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MICROVASCULAR OXYGEN TRANSPORT DEVELOPMENT OF AN
OPTICAL TRIPLICATOR
(ABSTRACT)

Microvascular oxygen transport has been studied using
many experimental methods. The three wavelength photometric
method of Pittman and Duling (6) was the basis for this
project. An optical triplicator was introduced into the
microscopy assembly. The triplicator‘’s function was to take
the image seen in the eyepiece of the microscope, triplicate
it, filter it at three known wavelengths and direct each image
onto the active area of a video camera. When used in-vivo,
the triplicator allowed for three simultaneous intensity
measurements, one at each wavelength, to be made. This
measurement removed any assumptions concerning the uniformity
of the blood sample which was inherent in Pittman and Duling’s
design. Measurements were performed in vivo on several
hamster retractor muscles. The intensity information obtained
was then used to calculate oxygen saturation at regions near
an arterial bifurcation. Oxygen saturation values ranged from
42.99 t 4.20 to 96.46 * 4.46% depending upon the location
along the vessel. It was also concluded that the oxygen
saturation profile across the vessel was altered near a
bifurcaticn. The oxygen saturation profile prior to and
following a bifurcation appeared to be uniform. However, in
the region of a bifurcation, the asymmetry introduced non-
uniformities in the profile.

This paper briefly discusses the theory behind the three
wavelength photometric method, the development and fabrication
of the optical triplicator and the measurement techniques used
to obtain oxygen saturation profiles. It will be shown that
the optical triplicator has the potential to advance the study
of microvascular oxygen transport beyond previously

unachievable levels.
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1.0 MICROVASCULAR OXYGEN TRANSPORT
1.1 Introduction

The key to cellular energetics in mammals is the
continuous diffusion of oxygen from the vascular system to the
tissues. The vascular system is comprised of blood vessels
which are broken down into the arterial and venous systems.
The arterial system is responsible for delivering oxygenated
blood to the muscles and organs of the body. The venous
system returns the deoxygenated blood to the heart where, by
involving the pulmonary system, the blood is oxygenated.
According to Krogh (1), the capillary bed, which lies deep
within the tissues therefore bringing the blood close to the
cells, is where diffusion of oxygen to the cells takes place.
1.2 Literature Review

In 1957, Davies and Bronk (2) raised the question,
opposing the classical theory of Krogh: Where does the
majority of oxygen diffusion take place, in the arterioles,
capillaries or venules? Krogh believed that the majority of
oxygen is transported to the tissue by passive diffusion,
caused by gradients in oxygen tension across the capillary
walls. Utilizing polarographic oxygen microcathodes, Davies
and Bronk were able to show that gradients in oxygen tension
were present at the walls of arterioles and venules in the
cerebral circulation. Pittman and Duling (3) began their work
using photometric techniques to verify this observation.
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Using photometric methods on arterioles in the hamster
retractor muscle, they were able to measure the oxygen
saturation of red blood cell (RBC) hemoglobin (Hb) verifying
that some passive diffusion does occur at the arteriolar
level.

The photometric method used by Pittman and Duling was a
three wavelength quantitative microscopy method. With this
method, the optical density of flowing blood at two isosbestic
wavelengths for hemoglobin is determined. An isosbestic
wavelength is one at which the oxy- and deoxyhemoglobin have
equal light absorption. The third wavelength used for optical
density measurements, the measuring wavelength, is one which
is chosen to have a large difference in oxy- and
deoxyhemoglobin 1light absorption. The optical densities,
measured at the isosbestic wavelengths, are used to determine
the amount of light scattering off the RBC’s. A ratio of the
optical density at the measuring wavelength, corrected for
scattering, to the optical density at one of the isosbestic
wavelengths, also corrected for scattering is wused to
determine the oxygen saturation. These optical densities are
determined along the light path through the vessel. Hence,
the calculations depend upon the geometric cross section of
the vessel, the spatial uniformity of the RBC’s and the

velocity profile of the RBC'’s.



1.3 Problem Formulation

Pittman, along with his colleagues continued using the
photometric methods to determine other quantities necessary to
assess oxygen transport in microvessels, such as: RBC
velocity, vessel diameter, Hb concentration and hematocrit (4,
5, 6, 7). Revisions to the microscopy system described by
Pittman and Duling (6) occurred in order to have a
computerized task specific system (8). This system was
developed based upon the need to measure light intensity and
image dimensions simultaneously at several locations in the
microscope field and the need for on-line computational
capabilities. To incorporate these requirements, the
photometric system was modified by using fiber optics to split
the light transmitted through an arteriole into three beams.
The image then passed through three separate bandpass
interference filters and into photomultiplier tubes. The
photomultiplier tubes were used for their fast time response
characteristics so that continuous measurements could be made.

Although this method was an improvement over the previous
methods using a single transmitted beam and sequentially
inserting the interference filters, limitations still existed.
The previous methods were limited by the time required to
change the interference filters. This act could not be
performed quickly enough to obtain information on the same
blood sample. The bounds of the fiber optic computerized
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system lie in the system design. The fiber optic pick-

up leads, which bring the light from the microscope to the
photomultiplier tubes, were such that only point measurements
could be made. Hence, lumenal variations of SO, could not be
measured. Ineludible assumptions were therefore incorporated
into the system. Measurements were made at several points
along the centerline of the microvessel, therefore involving
the following assumptions:

(1) axially symmetric blood flow through a vessel of circular
cross-section (Poiseuillian flow)

(2) red blood cells (and, hence [Hb]) and oxygen are uniformly
distributed across the microvessel

Pittman and Ellsworth (7) discovered that RBC’s and
oxygen are not uniformly distributed across the microvessel.
These observations also showed that the blood flow velocity
profile was not axially symmetric, or Poiseuillian, but that
it was actually blunter than the assumption allowed for.

In order to overcome these bounds inherent in this
design, a new design was necessary. The design needed to
allow for simultaneous intensity measurements at three
different wavelengths along with the ability to measure, also
simultaneously, the intensities at several locations across
the cross-section of the microvessel. This would yield
profile information for Hb and SO, concentrations across the
microvessel, therefore, not relying on a single centerline

4



value and a faulty assumption of uniformity. Hence, the
development of the optical triplicator.

The optical triplicator simultaneously produces three
copies of the image viewed through the eyepiece of the
microscope at three different wavelengths. It also directs
these images into a video camera which feeds a monitor and a
video recorder. During the measurement procedures, a video
recording is made for subsequent analysis.

1.4 Overview

The following sections serve as a presentation of the
optical triplicator design, fabrication and use. Chapter 6
also includes some results of SO, profiles along an arteriole
near a bifurcation in the hamster retractor muscle. It will
be shown that the optical triplicator promoted this
photometric method to a level at which many advances in the

theory of oxygen transport to the tissue can be made.



2.0 THREE WAVELENGTH PHOTOMETRIC METHOD
2.1 Theoretical Development of Oxygen Saturation for a
Solution Containing Oxy- and Deoxyhemoglobin

The theory of the three wavelength photometric method of
Pittman and Duling began by looking at the relationships
between transmitted intensity and extinction coefficients
according to the Lambert-Beer-Bouguer Law (9). This law is
followed by solutions containing a mixture of oxy- and
deoxyhemoglobin. It reads that for monochromatic incident

light of wavelength A, the transmitted intensity is:

I,=I, 10 %

(2.1-1)
where: I, = transmitted intensity
I, = incident intensity
€, = extinction coefficient (mM™* cm™)
c = concentration of Hb (mM)
d = optical path length (cm)
Expressing this equation in terms of optical density,
I
OD=log Ef
(2.1-2)

yields an equation proportional to the extinction coefficient,



OD,=¢,cd
The extinction coefficient is related directly to the ability
of a substance to absorb 1light. Therefore, the total
extinction coefficient for a solution containing oxy- and

deoxyhemoglobin is:

€,=50, e} + (1 - SO,) e}
(2.1-4)
where: e, = extinction coefficient of the mixture
SO, = oxygen saturation

extinction coefficient of oxyhemoglobin

[y ]
>
-
i

extinction coefficient of deoxyhemoglobin

Hence, to determine oxygen saturation, the optical density of
the solution can be measured at two different wavelengths.
The first wavelength A,, the measuring wavelength, is chosen
so there is a large difference between ¢,' and ¢,°. The second
wavelength, A;, the isosbestic wavelength, is chosen where ¢,’
and ¢,° are equal. Therefore, using equation 2.1-3, at these

two wavelengths yields:

oD, =[S0, &, * +(1-80,) ¢, °] cd

(2.1-5a)

and,



ODAI=8 ,’ICd
(2.1-5b)
Solving equations 2.1-5a and 2.1-5b for oxygen saturation

yields a linear relationship:

50,= m( D) 4 b
= m +
2= ODl)
I
(2.1-6)
where: m = slope =
€:,
(8;,, - eA O)
b = intercept =
€, °

2.2 Theoretical Development of Equations to Determine Oxygen
Saturation of Whole Blood

Equation 2.1-6 allows the oxygen saturation of an oxy-,
deoxyhemoglobin solution to be calculated. However, optical
properties of whole blood and oxy-, deoxyhemoglobin solutions
are significantiy different. According to Kramer et al (10)
the Lambert-Beer-Bouguer 1law is not representative of
solutions containing RBC’s. This is because the RBC’s act as
scattering centers in the solution. Therefore, a solution of
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whole blood has three major factors which control the
transmission of light: (1) the scattering of light off the
RBC’s, (2) the absorption of 1light by the oxy- and
deoxyhemoglobin molecules, and (3) the absorption of light by
the plasma. Factors 2 and 3 are also present in an oxy-,
deoxyhemoglobin solution; where the plasma would be the saline
used to suspend the hemoglobin molecules. Therefore, to
assess a whole blood solution, the scattering effects and
absorption effects need to be separated.

In 1970, Twersky (11), a mathematician, developed an
equation for the transmittance in which the effects due to
absorption and scattering are separable. The absorption
effects still follow the Lambert-Beer-Bouguer law. The
scattering effects depend logarithmically upon the optical
path length, hematocrit, wavelength, and particle size, shape
and orientation. The development of this complicated
scattering dependence is documented in Twersky‘’s paper. For
the present discussion, this scattering term will be referred
to as B. Hence, the optical density of whole blood can be

represented as:

OD=¢cd + B

(2.2-1)
To obtain a linear relationship for oxygen saturation of whole

blood, the optical density in the above equation must be



corrected for scattering. Assuming the value for B could be
measured or calculated, it could be subtracted from the

optical density to give the calculated absorption:
OD - B = ecd

(2.2-2)
Measuring optical density under the same physical conditions
at two isosbestic wavelengths would allow for the scattering
term, B, to be determined. It must be assumed that the
scattering terms at each of the isosbestic wavelengths are

equal:

B =B, =B

2

(2.2-3)

where Bg scattering due to isosbestic wavelength A,

By

x scattering due to isosbestic wavelength A,

Solving equation 2.2-2 for B at each isosbestic wavelength

yields:

(2.2-4)

10



Recall, ¢€;/e; 1is a ratio of extinction coefficients which

can be determined using hemoglobin solutions and must be
significantly different from 1. Now, introducing a third
wavelength, A,, the measuring wavelength, the linear
relationship for okygen saturation can be established.
Recall, this measuring wavelength is chosen such that there is
a large difference between the extinction coefficients of oxy-
and deoxyhemoglobin; and it must be chosen close to the
isosbestic wavelengths so the scattering term can be assumed
to be the same. The linear relation for oxygen saturation

would then be:

(2.2-5)
2.3 Selection of Wavelengths
The above development of the oxygen saturation equation
discusses the use of three wavelengths, two isosbestic and a
measuring wavelength. To determine these 'wavelengths,
spectral characteristics of oxy- and deoxyhemoglobin need to
be determined. Most important is the determination of the
extinction coefficients over the spectrum.
A second consideration in the selection of the

wavelengths is the photometric error. To achieve accurate

11



optical density measurements, the photometric error must be
minimized. This photometric error is mainly due to the type
of detector being used. However, to reach minimum photometric
error, a wavelength must be chosen so that the product, ecd,
is near the optimum optical density (9). For a given
hemoglobin concentration, c, the optical path length, d, can
be varied at many wavelengths to determine which 1length
produces the lowest photometric error. Van Assendelft (12)
who performed a similar calculation showed that 5 to 200 um
vessel diameters, or path lengths can be used with wavelengths
in the 400 to 600 nm range to determine the optical density.

Therefore, combining these two considerations and
choosing two isosbestic and one measuring wavelength in the
400 to 600 nm range was performed (9). The isosbestic
wavelengths chosen were 523 and 549 nm and the measuring
wavelength was chosen to be 560 nm.
2.4 Practical Use of Equations in Experimental Work

Section 2.2 described the theoretical development of the
oxygen saturation equation (2.2-5). In practice however, this
equation is used in a particular manner to determine oxygen
saturation values. It must also be noted that using the
following method requires that the wavelength and oxygen
saturation dependence of B be negligible. If this were not
the case, the oxygen saturation relationship would not be
linear.

12



Experimental work  must begin using oxXy- and
deoxyhemoglobin solutions. A distilled water sample must also
be incorporated in order to obtain approximate incident

intensity, I,, values. Transmitted intensity values are

determined at each of the three wavelengths ( Ah =549,

Ah =523, A,=560) for the oxy- and deoxyhemoglobin solutions.

Using this information, the following constants are calculated

and are used to determine oxygen saturation in whole blood:

p= ODs 49

OD523
(2.4-1a)

= ODs¢

t OD549
(2.4-1b)

R,= ODs¢.

OD:s3,;
(2.4-1c)

where subscripts 1 and 0 represent oxy- and deoxyhemoglobin,

respectively. Recall, optical density,

13



OD=log—==2

(2.1-2)

When calculating p, typically a p, for oxyhemoglobin and a p,

for deoxyhemoglobin are calculated and averaged to give an
overall p value.

Next, the linear constants m (slope) and b (intercept)

are calculated using the R, and R, values:

(2.4-2a)

(2.4-2b)

These equations are obtained by simultaneously solving two
oxygen saturation equations and allowing SO, to equal 1 (i.e.
100%) for oxyhemoglobin and 0 (i.e. 0%) for deoxyhemoglobin.
Following the determination of the constants p, m and b,

a whole blood sample or an in vivo measurement can be
performed. It is necessary to measure transmitted intensity
values at each of the three wavelengths. Incident intensity
values must also be measured. Approximate in vivo values are
measured by measuring the transmitted intensity through an

14



avascular region. Using these incident intensity

measurements, constants k, and k, can be calculated:

k1= IO: 549

IU,SGO

k2= I0,523

IO,SGU
(2.4-3b)

Then, ( OD, - B) and ( oD, - B) from equation 2.2-5 can be

calculated by using:

k k

[plwg(r2 ) = log(—=)]
OD;60-B = -logIge,- 52(3‘) - 1) >
k k

[plog(—2-) - log(l_l)]
oD.. -B =1 1y _ 523 549
549 og ( I549) (p-1)
(2.4-4b)

where I,,,= transmitted intensity at 560 nm
I.,,= transmitted intensity at 549 nm
I,,,= transmitted intensity at 523 nm

Finally, oxygen saturation can be calculated using the linear

15



constants m and b previously determined from the hemoglobin
solution experimentation:

ODsgo ~ B

) +b
ODsyy ~— B

SO,=m(

(2.2-5)
2.5 Conclusions

The above is a brief description of the theoretical basis
for the determination of oxygen saturation using photometric
methods. Reference (5) should be consulted for a detailed
description.

The accuracy of the calculations depends solely upon the
accuracy of the 1incident and transmitted intensity
measurements. It is for this reason that a new system, using
an optical triplicator, was developed. The following chapters
describe the system and the techniques used to perform the

necessary measurements.
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