . . . . . . . .
11.7] 1.229 1.310 1.217| - . . . . . . . . . . . . . .

vee
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Fig. 7.5. Optical density is plotted against hemoglobin con-
centration. The dots represent experimental values of optical
density. The solid lines represent optical density values
calculated according to equation 7.7, based on Twersky's theory.
‘The dotted lines were calculated from the empirical relationship
of equation 6.1. Results are shown at five sample depths - 0.011,
0.025, 0.035, 0.048, and 0.071 cm, and at four wavelengths -

5050 A (Fig. a), 5200 A (Fig. b), 5300 A (Fig. c), and 5600 A
(Fig. d).
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TABLE 7.4. Statistical analysis of the results of Table 7.3: standard deviation of
the differences between experimental values and values calculated from
equations 7.7 and 6.1
Standard Deviation of the Differences (in optical density units)
Wav?iength ' Sample Depth (cm)
) 0.011 0.25 -0.035 0.048 0.071
Eq.7.7 Eq.6.1 |Eq.7.7 Eq.6.) |Eq.7.7 Eq.6.1 | Eq.7.7 Eq.6.1 | Eq.7.7 Eq.6.1
5050 £0.0242£0.016° [£0.025 *0.030 [ £0.025 *0.024 | *0.023 *0.004 | *0.034 *0.024
(5.1%)°(3.5%) [(3.9%) (4.2%) | (3.2%) (3.1%) | (2.6%) (0.5%) | (3.0%) (2.1%)
5200 t0.006 *0.007 [*0.006 t0.001 | *0.009 *0.007 | 0.007 *0.005 | 6.008 %0.004
(1.3%) (1.5%) [(1.3%) (0.3%) | (L.2%) (1.0%) | (0.7%) (0.5%) | (1.0%) (0.5%)
5300 t0.011 t0.015 [*0.004 *0.002 | t0.010 t0.010 | £0.024 *t0.008| *0.011 *0.003
(1.7%) (2.3%) |(0.7%) (0.3%) | (1.1%) (1.0%) | (2.1%) (0.7%) | (1.0%) (0.3%)
5600 t0.038 *0.024 [+0.003 +0.002 | %0.011 *0.009 | £0.014 *0.006 | *0.016 t0.007
(5.4%) (3.3%) | (0.5%) (0.3%) | (L.3%) (1.1%) | (1.2%) (0.5%) | (1.8%) (0.7%)
" 3gtandard deviation of the differences between experimental optical density values and
those calculated from equation 7.7.
Standard deviation of the differences between experimental optical density values and

those calculated from equation 6.1

S.D.D. = E./(n—l) S(d - 5)2] %,

Cstandard deviation of the differences expressed as a percent of the mean optical density
value.
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components due to scattering and absorption have been plotted
separately. Curve (b) shows the linearvrelationShip between
optical density and absorption. Curve (c) shows the para-
bolic’relationship between optical density and scattering,
and curve (a) is the composite curve showing the nonlinear
relationship between total optical density and concentration.
Curve (c), which represents the scattering component, remains
the same for this sample depth when the wavelength is varied.
Thus, the optical density at 5300 A, for example, is obtained
by changing only curve (b), which now becomes the product of
the extinction coefficient for hemoglobin at 5300 A times
the sample concentration and depth, and then summing curve (c¢)
with the new curve (b).

The results show that Twersky's theoxy for the multiple
scattering of waves by a random distribution of arbitrary
scatterers may be applied to nonhemolyzed blood using only
the constants required by the theory, s and q(g) . anerical’
values for the two constants were obtained empirically. As
mentioned in section B, s was substituted for 2x2b(m-l)2
where x = 2Wxr/N , b is a factor deﬁermined by the dimensions
of the particles, and m is the relative refractive indéx.
q(g) depends on the solid cone angle subtended by the
detector.

In view of the technical difficulties inherent in the
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integrating sphere technique, it was impossible to insure

that alllscattered light was collected;-consequently, we did
not feel justified in trying to analyze the components which
contribute to s (refractive index and cell size) or the exact .
significance of q(S).. In Chapter III we pointed out that,
theoretically, the integrating sphere collects all light
scattered intq either the forward or backward hemisphere; how-
ever, in practice, it is extremely difficult to obtain abso-
lute transmittance values for the following reasons. (i) The
presence of screens and apertures results in a departure from
the ideal measuring system. (ii) It is known (200) that in a
sample chamber consisting of plane parallel plates,vthere is
always a loss of scattered light from the sides of the sample
chamber. (iii) The incident light from the Beckman DU spectro-
photometer is slightly divergent rather than parallel. (iv) A
very important technical factor is the problem of‘surface re-
flections. This problem arises when the iﬁdex of refraction
of the medium surrounding the sample chamber or sample differs
from that of the sample. Extremely complicated measuring
systems have been devised to circumvent this problem (53, 247);
these methods require filling the integrating sphere with a
material of the séme refractive index as the matrix or sus-
pending material.

We have not included wavelength in the calculations,
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although the square of the wavelength appears in the denom-
inator of the exponent of the scattering term. Since, over
the wavelength range we have studied, ‘A changes only by 2%,
and since the relationship between the optical density of
nonhemolyzed blood was linearly related to € ovér this
range (as shown in Fig. 7.4), we treated this factor as a
constant in the present experiments.

The size and shape of the red blood cells affect the
light scattering properties of nonhemolyzed blood. However,
this problem is a refinement of the basic question of the

light scattering and absorption by blood.

e) Application of Equation 6.1

our next step was to see if equation 6.1, optical densi-
ty = c¢d/(ac + b), could be applied to results obtained with
‘thé integrating sphere. This equation was obtained empirically
from éuvette oxXimeter ekpefiments described in Chapter IV; its
applicability to results obtained at 6330 A on a wide variety
of suspensions with various measuring systems was deménstrated
in Chapter VI..

Optical density was calculated from equation 6.1 for all
the results in this section. The constants a and b were re-
determined for each wavelength and sample depth. The values
calculated from equation 6.1 are shown by the dotted lines

in Figures/5a to75d, the same graphs in which the results
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calculated using Twersky's theory were compared with the
experimental values. Numerical results are presented in
Table 7.3. The agreement between calculated and experimen-
tal values was slightly better for equation 6.1 than it
was for equation 7.7, as shown in the statistical analysis
presented in Table 7.4.

For equation 6.1, the mean of the standard deviations
of the differences between experimental and calculated
values was 0.609 optical density units (or 1.4% of the mean
value) . The maximum standard deviation of the differences’
was 0.030 optical density units, representing 4.2% of the
mean value at a sample depth of 0.025 cm and at a wavelength
of 5050 A.

A high degree of accuracy was achieved using both equa-
tions, but as we noted, it was slightly higher using equation
6.1. However, equation 6.1 is purely empirical. It provides
no insight into the actual scattering and absorption of light
by red blood cells. In addition, it was necessary to redeter-
mine the constants at each sample depth and wavelength when
this equation was used. Of the two constants which were
required for thé successful application of Twersky's thoery
to nonhemolyzed blood, only one constant, s, had to be re-
determined and this was necessary only at the smallest sample

depth, 0.011l cm. Although the empirical relationship of
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equation 6.1 does not provide insight into the scattering and
absorbing phenomena occurring in the red cell suspensions, it
does provide a mathematical relationship whose usefulness has
been demonstrated in Chapter IV for the estimation of the
oxygen saturation of nonhemolyzed whole blood. The applica-
‘bility of equation 6.1 to the results obtained with the
integrating sphere demonstrates that this expression may be
used not only for various systems and sample depths, but also
for a wide variety of wavelengths. This indicates that it
should be poésible for other laboratories to adopt the tech-
nique described in Chapter IV for measuring oxygen saturation,

although different measuring systems may be used.

2. Semipermeable Microcapsules

The optical density of semipermeable microcapsule sus-
pehsions was measured in the integrating sphere at four
wavéléngths, from 5200 A to 5800 A. sSince the concentration -
of hemoglobin within the microcapsule is only one third of
that which is present in the normal red blood cell and conse-
guently the light absorption of the microcapsules is guite
low, the measurements were made at a sample depth of 0.071 cm.
The fractional volume occupied by the particles was varied
from 4% to 44%.

A "Iysedf suspension could not be obtained since it was

impossible to destroy the particle membranes completely.




Ultrasonication caused a fraction of the particles to be
ruptured. After centrifuging, the clear supernatant was
scanned in the Beckman DU spectrophotometer and relative
values were obtained for the extinction coefficients. The
scan is shown in Fig. 7.7. The pigment contained within the
particles appears to be a mixture of methemoglobin and oxy-
genated hemoglobin.

Theroptical density of the microsphere suspensions was
plotted against the relative extinction coefficients. The
results consisted of a family of straight lines with y inter-
cepts and with slopes equal to 33.8 €rcd, where Er is the
relative extinction coefficient obtained from Fig. 7.7. The
factor 33.8 was necessary since the relationship between the
concentration of the solution from which the relétive ex-
tinction coefficients were obtained and the concentrati@n of
the solution within the particles was unknown. The constants
s and q(S) were obtained from the y—intercepts, as they were‘
in the case of red blood cells.

A satisfactory agreement between optical density values
calculated according to equation 7.7 and the experimental |
results was obtained as shown in Fig. 7.8 and Table 7.5.

The dots represent the experimental results and the solid
lines were calculated from equation 7.7. Optical density is

plotted against H, the fractional volume of the suspension
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Fig. 7.8. Optical density is plotted against % concentration.
The dots represent experimental values. The solid lines were

calculated from equation 7.7, and the dotted lines, from equa-
tion 6.1. Results are shown at a sample depth of 0.071 cm and

at four wavelengths. The results at 5200 A and at 5600 A
coincided.




TABLE 7.5. Comparison of optical density values for suspensions of semipermeable microcapsules
at a sample depth of 0.071 cm obtained by experiment with those obtained by calcu-
lation from equations 7.7 and 6.1

Optical Density

Conc. Wavelength (A)

(%) 5200 | 5400 ' 5600 5800
Exp. Eg.7.7 Egq.6.1 Exp. Egq.7.7 Eq.6.1 Exp. Eq.7.7 Eq.6.1 Exp. EqQ.7.7 Eq.6.1

3.9 0.046 0.043 0.045 0.053 0.050 0.052 0.046 0.043 0.045 0.038 0.035 0.037
12.5 0.134 0.134 0.138 0.158 0.158 0.160 0.136 0.134 0.138 0.110 0.110 0.111
13.2 0.150 0.141 0.145 0.170 0.166 0.168 0.150 0.141 0.145 0.120 0.116 0.117
18.2 0.194 0.192 0.195 0.223 0.227 0.227 0.196 0.192 0.195 0.154 0.157 0.157
43.9 0.420 0.429 0.418 0.500 0.513 0.494 0.420 0.429 0.418 0.330 0.345 0.326
s.n,n.2 t.007 %.004 t,007 *.004 t.007 t.o002 t. 007 *.003
% of Meanb 3.5 2.0 3.1 1.5 3 1.3 5.0 . 1.9

.5

8standard deviation of the_differences between experimental and calculated values.
sp.0. = [L/(n-1) 3(a - O] 4. |

bgtandard deviation of the differences éxpressed as a percent of the mean optical density value.

6€2
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occupied by the particles. The maximum standard deviation of
the differences was 0.007 optical density units, representing
5.0% of the mean optical density wvalue at 5800 A.

We found that the empirical expression O0.D. = cd/(ac + b)
could also be applied to this material. The agreement betweeﬁ
calculated values of optical density (shown by dotted lines
in Fig. 7.8) and experimental optical density values was
extremely good. The maximum standard deviation of the dif-
ferences between the ekperimental aﬂa calculated values was
0.004 units representing 2.0% of the mean optical density

value at 5050 A.

3. Emulsions

Twersky 's theory has been successfully applied to two
different scattering suspenéions - red blood cells and semi-
permeable microcapsules. Howevér, both these suspensions
are light absorbing. So we attempted a similar experiment
on nonabsoxbiﬁg emulsiohé of n-butyl benzdate in water.

Since the emulsified particles are large compared to
the wavelength (1 to 4 microné in diameter), and the re-
fractive index of n-butyl.benzoate relative to water is
fairly small, 1.13 (absolute refractive index = 1.50), the
requirements for applying'Twersky's theory are fulfilled.
Since the emulsion consists of a nonabsorbing liquid dis-

persed in water, optical density values were calculated
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using Twersky's theory for multiple scattering by nonabsorb-
ing particles, equation 7.2, at two wavelengths, 5000 A and
6300 A. Equation 7.2 was simplified in a manner similar to

that of equation 7.3 for nonhemolyzed blood cells:

0.D. = -log [107HMA , g(§) (1 - 1o HUEMY]

Concentration was varied from 1.5% to 20%. Optical
density was measured at 5000 A, 5200 A, 5400 A, 5600 A,

5800 A, 6000 A, and 6300 A., at a sample depth of 0.01l1l cm.
Measurements were made only at the smallest sample depth
since the optical density levels were fairly high for this
light scéttering material.

There was very little variation in optical density over
the entire range of wavelengths, although there was a slight
decrease as wavelength increased (Table 7.6).

The experimental results and calculated equations (solid
lines) are shown in Fig. 7.9. The accuracy of the calculated
values was not very high. Statistical analysis (Table 7.7)
shows that the standard deviations of the diffe;ences between
experimental and calculatéd results were 0.042 and 0.037
optical density units at 5000 A and 6300 A, respectively,
xepresenting 5.7% and 5.4% of the mean optical density values
at these two wavelengths.

Next we tested to see if equation 6.1 could be applied to




TABLE 7.6. Optical density of emulsions of n-butyl benzoate in water at a sample depth

of 0.011 cm
Concentration Optical Density
(%) Wavelength (A)
5000 5200 5400 5600 5800 6000 6300
1.5 0.280 0.272 0.263 0.259 0.253 0.249 0.242
3.0 0.497 0.487 0.477 0.468 0.456 0.450 0.443
6.0 0.731 0.71° 0.710 0.705 0.691 0.692 0.683
10.0 0.877 0.862 0.862 0.853 0.846 0.844 0.843
15.0 0.956 0.944 0.938 0.934 0.926 40.920 0.917
20.0 1.020 1.008 0.996 0.994 ’ 0.987 0.983 0.981

(444
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Fig. 7.9. The optical density of nonabsorbing emulsions of

n-butyl benzoate is plotted against % concentration. The solid
lines were calculatgd from equation 7.7, and the dotted lines,
from equation 6.1. Results are shown at a sample depth of
0.011 cm, and at two wavelengths, 5000 A and 6300 A.
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TABLE 7.7. Comparison of optical density values for emulsions
of n-butyl benzoate in water at a sample depth of
0.011 cm obtained by experiment with those calcu-
lated from equations 7.7 and 6.1

Optical Density

Conc. Wavelength (A)
(%) 5000 6300
Exp. Eq.7.8 Eq.6.1 | Exp. Eg.7.8 Eg.6.1
1.5 0.280 0.261 0.319 0.242 0.223 0.290
3.0 0.497 0.484 0.508 0.443 0.418 0.468
6.0 0.731 0.787 0.722 0.683 0.710 0.674
10.0 0.877 0.947 0.867 0.843 0.904 0.819
15.0 0.956 0.999 0.965 .| 0.917 0.976 0.918
20.0 1.020 0.998 1.022 0.981 0.994 0.976
s.D.D.2 * 042 t.01s t.037 *.026
% of Mean’ 5.7 2.5 5.4 3.8

8standard deviation of the differences between expefimgntal
and calculated values. S.D.D. = [}/(n-l) Ead - d) J ‘.,

bgtandard deviation of the differences expressed as a percent
of the mean optical density wvalue.
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the results obtained on the nonabsorbing emulsion in the
integratin§ sphere.

It was possible to use eqguation 6.1, 0.D. = cd/(aq + b)),
' to calculate optical density with a higher degree of accuracy.
The calculated results are shown in Fig. 7.9 by the dotted
lines. Statistical analysis (Table 7.7) shows that the stand-
ard deviations of the differences between experimental and
calculated values of optical density were 0.018 and 0.026
optical density units at 5000 A and 6300 A, respectively,
representing 2.5% and 3.8% of the mean value. Thus, the
agreement between measured values of optical density and
those calculated from equation 6.1 was considerably better

than the agreement obtained when Twersky's theory was used.

F. Conclusions

The linear relationship between the optical density of
nonhemolyzed blood and hemolyzed blood is a significant
finding, indicating that light absorption by intracellular
hemoglobin is the same as light absorption by £ree heﬁo—
globin.

The results have demonstrated that the general férmalism
developed by Twersky for the multiple scattering of light
by large particles with relative refractive index close to
1.0 may be applied to a variety of scattering suspensions.

It was successfully applied to undiluted'nonhemolyzed blood
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and to suspensions of artificial red blood cells; it was also
applied, with a smaller degree of accufacy. to nonabsorbing
light scattering emulsions.

The successful use of equation 7.7 enables us to eval-

uate separately the contributions of absorption and scattering

to the total optical density of the blood. It also demon--

strates that both total hemoglobin concentration and hemato-

crit determine the optical density of nonhemolyzed blood;

this means that the size of the red cells is an important

factor and sheds -light upon the observed optical densigg

changes brought about by osmotically induced changes in cell

size.

The complexity of the relationship between light trans-
mission and light absorption by the pigment, which is the
basis of whole blood oximetry, indicates why the previous
oximetric technique of relating the ratio of Ehe optical
densities at two wavelengths to oxygen saturation, estimated
by a reference method, gave results of limited accuracy and
could be used'only'over a restricted range of hemoglobin con-
centrations. fhis topic will be analyzed in Chapter IX.

We also showed that the empirical expression optical
density = cd/(ac + b) can be used to describe the results
obtained for the three scattering materials stuﬁied; the

accuracy was slightly better than that obtained using
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Twersky ‘s theory. Although it does not provide any infor-
mation concerning the actual absorbing and scattering proc-
esses occurring in concentrated red blood cell suspensions,

this equation does provide the most practical and accurate

solution to the problem of estimating oxygen saturation in

nonhemolyzed whole blood.

Both equations were succéssfully applied to measurements
made on three scattering suspensions whose mean particle
diameters were 1 to 4 microns, 8 microns, and 40 microns,
over a range of wavelengths encompassing a considerable
change in extinction coefficients, and at five sample depths
varying from 0.0l11l to 0.071 cm.

It is interesting to compare the form of equation 7.7,
derived from Twersky's theory with the equations proposed
by Drabkin and Singer to describe the optical density of
suspensions of red blood cells in normal saline and of fat
pafticles in hemoglobin solutions. These equations were
gquoted in Chapter II, Section Dla, and will be restated.

For suspensions of fat particles in hemoglobin solutions

By = B, *+ Eg 2.17

where Et is the total optical density of the suspension,

P
alone, and Eg is the extinction due to scattering by the fat

E. = €cd, or the optical density of the hemoglobin solution
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particles. For suspensions of nonhemolyzed red blood cells,

Ey = £,E, + Eg 2.18

where fl is a function of (NA)® , where N and d are the cbn-
centration and depth of the sample, and n is an empirical

constant. For N greater than 3.6 x log/cm3, £, was approx-

1
imately 1.0 and equation 2.18 reduced td 2.17.
The form of equation 2.17 is identical to that of egqua-
tion 7.7 which states that the total‘optical density of a
suspension of red blood cells is equal to the sum of the
wﬁmﬁmdmto&mmumbymemmmtaMtMeﬁMm
tion due to scattering by the particles. Perhaps if hémo-
globin conceﬂtration and hematocrit had been used instead of
N, and if a measuring system in which all the scattered
light was collected had been ﬁsed. it would not have been
necessary to include the factor f, in equation 2.18 for

particle concentrations less than 3.6 x‘log/cmB.




VIII. REFLECTANCE AND TRANSMITTANCE BY

RED BLOOD CELIL SUSPENSIONS

A. Introduction

The first measurements of lthe light reflected by nonhemo- .
lyzed blood were made by Brinkman and Zijlstra in 1949 (22); .
this was the beginning of reflection oximetry. Since this
time, several techniques have been developed.

Reflection oximetry is based on the reflectance of infi-
nitely thick layers of nonhemolyzed blood - that is, on
samples which transmit no light. Brinkman and Zijlstra,
Kramer et al (132), and Refsum and Hisdal (185) assumed that
reflection is exponentially related to oxygen saturation
(that is, to the extingtion coefficient of the hemoglobin
within the red cell). Another method was suggested by
Rodrigo (190) who applied the Schuster theory to infinitely
thick., nontransmitting layers of blood, using the relationship
Reo = 1/2p where p = a/Psi Ry is the reflectance of an
infinitely thick layer of scattering material, a is ’the absorp-
tion coefficient, s is the scattering coefficient, and Q is
the backward scattered fraction of the total scattered light.
This theory was applied by Polanyi et al (18l) to the construc-
tion of a reflection oximeter. In both reflectance techniques,
the accuracy and the ranges of oxygen saturation and hemoglobin

concentration to which the methods may be applied are quite
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limited. Enson et al (58) reported that the method is satis-
factory for hematocrits between 30% a.nd 80%, but individual
calibration is required outside this range.

The aim of most reflectance studies has been the develop-
ment of methods for estimating oxygen saturation on an empir- .
ical basis. Investigations into the basic reflecting proper-'-
ties of nonhemolyzed blood have been few. Kramer and his
colleagues demoﬁstrated three phenomena: (i) reflectance was
inversely proportional to absorption - in other words, in
spectral regions where transmittance was high, reflectance’
was also high; (ii) reflectance became asymptotic with increas-
ing sample depth; (iii) the relationship between reflectance
and hemoglobin concentration was parabolic. These measure-
ments were made on sample depths ranging from 0.l13 cm to
1.3 em. Enson et al using an intracardiac reflection oximeter
also showed that the relatioqship between reflectance and
concentration was parabolic for infinitely thick sarﬁples.

The theoretical relationship between reflectance and
the absorption of light by the hemoglobin molecule is open
to question. Kramer assumed, as did Brinkman and Zijlstra,
that this relation-ship was exponential. Rodrigo and, later,
Polanyi advocated the application of the Schuster theory to

light' reflectance by nonhemolyzed blood. However, it was

pointed out in Chapter III that the Schuster theory is a
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simplified version of radiative transfer theory. Such treat-
ments consider only the incoherent aspects of scattering;
the requirement that the particle separation must be greater
than that present in undiluted blood is not met. |

To our knowledge, no wave treatment for the multiple
scattering of lighﬁ into the back half-space has been derived
for the range of parameters which apply to the study of
nonhemolyzed blood; these parameters include particle size,
wavelength, and relative index of refraction. It does,
however, seem reasonable to assume that the reflected liqhﬁ
must follow, qualitatively, a law vexy similar to that fol-
lowed by the forward scattered light. To investigate the
validity of this assumption, results obtained from reflec- n
- tance measurements were comparedlwith fhose obtained at the
same wavelength, sample depth, and concentration for the
light transmitted by red blood cell suspensions. 1In order
to study sampies which transmitted light as well aslreflected
light it was necessary to use sample depths much smaller

than those used in other studies.

B. Method

. The seven inch sphere which was described in Chapter VII
was used for transmittance measurements and an integrating

sphere four inches in diameter was used for reflectance meas-
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urements. The seven inch sphere was uséd to minimize erxrrors
caused by the presence of the sample aﬁd entrance apertures.
It was found, however, that the light from the Beckman DU
spectrophotometer showed considerable divergence upon reaching
the sample chémber when it was in position for reflectance
measurements. Although the light was still slightly diver-
gent in the four inch sphere, this size was considered to be
the best possible compromise, since errors due to apertures
and screens become significant when éhe sphere is reduced
below this size.

As in the seven inch sphere, the entrance and detector
apertures of the four inch sphere are 1.0 cm and 1.35 cm in
diameter, respectively. The area of the apexture in the
four inch sphere for the reflectance sample is 2.33 cmz.
The sample aperture for transmittance measurements in the
seven inch sphere is 0.78 cm?. |

The preparation of the inside surface of the féur inch
spheré was identical to that described in Chapter VII for
the seven inch sphere.

The procedure for measuring the transmittance of samples
in thé seven iﬁch sphere was described in Chapter VII.

' In order to measure reflectance, the sample chamber is
placed directly opposite the entrance aperture»as shown in

‘Fig. 8.1. The light specularly reflected from both the sample

chamber and from the sample itself passes back out through
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the entrance aperture. Thus, the inst:ument provides a
measure of diffuse reflectance rather than total reflectance.
The position of the detector is the same for both trans-
mittance and réflectance measurements.

In oxder to provide a method for standardizing the
integrating sphere attachment for the BeckmanFDU spectro-
photometer, it is necessary to use a reflectance standard
which can be removed from the sample chamber without dis-
assembling the system. For this purpose, a 50% emulsiqn of
n-putyl benzoate'in‘water is drawn through the cuvette and'
the transmittance scale is set to 100%. When the sample is
drawn through the cuvette, the reading is taken in percent
on the transmittance scale. The values obtained are then \
corrected in terms of the absolute value of the reflectance
of the 50% nébutyl beﬁzoate emulsion with reference to mag-
nesium oxide.

The reflectance of n-butyl benzoate with reference to
magnesium oxide was obtained using the Beckman DK2a Spectro-
reflectometer (kindly lent by Domtar Research Laboratories,
Senneville, Quebec). Thevreflectance of the 50% emulsion
with reference to magnesium oxide as measured in the Beckman
DK2a integrating sphere spectrophotometer was found to decrease
in. an app:oximately linear fashion over the wavelength region

from 5000 A to 7000 A by about 2%. At 6300 A its reflectance
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at a sample depth of 0.071 cm, was 0.51.

As described previously (Chaptexr IV), the sample chamber
consists of twq lucite plates. 1In order to prevent transmitted
light from being reflected back into the sample and then back
into the integrating sphere, a black light trap was placed
behind the sample chamber. Even with the black light trap the
reflectance of the sample chamber filled with saline was of
the order of 1.5% with reference to magnesium oxide, measured
in the Beckman DK2a spectrophotometer. This represents only a
slight error. : |

To standardize the reflectance measureﬁents of samples
contained within the sample chamber and thus, to reduce as
much as possible the effects of reflections from the surfaces
of the sample chamber, the reflectance of a sample of opaque
white paper showing a high degree of diffuse reflectance was
measured both directly and within the sample chamber using
the Beckman DK2a Spectroreflectometer. The reflectance of
the paper was 0.95; its value was constant over the wave-
length range from 5000 A to 7000 A. When the paper was placed
in thg sample chamber, its measured reflectance was 0.73.
Thus, it was hecessary to correct the measured reflectance
valugs of samples contained within the sample chamber by the
factor 0.95/0.73 = 1.29. The discrepancy between the two

reflectance values for the white standard is largely due to
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loss of scattered light which emerges laterally from the
sample chambef, since the sample chamber is separated from
the sphere by the lucite sample chamber wall.

The reflectance of the 50% n-butyl benzoate emulsion was
0.51. Its corrected value was 0.51 x 1.29 = 0.66. Thus,
values measured in the integrating sphere attachment built-
for ﬁhe Beckman DU spectrophotometer were corrected by the
factor 0.66 to obtain their absolute values with réspeét to
magnesium oxide.

Measurements on concentrated suspensions of oxygenated
red blood cells in isotonic saline and on emulsions of n-butyl
benzoate in water were performed using the Beckman DK2a Spec-
troreflectometer as well as the integrating sphere built in
our laboratory. Measurements were made at four sample depths:
0.025 cm, 0.035 cm, 0.048 cm, and 0.071 cm.

Since the Beckman Dk2a Spectroreflectometer is a double
beam instrument, the comparison or simultaneous method is used,
in contrast to the Beckman DU spectrophotometer which is a
single beam instrument and requires that the less accurate

substitution method be used.



257

C. Results
1. Red Blood Cell Suspensions

a) Beckman DK2a Recording Spectroreflectometer

Reflectance scans of red blood cell suspensions were made.
We were able to conﬁirm Kramer's observations that reflectancé
and absorption are inversely related. At wavélengths where
the extinction coefficient is high and, consequently, the absorp-
tion is high, reflectance was decreased. Thus reflectance
varies inversely with the extinction‘coefficient of hemoglobin;
in other words, transmittance and reflectance are directly
related.

Fig. 8.2 Shqws the relationship between the reflectance
of fully oxygenated red blood cell suspensions and sample
depth for two hemoglobin concentrations at 6330 A. It may be
seen that reflectance increased as sample.depth was increased
from 0.025 cm to 0.071 cm. These results are in-agreement
with those obtained by Kramer et al who varied depth from
0.13 cm to 1.3 cm. Kramer found that reflectance continued
to increase up to a sample depth of about 0.3 cm and became
asymptotic at larger sampie depths.

'We have fdund that reflectance varies inversely with the
exﬁinction coefficien£ of hemoglobin. As sample depth was
incféased, changes in reflectance, resulting from changes in

the extinction coefficient, were increased as shown in Fig. 8.3.
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RED BLOOD CELL SUSPENSIONS
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Fig. 8.2. Reflectance of two red cell suspensions with hemoglobin
concentrations of 7.2 mM/1 (A) and 10.9 mM/1l (0) is plotted
against sample depth at 6300 A. Data were obtained using the
Beckman DK2a Spectroreflectometer. '
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Fig. 8.3. The reflectance of a red cell suspension (hemoglobin
concentration 7.2 mM/l) at two sample depths, 0.025 cm and 0.071 cm
is plotted on the ordinate. On the abscissa, the extinction
coefficient of oxygenated hemoglobin at various wavelengths is
shown.
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The depth of the sample exerted two distinct effects on reflec-
tance. Not only were the absolute valﬁes of reflectance
greater at large sample depths, but the differences in reflec-
tance due to changes in extinction coefficients were much
greater when the sample depth was large. |

This observation is of great importance in the estimation
of oxygen saturation by reflection techniques since it is the
difference between the extinction coefficients of oxygenated
and reduced hemoglobin which varies Qhen oxXygdgen saturation
changes. Evidently, at large saméle depths, the sensiiiviﬁy
of the measurement is increased because the total change in
reflectance over the range from 0% to 100% saturation4is
increased. Thus, a large sample depth is advantageous in
the measurement of oxygen saturation by reflection oximetxy.

The relationship between}reflectance and hemoglobin
concentration was found to be parabolic. Results obtained
using the Beckman DK2a Spectroreflectometer at 6330 A and at
four sample depths are shown in Fig. 8.4. The results are
similar to those reported by Kramer et al and by Enson and
colleagues using an intracardiac reflection oxiﬁeter.

b) Beckman DU Spectrophotometer with Integrating Sphere Attach-
ment

In Fig. 8.5, results obtained with the four inch integra-

ting sphere built for the Beckman DU spectrophotometer were




i8p-

16

14

12

-
(=]

REFLECTANCE %
(0]

201

RED BIOOD CELL SUSPENSIONS

WAVELENGTH 6330 A

SAMPLE

HE%OGLOBIN CONCENTRATION mM/1
[l { |

2 4 6 8 10 12

Fig. 8.4. Reflectance is plotted against hemoglobin concentration
at four sample depths and -at 6300 A.
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Fig. 8.5. Reflectance is plotted
0.071 em and at four wavelengths:

Beckman DK2a Spectroreflectometer
the integrating sphere attachment

against hemoglobin concentration at a sample depth of

5000 A, 6100 A, 6200 A, and 6300 A. Data from both the o
(open circles) and the Beckman DU spectrophotometer with N
built in our laboratory (closed circles) are shown.
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comparéd with those obtained using the Beckman DK2a Spectro-
reflectometer at a sample depth of 0.071 cm. Hemoglobin
concentration was varied and measurements were made at 6000 A,
6100 A, 6200 A, and 6300 A. The extinction coefficient for
oxygenated hemoglobin is highest at 6000 A and decreases
progressively as&the wavelength is increased to 6300 A. The
values obtainéd in the two instruments were different; however,
the evolution of the curves was identical. There wasla shift
of the maximum towards higher hemogldbin concentrations whén
there was a decrease in the extinction coefficient of hemo-
globin.

The numerical differences in the results may havé been
due to a large extent to differences in surface reflections.
Another cause of the disérepancy is that the alignment of the
sample chamber perpendicular to the direcfion of incidence was
not as precise in the integrating sphere attachment of the
Beckman DU spectrophotometer as it was in the DK2a Spectro-
reflectometer. It was mentioned previously that the light in
the DU spectrophoﬁometer was slightly inergent. As a result
of these factors, some of the speéular reflections from the
sample chamber wall would not pass back out through the
entrance aperture, but would strike the inside diffusely
reflecting surface o£ the integrating sphere, adding to the

apparent reflectance of the sample itself. It is also
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possible that, although the measurements were made at the
same nominal wavelengths, the wavelength calibration of both -
instruments may not have been identical; in addition, the use
of different slit widths in the two instruments may have
contributed to the discrepancy.

To investigate the relationship between reflectance and
transmittance quantitatively, consecutive reflectance and
trénsmittance measurements were made on samples ét a sample
depth of 0.071 cm. Measurements were made at 6000 A, 6100 A,
6200 A, and 6300 A; on fully oxygenated samples. When perdent
reflectance was plotted against percent transmiftance at
different wavelengths, a linear relationship was found to
exist for each hemoglobin concentration. Fig. 8.6 shows this
relationship for different hemoglobin concentrations. For
each line, hemoglobin concentration and sample depth were
maintained constant. Each pointrrepresents the transmittance
and reflectance of a sample at a given wavelength. Thus, the
extinction coefficient of hemoglobin was the independent
variable. The relationship between reflectance and transmit-
tance was linear; since transmittance bears an exponential
relationship to Gﬁ, it follows that reflectance must élso
bear thébsame relationship to € .

The lineér relationship between reflectance and trans-

mittance may be expressed by
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Fig. 8.6. Reflectance (%) is plotted against transmittance (%),
at four wavelengths: 6000 A, 6100 A, 6200 A, and 6300A. Each
line represents one hemoglobin concentration; each of the four
points on a single line corresponds to one of the wavelengths
specified above. Sample depth was 0.071 cm.
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where ¢ and ¢, are constants for blood of a given hemoglobin
concentration and sample depth. vIn Chapter VII we showed that

transmittance may be expressed in the form of equation 7.7:

T = 1/10 = 10-€ cd [lo-sH(l-H)d + q(g)(l - lO'SH(l"H)d)]

Substituting equation 7.7 into equation 8.1,

R =¢c T + cp = cllo’GCd[lO'SH(l"H)d+ q(g)(l - lO"SH(l"H)d_)-J‘I' Ca
8.2
The value of R cannot be obtained explicitlyv from this ex-

pression. However, if equation 8.1 is rewritten
R =-¢cy=¢T

then log (R - C3) = log T + log ¢y

= -€cd + log [t UM, g§ (1 - 1o~ (1-H) 4]
+ log c3
8.3
from which € may be obtained. The constant C, was obtained
as the y-—-intercept of Fig. 8.6 and subtracted from R. Fig. 8.7
shows log (R - ¢3) plotted against optical density obtained
from the transmittance measurements, and demonstrates that

the relationship was linear when concentration and depth were
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Fig. 8.7. -Log (R - c,) is plotted against the optical density of
the red cell suspensions, obtained from transmittance measure-
ments. c, was obtained from the y intercepts of Fig. 8.6. As in
Fig. 8.6, each line represents one hemoglobin concentration; each
of the four points on a single line corresponds to one of the
following wavelengths: 6000 A, 6100 A, 6200 A, and 6300 A.
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held constant and € was varied by changiﬁg the wavelength.

This graph may be compared with Fig. 7.4, in which the
optical density of nonhemolyzed blood, or -log T, was plotted
against the optical density of hemolyzed blood, or € cd; the
relationship between -log T and € was linear. In Fig. 8.7
we now see that log (R - cz) is linearly related to -log T
and hence it is linearly related to € . This result supports
Kramer's suggestion that reflectance must be exponentially
related to the extinction-coefficiené of hemoglobin. 1In the
present experiments, € was varied by changing the wavelength;
this is analogous to changing € by varying oxygén saturation.

Equation 8.3 shows that, at constant hemoglobin concentra-
tion and sample depth, € is the only variable, and the slope
of the lines relating log (R -~ ¢5) and optical density should
be constant. Fig. 8.7 shows that the lines for various hemo-
globin concentrations were parallel.

The significance of the constants c¢; and ¢, is not
explained in this analysis, but it is probable that they are
due to surface reflections and the incomplete collection of
the back scattered light.

It should be noted thét the lines in Fig. 8.7 are not in
order of hemoglobin concentration (each line represents a
different hemoglobin concentration) due to the parabolic

relationship between scattering and hemoglobin concentration.
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2. Emulsions

Using the Beckman DK2;\ Spectroreflectometer, the reflec-
tance of emulsions of n-butyl benzoate was scanned over the
wavelength range. from 5000 A to 7000 A at four sample depths.
Concentrétion was varied from 1.5% to 50%. The reflectance |
decreased slightly (about 2%) over this wavelength range.
Fig. 8.8 shows the results obtained at 5000 A. Percent re-
flectance is plotted against the percent of the total volume
occupied by the‘emulsified particles'at the four sample
depths studied. Also shown in this graph are results ob-
tained at 5000 A usin§ the four inch sphere built for the
Beckman DU spectrophotometer at a sample depth of 0.071 cm;
the agreement between these results and those obtained using
the Spectroreflectometer is very close. The relationship
between reflectance and concentraticn is similar to that
obtained with red blood cell suspensions; it appears to be
parabolic, although measurements were not made on samples
with concentrations in the interval between 20% and 50%
where the results indicate the maximum reflectance takes

place.

D. Conclusions

The present study of the reflectance of nonhemolyzed
red blood cells appears to be the first investigation made

using an integ;ating sphere; it also appears to be the first
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study in which both the transmittance and the reflectance of
the same sample were measured.

The results of reflectance measurements of very thin
samples of nonhemolyzed blood were in qualitative agreement
with those obtained by Kramer et al (132) at larger sample
depths.

When the percent reflectance of concentrated red blood
.ce;l suspensions was plotted against percent transmittance,
a linear relationship was féund to exist for each hemoglobin
concentration. Consequently, reflectance and transmittance
are linearly related. To our knowledge, this observation
has not previously been made.

Examination of the data in terms of Twersky 's theory
provides new insight into the problems of reflection oximetry.
- The results. show that the relationship between reflectance
and the extinction coefficient (or in the case of oximetry,
oxygen saturation) must be exponential.

The results show that the empirically developed reflec-
tion oximetry techniques make advantageous use of several
reflectance phenomena. A large sample depth (greater than
0.3 cm) is always used. Reflectance studies have Sthﬁ that
a large sample depth provides two advantages: the difference
in reflectancé corresponding to changeé in the extinction

coefficient (or oxygen saturation) is increased and the
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sensitivity of the measurement is increased as a consequence;
Kramer's results showed that reflectancé is asymptotic with
sample depth above 0.3 cm, so that, as long as this minimum
depth is maintained, the actual sample depth is of no conse-
quence.

The procedure used in reflection oximetry, suggested by
Rodrigo (190), relates the reciprocal of reflectance to
oxygen saturation. This techniqgue has been used also by
Polanyi et al (181) and by Enson aﬁd colleagues (58) and
appears to give sufficiently accuréte results within #
limited range of hemoglobin concentrations and oxygen satu-
rations. HoweQer, for practical oximetry, the use of 1/R
raﬁher than loé R does not affect the results to a great

extent.




IX. APPLICATION OF MULTIPLE SCATTERING THEORY
TO THE ESTIMATION OF OXYGEN SATURATION

IN WHOLE NONHEMOLYZED BLOOD

A. Introduction

In Chapter VII we showed that Twersky's»wave treatment
for multiple scattering may be used to describe the light
transmission of nonhemolyzed blood and other scattering
suspensions into the forward hemisphere. It should be
possible,vtherefbre, to obtain an expression for the oxygen
saturation of nonhemolyzed blood on a purely theoretical
basis usinglthis theory.

In the present chapter we derive expressions for the
oxygen saturation of nonhemolyzed whole blood using Twersky's
theory and try to apply them to the results of Chapter 1V,
which were ébtained with the cuvette oximeter. 1In Chaptér v
we demonstrated that, unlike the integrating.sphere which
measures the total light scattered and transmitted into the
forward hemisphere, the cuvette oximeter measures a quantity
of light which is not precisely defined. Consequently, the
condition specified by Twerskyks theory - the collection of
all light scattered into the forward half space - is not
fulfilled. However, the diffusing plate techhique does
provide a good approximation of this quantity. Consideration

of this fact, together with the finding in Chapter IV that
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the relationship between optical density and changes in the

extinction coefficient of the hemoglobin pigment (caused by

changing oxygen saturation) at a constant hemoglobin concen-
tration was linear, and that this relationship consisted of

a family of parallel lines for various hemoglobin concentra-
tions, suggeséed ﬁo us that it might be possible to apply

Twersky 's theoxry to the oximeter results.

B. Theoretical Considerations

According to equation 7.7
T = I/IO = 10"'606. Eo"ﬂ{(l-n)d + q(&)(l - lo"SH(l-H)d)]
and 0.0. = €cd - log EL-GSH(l-H)d + &)y - 10-SH(1-H)d):|

Consider first a two wavelength system. At a wavelength

in the red region of the spectrum ( D,

T; = 10~ [€10e1%€1ntcen)] a Eo-sH(l-H)d + q(S ) (L - lo-sH(l-H)d'):l
| | 9.1

| At 7\2,' an isobestic wavelength,
T, = 10 € ca Eo—sl-l(l—H)d fada - lo—sH(l-—H)d)] | 9.2

The term in the square brackets represents the scattering
term; it is the same at both wavelengths, since the only

variables are concentration and sample depth. Therefore, if
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the ratio of the transmittances at the two wavelengths is
taken, the scattering terms will cancel. |
The usual procedure employed in conventional whole blood
oximetric techniques is to take the ratio of optical densities
rather than transmittances. This ratio is then related |
empirically to oxygen saturation determined by a reference
method. The ratio of optical densites at the two wavelengths

is given by

o3 . |:-elocl + elr(c"cl)]d - log I:IO-SH(l’H)d + q(6) (1 - leSH(l—H)d)]

oDy €,cd - log [Lo~BEMd 4 gé) 1 - 10‘SH(l'H)d)]

9.3

This expression is not only extrémely complex, but |
it cannot be used to calculate oxygen because it is impossible
to separate:cl/c, or oxygen saturation. |

A simpler exp;ession results if the ratio of transmit-
tances at two wavelengths, rather than optical densities, is -
taken: |

Ty ‘10"" [elocl + Glr(c - cl)]d

and

log[ﬂ]s €zcd - [elocl + €1r(c - cl)]d = log T; - log Ty
T2 | .

9.5
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which may be written
ap, - 0D, = E:(€2 - €,,) + (€5, - €1°)]d 9.6

Dividing through by cd gives

0D, - 0Dy
cd

€1
- (€2 - elr) = 'c—"'(elr - elo)

~from which oxygen saturation may be obtained:

%0, = SL (100) =[°D2 - o0y _ € - Gy :|(1oo)
e o ledl€yr - €300 €1 - €y |
: 9.7
Equation 9.7 shows that at a constant sample depth, it
is necessary to know the hemoglobin concentration of the
blood sample. Consequently, this approach based-onf.t‘wersky's
theory is of limited practical value for calculating the
oxygen satui:ation of nonhemolyzed blood. |
A one wavelength system, in which a measurement of the
transmittance of a fully saturated sample at the fed wave-
length is substituted for the isobestic measurement, suffers
from the same disadvantage - the hemoglobin concentration
must be known. .

The one wavelength system may be represented as follows:

T, = 1o-[€oc1 * €ple—cyla fomBA-me L &1 lo-—sH(l—-H)d)]
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where T, is the transmittance of a sample of unknown satura-

tion.

Tloo% - 10" .Gocd [10-81'1(1-H)d + ql S) (1 - lo_sn(l_ﬂ)d)]

where Tloo% represents the transmittance of a fully saturated

sample. Then,

T, 10 [eocl. + €.(c - cl)d] ,

T100%

10~ €ocd

0D} 5y = 0Dy = Gocd - [Gocl + Gr(g - cl):ld

ODj 00y =~ 9Py _ (€, - €E,) +ZL(E. - €
cd : c -

and  %0p = S (100) = | 2200% = Bx . 3 | (100)
c cd(€,. - €) .

Equation 9.10 shows that a knowledge of the total hemoglobin
concentration is again required.

Equations 9.7 and 9.10 are impractical and do not provide
a usefui means of determining oxygen saturation. However, a
successful application of this theory to the results of

Chapter IV would provide further evidence that Twersky's
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theory does describe the light scattering properties of
undiluted nonhemolyzed blood. It must be remembered that
these results were obtained using the cuvette oximeter,
rather than an integrating sphere, and the transmittance
measurements obtained with this system represent an undefined

fraction of the forward scattered light.

cC. Resu1t§

We considered the changes in oxygen saturation as
changes in the extinction coefficient of hemoglobin. When
Twersky 's theory was applied to the results obtained using
the cuvette oiimeter, it was found that a constant factor,
n, was required in the exponent of the term corresponding
to absorption. It is interesting to note that if the results
of Chapter IV had not been a series of ﬁarallellines. but
divergent as Kramer et al and Hickam and Frayser had found,
n would not be constant, for the same sample depth. However,
invour experiments, n was found to be‘cbnstant at each of
the two sample depths’used. At 0.027 cm sample depth, n was
1.37 and at 0.071 cm, n waé 1444.

An attempt to calculate oxygen saturation using the
two wavelength equation derived from Twersky's theory did not
prove to be successful. This may sﬁggest Ehat ﬁhe‘theory can
be used to describe only results obtained with the integrating

sphere. However, when the one wavelength equation for oxygen

~
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saturation was used, the results were very satisfactory.
After substitution of the appropriate constants into
equation 9.10, the expression for oxygen saturation at a

sample depth of 0.027 cm was

| oD - op,
100% ,
#0p = [ 0 oioezc =+ 1] (100)

where ¢ is hemoglobin concentration in mM/1.

At a sample depth of 0.071 cm, the eguation was

oD - OD
100% X J
%0, = -1 100
%0, [o.lozec :I( )

The results obtained by calculation from equation 9.10
and the éptical density data 6f.Chapter'IV were compared with
Van Slyke analyses (Table 9.1).‘ Sétisfactory agreement be~
tween experimental &élues and those calculated:from the one
wavelength equation based on Twersky's theory was obtained.
The standard deviation of the differences betwéen expérimental
and calculated values was ﬁl.97% oxygen saturation at.a sample
depth of 0.027 cm. At a sample depth of 0.071 cm, 'the
standard‘deviatién of the differences was £1.64%. Thege
results demonstrate that although the use of Twersky's theory

for estimating oxygen saturation is not practical, it may be
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TABLE 9.1. Comparison of oxygen saturation values obtained by
Van Slyke analysis with those obtained by cal-
culation from equation 9.10 based on Twersky's

theorxy
Samplg Hemoglobin ” Oxygen Saturation

D?S;? ;:3igg;ia;;;2 Van Slyke Eq. 9.10

0.027 | 8.6 . 5.2 96.20 96.20

86.96 86.73

67.27 66 .42

57.25 v 56 .85

47.15 47.58

9.1 ° 5.4 .88.81 , 86.99

: 78.19 ‘ 77.24

67.49 63.78

56 .54 55.75

. 45.55 44 .64

9.2 5.5 ' 97.32 97.50

86 .86 90.39

76 .88 78.46

1 63.91 65.73

52.23 _ 56 .25

; 40.55 42.49

9.8 5.9 95.90 _ - 98.57

73.13 72.18

61.03 © 64.76

. 49.01 46 .59

11.8 - 7.1 © 96.90 . 96.65

| 86 .84 87.55

65.44 _ - 62.93

55.32 - 54.81

43.61 . 40.58

14.2 8.5 97.01 96 .94

: 83.92 84 .04

- 70.74 | 71.03

57.90 59.03

. ' 31.23 33.50

17.6 10.6 98.00 : 97.53

90.55 - 89.66

82.58 o 80.67

66 .40 ‘ 65.73

‘ 58.26 55.90

19.9 11.9 97.00 97.13

i 83.52 83.21
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— ¢

Sample] Hemoglobin Oxygen Saturation
D?z;? g;;igg;iagagg Van Slyke Eq. 9.10
C027 56..25 59.48
41.42 42 .61
27.35 31.95
Mean 69.46 69.65
$.D.D.23(%0,) . t1.97
0.071( 5.5 3.3 96.17 1 96.19
86 .46 86.94
-75.51 74.27
53.00 53.67
41.60 41.15
6.7 4.0 97.01 96 .33
‘ 87.17 88.10
77.10 77.41
66.37 63.84
44 .69 41.83
8.2 4.9 95,92 95.61
89.11 88.73
74 .59 74 .46
9.8 . 5.9 100.00 100.00
89.23 86.83
77.54 74 .35
53.79 52.18
12.4 7.4 97.88 97.27
73.66 72.01"
: 49.30 49.76
13.7 8.2 97.50 97.87
84.50 85.84
70.00 71.27
60.20 60.44
47.50 - 48.25
34.90 35.66
20.8 12.4 99.00 98.68
’ 84.90 86.37
. '70.20 73.41
21.5 12.8 98.78 98.96
- 86.96 / 88.95
- 74.64 © 0 79.31
Mean 76.10 76.12
s.D.D. *]1.64

®s.0.0. = [1/(n-1) (@ - 2] %,
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applied to measurements made at 6330 A, using our cuvette
oximeter.

In the application of the one wavelength equation for
oxygen saturation - equation 9.10 - to the cuvette oximeter
results, any the absorption term of Twersky's theory was
involved; the scattering term cancelled. An attempt was made
to see if,the scattering term of equation 7.7 could be used
to describe the cuvette oximeter reéults. The endeavor was
fairly satisfactory as Showh in Fig.'9.l and Table 9.2,
although deviations occurred at high hemoglobin concentra- -
tions. The standard deviations of the differences between
experimental and calculated values of optical density were
0.059 and 0.049 optical density units for oxygenated and
‘reduced nonhemolyzed blood, respectively, at a sample depth

of 0.071 cm..

D. Discussion

We have shown that Twersky's theory may be applied to
the cuvette oximeter results and may be’used to calcuiate
the oxygen saturation of nonhemolyzed blood in a one wave-
length system at 6330 A. Our unsuccessful attempts in a
two wavelength system were likely due to the. inadequacy of
the measuring system. An examination of the geometrical
arrangement of the photocells in the cuvette oximéter shows

that different fractions of scattered light are collected by
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"Fig. 9.1. The optical density of nonhemolyzed blood is plotted
against hemoglobin concentration. The open and closed circles
represent experimental values for oxygenated and reduced blood,
respectively, obtained using the cuvette oximeter; the solid
lines were calculated from equation 7.7, based on Twersky's

theory.
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TABLE 9.2. Comparison of optical density values at 6330 A for
nonhemolyzed blood measured with the cuvette
oximeter with those obtained by calculation from
equation 7.7

Optical Density

Concentration
(mM/1) Oxygenated Blood Reduced Blood
EXp. Eq. 7.7 Exp. Eq. 7.7

3.3 0.524 0.532 0.865 0.871
4.0 0.596 0.594 1.023 1.012
4.9 0.642 0.668 1.156 1.178
5.9 0.703 0.713 1.3206 1.324
7.4 0.775 0.772 . 1.545 1.537
8.2 0.810 0.796 1.660 1.645
12.4 0.909 0.783 2.096 2.072
12.8 0.907 0.793 1.996 2.123

s.D.D.2 £0.059 t0.049

% of MeanP 8.0 3.3

3standard deviation of the differences between exper
and calculated values. S$.D.D

P igéntal
.= [1/-1 3@ - §2]%

bgtandard deviation of the differences expressed as a percent
of the mean optical density value.
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the red sensitive and by the infrared sensitive photocell.
Twersky 's theory was derived to describe all the light
transmitted and scattered in forward directions. An exact:
measurement of this quantity is possible only with an inte-
grating sphere. In the cuvette oximeter, tﬁe photbcell
collecting the light at 6330 A is situated in the center of
the detector area and it is in the optical axis of the
cuvette, with respect to the light source and sample chamber.
On the other hand,the 8050 A cells a?e located on either
side of the red cell and are not in the optical axis of thé
systeﬁ. It appears highly probable that, while the red £il=
tered photocell receives light scattered with little devia-
tion from the optical axis of the system, the infrared fil-
tered photocells receive a higher proportion of the laterally
scattered light and a smaller proéortion of the light trans-
mitted along the optical axis of the system. Thus, the red
and infrared célls do not receive the same fractions of the
scattered light.and the scattering terms do not cancel when

the ratio of transmittances is taken.

E. Conclusions

Our attempt to apply Twersky's theory to the estimation
of oxygen saturation in nonhemolyzed blood was successful for

a one wavelength system. If the lines relating oxygen
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content to optical density had been divergent, rather than
parallel, it would have been impossible to apply this theory
to the estimation of oxygen saturation in nonhemolyzed blood.
A fairly high degree of accuracy was achieved over the whole
range of oxygen saturations and hemoglobin concentrations.

Attempts to apply the two wavelength equation were not
successful. The oxygen saturation equations are based on
the premise that if the ratio of the two transmittance read-
ings is taken, the scattering terms cancel. We tentatively
ascribed the failure of the two wavelength equation to the’
geometrical arrangement of the photocells in the cuvette
oximeter. The fed and infrared filtered photocells recéive
different fractions of the scattered light. Thus, the
scattering terms of equation 7.7 do not cancel.

Although theoretical equations for oxygen saturation
can be derived, tbey are impractical since they reguire

that the hemoglobin concentration of the sample be known.



X. THE TRANSMISSION OF RED AND INFRARED LIGHT

THROUGH THE HUMAN EAR¥

A. Introduction

Photometric principles ha&e been applied not only to in
’ vitro measurements of»the oxygen saturation of blood, but also
to in vivo measurements in the intact man.

Matthes described the first ear oximeter in 1935 (152).
Using gelatin filters, he transmitted red and green light
through the lobe of the ear. The principle of the method was
identical to that of the spectrophotometric technique for
hemolyzed blood; the red filtered detector was sensitive to
both oxygen saturation and total hemoglobin concentration,
while the green filtered detector was sensitive only to total
hemoglobin goncentration.

Other bichromatic devices for measuring oxygen saturation
in vivo were developed in 1940 by Squire (215) and by Hartman
and McClure (90) for the interdigital web of the hand, and
in 1942 by Goldie (75) and by Millikan (165) fpr the pinna of
the ear. All these instruments employed gelatin filters.

Some of the early workers chose blue or green wavelengths for
the measurement at an isobestic wavelength. Matthés changed

from green to infrared light because he found that blood

#*Published in part. Anderson, N.M., Sekelj, P., and M. McGregor:
IRE Trans. Bio-Med. Electronics BME~8: 134, 1961.

-,
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transmitted more light in this spectral region. Squire also
used infrared light. 1In 1949, Wood and Geraci (250) and

Elam et al (57) pointed out that ear tissue does not transmit
light of wavelengths less ﬁhan.GOOO A. Blue and green Wratten
filters transmit light also in the infrared region of the

" spectrum. Although they were presumably unaware of it, the
early workers all used the infrared region of the spectrum.
Transmission oximeters currently in use all employ red and
infrafed lighé. The pinna of the eaflhas proved to be the
most suitable site for the measurement of oxXygen saturation
in the intact man.

Although ear oximetry may be considered generally as an
apblication of the'bichromatic spectrophotometric technique
for measuring oxygen saturation, the calibration procedures
employed ha&e not ailvadhered to the basic principles under-
lying the spectrophofometric technique. Ih the closest
approximation to the'spectrophotometric.principle, the ear
is considered as a sample cuvette in which the ear tissue
comprises the sample chamber walls, and the blood within the
vessels of the ear constitutes the sample} Spectrophotomet-~
ric techniques have been'followed by obtaining (i) a blank
optical density reading on the ear when all the blood has
been expelled (the so-called "bloodless ear") and (ii) a

sample optical density reading on the flushed ear. The dif-
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ference between the two measurements represents the optical
density due to the blood in the ear. This technique was
employed by Squire for the web of the hand and by Goldie

and by Wood and Geraci for the ear. The ratio of the optical
densities obtained in this manner in the red and infrared |
spectral regions is then related to'oxygen saturation
determined by a referxence method.

In the devices of Squire, of Goldie, and of Millikan who
pr&vided the first practical oximete?. it was necessary to
preset the instrument to 98% or 100% saturation while the
subject Qas breathing air or 100% oxygen. Wood and Geraci
were able to obtain calibration curves for individual ear-
pieces which made it possible to obtain absolute values for
oxygen saturation without calibrating for.each subject.

Wood et al-1249) reported that the standard deviatién of the
- differences frbm the mean calibration line was 2.9% saturé—
tion in the range from 13% to 100% oxygen saturation.

ih Millikan's technique and the "single scale" technigue
of Wood et al (249) the difference between the transmittance
of the ear in the red and infrared bands was related to
oxyden saturation. This-technique has no basis in spectro-
photometric practice and shows less accuracy than the tech-
nique described above.

The application of spectrophotometric principles to the
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ear neglects the requisite conditions, namely, that the sample
consist of clear, nonscattering, homogenous material, con-

tained within clear, plane parallel plates, and be illuminated

by monochromatic light. Unfortunately, the ear is nonhomo-

geneous with respect to both sample cuvette and blood sample.
The light transmitted through the ear is attenuated not only
by absorption and scattering by the blood but also by the ear
tissue. Thus, the technique in which the bloodless ear is‘
conéidered as a blank cuvette is mereiy an approximation based
on the assumption‘of the applicability of Beer's law to dense
scattering ear tissue and nonhemolyzed blood. This assumption
is invalid. However, a great deal of experimental evidence
has shown that the method provides adequate oxygen saturation
estimations for clinical purposes. |

A further objection to this technique may be raised. It

“is doubtful that all the blood may be expelled from the

transilluminated tissue by compression (177). 1In 1951 Sekelj
suggested, as an alternative to the measurement of the light
transmission of the "bloodless ear," that the ratio of the |
red and infrared transmittances of the ear tissue along was
a constant in ahatomically normal ears.

The pinna of the ear may be considered as a series of

- turbid layers. The light transmitted through the ear will

be attenuated depending on the amount and distribution of
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the pigments and the turbidity of the tissue due chiefly to
nonabsorbing cellular constituents. |

In the spectral region with which we are concerned, 6600 A
to 9000 A, studies on the spectral reflectance of skin have
been performed'by Jacquez et al (108). Thése studies are not’
particularly useful for the present investigation since thqy
Were,éérried out on perfused tissue. | |

" Data in the literaﬁure on the transmittance of bioodléss‘

skintat wavelengths between 6000 A aﬁd 9000 A are rather
sketchy. mi%%Bmeamsmm(M)mwtht&e
light transmitted by skin samples removed during surgical
pfocedures and washed in isotonic saliné increased fairly
uniformly as the wavelength was increased from 4000 A to
7000 A. The work of Bachem and Reed (8), in 1931, showed
that the transmittance of epidermis plus corium reabhedla
: maximum betweén 8000 A and 9000 A and then began to decrease.

The most imporiant pigment in the skin is melanin. The
light transmittance of melanin was studied by Edwards,
Finkelstein and Duntley (55),in'1951, between 2560 A and
6000 A. The transmittance showed a fairly uniform rise as
wavelength was increased within this spectral region. Elec-
tron micrdscope studies‘by Mason et al (150) in 1947 Showed
melanin granules to be spheroid and about 3000 A in diaﬁeter.»

There is also some light absorption in the skin by the
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pigment carotene. This pigment shows an absorption maximum
at 4820 A (54). Carotenoids, which are in abundance in sub-
cutaneous fat and also present in the dermis (24) show ver&
little absorption.at wavelengths greater than 6000 A.

Elam et al obtained éransmission spectra of "bloodless"
pinnas of normal white subjects by compressing the ear with
a transparent plexiglass cylinder covered by a translucent
rubber diaphragm which allowed compression of the eér to |
an'arbitrary pressure of 200 mm Hg (57). The transmittance
at 8000 A was apbroximately 12% lower than it was at 6500 A.
This finding is at variance with the data on the transmittance
of skin and of melanin, both of which indicated thaﬁ trans-
mittance was slightly higher at 8000 A than it was at 6500 A.
However, the study onvthe bloodless ear included the presence
of subcutaneous fat, cartilage, blood vessel walls,vand £o
some extent, residgal blood which was not expelled upon com-
pression of thé ear.

in our labbratory we have found that induced anoxia
sufficiént to reduce the ratio of red to infrared transmitted
lighﬁ in the blood-filled ear by 14% will cause a reduction
of this ratio in'the compressed ear of approximately 1l.5%,
a result which can only be explained by the presence of some
reduced hemoglobin in the ligﬁt path. This suggests that

the assﬁmption-of a constant ratio in the bloodless ear would
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probably introduce less error than making the actual measure-

ments in cyanosed subjects. |
To verify experimentally that this assumption was.perﬁis-

sible, a systematic study of ears differing widely in thickness

and in pigmentation was undertaken in this laboratory.

B. Theoretical Considerations

Due to the density of the cellular.constituents in the
ear tissue, multiple light 5cattering must occur. In Chap=~-
ter VII we demenstrated that TQersky's theory for the multiple
scattering of waves may be applied to both ebsorbing suspen-
sions (red blood cell suspensions) and nonabsorbing suspen-
sions (emulsions of n-butyl benzoate in water). Making two
simplifying assumptions, that the distribution of scattering
material inathe bloodless eer'is fairly homogeneous through-

- out the tissue being transilluminated, and that the abeorbing
pigmeﬂts are also homogeneously'distribqted, we attempted to
apply Twersky's theory to the light transmittance of ﬁhe
bloodless ear.

Due to the geometrical arrangement of the earpiece; the -
light received by the detector is a good approximation of the
light transmitted and scattered into the forward hemisphere
since the detector is in contact with the sampie ~ the ear.

Also, with the ear in the earpiece, the sample may be
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considered "infinitely extended" in the plane perpendicular
to the optical axis of the system. Thus, apart from the lack
of monochromatic light, due to the use of gelatin filt_ers,.
the measuring conditions required by Twersky's theoxry may be
considered as adequately fulfilled. The arrangement of the
red 'and infrared filtered photocells is symmetrical with
respect to the light source and sample, so that equal fractions
of scattered light should be measured in both red and infrared
spéctral bands‘. |

We expressed the light transmittance of the bloodless
ear in a manner similar to that used in Chapter VII for non-

hemolyzed blood. 1In the red spectral band,

R=21 = 10-€rcd Eo‘m(l'_n)d+ a(Sy) - 10'51*(1‘*‘)‘3)]

Io

10.1

where \ €r is the extinction coefficient of the absorbing
material in the. ear tissue (chiefly melanin) distribui;ed
throughout the cell constituents, c¢ is the concentration of
the absorbing material, 4 is the thickness of the ear, and

H is the fractional volume occupied by the scattering

cellular constitﬁents: s and q(&) were defined in Chapter VII,

Section B.
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Similarly, in the infrared band,

IR = I = 10-Circd Ijlo—sﬂ(l-ﬂ)d +adra - 10-9H(1'H)d)_] B
Io 10.2

where eir is the extinction coefficient of the absorbing
material in the infrared band.
The ratio of the transmittances in these two spectral

regions is

~€..cd ir= €p)cd
R 2050 golSirT &€ 10.3
10 X
If €;,.,= €., then R/IR = 1. However, if €;, is

not eQual to €r' then R/ IR depends on ¢, the concent:ation
of absg:rbing pigment in the ear, and on d, the thickness of
the ear. Since ab;orption is almost entirely due to melanin,
we will refer to € as the extinction coefficient_ of melanin.
I1f €ir is very close to €., then R/IR will be very close

to 1.0. If eir is less than €_, then R/IR will be less

rl
than 1.0. Also, if eii is less than €, ‘then as c or d is
increased, R/IR becomes smaller. The magnitude of this change

would depend on the difference between € ip and €r.
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C. Material and Method

The ears of 70 volunteer subjects Were studied. They
ranged widely in pigmentation and thickness, from the thin.
nonpigmented ears of white children, to the heavily pigmented
ears of Negro adults. In between these extreme groups was
a group of Indian subjects of light brown pigmentation. No
cases with suspected hypoxemia were studied. Subjects were
seated at rest and were breathing room air.

The apparatus used consisted of;one of dur standard
oximeters incorporating two separate galﬁanometers (201)
with a Waters earpiece (Model XE-50A-No. 115, Waters Corp.,
Rochester, Minn.), which has a mechanism for compression of
the ear to any desired pressure.

A standard filter consisting of a Wratten 233 filter
sandwiched between layers of filter paper was placed in the
light Path of the earpiece while the controls of the red
and infrared filteféd photocells were adjusted to produce
equal galvanometric deflections. It was necessary to-stand-
ardize the earpiece on a fi;tervdue to the high incident
intensity fequired to transmit a measurable quantity of
light through the ear. However, the incident intensit? on
both the.red and infrared filtered photocells was almost
identical sinée the Wratten 29F filter transmits uniformly
above 6000 A and the transmittance of filter paper at 8050 A

is only slightly higher (6%) than it isxét 6300 A.. The
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earpiece was then placed on the pinna of the ear and a préssure
of 220 mm Hg was applied to render the éar bloodless when red
and infrared galvanometer deflections were read.

Certain errors are inherent in the performance of such
measurements as this. They include setting of the instrument;
placément of the earpiece, and reading of galvanometer deflec-
tions. All these errors are included in the term "experimental
‘error," and the extent of this may be judged by éomparing the
first ratio méasurement made with thé second ratio measurement
" made in the same manner. In order to obtainlan index of the
errox iﬁheren§ in the method, the earpiece was removed and
the entire procedure repeated.} The experimentai error was
then expressed as the standard deviation of the differences
of the two consecutive ratios obtained in the séme ear,

expressed as percentages of the group mean.

D. Results
The results are shown in Table 10.1l. The average ratios
of the white children, the white female adults, and the white
malevadults were almost identical. The mean was 0.885. For
Indian subjects the mean was 0.855, and for Negro subjects
kit'was 0.843. The standard deviation of the ratios of all
40 white subjects was 2.85% of the mean ratio for these
.subjects. Equivalent values for Indian and Negro subjects

~were 3.10% and 6.93%, respectively.




TABLE 10.1.

RED/INFRARED RATIOS IN THE BLOODLESs EAR FOR WHITE, INDIAN, AND NEGRO GROUPS

Pigment Group White Indian Negro
N (Total) Adults (24) Adults (11) Adults (19)

—— | Children (16)
Sex Male (13) Female (11) Male (9) Female (2) Male (8) Female (11)
Age (years) 4-16 21-60 21-41 22-40 22-24 20-51 18-40
R/IR mean 0.880 0.887 .&107882 0.863 0.821 0.862 0.823
Bloodless | range |0.808t00.920 | 0.846t00.918 | 0.852t00.912 | 0.831t00.893 | 0.818t00.824 | 0.780t00.914 | 0.736t0 0.949
Group Mean (SD) 0.885 (£0.025) 0.855 (+£0.025) . 0.843 (+0.057)
SDD per cent 2.85 3.10 6.93

Experimental error
per cent (SDD) 2.39 1.81 2.05

SDD per cent=SD of the differences from the mean as percentages of the mean value. .
Experimental error per cent=SD of the individual differences between ratios derived from repeated observations as percentages of the

mean ratio. .

Reprinted from IRE TRANSACTIONS
ON BIO-MEDICAL ELECTRONICS
Volume BME-8, Number 2, April, 1961

PRINTED IN THE U.S.A.
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The experimental error, as defined by the standard
deviation of the differences of the paired observations in
all white subjects was 2.39% of the mean ratio of all white
subjects. The equivalent figures for the Indian and Negro

subjects were 1.81% and 2.05%, respectively.

E. Discussion

The theoretical prediction that R/IR = 1.0 if €i‘\r

= € "
could not be'_entirely fulfilled ‘in these experiments since
the incident light on the red filtered photocell’ was approx-
imately 6% lower than that incident on the infréred filtered
photocell. In;stead, a ratio sl‘ightly less than 1.0 would be
obtained. if eir is less than er as indicated from trans-
mission studies of melanin, the ratio R/IR would be further “
reduced from 1.0. The mean ratio for white subjects was
0.885, whicﬁ supports the theoretical prediction of a ratio
slightly less than 1.0. This ratio was very nearly constant
for white subjects. It showed more variability in the groups
with more pigmentation and the mean ratio showed progfessive
reduction with increasing degree of pigmentation. 1In the
lightly pigmented Indian subjects, R/IR was 0.855, and in
the more highly pigmented Negro subjects the ratio was
further reduced, 0.843, as predicted by equation 10.3.

The results indicate that the assumption of a constant

ratio for red to infrared transmission through the bloodless
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ear is valid .for white subjects and that the error introduced
by this assumption differs insignificantly from the experi-
mental error which would result from making the actual meas--
urements in each subject aé in the method of Wood and Geraci
(250}. The assumption that the same ratio appertains in

| lightly pigmented Indian subjects as in white subjects intro-

duces a slightly greater error.

F. Conclusions .

The assumption that the iatio of red to intrared trans-
mittance in the 5loodless ear is a constantbhas.been exper-
imentally jusﬁified for white subjects. The ratio showed |
‘more variability and was slightly reduced in a group of
Indian subjects, who show light pigmentation, and further
.reduced in the more pigmented Negro subjects.

Applic;tion of Twersky's theory for the multiple scat-
tering of waves to the light transmission of the bloodless
ear indicated that the ratio of transmittances in the red
and infrared spectral bands departs from a constant vélue if
the extinction coefficients due to absorption by pigments
(chiefly melanin) in the ear tissue differ in these two
spectral bands. The ratio is theoretically 1.0 if the
extinction coefficients are the same. However, if the
extinction coefficients are not equal, the ratio will depart

from 1.0, depending on the difference between the extinction
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coefficients, the concentration of melanin, and the thickness
of the ear. The ratio was very nearly constant for white
subjects, and close to 1.0 (0.885), but showed progressive-
decreases with increasing pigmentation. This result is in
accordance with the theory if the extinction coefficient for
the absorbing pigments in the ear is less in the infrared
band than it is in the red band, which transmission studies

of melanin indicate.




XI. APPLICATION OF SPECTROPHOTOMETRIC TECHNIQUES
TO THE ESTIMATION OF DYE CONCENTRATION

IN NONHEMOLYZED WHOLE BLOOD

A. Introduction

1. Indicator Dilution Techniques

An important application of spectrophotometric techniques
to nonhemolyzed blood is the continuoué detection of dye con-
‘centration for the indicator dilution téchnique of estimating
blood flow. ;_

Indicator dilution techniques found their first physio-
logical application in the measurement of the time for blood
to circulate from the point of injection to the point of
sampling (82, 94). The use of indicator dilution methods
for estimating blood flow began with Stewart in 1893'(218).
Stewért, using both the constant rate as well as the single
injection technique,'showed that cardiac output could be
determined by injecting indicator into the venous circuia-
tion and sampling the arterial concentration.

" The first dye dilution curves for estimating cardiac
output were recorded by Gross and Mittermaier in 1926 (77).
Earlier, Henrigques had noted an important limitation of the
. single injection indicator dilution technique; Ehis'was the

failure of the downslope of the indicator dilution curve to
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return to the baseline due to the presence of a recirculation
peak (93). Hamilton and his colleagues (123) suggested that
‘the effe¢t of -recirculation could be ovexrcome by replotting
the dye dilution curve semilogarithmically and extrapolating
the disappearance slope linearly to the baséline.‘ Since that.
time the dye dilution technigue for estimating cardiac output

has been used extensively.

2. Indicators:
A suitable indicator must meet several criteria. It musﬁ
'be nontoxic; water soluble, and nondiffusible. It must dis-
appear from thé blood as quickly as possible to avoid buildup
of backgrbund indicator - aﬁ important consideration whén
repeated injections must be made. Dyes which bind to the
plasma protgins (thus preventing loss to surrounding tissues)
and which can be removed from the blood byvthe liver or the
kidney have proved satisfactory. The indicator must be |
neither hypertonic nor hypbtonic. It was pointed out‘in
Chapter II and demonstrated in Chapter V that the optical
density of red cell suspensions is significantly affected by
osmotically’induced changes in the size of the cells. Finally,
the dye must abéorb light in the spectral regions where blood
. and tissue show high transmiétance, that is, at red and near

infrared wa?elengths.
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The first dyes used successfully in dilution studies
were the blue dyes, which show absorption in the red region
of the spectrum. Methylene blue, a thyazine dye, was used
to estiméte circulation times first by Stewart in 1897 and
later by Matthes and Schleicher in 1939 (156). Difficulty
in the quantitation of methylene blue and its very rapid
disappearance from the blood have restricted its use to
studies of circulation times and the detection of intra-
cardiac'Shunts.’

Evans blue or T-1824, an azo dye, waé chosen as an
indicator in 1920 (44) and proved to be.a suitable dye for
guantitation; it has been used successfully for estimating
cardiac output. Unfortunately, its strong affinity for the
plasma proteins results in an extremely slow clearance rate;
it may cause tissue coloration and‘staining.

In 1959, Coomassie blue was introduced as an indicator
(222, 223). Like T-1824, it is an azo dye and it is bound to
the albumin fﬁaction of the plasma proteins. In contrast to
T-1824, it does not cause skin coloration or tissue staining,l
and its clearance rate is rapid enouqh‘that repeated injec—
tions may be ma@e.

Since the blue dyes show absorption in fhe red region of

- the spectrum where the extinction coefficients for oxygenated

and reduced hemoglobin are different, the measurement of dye
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concentﬁation is subject to inaccuracies if the oxygen satu-
ration is not constant throughout the entire inscription of

a dye dilution curve. In 1957, the group at the Mayo Clinic (64)
introduced the use of indocyanine green, a dye showing maximal
absorption in plasma at 8000 A, an isobestic point for oxy-
genated and reduced hemoglobin. Thus changes in oxygen satu-
ration do not interfere with the continuous recording of
indocyanine green concentration in the blood. It is removed
very rapidly by the liver (its half-life is 10 minutes) and

it does not cause tissue discoloration. These properties

make it particularly suitable for repeated injections.

3. Instruments for Quantitating Dye Concentration

An instrument for the continuous recording of T-1824
concentﬁation'in blood withdrawn directly from an artery
was first doscribed in 1950 by Friedlich, Heimbecker, and
Bing (69). The densitometer employed collimated light, an
interference filter witﬁ peak transmission at 6280 A, and
a photomultiplier. The relationship between optical density.
and dye concentration was linear for concentrations of T-1824
in whole blood up to 60 mg/liter. Improved densitometers
were developed b& Gilford et al (71) and by Milnor and his
associates (166). |

In 1950, Nicholson and Wood reported the use'of their

bichromatic whole blood cuvette oXimeter to measure T-1824
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concentration. The relationship between recorder deflection
and dye céncentration was not linear (174). This is to be
expected since wide band filters and a non-plane parallel
cuvette were used, and transmitted intensity rather than
optical density was recorded. The infrared sensitive photo-
cell has been‘used to measurevindocyanine green concentration
in nonhemolyzed blood; again a nonlinear calibration curve
was obtained (67).

Edwards, I#aacson. Butterer, Bassingthwaithe. and Wood
(56) presented results obtained with a Watefs XC100A inter-
~ference filtéf‘densitometer, which employs a photodiode tube
as detector. Calibration curveé of indocyanine green in
whole nonhemolyzed blood plotﬁed against optical density
showed éeviations from Beer's law of 6% to 8% over the range
from 0 to 30 mg/liter of blood. The slope of the calibration
curve decreased as backgroundﬂdye increased; a rather compli-
cated method of zero su@préssion was developed to compensate
for this decrease. The calibration curves for blood samples
with hematocrits ranging from 32% to 76% were very similar, |
| but the slope of the calibration curve was somewhat l&wér for
"hematocrits of 15% and 19%. |

In-l961,_McGregof, Sekelj, and Adam (157), using the
"whole blood cuvette oximeter described in Chaﬁter'IV, obtained,

a linear relationship between cuvette oximeter output and
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Coomassie blue dye concentration in nonhemolyzed blood up to
100 mg/liter plasma. This instrument employs diffuse incident
light, interference filters, and selenium barrier layer phqto—
cells in»series with a low external resistance.

Reflection oximetry techniques have also been applied to
the continuous recording of dyetconcentration. Enson, Briscoe,
Polanyi, and Cournand (58) used their intravascular reflection
oximeter to measure indocyanine green concentration. Inter-
ference filters and a photomultiplieé were used. The ratio
of intensities of diffusely reflected light at 9000 A and
at 8050 A showed é‘linear relationship with indocyanine green
dye below 10 mg/liter of blood, and was independent of hemato-
crit at the two values tested, 38.5% and 46.6%. The second
- wavelength, 9000 A, at which indocyanine green shows no
appreciable. absorption, was introduced to compensate for

pulsatile flow.

4. Absorbing Préperties of Dyes in Solution
Ideally, iﬁ oxder to guantitate dye dilution cur#es,
the relationship between optical density and dye concentration
should be linear. Apart from the properties of the measuring
'system, nonlinearity may result from the properties of the
dye or of the blood. (Strict adherence to Beer's law is

obtained only under highly restricted conditions. Even with

an ideal measuring system which employs monochromatic light
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and responds linearly to optical density, a solution of dye
may deviate from Beer's law. |

The absorption spectrum of a dyestuff usually depends
to some extent on the nature of the solvent. It is well
known that, while most dyes obey Beer's law in dilute agueous
solutions, many show deviations as concentration is increased
(204). This is particularly evident in the case of the
thyazine dyes, of which methylene blue is a good example. As
concentration is increased, an absorétion band on the shorter
‘wavelength side of the principal band becomes stronger while
the principal band becomes weaker (Fig. 1l1.l1). This is
thought to be due mainly to a reversible polymerization of
the dye molecules, with the principal band at 6550 A due to
absorption by monomers, and the beta band arising at 6150 A
due to absorption by dimers; the phenomehon is somewhat more
complicated due to the presence of higher polymers (161).
The same phenohenon occurs when the temperature is reduced
(204) . on the other hand, the azo dyes, such as T-1824 and
Coomassie blue, show no very noticeable spectral‘anomalies
in aqueous solution (204).

Studies of the absorption spectra of dyes in plasma
have shown that another kind of anomaly occurs in this
medium, even in dyes which oﬁey Beer's law in aqueous solut-

- tion. Compared with agueous solutions, the absorption peak
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is reduced in plasma and is shifted about 250 A towards longer
wavelengths (65, 66, 75). This behaviour is due to the bind-
ing of the dye particles to the plasma proteins, particularly
the albumin fraction; this results in discrete aggregates of
dye rather than in a homogengous solution. Rawson (182)
performed quantitative studies on £he conversion of free dye
to protein and found that each mole of albumin can bind a
maximum of 8 to 14 moles of T-1824.

Gregersen and Gibson (75) found'that solutions of dye in
‘NaCl also showed‘reduced absorption; however, the addition
of NaCl to plasma produced no further depression of optical
density beyond that due to the plasma alone. Changes in pH
from 7.0 to 7.7 had no effect'on the absorption of T—1824.

Fox and Wood (66) demonstrated that indocyanine green showed
no differences in absorption when pH was varied from 6 to 9.
The absorption spectra of methylene blue, T-1824, and

Coomassie blue are shown in Figures 11.1,'11.2. and 11.3.

5. Absorbing Properties of D§es in Scattering Media

The spectral anomalies discussed so far have been observed
when the dye was dissolved in a nonscattering medium. In the
.estimation of cardiac(output by dye dilution techniques, the
measurement of dye concgntration»is further complicated by
the‘phenomenon of multiple light scaﬁtering, caused by the

presence of red cells in the blood.
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The theo?y underlying the transmittance of nonhemolyzed
blood containing dye has received littlé attention in the
literature. We are faced with the problem of a mixture of
two pigments - hemoglobin and dye; the hemoglobin is situated
within the dispersed, scattering phase, and the dye pigment is
present in the'continuous phase.

Somewhat simpler systems - that is, ones in which the
dispersed scattering phase shows no absoxption - have béen
studied; In 1939, Drabkin énd Singef‘(52) measured the
optical density of a mixture éonsisting of scattering,
nonabsorbing partiéles suspended in an absorbing solution.
The scattering material was composed of milk or cream fat
particles and'waé suspended in a very dilute solution of
hemoglobin (about 0.06 gm/100 ml). This is essentially the
antithesis of nonhemolyzed blood, where the pigment is inside
the particles, and the suspending medium (plasma) is nonab-
sorbing. These authors measured the optical density of the
~scattering particles and of the dilute hemoglobin.solutions
separately, from 5000 A to 6300 A, and found that the sum of
the optical densities was equal to the measured optical
~density of fhe mixture of fat particles and hemoglobin solu-
tion. H -

In contrast to this finding, Keiliﬁ and Hartree (120)

found that absorption bands of solutions of hemoglobin
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derivatives and of didymium salts in water and in aqueous
glycerol were intensified when measured in the presence of
scattering media such as kieselguhr, and at liguid air tem-

peratures where the solvent became a white crystalline mass

~and was, therefore, highly turbid and light scattering.

They suggested that the effective optical depth through the
absorbing, continuous medium was increased due to multiple
reflections, resulting in an increase in the light absofbed
by the pigment. | |

Iin 1962, Butler and Norris (30) pursued this idea. The
nohabsorbing sqattéring materials used were calcium carbonate
with particles of approximately 10 microns, aluminum oxide
powders with particle sizes of one micron and less, and |
polystyrene latexes with particle sizes of 0.09 to 1.17
microns. Absorbing pigments were solutions of reduced cyto-
chrome ¢, rose bengale, and the sodium salt of copper chloro-
phyllin. They reaffirmed the observations of Keilin and
Hartree, that absorption was intensified when scattering
particles were added to solutions of pigments.

The quantitation of dye concentration in nonhemolyzed

‘blood raises two questions. The first is whether a dye which

4

Obeys Beer's law in clear solution continues to exhibit a
linear relationship between optical density and dye concentra-

tion in the presence of nonhemolyzed red blood cells. The
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empirical studies described in Section A.2 of this chapter
showed that the relationship between concentration and
optical density is linear at least at relatively low concen-
trations of T-1824, Coomassie blue, and indocyanine green

dye in whole nonhemolyzed blood, provided monochromatic

light is used. Second, assuming that the relationship between
~optical density and dye is linear, does the extinction coef-
ficient of the dye in the presence of red blood cells differ
from the extinction coefficient in ciear solution? In view
of the experiﬁents Qf Keilin and Hartree and of Butlexr and’
Norris, in which absorption was increased when scattering
.particlés were added to pigment solutioﬁs, it is possible‘
that red blood cells produce a similar effect on the extincf
tion_coefficient of dye. The results of Edwards et al (56)
showed higher extinction coefficients for indocyanine green
when the hemafoc:it was over 30% than when the hematocrit

was less than 20%. \

We decided to investigate the validity of Beer's law
for Coomassie blue dye in the presence of scattering parti-
cles in two ways. First, we attempted to establish that the
,relationéhip between optical density and concentration is
linear, using the cuvette oximeter and the integrating sphere.
Second, using the integrating sphere, we investigated ﬁhe de-~
pendence of the extinction coefficient of Coomassie blue on

hematocrit.
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B. Material and Methods

Preliminary experiments were carried out using the
cuvette oximeter with the first light source, as described in
Chapter IV. To investigate the validity of Beer's law for
aqueous solutiOAS'of various dyes, measurements were made
on clear solutions of methylene blue, T-1824, and Coomassie
blue in 0.9% NaCl. Measurements were also made on Coomassie
blue in plasma, in hemolyzed blood, and in nonhemolyzed
blood. ‘All biood samples wére fully'oxygenated before the
dye was added.

To demonstrate the necessity of using monochromatic
light in order to obtain a linear relationship Between
optical density énd dye concentration, a wide band Wratten 29
gelatin filter was substituted for the interference filter,
and measurements were made on bdth aqueous solutions of dye
and dye in nonhemolyzed blood.

Final experiments were performed using the_cuvette
oximeter with the improved light source which was described
in Chapter V. Measurements were made on Coomassie blue dye

in nonhemolyzed blood using both diffuse and collimated inci-

~dence.

Measurements were made at a sample depth of 0.071 cm.
The instrument was standardized to read zero optical density

on blood containing no dye. Optical dénsity readings corre-
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spond to changes due to the presence of dye only.

Further experiments were carried out using the Beckman
DU spectrophotometer with the integratiﬁg sphere attachment.
Measurements were made on Coomassie blue dye in nonhemolyzed
blood and in the agueous phase of emulsions 6f n-butyl benzoaﬁe.
Measurements were made at a sample depth of 0.025 cm. The
instrument was standérdized to read zero optical density on
distilled water. The optical density changes due to dye
were obtained by subtracting the optical density of the blood,
before the dye was added, from the optical density of the

blood containing dye.

C. Results
1. Preliminary'Experiments

Using diffuse incident light and an interferénce filter
with maximum transmittance at 6330 A, the optical densities
of methylene blue, T—18243 énd Coomassie blue in 0.9% NaCl
were me#sured at various dye concentrations. Fig. 11.4
shows optical density plotted against dye concentration for
each of the three dyes. It may be seen that Coomassie blue
and T-1824 both obey Beer's law (with extinction coefficients
of 18.2 and 22.2, respectively) as expected, since these are
azo dyes; the thiazine dye, methylene blue, shows deviation

from linearity. The relationship between optical density
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and Coomassie blue cponcentration was linear up to 1000 mg/liter
in 0.9% NaCl.

Fig. 11.5 shows the relationship between the gptical
density due to dye and the concentration of Coomassie blue
dye in plasma, in hemolyzed whole blood, in 0.9% NaCl, and
in the two nonhemolyzed whole blood samples-with the maximum
and minimum hematocrits studied. The extinction coefficient
of the dye is the slope of this line divided by the sample
vde(pth [G = (O;D/c) (l/d)] . | The extinction coefficients of
Coomassie blué in these media are shown in Table 11.1. It -
may be seen that. € in plasma (18.71) and in hemolyzed blood
(17.99) is approximately the same as it is in isotonic saline
(18.17). However, it is considerably increased in nonhemolyzed
blood where it may‘also be noted that there is a trend towards
increasing € with increasing hematocrit. In the hematocrit
range from 27.5% to 49%, € varied from 23.7 to 34.5. In 14
samples, the correlation coefficient for € and hematocrit
was 0.57. |

A wide band gelatin filter was substituted for the mond-
chromatic interference filter. Results obtained on isotonic
‘saline solutions and nonhemolyzed blood containing Coomassie,'
blue dye are shown in Fig. 11.6. The relationship between
dye concentration and optical density was nonlinear in both

saline and in nonhemolyéed blood; this result is not surprising
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TABLE 11.1. Extinction coefficients for Coomassie blue dye

T2¢

Hematocrit . Extinction Coefficient
Incident or » "Suspending Material
Illumination |goncentration Nonhemolyzed | Hemolyzed o % 1 .
(%) Blood Blood Plasmgﬂ - 9% Nac H,0 | Emulsion
Preliminary Experiments, Cuvette Oximeter
» ~ Diffuse | | 18.0 18.7 18.2
[ | 49.0 | 34.5
|- 49.0 ~ 31.6 (
4700 . 34.8 : ) .
45.7 33.4 _ ' '
| _ 45.7 30.2 :
f , 44.6 33.6
{ 44 .0 31.6 . T
| ' 41.6 33.6 . : _ :
39.1 - 28.0 :
| 37.5 31.6 , , '
] ' 37.5 30.5
: 33.6 31.6 _
{ | 33.0 | 33.6 o -
. - r = 0.57 ‘ |
a | : ' Final Experiments, Cuvette Oximeter . _ ‘
% Diffuse 17.5 :
j 27.8 | 31.5



TABLE 11.1. Continued
v Hematocrit Extinction Coefficient
Incident or : -Suspending Material
Illumination . ;
' Concentration | Nonhemolyzed | Hemolyzed ,
() Blood Blood glasma 0.9% NaCl | Hp0 |Emulsion
27.1 31.3
14.8 31.5
I r = 0064
/
Collimated 46.1 31.3
27.1 28.9
Final Experiments, Integrating Sphere
14.8 15.5
60.9 23.1
35.0 21.5
32.5 23.1
27.1 21.5
r = 0.44
53.4° 29.1
44.3 28.6
38.6 . 28.0
28.4 27.2
21.3 26.7
12.6 26.2
r= 0.806

(AAS



TABLE 1l1.1. Continued
Hematocrit Extinction Coefficient
Incident or , -Suspending Material’
Illuminati -
rination Concentration | Nonhemolyzed| Hemolyzed .
(%) Blood Blood Plasma | 0.9% NaCl | H,0| Emulsion
3.0 22.0
2.4 20.7
) 1.8 19.2
¢ 1.5 18.7
1.2 18.2
0.6 16.7
|r = 0.83

8This series of experiments was carried out using blood from one donor only.

1 XA



.6

5

>

OPTICAL DENSITY

(7N

»mpPb OO

o Hct = 56.9%

50.7%
42.1%
42 .0%
30.7%
14.9%

Fig. 11.6. Preliminary experiments.

Relationship between optical density
increments due to the presence of dye
and dye concentration. Measurements
were made on Coomassie blue dye in non-
hemolyzed blood and in 0.9% NaCl. A
Wratten 29 gelatin filter was substituted
for the interference filter normally used

in the cuvette oximeter.

DYE concnuwnﬁrxon mg<l
i

80

120 160 200 240

]
280



325

since Beer's law is valid only if monochromatic light is used.
The trend towards increasing € with increasing hematocrit was

not observed.

2. Final Exéeriments

Measurements were made first with diffuse incidence and
then with collimated incident light. The results (Fig. 11.7)
show that the relationship between dye concentratioh and
optical density was linear with both .types of incidence.
However, it is interesting to observe that the extinction
coefficients for Coomassie blue were slightly lower when
collimated incidénce, rather than diffuse incidence was used
(Table 11.1) . There was a trend towards increased € with

increasing hematocrit (r = 0.64).

3. Integrating Sphere Experiments

The experiments performed on the integrating sphere at
a saﬁple depth of 0.025 cm 'showed that the relationship
between optical density and dye concentration remained linear
at least up to 285 mg/liter Coomassie blue in nonhemolyzed
blood as shown in Eig. 11.8. Extinction coefficients are
-shown in Table .ll.l along with the extinction coefficient for
Coomassie in isotonic saline at 6330 A. In blood, € varied
only from 21.50 to 23.08 ‘(“r = 0.44). The lack of a high degree

of correlation between € and hematocrit in our studies and
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those of Edwards et al (56) suggested that experimental error
and small differences in blood samples from different donors
may disguise this phenomenen.

To investigate more fully the relationship between € and
heﬁatocrit, further experiments were performed. The extinction
coefficient of Coomassie blue dye in_blobd samples of various
hematocrits, prepared from whole blood from one donor only,.
were measured. The results of this series of experiments are
shown in Fig. 11.9, where € is plotted againét'hematocrit.
The correlation coefficient between € and hematocrit was 0.83.

A similar experiment was performed on Coomassie blue in
emulsions of n-butyl benzoate. The dye remains in the contin-
uous aqueous phase and the emulsified droplets constitute the
nonabsorbing scattering phase. Again, € increased with
increasing concentration of scattering particles (Fig. il.lo,
r = 0.86). In this case, the magnitude of the increase was
much greater. In distilled water, € was 15.5; in a 3% emul-
sion of n-butyl benzoate, € increased to 22. For comparison,
the results of Figures 11.9 and 11.10 were plotted oﬁ the
same graph (Fig. 11.11). The common abscissa is the percent
‘of.the total volume occupied by the scattering particles,
which, in the case of blood, is the hematocrit. € increased
much more rapidly when the cpncentration of the emulsified

droplets was increased than when the concentration of red cells
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w#s increased. The two apparent differences between these
two suspensions are in particle size and light absorption:
the red blood cells are about 8 microns in diameter and
absorb light; the emulsified droplets are about 1 to 4
microns in.diameter and do not absorb light. Perhaps either
or both of these factors contribute to the difference in

the behaviour of € in blood and in the emulsion.

D. Conclusions ,

The relatiﬁnship between optical density and dye concen- -
tration in nonhemolyzed blood was linear if monochromatic
light is used. Using the cuvette oximéter, this relationship
Qas linear for Coomassie blue dye concentrations up to
150 mg/liter in whole nonhemolyzed blood. This linear
relationship was confirmed in the integrating sphere for dye
concentrations up to 285 mg/liter in whole blood. In the
cuvette oximeter a linear relationship was obtained using
both collimated and diffusé incident light for Coomassie
blue in nonhemoiyzed blood up to 140 mg/liter. |

Extinction coefficients for Coomassie blue were higher
in nonhemolyzed blood than in clear isotonic galine. In
‘nonhemolyzed blood, there was a trend towards increasing €
with incfeasing hematocrit. Using the integrating sphere,el

was clearly shown to be directly related to hematocrit. A
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10% change in € was measured when hematocrit was varied from
12% to 60%.

Thus, the use of a constant value for the extinction
coefficient of indicator‘dyes in the estimation of cardiac
output introduces a source of error. However, within the
normal limits of hematocrit, the error incurred by this
assumption aﬁounts to less than 5%. Except in cases of
severe anemia or polycythemia, this error is not more than
the: technical error involved in makiﬁg up individual calibra-
tion curves for each cardiac output estimation in individual

subjects.




XII. SUMMARY AND STATEMENT OF CLAIMS

TO ORIGINAL CONTRIBUTIONS

A. Summary

A few studies on the tranémitting and reflecting prop-
erties of nonhemolyzed blood have appeared in the literature.
The work was done using conventional spectrophotometric tech-
nigues. Using the diffusing plate technique, we confirmed
the oﬁservations of other inﬁestigators on the transmitting
properties of nonhemolyzed blood. We reaffirmed the following
findings: the validity of Beer's law for hemolyzed blood; the
linear relatithhip between optical density and oxygen content
in nonhemolyzed blood at a constant hemoglobin concentration;
the nonlinear relationship between optical density and ﬁotal
hemoglobin concentfation and sample depth in noﬁhemolyzed
blood. Our‘results differed in one respect from previous
observations; in the presént experiments, the lines relating
optical density.to oxygen content were parallel rather_than
divergent. This difference was attributed to the collection
of a large amount of scattered light - an advantage provided
by the diffusing plate technique.

The quantiﬁy of scattered light collected is highly

dependent on the geometry of the measuring system. Even the

diffusing plate technique does not yield absolute values,
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but depends, to a much smaller extent than the conventional
spectrophotometric techniques do, on the geometrical arrange-
ment and the relative size of the light source, sample
chamber, and detector. In order to study the light absorp-
tion and scattering of nonhemolyzed blood in terms of a light
scattering theory, an integrating sphere, which providés
absolute measurements 6f the quantity of light scattered and

transmitted into the forward hemisphere or scattered into the
| back half space was used. |

Due to the high concentration of particles in undiluted
blood, multipie scattering occurs. Twersky's theory for the
multiple scattering of waves was successfully applied to the
light transmission of nonhemolyzed blood. This would be
impossible if the lines relating optical density to oxygen
content were not parallel.

The successful application of Twersky's theory to non-
hemolyzed blood is significant since it enables us to eval-
uate éeparately the contributions of absorption and scéttering
to the total optical density of blood. We were able to show
that the relationship between the light absorption by the
- hemoglobin pigﬁent obeys Beer's law, even when the pigment is
encapsulated within the red blood cell. The nonlinearity of
the relationship between optiéal density énd the hemoglobin

concentration of nonhemolyzed blood is due to the relationship
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bétween scattering and hematocrit. This relationship is
parabolic. The appearance of both hemoglobin concentration
as well as the fractional volume occupied by the red cells

in the equation for optical density derived from Twersky's
theory indicates that not only hemoglobin concentration but
cell size determine the optical density of nonhemolyzed blood.

The complexity of the relationship between the‘extinction
coefficient of hemoglobin, and thus the oxygen saturation of
the.hemoglobin, and optical density‘démonstrates why the
previously used oximetric techniques of relating the ratio'of
the optical density values of nonhemolyzed blood at two wave=-
lengths to oxygen saturation, estimated by a reference
method, fails to provide accurate results.

The use of Twersky's theory to obtain an expression for
.oxygen saturation yielded accurate results, but proved_im—
practical, since it required that the hemoglobin concentration
of the sample be known.

We obtained a simple empirical equation to desc:ibe the
nonlinear relationship between the optical density of non-
hemolyzed blood and hemoglobin concentration. Using this
~equation, expréssions for the oxygen saturation of nonhemo-
lyzed blood in a one wavelength system and a two wavelength
system were derived, resulting in a method of extimating

oXygen saturation with a high degree of accuracy. The method
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proved to be independent of both oxygen saturation and hemo-
globin concentration. The latter poinﬁ is of particular
importaﬁce since the most noticeable drawback of previous
oximetric technigues, both transmission and reflection methods,
was their inadequacy at low hemoglobin concentrations. Unliké
previous oximetric techniques, the method described in Chap-
ter IV does not require calibration against reference tech-
niques. Calibration is anaLogous to the calibration for the
theoretically sound spectrophotometric technique for hemolyzed
blood. |

Studies of the reflectance of thin layers of nonhemolyzed
blood confirmed previous observations that absorption and
reflection are inversely related. An important new finding,

- that reflection and transmission are linearly related at ;
constant hemoglobin concentration, demonstrated that reflec-
tion is exponentially related to the extinction coefficient cf
hemoglobin. This point hés been the subject of some contro-
versy in the field of reflection oximetry.

Studies on Coomassie blue dye in nonhemolyzed blood
showed that, provided monbchromatic light is used, the relation-
~ship between dYe concentration and optical density is linear.
However, the extinction coefficient of the dye shows a slight
increase as the concenttation of scattering particles in the

suspension is increased.
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The successful application of a light scattering theory
to nonhemolyzed blood provides us with an explanation for
the deviations from Beer's law exhibited by nonhemolyzed

blood.

B. Claims to Original Contributions

l. An integrating sphere was used to measure the transmittance
and reflectance of undiluted nonhemolyzed blood; this is
the first time an absolute method of measurement has been

applied to nonhemolyzed blood.

2. An expression was derived from a séattering theoxy which
was deveioped by Twersky for the multiple scattering of
waves in the microwave region of the electromagnetic
spectrum to describe the absorbing and scattering prop-
erties of nonhemolyzed blood. The use of this theory

made it possible to separate the absorption and scattering

contributions to the total optical density.

3. Theoretical equations for estimating oxygen saturation in

nonhemolyzed blood were derived using this theory.

4. An empirical equation was developed to describe the rela-
tionship between optical density and total hemoglobin
concentration. The equation is of sufficient general

validity that it may be used to describe results obtained
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using the diffusing plate technique, conventional spectro-
mmmaﬂcw®M@%,mdmemmwumgwmmtmm

nique, over a wide range of wavelengths and sample depths.

This empirical equation was‘used to obtain eqﬁations for
estimating oxygen saturation with a high degree of accuracy.
The method requires no comparison with reference techniques.
It requires 6n1y two optical density readings.‘ The accu-
racy is much better than that obtaingd using previbus
éximetric‘techniques and 1is independent of hemoglobin con- -

centration and oxygen saturation.

Reflectance studies on thin samples of undiluted nonhemo-
l?zed blood permitted the comparison of the transmittance
and reflectance of the same sample. The linear relatisn—
ship between reflecﬁance and‘transmittance at constant
hemoglobin concentration deménstrated that reflectance is
exponentially related to the extinction coefficient.of

~

hemoglobin. -
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