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Optical model of the blood in large retinal vessels

Kurt R. Denninghoff Abstract. Several optical techniques that investigate blood contained
University of Alabama at Birmingham within the retinal vessels are available or under development. We
Department of Emergency Medicine present a mechanical model that simulates the optical properties of

JT N. 266, 619 South 19th Street

Birmingham, Alabama 35233-7013 the eye, the retinal vessels, and the ocular fundus. A micropipette is

chosen as the retinal vessel model, and a mechanical housing is con-

Matthew H. Smith structed to simulate the eyeball. Spectralon is used to simulate the
University of Alabama in Huntsville retinal layers. Filling the eye with fluid index matched to the glass
Department of Physics, OB-318 pipette eliminates reflection and refraction effects from the pipette. An

Huntsville, Alabama 35899 apparatus is constructed and used to set the oxygen, nitrogen, and

carbon dioxide concentrations in whole human blood. These whole
blood samples are pumped through the pipette at 34 ulL/min. Mea-
surements made in the model eye closely resemble measurements
made in the human eye. This apparatus is useful for developing the
science and testing the systems that optically investigate blood and
blood flow in the large retinal vessels. © 2000 Society of Photo-Optical Instru-
mentation Engineers. [S1083-3668(00)00404-4]
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1 Introduction 2 Materials and Methods

Several optical techniques that investigate the arteries andA 5 ulL micropipette(Fisherbrand disposable micropipettes,
veins of the retina are either commercially available or are Cat. 21-164-2B, Fisher Scientifisvas chosen as the retinal
under development. These techniques include retinal Dopplervessel model. The 10 c¢cm length facilitated mounting and
flowmetry! speckle flowmetr§, spectroscopic blood  grasping, and the 26@&m inner diameter is slightly larger
oximetry3~ and dynamic measurements of vessel pulsafions. than the largest retinal veiri212 um) and arterie$150 um).®

The optical accessibility of the retina facilitates these tech- T0 more closely approximate these dimensions, the pipettes
niques, however getting light into and out of the eye presents Were gently pulled on a lathe while softened with a Bunsen
several interesting problems. Some of these challenges in-PUrner. The resulting tapered pipettes had inner diameters
clude pigment variability in the retina, lens cataracts, irregular ranging from 110 to 26g:m.

- . . These micropipettes are manufactured from a borosilicate
vessel shape, vessel proximity, and large underlying choroidal . . L
vessels P P Y g ying glass with a nominal refractive index afy=1.4712.As a

. . . . result, the pipette acts as a powerful cylindrical lens, and this
We present an inexpensive mechanical model that simu- Pip P Y

lates th tical trv of th the blood flowing | optical power must be removed in order to be useful as a
ates the optical geometry of the eye, the blood Towing 1N & 46| standard type A immersion ¢Cargille Laboratories,

retinal vessel, and the diffusg reflectance properties of the ~q 4, Grove, Ndwas purchased as an inexpensive replace-
ocular fundus. We also describe an apparatus used to set theyent for more expensive index matching fluids. The index of
hemoglobin concentration and oxygen saturation of a blood type A oil is ng=1.5150which is slightly too high to provide
sample without affecting the geometry of the red blood cells 3 good index match to the pipettes. We titrated the type A oil
(and thus the scattering properties of the bloothe model  with mineral spirits(ny=1.438as measured by an Abbe re-
does not include such confounding effects as the polarization fractometey and index matched the pipette such that it was
influences of the cornea and nerve fiber layer, the optical completely invisible to visual inspection when immersed in
properties of the vessel wall, the irregular choroidal blood the fluid.
vessels beneath the retinal pigmented epithelium, and the We used a slab of Spectraldbabsphere, Ing.adhered to
scattering properties of the crystalline lens or vitreous. Re- an aluminum plate as a tissue phantom simulating the retinal
moving these difficulties allows us to directly explore the ab- layers. Spectralon is a diffusely reflective, spectrally neutral
sorption and scattering properties of the blood within a retinal material typically used in integrating spheres. By modifying
VesseL which is a critical first step in the deve]opment of a the thickness of the SpeCtra'On S|ab, we were able to control
measurement technique. We review some of the scientific the size of the diffusion-enlarged point spread function on the
progress we have made in the field of retinal vessel oximetry simulated retina. We use a 4-mm-thick slab of Spectralon that
through the use of this model. results in a diffusion enlarged point spread functiB$h that

is ~40 um full width at half maximum. This compares well
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Blood flowing through pipette basin collected the blood after it passed through the eye and
AN was disposed of via approved methods.

Preparation of blood samples was carefully conducted to
assure that a single variable was being modified throughout a
plano-convex lens given test. Whole hum_an bloa&00 cn?) was drawn from a

healthy donor according to an Internal Review Board ap-
proved protocol. The blood was anticoagulateitrated dex-
trose to prevent clotting during the measurement. The anti-
coagulant is not expected to affect the scattering measurement

W— N
since it does not alter the red blood cell size or shape, and its

small volume fraction will not significantly alter either the
% refractive indices of the components or their relative concen-
trations. The whole blood was immediately packed in ice and
samples were drawn and prepared as needed. A sample of

blood was centrifuged for approximately 5 min to separate the
plasma from the cellular component of the blood. The packed

blood cells and plasma were mixed volumetrically to make
296 mm . dlfferent_ copcentratlons of blood _ceIIs in plasma. Th_e_use of

the patient's own plasma to dilute the blood minimizes

changes in the size and shape of the red blood cells and pos-

Fluid index matched to pipette

f=17.2mm

G,

L

sible color changes which may occur when isotonic salt solu-
tions are used to dilute the blood.

Aluminum A three-gas mixer was used to individually set the oxygen,
nitrogen, and carbon dioxide concentrations of a combined
gas. The total flow rate for the gas mixture was set at 3 L/min.

4 mm Spectralon slab

Fig. 1 Schematic of the model eye and blood vessel. A pipette filled
with whole blood is immersed in index matched fluid and positioned

in front of a piece of Spectralon. A plano-convex lens simulates the The CO, flow was adjusted~0.1 L/min) to ensure the par-
refractive power of the cornea and lens. Incoming rays from infinitely tial pressure ofCO, in the blood was maintained at 35-45
distant objects that are on axis and 5° off axis are shown. mmHg, as measured by a blood gas mach{@rning

280pH/Blood Gas Analyzer The ratio betweemM, and O,

flow rates was varied in order to set the oxygen saturation of

the blood sample. This gas mixture was bubbled through a
with estimated retinal PSFs for visible wavelengths reported warm water bath saturating the gas with water vapor and
in the literature’. Using thicker slabs of Spectralon results in  warming it to body temperature. The warmed, humidified gas
larger PSFs. Alternately, other researchers have suggested lamixture was passed over the blood sample in a counter current
tex microspheres suspended in epoxy as a useful phantom te@xchange system as the blood was pumped through a closed
simulate the diffuse reflectance properties of tissfles. circuit. A subsection of the blood circuit tubing was passed

We constructed a mechanical housing which simulates the through a warm water bail39°C) to keep it at body tempera-
eyeball (see Figure L The housing is filled with the index ture during the oxygenation procedure. The blood was
matching fluid. A plano-convex ler®oyln Optics, 10.0026 pumped through the system at a rate of 1000 mL/h. This
adhered to the housing with MIL-Bond is used to simulate the system is illustrated in Figure 2. The blood was allowed to
cornea. This lens has a focal length of 17.2 mm in air, but flow through the circuit for as long as is required to obtain the
closely approximates the 23 mm focal length of the average desired oxyhemoglobin saturation level, generally about 15
human eye when the planar side of the lens is immersed in themin. We used a CO-OximetéCorning 2500 CO-Oximetgr
index matched fluid. The entrance pupil diameter was set to 6 to measure the oxygen saturation and hemoglobin concentra-
mm. The center of the pipette is located 22.6 mm behind the tion of the prepared blood samples.
planar surface of the lens, and the Spectralon slab is posi-
tioned directly behind the pipette. An infinitely distant object
that subtends 1° will form a 294m image on the retina of 3 Results
the model eye. This corresponds closely to the typical magni- Our primary purpose for developing this model was to test a
fication (297 um/°) of the normal human eye. The model scanning laser retinal vessel oximeter that we are
eye was constructed such that the pipettes could be positioneddeveloping’~® The eye oximetetEOX) shines low-power la-
in various locations both on axis and off axis since the major sers into a subject’s eye, and scans the beams across the reti-
vessels of the human eye are approximately 15° off axis. Beadnal vasculature. The light that is scattered back out of the eye
blasting and black anodizing the inside of the mechanical is collected and analyzed. Performing this measurement at
housing prevents multiple reflections within the eye from ex- multiple wavelengths allows spectroscopic determination of
iting the pupil. the oxygen saturation of blood contained within the arteries
To simulate blood flow through the retinal vessel, a sy- and veins of the retina. In Figure 3, we compare an EOX scan

ringe pump(Harvard Apparatus, Model 55-11jlas used to acquired from a human eye to a scan acquired from the
pump whole human blood through a short length of tubing, model. These scans are one-dimensional spatial profiles of the
and through the pipette. The pump was set to deliver blood at collected intensity as a 629 nm beam is scanned perpendicu-
a typical value of retinal blood flow34 uL/min).*? A catch larly across the vessel. In both cases, the vessel was illumi-
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infusion
pump

calculated oxygen saturation

gas mixer 0 0.2 0.4 06 0.8 1
f actual oxygen saturation
N gas flow =

blood flow = Fig. 4 Example of data acquired in the model eye. This graph is the
result of the eye oximeter calibration experiment described in Ref. 13.
Each data point represents a blood sample with different oxygen satu-
ration and hemoglobin concentration. The error bars indicate the
standard deviation of measurements made at different vessel diam-

eters ranging from 110 to 268 um.

CO, O, N,

Fig. 2 Schematic of the apparatus for setting the oxygen saturation of
whole blood. The apparatus allows the CO,, O,, and N, gas levels to
be set while keeping the blood hydrated and at body temperature.

nated with vertically polarized light and a horizontal polarizer
in front of the detector attenuated the specular reflection that
occurs at the refractive index discontinuity between the blood

and the pipettémodel eyg or the vessel wallhuman eye In another experiment, we tested a second-generation EOX

;Tgnségq'E‘é't%ebeerfvﬁznsg:nzc?:igztofgézgsézhﬁig&msg%d';ethat was a modified confocal scanning laser ophthalmoscope

model eye have uniform intensity in regionsqlateral to the caqule of |r'1terIaC|.ng multiple lase488, 635, 6.70’ and 830

vessel, while human scans can be quite irregular in regionsnm) into a single video framé” Measgrements " the model

lateral ,to the vessel due to underlying choroidal vessels andeye exposed our lack of understandmg of the light paths that

variations in retinal pigmentation comprlseq our measurement. We prt_—‘:usely knew t_he thickness
) of the pipette and the hemoglobin concentration of the

a Igrgtgzctinéaslfgr:t]; ??fl:m;i]evr\:zﬁ;ge%;glsg;()d:r: deye sample, however fitting spectra to our measured vessel trans-
PP ' ’ ’ mittances resulted in aalculated thickness-concentration

gg?ﬂ ngsvvi:tﬂ%r;(dé:esig ?;tiown e\/%?ﬂg;arf: ﬁ}n a;:g’x gftglggg/ product that was only 22% of the known value. These mea-
P Y9 ging ° surements led us to develop a theory demonstrating that back-

?72 ZSat/dall_nd hgmogloblré concgniratl?ns ranlgmg.t;‘]rodm 5.0t to scattered light from red blood cells creates the appearance of
< 9 ¢ ’ anll\évf uzsg a \Aa:'i% Of ISeisde'f? wi ¢ |arrt1)§ €S a reduced path length through retinal vessels. The theory also
ranging from 0 26%:m. A total o merent comol- explains the dependence of oximeter calibration due to fundus

nations v(\j/etre dgetnera}ted. This I?rge tﬁréay of dknown ?a;hmples eflectivity that has been reported by other investigatowe
was usec 1o determine a wavelength dependance ot e req,,. e yescribed the details of this experiment elsewtere.
blood cell scattering. This allowed accurate calculation of

oxygen saturation that was independent of hematocrit and

vessel diameter across normal ranges. The details of this ex-
periment are reported elsewhéfé!" however we show the
results of this calibration experiment in Figure 4.

4 Discussion and Conclusions
Using the model eye and blood preparation system described

“\ in this paper, we were able to develop an increased under-
\ /\ ;_,&.;%% oy standing of retinal vessel oximetry. Th@s model should be use-
R k ful for testing any systems that use light to study the blood

\J & and blood flow in retinal vessels. Such systems include fluo-

rescent dye photography, laser speckle and Doppler flow ex-
periments, and spectroscopic studies of blood constituents.

In this model we did not attempt to model the coloration of
the retina (pigment epitheliumy the choroidal circulation,
scattering from the lens and vitreous, and the vessel wall.
These interactions make the eye a complex environment, and
we used this model in an attempt to decrease the number of
these variables. As retinal vessel measurement techniques
continue to mature, however, more complex models may be

collected flux

retinal position
(model eye)

retinal position
(human eye)

Fig. 3 Comparison of one-dimensional retinal vessel intensity profiles.
The scan on the left was acquired in the model eye and the scan on

the right was acquired in a human eye. Note the decreased noise in
the model eye scan that is due to the high reflectivity of Spectralon.

desired for further hypothesis testing. An extension of this
work will be the creation of phantoms that model both the
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scattering properties and the coloration of the human ocular
fundus. The Spectralon background used in our experiments
was 100% reflective, but we are now investigating 2% and ,
10% reflectance Spectralon backgrounds that more closely
model the reflectance of typical retinal backgrounds. Alter-
nately, human retinal tissue samples embedded in epoxy
might prove to be the ultimate model for this system. Another
improvement that should be made to the mode is the inclusion
of an adjustable pupil diameter. Finally, the inclusion of im-
purities in the index matched fluid of the model eye might
allow the scattering effects of the lens and vitreous to be
modeled.

The primary weakness of our model is the lack of the 7.

vessel wall, which may have reflective, scattering, and possi-
bly absorption properties that are not negligible. Simulating
the vessel wall of a 12@m vessel proves to be quite chal-

lenging, and we currently do not have a viable plan for creat-

ing this model. 9.

A goodin vitro model is imperative in the development of
noninvasive techniques for measuring physiologic parameters.q
This is particularly true in the retina because actual values of
the parameters being measured often cannot be measured di-
rectly for comparison. The inexpensive model described here

has proven invaluable for advancing our understanding of ;5

retinal vessel oximetry.
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