Effect of multiple light paths on retinal vessel oximetry

Matthew H. Smith, Kurt R. Denninghoff, Arthur Lompado, and Lloyd W. Hillman

Techniques for noninvasively measuring the oxygen saturation of blood in retinal arteries and veins are
reported in the literature, but none have been sufficiently accurate and reliable for clinical use. Ad-
dressing the need for increased accuracy, we present a series of oximetric equations that explicitly
consider the effects of backscattering by red blood cells and lateral diffusion of light in the ocular fundus.
The equations are derived for the specific geometry of a scanning-beam retinal vessel oximeter; however,
the results should also be applicable to photographic oximeters. We present in vitro and in vivo data
that suggest the validity of these equations. © 2000 Optical Society of America

OCIS codes:

1. Introduction

The arteries and veins of the retina are directly ob-
servable through the pupil of the eye. This optical
accessibility of these vessels has prompted several
investigations into noninvasive spectroscopic mea-
surements of the oxygen saturation of the blood
within the vessels.1® Each of the reported investi-
gations into retinal vessel oximetry determines the
oxygen saturation of blood within a retinal vessel by
spectroscopic oximetry.l® Proposed diagnostic ap-
plications of retinal vessel oxygen saturation mea-
surements range from monitoring glaucoma and
diabetic retinopathy to noninvasively indicating
blood loss in trauma victims.

The first retinal oximetry experiments, reported by
Hickam et al. in 1963, used two different wavelength
combinations.! Broadband (>100 nm FWHM)
Wratten filters centered at 800 and 640 nm were used
in a red-infrared instrument. A red-green instru-
ment used interference filters (10 nm FWHM) cen-
tered at 640 and 510 nm. Both instruments were
fundus cameras modified to take dual, quasi-
monochromatic retinal photographs. Optical densi-
ties of the vessels were measured through manual
analysis of the exposed film.
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Cohen and Laing? reported a similar instrument in
1976. This instrument employed a blue—green com-
bination, using interference filters (20 nm FWHM)
centered at 470 and 515 nm. The multiple-
scattering theory of Twersky!! was used to explain
their experimentally determined calibration curve.

In 1988, Delori® reported a three-wavelength reti-
nal vessel oximeter. This device scanned a slit of
filtered light across the retina and automatically in-
terpreted collected data by a computer algorithm.
Three closely spaced green wavelengths (558, 569,
and 586 nm) were chosen for this measurement so
that the constant-scattering approximation of Pitt-
man and Duling?2 could be applied.

Schweitzer et al.* demonstrated a retinal imaging
spectrometer in 1995. This technique is unique in
that it determines retinal vessel oxygen saturation by
transmittance measurements made at 2-nm incre-
ments from 400 to 700 nm. An empirical model of
the wavelength dependence of scattering losses by
red blood cells is also presented.

A recent photographic retinal oximeter was de-
scribed in 1998 by Tiedeman et al.” This instrument
illuminates the retina with filtered light (8 nm
FWHM) at 569 and 600 nm and acquires images on a
high-dynamic-range CCD camera. These investiga-
tors have quantified the influence of retinal pigmen-
tation on the calibration of their technique.?

Finally, Denninghoff et al.5 and Smith et al.6 de-
scribed in 1997 and 1998, respectively, the first
oximeter to focus lasers onto a subject’s retina and
scan the beams across a retinal vessel. Initial stud-
ies at two wavelengths (670 and 803 nm) showed
significant variations in calibration between subjects.
Recent in vitro studies!® at four wavelengths (629,
678, 821, and 899 nm) attained an excellent calibra-
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tion in a model eye by identifying a scattering wave-
length dependence of blood. We show in this paper,
however, that this wavelength-dependent scattering
model does accurately describe measurements made
in vivo.

Despite the scientific and engineering advance-
ments made by each of these investigators, making
highly accurate and reliable retinal saturation mea-
surements remains an elusive goal. We are un-
aware of any devices that have been definitively
shown to measure retinal oxygen saturation indepen-
dent of vessel diameter, hemoglobin concentration,
and fundus pigmentation.

One of the confounding aspects of whole-blood spec-
troscopic oximetry techniques is the scattering of
light caused by the refractive-index discontinuity be-
tween red blood cells and the plasma in which they
are suspended.?4-16  Although most recent attempts
at retinal vessel oximetry have employed some sort of
scattering compensation, in this paper we broaden
the analysis of these scattering effects.

We also describe another effect that complicates
retinal vessel oximetry. This effect is the lateral dif-
fusion of light in the layers of the ocular fundus that
lie beneath the retinal vasculature. As a result of
this diffusion, a fraction of the light detected by a
retinal oximeter has undergone a single absorption
pass through the blood vessel, and a portion of the
light has undergone a double pass. We refer to this
mixture of single-pass and double-pass light as mul-
tipass transmission. Most previous retinal oximetry
investigations mention this effect, but in this paper
we provide a more detailed mathematical treatment.

By examining all the light paths that comprise a
retinal vessel oxygen saturation measurement, we
derive an oximetry equation that accounts for both
scattering and multipass effects. Unfortunately, it
is difficult to calculate oxygen saturation with this
equation because of the large number of unknown
parameters. To overcome this difficulty, we present
a number of approximations to the oximetry equation
that allow the calculation of oxygen saturation under
certain simplifying approximations. Finally, we
present in vivo data acquired in swine and in vitro
data acquired in a model eye that indicate the utility
of these equations.

2. Light Paths in Retinal Vessel Oximetry

There are two optical techniques that have been used
to spectroscopically determine the oxygen saturation
of blood in retinal vessels. In the first method, an
area of the retina is illuminated and retinal images
are formed on film or on a CCD detector array.
These retinal images are acquired at multiple wave-
lengths. In the second method, multiple monochro-
matic beams are scanned across a retinal vessel, and
the light that reflects back out of the eye is collected
at discrete points along the scan. In both methods,
the reflected light from the center of the vessel is
compared with the reflected light from the fundus on
each side of the vessel to calculate the transmittance
of the blood within the vessel. An oximetric equa-
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Fig. 1. Primary light paths associated with a scanning-beam ret-
inal vessel oximetry measurement; ®, incident light; 4., scat-
tered light from the lens and vitreous; ®;,;, specular reflection
from the inner limiting membrane (ILM) or vessel wall; ®,, light
scattered away by red blood cells (RBC’s) within the vessel; ®,,
light backscattered to the detector by RBC’s; ®, light collected
that has traversed the vessel in single pass; @, light collected
that has traversed the vessel in double pass; @4y, light diffused
laterally in the choroid; RPE, retinal pigment epithelium.

tion is used to calculate oxygen saturation from the
transmittance measurements made at multiple
wavelengths. The discussions that follow are de-
rived for a scanning retinal vessel oximeter system,;
however, all the results should be applicable to an
imaging system.

Figure 1 illustrates the primary light paths in ret-
inal vessel oximetry. A beam of light with flux & is
directed into the pupil of the eye and is focused onto
a retinal vessel. A retinal vessel oximeter system
then collects the fraction of light that is reflected back
out of the pupil of the eye. There are several light
paths that contribute to this collected power. First,
some quantity ®, .4;, of the incident flux may directly
backscatter from the lens or vitreous and be collected.
Next, there is a specular reflection from the apex of
the vessel, ®;, that may exit the pupil and be col-
lected. This reflection may originate from the inner
limiting membrane!? (ILM) or from the vessel wall,
but any portion of this glint that is caused by back-
scattering from blood within the vessel is considered
in a separate term, ®,, below. As the incident beam
propagates through the blood within the vessel, the
flux of the beam is decreased by the Lambert—Beer
law because of absorption by hemoglobin and oxyhe-
moglobin within the red blood cells (RBC’s). In ad-



dition, light is scattered by the RBC’s. Some
quantity of this scattered light ®, is scattered into
angles that cannot be collected by the instrument,
causing an apparent increase in absorption. There
is another quantity of light, @, ., that is directly back-
scattered toward the instrument, resulting in an ap-
parent decrease in absorption.

The beam that emerges from the other side of the
vessel is enlarged because of scattering and attenu-
ated because of absorption. The beam traverses the
transparent rods and cones of the retina and finally
reaches the scattering layers of the retinal pigment
epithelium (RPE) and choroidal plexus that are ~240
pm posterior to the vessel.l® Strong melanin and
hemoglobin absorption limits lateral diffusion and
results in a tightly localized point spread function
(PSF) on the RPE for visible wavelengths shorter
than 575 nm. Wavelengths much longer than 575
nm penetrate the choroid deeply, reflecting off of the
sclera and passing back through the choroid. As a
result, the laterally diffused PSF of these longer
wavelengths is much larger than that of shorter
wavelengths. Reasonable estimates for the width
(twice the standard deviation) of the diffusion-
enlarged PSF in the nasal fundus (near the optic
nerve head) have been reported to be ~60 pm from
450 to 575 nm and ~150 pm from 600 to 750 nm.?
A fraction of the light, ®g4,, within this diffused PSF
will pass back through the vessel to be absorbed and
scattered in double pass and then exit the pupil of the
eye. In addition, a fraction, @, will extend beyond
the edge of the vessel and exit the pupil of the eye in
a single pass. Note that this geometry illustrated in
Fig. 1 is specific to a scanning-beam oximeter. In a
photographic oximeter geometry, the single-pass
component ®_, would be incident on the fundus lat-
eral to the vessel and reflect out of the eye through
the vessel. The resulting equations derived in Sec-
tion 3, however, should remain the same.

Figure 2, drawn to scale, demonstrates the likely
existence of both single-pass and double-pass compo-
nents of collected light. A 100-um retinal vessel po-
sitioned 240 pm anterior to the reflecting layers of
the ocular fundus is considered. Two separate
diffusion-enlarged PSF’s are considered, a 60-pm
(twice the standard deviation) PSF typical of blue
wavelengths and a 150-um PSF typical of red and
near-infrared wavelengths. Finally, 10° cones of
light are illustrated that indicate the acceptance an-
gle of an ~4-mm-diameter pupil located 22 mm away.
Thus only light in this solid angle can be collected by
a retinal vessel oximeter. It is clear from this illus-
tration that both single-pass and double-pass absorp-
tion need to be considered for typical retinal
geometries. The relative magnitudes of these com-
ponents depend on numerous factors including the
PSF size, the diameter of the pupil, the vessel diam-
eter, and the specular and diffuse reflectance proper-
ties of the ocular fundus. The relative magnitudes
of single-pass and double-pass transmission are also
acutely dependent on the specific geometry of the
oximeter apparatus. A Monte Carlo simulation of
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Fig. 2. Laser light traverses a retinal blood vessel and diffuses
laterally in the reflecting layers of the ocular fundus. The diam-
eter of the diffusion-enlarged PSF varies with wavelength, and two
typical PSF diameters are illustrated. Only light that scatters
into the indicated solid angle exits back out of the eye. The larger
PSF demonstrates both single-pass and double-pass transmission
through the vessel, whereas the smaller PSF demonstrates pri-
marily single-pass transmittance.

retinal vessel profiles performed by Hammer et al.2°
predicts that the single-pass, double-pass, and back-
scattered components contribute nearly equally for a
100-pm vessel. Single-pass light dominates for
smaller (25-um) vessels, and backscattered light
dominates for larger (200-pum) vessels.

3. Oximetry Equations

A. Traditional Oximetry Equation

To date, all attempts at retinal vessel oximetry have
employed some form of the equation

T,(\) = Ty(Nexp[—e(M)xed], (1)

where

€(N) = s€mpo,(N) + (1 = s)emy(M). (2)

In Eq. (1), T,,(\) is the measured transmittance of a
retinal vessel at wavelength \. This transmittance
is calculated by one dividing the collected flux from
the center of a vessel ®, by the flux collected from the
fundus on either side of the vessel ®. A typical
technique for measuring 7T, is illustrated in Fig. 3.
The exponential term of Eq. (1) is simply the
Lambert—Beer law describing the absorption of light
by the blood within the vessel, where s is the oxygen
saturation, ¢ is the hemoglobin concentration, and d
is the diameter of the vessel (i.e., the path length
through the vessel). The absorption coefficients
€mp(N) and €gp1,0,(\) of hemoglobin and oxyhemoglobin,
respectively, are well-known functions of wave-
length.10-21  The scattering effects of RBC’s are de-
scribed by the transmittance factor 7(\). This
factor represents light that has been scattered into
angles that are not collected by the retinal oximeter.
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Fig. 3. Typical vessel absorption profile. The vessel transmit-
tance T, is calculated as ®,/®, where ®, is the collected flux from
the center of the vessel and ®,is an estimate of the flux that would
be collected from the ocular fundus in the absence of the retinal
vessel (estimated here by a linear approximation).

These photons are lost, resulting in an apparent in-
crease in the vessel absorption (i.e., decreased trans-
mittance). Some of the scattering factors that have
been used include constants,? linear functions,'3 and
empirical functions of wavelength.t A geometry-
dependent correction factor x can be included in the
absorption term. By measuring 7T,(\) at multiple
wavelengths, values of s, T,(\), and the xcd product
can be directly calculated or determined by a least-
squares regression.

The parameter x in Eq. (1) warrants further con-
sideration. If all the light collected by a retinal
oximeter traversed the blood vessel in double pass,
then x would equal 2. Similarly, if all the collected
light traversed the vessel in single pass, then x would
equal 1. It is tempting to assume that x would sim-
ply take on a value between 1 and 2 for the case of
multipass transmission and that this value would be
absorbed into the xcd product. However, as shown
in Subsection 3.B, this assumption is not accurate.

B. General Multipass Transmittance Oximetry Equation

We derive an oximetry equation based on the light
paths described in Fig. 1. As illustrated in Fig. 3,
the transmittance T, of a retinal vessel is defined as
the ratio

T, =% 3)
v q)f )
where @, is the measured flux from the center of a
vessel and ®; is the measured flux from the ocular
fundus on either side of the vessel. The flux re-
flected from the fundus can be expressed simply as

&, = R, (4)
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where @, is the incident flux and the reflectance of
the fundus R, can encompass numerous factors such
as the transmittance of the ocular media, the spectral
characteristics of the absorbing layers of the ocular
fundus, and the diameter of the exit pupil of the eye.
Note that ®, cannot be measured directly, and its
value must be interpolated from reflectance measure-
ments on either side of the vessel. In practice, the
data used to determine ®, must be measured suffi-
ciently far from the vessel that the diffusion-enlarged
PSF does not interact with the vessel causing a de-
creased background measurement.

To determine the flux collected from the center of a
vessel ®,, consider all the light paths in Fig. 1 that
can exit back out of the eye and be detected by the
oximeter instrumentation. A summation of these
light paths yields the expression

q)v = q)sp + q)dp + q)bs, (5)

where @, is light that traversed the vessel in a single
pass, ®,, traversed the vessel in a double pass, and
®,, is light that has been directly backscattered by
the blood.

The single-pass and double-pass absorption com-
ponents can be expressed by the Lambert—Beer law,
resulting in

d, = aRD, exp(—¢ecd) + BRD, exp(—2ecd) + Dy
(6)

The absorption coefficient € is defined by Eq. (2), and
the wavelength dependence of e still exists but is no
longer stated explicitly. The coefficients o and B are
the fractions of light transmitted in single pass and
double pass, respectively.

It is important to note that a series of approxima-
tions were made in the derivations of Egs. (4) and (6).
First, we neglected ®,,.4;. @s a collected light path.
A confocal optical system will prevent light backscat-
tered from the lens and vitreous from reaching the
detector. For photographic systems and nonconfo-
cal scanning systems, however, it is not clear that
this backscattered light will be negligible. Future
studies should address this effect. In addition, we
assume that @, will be prevented from affecting
the measurement. Several techniques for eliminat-
ing the effects of the glint have been proposed; por-
tions of the vessel lateral to the glint can be used for
analysis,39 areas along the vessel that are free of
glints can be used,! or curve fitting to the vessel pro-
file can estimate the transmittance in the absence of
the glint.6 We found that illuminating the eye with
vertically polarized light and collecting only horizon-
tally polarized light nearly eliminates the glint in
scans acquired from a human eye. Although the
crossed polarizers result in significantly reduced sig-
nals, high-quality scans that are free of glints (such
as the scan in Fig. 3) can be easily obtained. Also
note that any flux scattered out of the incident beam
by the lens or vitreous and any light reflected out of
the incident beam by the ILM or vessel wall should be



subtracted out of &, in Eqgs. (4) and (6). We assume
that these scattering and reflection losses are the
same at the vessel and lateral to the vessel, and we
choose to retain the term @, to reduce complexity and
avoid confusion. Finally, note that the double-pass
component of this expression is an approximation
caused by the elliptical cross section of retinal ves-
sels.

The scattering properties of samples of whole blood
have been studied extensively,2223 and several
techniques?4-26 have been used to predict these scat-
tering properties. An important result of these
studies is the relationship between the transmitted
and the reflected (i.e., backscattered) portions of light
incident on a sample of whole blood. Anderson and
Sekelj23 experimentally determined that the reflec-
tance R of a blood sample is linearly related to the
sample transmittance 7, resulting in the equation

R =a, + a, exp(—¢cd). (7)

Here, a; and a, are critically dependent on the sam-
ple hematocrit (i.e., the volume fraction of RBC’s in
whole blood) and the geometries of the source, detec-
tor, and sample. However, neither a, nor a, depend
on the oxygen saturation of the sample. The exper-
imental data supporting Eq. (7) were acquired be-
tween 600 and 630 nm, and the reflectance R refers to
the light reflected into the entire back hemisphere
from a planar sample. This linear relationship be-
tween reflectance and transmittance is predicted by
Twersky’s multiple-scattering theory,!! and the rela-
tionship should remain valid at wavelengths outside
the 600—630-nm range tested by Anderson and
Sekelj. In addition, the parameters a; and a,
account for the incomplete collection of the back
hemisphere, as is the case in the eye. Because mea-
surements were performed for planar slabs of blood,
we are not certain that Eq. (7) is valid for light scat-
tered by the cylindrical geometry of blood in a retinal
vessel. However, we are unaware of any analytical
models of light transport in blood that are capable of
modeling this cylindrical geometry. Future efforts
might explore a Monte Carlo simulation of photon
transport through this cylindrical geometry and ver-
ify those results through scattering measurements.

Using Eq. (7) as an expression for the backscat-
tered reflectance, we rewrite Eq. (6) as

®, = aR/D, exp(—ecd) + BRD, exp(—2ecd) + a, P,
+ a,®, exp(—ecd). (8)

Using Egs. (2), (3), and (4), we can now write the
transmittance of a retinal vessel as

Tv = (O{ + ;;)exp{_[ssHb02 + (1 - S)SHb]Cd}
f

+ B exp{—2[s€myo, T (1 — s)emplcd} + %. 9)
f

Equation (9) addresses the primary light paths that
contribute to a retinal oxygen saturation measure-

ment. Unfortunately, to calculate oxygen satura-
tion s from Eq. (9) requires that values for seven
variables (s, cd, o, B, Ry a,, and a,) be determined.
It is important to note that the ocular fundus reflec-
tivity R, does not cancel out of this expression for
vessel transmittance, explaining why some investi-
gators have needed to include R,in their retinal oxim-
etry calculations. Although values for R, can be
determined directly from retinal scans, it is unlikely
that the remaining parameters could be determined
from a least-squares regression to multiwavelength
transmittance measurements. In addition, the pa-
rameters «, B, R/, a,, and a, are expected to be func-
tions of wavelength.

Because it is unlikely that Eq. (9) could be applied
directly to measured transmittance data, it is useful
to explore the expected magnitudes of the parameters
of Eq. (9) to determine which terms, if any, can be
neglected. Subsections 3.C and 3.D present approx-
imations to Eq. (9) that may prove more manageable
for calculating oxygen saturation.

C. Negligible Backscattering Approximation

Equation (9) simplifies considerably if the effects of
light that is directly backscattered by RBC’s into the
oximeter can be neglected. Backscattering can be
neglected if a,/R; << 1 and ay/R; << 1. Measure-
ments made on tfle optic disk (where fundus reflec-
tivity is highest) or measurements made with green
wavelengths (where backscattering is lowest because
of high hemoglobin absorption) represent possible sit-
uations in which backscattering might be negligible.
We have not experimentally verified these hypothe-
ses, but present the equations as a starting point for
future investigations.

In the absence of backscattering, Eq. (9) reduces to

T, = a exp(—¢ecd) + B exp(—2ecd). (10)

In the cases of double-pass transmission (« = 0) or
single-pass transmission (3 = 0), Eq. (10) reduces to
the form of the traditional oximetry equation, Eq. (1).
In general, however, this reduction is not possible.
In theory, the four parameters «, B, s, and cd could be
determined by one measuring the vessel transmit-
tance at four or more wavelengths. In practice, the
nonlinear regression that is required to determine
these four parameters proves difficult. However, a
further level of simplification is often possible.

Taking the negative logarithm of Eq. (10), we ob-
tain the expression

D, = —In[a exp(—¢cd) + B exp(—2ecd)]. (11)

Equation (11) cannot be simplified further, but per-
forming a series expansion about ecd, we obtain

_ a+ 23 3 af
D, = ln(a+B)+a+Bscd 2+ p
+ O[(gcd)?]. (12)

To determine how many orders of this expansion
must be considered, the values of ecd, o, and B must

7 (ecd)?

1 March 2000 / Vol. 39, No. 7 / APPLIED OPTICS 1187



T T T T

oxyhemoglobin ]
.............. hemoglobin

0 = 1 } 1 S R 1
500 600 700 800 900 1000
wavelength (nm)

Fig. 4. Values of ecd for a typical retinal vessel, where vessel
diameter d = 150 pm and the hemoglobin concentration ¢ = 15
g/dl. Absorption coefficient data are from Ref. 21.

be known. We assume a value for retinal diameter
to be d = 150 pm and a hemoglobin concentration of
¢ = 15 g/dl. Figure 4 shows the anticipated values
of ecd given the known values of e for hemoglobin and
oxyhemoglobin from 450 to 1000 nm (the safe wave-
length range useful for retinal vessel oximetry).

Weknowthat 0 =a=1,0=B=1,anda + B =
1. Measurements performed by our research group
indicate that B is significantly smaller than « for our
instrumentation, meaning that single-pass transmis-
sion and backscattered light are the dominant col-
lected light path.2?” The Monte Carlo simulation by
Hammer et al.2° predicts that the double-pass contri-
bution is significantly smaller than the single-pass
contribution for all typical retinal vessel diameters.
Choosing a value of B to be 0.10, we can show that the
second-order and higher terms of Eq. (12) still con-
tribute as much as 10% to the D, series for values
ecd > 2 (wavelengths less than ~595 nm). How-
ever, for ecd < 0.5 (wavelengths between ~625 and
1000 nm), these higher-order terms typically contrib-
ute less than 1% to the total summation. Therefore,
for wavelengths longer than 625 nm, or for suffi-
ciently small vessels (less than 50 pm in diameter),
we write Eq. (12) as

ot 2B

D, = —In(a + B) + o« B

eed. (13)

The vessel transmittance can then be written as

k]
T, = (o + B)exp| —€ cd|. (14)

a+ B

This expression has the same form as the traditional
vessel oximetry equation, Eq. (1), where T, = o + B,
and x = (@ + 2B)/(a + B). Appropriately, these
terms have the limits 0 =7, = land 1 =< x = 2.
The wavelength dependence of a and B are un-
known, but it is reasonable to expect that they will be
nearly constant over small wavelength ranges.
Over larger spectral ranges, o« and B likely must be
expressed as functions of wavelength, requiring that
T, and x be functions of wavelength. The traditional
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oximetry equation, Eq. (1), includes this wavelength
dependence of T'; however, the factor x in Eq. (1)
must also be a function of wavelength (except in the
limiting cases « = 0 or § —0). To date, no reported
attempts at retinal vessel oximetry have included
this wavelength dependence of .

D. Negligible Double-Pass Approximation

It is possible that the double-pass component of the
signal collected by a retinal vessel oximeter is negli-
gible (i.e., B << a). The Monte Carlo simulation by
Hammer et al.2° predicts that the collected double-
pass flux is the smallest component in retinal vessel
oximetry and that ®4, may be negligible for vessels
larger than ~160 pm. Ifthe double-pass component
can be ignored, then the general oximetry equation,
Eq. (9), can be written as

a;

Qg
T, = o + -2 |exp(—gcd) + . 1
; (a R)exp( ecd) R, (15)

f

Equation (15) contains an additive term a,/R,that is
not present in the traditional oximetry equation, Eq.
(1). The existence of this term has not been reported
previously, and we expect that including this term in
retinal oximetric calculations could improve the ac-
curacy of these measurements. The fundus reflec-
tivity R, remains as a term in Eq. (15); however,
measurements of R, can be made directly by the
oximeter instrumentation. If the wavelength de-
pendencies of «, a4, and a, are assumed to be minimal
(across sufficiently small wavelength ranges), then
the five parameters (s, cd, o, a;, and a,) might be
determined from a regression to multiwavelength
transmittance measurements. More likely, the
wavelength dependence of «, a;, and a, will need to
be better understood so that broader wavelength
ranges can be used.

It is interesting to explore a first-order expansion of
Eq. (15) as was done in Subsection 3.C. In this case,
T, is found to be

1+ ay _Ms d| a6
Rf xp a, + Qo + OLRf ¢

for small values of ecd. This expression has a form
similar to the traditional oximetry equation, Eq. (1),
where

a
TU:<OL+

a; +a,

TN =a+ 17

=k B, an

o) =2 (18)
a1+a2+01Rf

Some observations can be made about the magni-
tudes of T, and x. For very low values of fundus
reflectivity (R, << 1), the scattering transmittance
can become greater than one (7, > 1). In the case of
a perfectly absorbing retinal background (R, = 0), the
typical vessel profile of Fig. 3 would instead show an
increase in collected flux at the center of the vessel.



More importantly, 7', will be dependent on wave-
length because of the wavelength dependence of R,.
Perhaps the most important observations regard-
ing Eq. (16) relate to the parameter x. It is shown
that x can be strongly dependent on wavelength (be-
cause of the wavelength dependence of R;). This has
the effect of a path length through the sample that
varies with wavelength. In addition, x < 1 for all
possible values of «, R/, a;, and a,, resulting in a
reduced path length that could be detrimental to ox-
ygen saturation sensitivity. Through a better un-
derstanding of the backscattering terms (a; and a,),
we expect to determine how small x could become.

E. Summary

The equations in this paper were developed to explain
the results from two different experiments performed
by our group. These experiments are considered
separately below. We found that simplified versions
of Egs. (14) or (16) work well in our experiments.
Both of these equations can be simplified to the form

T,(\) = Ty(Nexp[ —x(Nede(N)]. (19)

Another equation that appears promising for exper-
imental work is a simplified version of Eq. (15):

T,(\) = Ty(Nexp[—e(N)ed] + g(N). (20)

We have not yet successfully applied Eq. (20) to our
experimental data.

4. Experimental Results

A. In Vivo Calibration of a Scanning Laser Oximeter

We have previously reported the successful in vitro
calibration of a scanning laser retinal vessel oxime-
ter3 called the eye oximeter (EOX). This instru-
ment scans four laser beams (629, 678, 821, and 899
nm) into the eye and collects the returned flux as the
beams are scanned across a retinal vessel. The in
vitro calibration was performed in a model eye con-
sisting of whole human blood pumped through a mi-
cropipette that was embedded in index-matched
fluid. A plano—convex lens simulated the cornea
and lens of the eye, and a 4-mm-thick slab of Spec-
tralon (Labsphere, Inc. North Sutton, N.H.) simu-
lated the scattering layers of the ocular fundus.
Spectralon provides extremely diffuse, high reflec-
tance that is spectrally neutral across our wavelength
range. Using the traditional oximetry equation, Eq.
(1), we obtained a good calibration by selecting a
wavelength dependence for T,(\) that increases lin-
early by 3% over the wavelength range 629—899 nm.
We performed this by fitting the equation

T,(N) = Tsf (Nexp{—xcd[s&mp(N) + (1 — 8)€mno,(M) ]}
(21)

to the transmittance data, where the three unknowns
are the oxygen saturation s, the product xcd, and a
constant scattering transmittance 7. The correc-

tion factor f(\) is a linear function that increases from
1.00 at 629 nm to 1.03 at 899 nm.

Our next step in calibrating this instrument was to
measure a retinal artery in an anesthetized swine
during graded hypoxia. All animal protocols were
approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birming-
ham and followed Public Health Service guidelines
regarding the care and use of laboratory animals.
The oxygen administered to the swine was decreased
in a stepwise manner. At each oxygen level, arterial
oxygen saturation from the femoral artery was mea-
sured with a CO-oximeter and a retinal artery was
scanned with the EOX. Retinal measurements were
acquired near the optic disk, and it is assumed that
retinal and femoral arterial saturations are equal.
Twelve saturation levels were measured, ranging
from 36% O, saturation to 95% O, saturation.

Figure 5 shows the result of our applying the model
eye calibration, Eq. (21), to the swine measurements.
The top graph displays the regressed values of oxygen
saturation verses the known arterial saturations.
Although the correlation between actual saturation
and calculated retinal saturation is quite strong (r*> =
0.958), there is a systematic offset in the calculated
saturations that results in low saturations being
measured significantly too high. The bottom graph
of Fig. 5 shows the results of the regression. The
filled data points are the measured vessel transmit-
tances for the 36% O, saturation measurement, and
the open data points are for the 95% O, saturation
measurement. The dashed curve is the spectra cal-
culated by Eq. (21) when the regressed values of s,
xcd, and T, are used. It can be seen that Eq. (21) fits
the transmittance data quite well, even though the
regressed saturation values are incorrect.

The appearance of the scans acquired from the
model eye and from the eye of the swine were ex-
tremely similar. The only significant difference be-
tween the scans was the reflectance of the ocular
fundus R, The Spectralon background used in the
model eye is spectrally neutral and highly reflective.
In the swine, R, was relatively high at 899 nm, where
hemoglobin and melanin absorb weakly, but was ap-
proximately 10% as reflective at 629 nm because of
higher hemoglobin and melanin absorption. Unfor-
tunately, at the time the measurements were made,
it was believed that R, did not affect our measure-
ments. As such, we did not measure ®, and cannot
accurately quantify the reflectance of the swine fun-
dus. Nevertheless, because of the obvious wave-
length variation of R, in the swine, we believe that
selecting different vafues for the wavelength depen-
dence of scattering f(\) was justified.

We developed an algorithm to search for values of
f(\) that yielded the optimum in vivo calibration us-
ing Eq. (21). Figure 6 displays the results of this
calibration by use of the scattering factors /(629) =
0.990, f(670) = 1.010, £(821) = 0.965, and f(899) =
1.000. A piecewise cubic interpolating polynomial
was applied to these values to facilitate plotting. As
can be seen in the top graph of Fig. 6, a good calibra-
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Fig. 5. Application of the model eye calibration equation to the in
vivo swine data. The top graph compares the calculated retinal
arteria saturation with the measured femoral artery oxygen sat-
uration. The bottom graph displays the resulting best-fit spectra.
The filled circles are measured vessel transmittances for a femoral
artery saturation of 36% O, saturation, and the open circles are for
95% O, saturation.

tion (2 = 0.923) was obtained and no systematic

offset was observed between the actual femoral ar-
tery saturation and the calculated retinal arterial
saturation. The bottom graph of Fig. 6 demon-
strates that although the regressed saturation values
were correct, the model function, Eq. (21), does not
provide a good fit to the transmittance data. As
such, this calibration attempt is considered unsuc-
cessful. Note that whereas only two saturation val-
ues are shown in the bottom graph of Fig. 6, these two
curves are representative of the entire family of
curves obtained by Eq. (21). No values of f(\) could
be found that provided both correct saturation calcu-
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Fig. 6. Application of the wavelength-dependent scattering equa-
tion, Eq. (21), to the in vivo swine data. The best-fit scattering
factors f(\) were found to be £(629) = 0.990, f(670) = 1.010, (821)
= 0.965, and £(899) = 1.000.

lations and an acceptable fit to the transmittance
data.

The inability of the wavelength-dependent scatter-
ing model of Egs. (1) and (21) to describe our in vivo
measurements led to the development of the oxime-
try equations presented in this paper. Because
changes in fundus reflectivity R, appear to affect our
measurement, we cannot justify use of the negligible
backscattering approximation. However, we found
that the first-order expansion of the negligible
double-pass approximation of Eq. (16) offers some
improvement to our calibration. At present, we
have made no attempt to quantify values for the
wavelength-dependent parameters «, a4, ag, and Rof
Eq. (16). Instead, we reduce these parameters into
x(\) and T,(\). As a final simplification, we assume
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Fig. 7. Application of the wavelength-dependent path-length
equation, Eq. (22), to the in vivo swine data. The best-fit path-
length factors x(\) were found to be x(629) = 0.65, x(670) = 0.7,
x(821) = 0.85, and x(899) = 1.00.

that the wavelength dependence of x(\) is more sig-
nificant than that of T,(\), and we therefore assume
that T,(\) is a constant. We fit the resulting equa-
tion

T,(N) = T exp{—x(MNed[s€mo,(N) + (1 — s)em,(N)]}
(22)

to our measured transmittance data, where s, cd, and
T, are the unknowns and values of x(\) are selected to
provide the optimum calibration.

Figure 7 contains the results of this calibration by
use of the optimum x values: x(629) = 0.65, x(670)
= 0.7, x(821) = 0.85, and x(899) = 1.00. Analysis of
Fig. 7 reveals that Eq. (21) results in both accurate
calculated arterial saturations (r> = 0.944) and an

acceptable fit to the measured transmittance data.
As such, allowing a wavelength-dependent x value
while holding 7', constant produced an acceptable
calibration for this experiment. To the best of our
knowledge, this is the first time such an equation has
been applied to vessel oximetry.

It is interesting to note that the optimum values of
x were found to decrease as the reflectivity of the
fundus decreased at shorter wavelengths (because of
increased hemoglobin and melanin absorption).18
This behavior is predicted by Eq. (18). Note that the
optimum values of x(\) can be scaled by an arbitrary
constant; however, the resulting c¢d product from a
regression will scale inversely by the arbitrary con-
stant, thus maintaining the same value of x(\)cd.
As such, the fact that these optimum values of x(\)
are less than 1 does not necessarily imply the reduced
path length predicted by the negligible double-pass
approximation.

Finally, the data presented here were acquired
from a single location on the retina of one swine.
Studies with additional animals are ongoing, and
preliminary results indicate that use of Eq. (20) leads
to an improved calibration compared with use of the
traditional oximetry equation, Eq. (1). However, we
find that optimum values of x(\) tend to vary between
subjects. We are working to quantify this variation
and attempting to find relationships between x(\)
and the fundus reflectivity and vessel diameter.

B. In Vitro Calibration of a Confocal Scanning Laser
Oximeter

We are currently developing a confocal scanning laser
EOX called the EOX-2.28 This instrument operates
like a confocal scanning laser ophthalmoscope2® and
produces a live video image of a subject’s retina ac-
quired at 830 nm. To acquire a spectroscopic data
set, the EOX-2 cycles through up to six lasers. In
this study, the EOX-2 was equipped with three diode
lasers (635, 670, and 830 nm) and a fiber-coupled
argon-ion laser (488 nm). This wavelength combi-
nation was selected based on a previous study that
predicts reduced errors in the calculated saturation.®
These lasers are interlaced into a single video frame
that is digitized at 10-bit resolution. The transmit-
tance of the vessel is measured at each wavelength,
and the oxygen saturation is calculated from these
transmittances.

The confocal detection path of the EOX-2 signifi-
cantly reduces the collection of light that is reflected
or scattered from nonretinal planes such as the cor-
nea and crystalline lens. In addition, the confocal
arrangement should limit the collected light paths to
the directly backscattered flux ®,, and double-pass
transmitted flux ®g,.

Using the model eye described in Subsection 4.A,
we measured five blood samples ranging from 11% O,
saturation to 100% O, saturation with the EOX-2.
The hemoglobin concentration of the samples was
13.9 g/dl and, a 270-pum pipette (inner diameter) was
used to simulate the retinal blood vessel.

Because it had worked well in previous model eye
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Fig. 8. Calibration of the confocal scanning laser oximeter in a
model eye. The top graph compares the calculated oxygen satu-
ration with the actual saturation of the known whole-blood sam-
ples. The bottom graph displays the resulting best-fit spectra.
The filled circles are measured vessel transmittances for an oxygen
saturation of 11% O, saturation, and the open circles are for 100%
O, saturation.

calibration experiments, we used the traditional
oximetry equation, Eq. (21), to calculate s, xcd, and
T,. The calibration procedure involved an iterative
technique to determine optimum values for the
wavelength-dependent scattering factors f(\). We
found that the values f(488) = 1.000, f(635) = 0.919,
f(670) = 0.892, and f(830) = 1.000 resulted in an
excellent calibration. The results of this study are
shown in Fig. 8. The correlation between the actual
oxygen saturation and the calculated saturation was
extremely strong (72 = 0.99); however, only five data
points were present. In addition, the model function
fit the transmittance data well.

Although this study demonstrates that accurate
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oxygen saturation values can be calculated in vitro, it
is also interesting to examine the regressed values of
xcd. Because the values ¢ = 13.9 g/dl and d = 270
pm were known, we could determine an absolute
value of x. We found that x = 0.22 for this data set.
Although a value of x < 1 seems counterintuitive, this
result was predicted by the negligible double-pass
approximation. The reduced path length is a direct
consequence of the backscattering of light by RBC’s.
The factor a; in Eq. (7) shows that as ecd approaches
infinity, the light backscattered by the blood column
does not approach zero, even though the transmitted
flux does approach zero. This results in the appar-
ent path-length reduction that we experimentally
measure.

5. Discussion and Conclusions

Our group has monitored changes in retinal vessel
oxygen saturation,?63° and recently we have demon-
strated an accurate in vitro calibration.13 Yet after
significant advancements in instrumentation, wave-
length selection, and signal processing, we have not
obtained consistently accurate calibrations in a swine
model. The difficulties of in vivo calibration led to
the development of the improved oximetry equations
presented here. The complete retinal vessel oxime-
try equation, Eq. (9), contains too many terms to be
useful in a measurement; however, more manageable
expressions are obtained through some simplifying
approximations. In this paper we explored the neg-
ligible double-pass and negligible backscattering ap-
proximations. Further investigation is required to
determine the validity of these approximations; how-
ever, one of the resulting simplified expressions, Eq.
(19), has been shown to provide a better model to in
vivo data than the traditional oximetry equation, Eq.
(1).

Although Egs. (19) and (20) both appear promising
for retinal vessel oximetry, both equations contain
wavelength-dependent factors that are likely to be
functions of fundus reflectivity, and are possibly func-
tions of vessel diameter, retinal position (because of
varying thickness of the retinal layers), and hemo-
globin concentration. Monte Carlo simulations of
light interaction with the retina2® should provide a
theoretical framework for determining the relation-
ships between these parameters; however, a large
database of vessel saturation measurements ac-
quired across a range of known oxygen saturations,
hemoglobin concentration, retinal position, fundus
pigmentations, and vessel diameters will eventually
be required if we are to definitively show calibrated
measurements from a retinal vessel oximeter.

This study emphasizes one of the trade-offs that
must be considered in the development of a retinal
vessel oximeter. A recent study by Smith® predicts
that several discrete wavelengths ranging from 488
to 905 nm can be selected that offer the highest sen-
sitivity to oxygen saturation across a range of vessel
diameters. To use this large wavelength range,
however, the wavelength dependence of the unknown
parameters in Eqgs. (19) and (20) will need to be well



understood. The choice of three closely spaced green
wavelengths, as used by Delori,? minimizes the wave-
length dependence of these unknown parameters,
perhaps allowing constant values to be used. These
wavelengths, however, also result in decreased sen-
sitivity to oxygen saturation.® Although it is not
clear which approach will ultimately lead to well-
calibrated retinal vessel oxygen saturation measure-
ments, understanding the light paths that comprise
the measurement will be critical to the success of the
technique. We expect that the equations developed
here will prove beneficial to future retinal vessel
oximetry investigations, regardless of the wave-
lengths selected or instrumentation used for perform-
ing the measurements.
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