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The aim of the present study was to propose a model and a method to derive the oxyhemoglobin blood
content in the retinal veins and arteries by full spectrum reflectometry measurements in the spectral
zone from 430 to 680 nm. We proposed a mathematical equation expressed as a linear combination of two
terms Somp(4) and Sy (1) representing the normalized spectral absorption functions of the hemoglobin
and the oxyhemoglobin, one term 1™ representing the ocular media absorption with scattering, and a
family of multi-Gaussian functions, which usefully compensate for the noncompatibility of the model and
the experimental data in the red spectral zone. The present paper suggests that the spectral reflection
function in the area from 520 to 580 nm is optimal in calculating the oxyhemoglobin concentration of the
blood contained in the endothelial structures of retinal vessels. The model calculation needs a function
(1/2)™™ that corrects for the ocular media absorption and light scattering on the vessels’ structures. For
the spectral area of lights with wavelength larger than 580 nm, the reflected light represents mainly the

light scattering on the red blood cells. © 2011 Optical Society of America

OCIS codes:  170.1460, 170.3890.

1. Introduction

Alterations of retinal blood flow are the cause of the
majority of ocular diseases. Blood flow and blood oxy-
genation represent the most important parameters to
characterize the retinal metabolism. Presently, there
is a large interest in measuring these parameters
in vivo by noninvasive methods. While the methods
proposed to estimate blood flow in retinal structures
seem to be useful [1,2], the existing methods utilized
for the noninvasive blood oxygenation measurements
in retinal vessels have inherent limitations, making a
clinical application currently impracticable [3].
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Several technologies have been proposed to mea-
sure retinal blood oxygenation by photometric meth-
ods by using specific wavelengths from the visible or
near-infrared spectrums [4—7]. These technologies are
based on theoretical studies [8] that propose that, by
using three specific wavelengths, it is possible to esti-
mate the blood oxygenation in a sample of blood with-
out calibration. However, the retinal vessels represent
aheterogeneous medium in continuous motion. Thus,
the measurements of retinal blood oxygenation by
photometric methods using only a few specific wave-
lengths represent a rough estimation.

Recent developments in this field suggest estimat-
ing the retinal blood oxygenation by full spectrum
reflectometry measurements using multichannel
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spectrometers that perform fast photometric mea-
surements for a large range and a high number of
wavelengths [9,10]. It was demonstrated [11] that by
increasing the number of wavelength measurements,
the precision of the blood oxygenation evaluation in-
creases with about the square root of the considered
wavelength number.

Spectral reflectometry measurements using the
multichannel technique have shown that the reflec-
tometry function obtained from a retinal structure
represents a combined complex of different scatter
and absorption functions. So the overall reflection
function contains the spectral absorption compo-
nents of the blood mixed with the spectral absorption
components of all eye structures, traversed by the
light towards the retina and from back reflection to-
wards the exit of the eye. Furthermore, the light scat-
tered by the red blood cells and vessel structures
represents an important contribution to the overall
reflection function [10].

In fact, the reflectometry function in the visible
spectral region from veins and arteries was not com-
pletely explained by any recent model [10]. In conse-
quence, Schweitzer et al. [10] proposed to derive the
oxyhemoglobin blood content in veins and arteries by
using the reflectometry data from the spectral zone
of 510 to 586 nm. In this spectral zone, the blood
absorption has a major contribution to the overall
reflectometric function while the ocular media ab-
sorption and erythrocytes scattering are minimal.
The same authors concluded that for wavelengths
larger than 590 nm, the spectral reflectometry data
is largely affected by the light reflected by the red
blood cells.

A particular condition was exposed by Diaconu
[12], who discovered that the reflectometry function
obtained from the optic nerve capillary structures in-
volves the same spectral characteristics as the reflec-
tometry function from a sheet of white paper tinted
with blood. He proposed a linear mathematical
model that fully explains the reflectometry functions
from the capillary structures of the optic nerve area
in the visible spectral zone from 430 to 680 nm. The
proposed procedure consists of applying the mathe-
matical model to only one wavelength zone of the re-
flectometry function and to use the results to explain
the other wavelength zone of the reflectometry func-
tion. By using this procedure, it can be verified if the
model results represent a valid solution for all the
experimental data that contain noise.

The aim of the present study was to derive the oxy-
hemoglobin blood content in the retinal veins and ar-
teries by reflectometry measurements in the spectral
zone from 430 to 680 nm using the model and method
proposed by Diaconu [12] for the optic nerve capillary
structures.

In fact, we consider that the structural composition
of the limiting membrane of the blood vessel and its
diameter represent the principal physiological char-
acteristics that change the optical reflection proper-
ties on the different vessel types. By examining the

5186 APPLIED OPTICS / Vol. 50, No. 26 / 10 September 2011

retina using a simple ophthalmoscope, it is evident
that the light reflected from an artery or a vein is
of less intensity compared to the light reflected from
the microcapillaries’ structures.

The veins and the arteries have relatively large
diameters that allow a more important blood volume
in a deeper path to be exposed to the illumination. In
fact, under white light retinal illumination, the veins
and arteries appear red (light red for the arteries and
dark red for the veins), whereas the coloring of the
capillaries’ structures from the optical nerve zone ap-
pear more of a reddish white, demonstrating that
the long wavelengths are relatively more reflected
by the veins’ and arteries’ structures when compared
to the zone containing the capillaries’ structures.

2. Methods

The reflectometry spectral function was continuously
recorded by the multichannel technique, as shown in
Fig. 1 (800 wavelengths from 430 to 680 nm for each
500 ms), on arteries, veins, and the optic nerve capil-
lary zone, during 20 s at 0.5 s integrals for a steady-
state intensity of a white light retinal illumination
from six healthy subjects. More details on a similar
apparatus and the measurement technique were pre-
sented previously [12]. In the actual apparatus, the
coupling between the fundus camera, the CCD video
camera, and the spectrograph was accomplished
using a pinhole mirror that reflects the whole image
of the retina to the video camera except for the axial
zone, where a pinhole 0.5 mm in diameter lets the
light enter through to the spectrograph. The electron
multiplication CCD camera for spectroscopy has
been programmed in a special horizontal binding
mode where four horizontal elements are grouped to-
gether. This horizontal binding mode reduces the
measured wavelength number from 1600 to 800
and improves the signal-noise ratio.

Three different measurement sessions were ob-
tained from each subject at 1h intervals. Before and

Detector Head

Fig. 1. (Color online) Schematic view of the multichannel
reflectometry system for the eye. Ob, lens; MP1, mirror pinhole
1; MP2, mirror pinhole 2; M1, mirror 1; M2, mirror 2; A, aperture;
K, neutral filter; S, shatter.



after each measurement session, the spectral inten-
sity of the incident light was measured using an ar-
tificial eye with a matte surface of BaSO, considered
as a neutral reflector at the site of the retinal fundus.
The incident spectral light and the reflected light
from the retinal structures were corrected for the
dark signal.

3. Model

The mathematical equation used to derive the hemo-
globin and the oxyhemoglobin contribution spectra
to the overall reflectometry absorption function
A(2) from the optic nerve, veins, and arteries, was ex-
pressed as a linear combination of two terms, Sqy, (1)
and Syp(4), representing the normalized spectral
absorption functions of the hemoglobin and the oxy-
hemoglobin and one term A™" representing the ocular
media absorption with scattering. One constant fac-
tor £ was also included in the model,

A(/i) =mq * SHb(A) + mg * SOHb(/l) + mg * AT

The m,, ...m4 parameters represent the contribution
of each term from Eq. (1) to the overall reflectometry
absorption function A(1). Oxyhemoglobin concentra-
tion has been calculated using the formula OHb% =
mgy/(my + msy). The model has been applied to only
one wavelength zone of the reflectometry spectral
function, and the results of the model have been used
to explain the other wavelength zone of the reflecto-
metry function.

In the second model, we include in a multi-Gaus-
sian function to compensate for the noncompatibility
of the model and the experimental data in the red
spectral zone,

A(/i) =mq x* SHb(/I) + mg * SOHb(/l) + mg % A"

tmyxk=Y my«N(u,o%). (2)
iz

The role of the multi-Gaussian function was to
subtract the noise from the overall reflectometry
function and to protect the model for any given inter-
fering signal. The noise may be created by the light
scattered or absorbed on any given structure not
predicted by the model.

The laboratory simulations showed that such a
model predicts a null multi-Gaussian function when
the model is applied to the spectral data without
noise or additional interfering signal. However, the
multi-Gaussian functions can reconstitute and sepa-
rate any given spectral signal induced into the data
formerly not predicted by the model.

In the present study, u represented a vector of 18
equidistant elements on the wavelength scale from
580 to 670nm with an interval of ¢ = 5 nm.

Then, = [5680nm:5nm:670nm| and n = length

() = 18.

4. Results and Discussions

Figure 2 shows an example of reflectivity absorption
function (430 to 640 nm) from the optic nerve, vein,
and artery, as well as the model fit contributions
predicted by the Eq. (1) system applied to the spec-
tral data from 530 to 590 nm.
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Fig. 2. (Color online) Graphical representation of the model fit

applied to the experimental data obtained from (a) optic nerve

capillaries, (b) arteries, and (c) veins. The contributions of hemo-

globin, oxyhemoglobin, and optical medium absorption including

the scatterings are shown.
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Figure 2 also illustrates the contributions of the
hemoglobin, the oxyhemoglobin, and the ocular med-
ium absorption with light scattering predicted by the
model to explain the overall reflectivity absorption
function.

The results shown in Fig. 2 reveal that the model
results represented by Eq. (1) applied for the spectral
data from 530 to 590 nm can well explain the entire
reflectometry function (430 to 640 nm) from the optic
nerve structures [12]. However, the model results
cannot explain the reflectivity function on the veins
and arteries in the red spectral zone.

From the model results presented in Fig. 2, we un-
derstand that the reflectometry spectral data from
veins and arteries include two reflectivity mechan-
isms. One mechanism is evident in the spectral zone
from 430 to 590 nm where the light reflection on the
veins and arteries is similar with the reflection me-
chanism on the microcapillary structures. A linear
model can explain the reflectometry function in this
spectral zone. A distinct reflection mechanism is evi-
dent in the red spectral zone where the absorption
function is reduced when compared with the model
prediction applied to the spectral data from the
430 to 590 nm zone. In fact, the model predicts that
there are relatively more red light reflections on the
veins and arteries then on the capillary structures.
This result confirms the Schweitzer et al. [10] propo-
sal, so that in the red spectral zone, the light scatter-
ing the red blood cells is important and depends on
the blood volume exposed to the light path.

To explain the mechanisms involved in light reflec-
tion and absorption on veins and arteries, we propose
a hypothetical model represented by Eq. (3), where
the reflected light from the blood vessels represent
two different scattering and absorption mechanisms:

Is(4) = Is1(4) + Iga(4). (3)

One mechanism is represented by the light scat-
tered and absorbed on the frontal structure of the
blood vessels in which a very small fraction of the in-
cident light is absorbed by a very thin film of the
blood contained in endothelial structures [Eq. (4)].
This mechanism is similar to the model suggested
by Diaconu [12] to explain the light scattering and
absorption of the microcapillaries structures.

Is1(2) = K  Io(2) * [mq * Sgp(4) + maSgig, ()], (4)

where K represents the fraction of incident light (1)
scattered on the endothelial structures, m; and my
represent the coefficients for the hemoglobin and
oxyhemoglobin blood content, and Sygxg(4) and
Sonp(4) represent the hemoglobin and oxyhemoglo-
bin spectral absorption functions.

In the second mechanism, a very large fraction
of the incident light penetrates the blood vessels’
volume. This light will be partially backscattered
on the red blood cells found inside the blood vessel
[10] and partially absorbed by the erythrocytes while
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crossing twice the blood volume, following a reflec-
tion on the structures of the eye behind the vessel.

Iso(2) = Kg * [Io(4) = Is1(4)] * {1 - 10exp{-2 *d,
* [my * Sup(4) + mg * Somp(4)]}}, (5)

where d, represents the vessel diameter and Ks
represents the scattering and reflection fraction.

Equation (5) expresses the mechanism where a
fraction of the light is scattered on the red blood cells
and another fraction is absorbed by erythrocytes
traveling twice the blood volume 2 x d, following a
reflection on the structures of the eye behind the
vessel [13].

The model results for the two mechanisms of
scattering and absorption represented by Eq. (3) are
illustrated in Fig. 3.

From Fig. 3, we notice that in the spectral area
from 400 to 580 nm, the reflectometry function re-
sults mainly from the diffusion on the frontal en-
dothelial structure of the blood vessels. In other
words, the light, which will have to cross the blood
vessel volume, is strongly absorbed by it. The contri-
bution of this light to the reflectometry function is
negligible in the spectral zone from 400 to 580 nm.
However, the light of wavelengths larger than
590 nm is less absorbed by the blood, making the
blood almost transparent to this light. The data re-
presented in Fig. 3 show that in the spectral area
for wavelengths larger than 590 nm, the light that
is scattered on the red blood cells or reflected on
the retina structures behind the blood vessels could
be dominant compared to the light scattered on the
frontal structure of the blood vessels.

The model represented by Eq. (2) was proposed to
regulate for noncompatibility between the Eq. (1)
model and the reflectometry experimental data in
the red spectral zone. The multi-Gaussian functions
can predict the amount of the light scattered on the
red blood cells that depend on the blood vessel
diameter.
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Fig. 3. (Color online) Graphical representation for the two

mechanisms representing the frontal scattering on the endothelial

structure of blood vessels and the rear reflection with scattering on

the hematocrits [Eq. (3)].
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Fig. 4. (Color online) (a) Graphical representation for the calcu-

lated fitting curve by the second model [Eq. (2)] applied to the ex-
perimental data obtained from the (a) optic nerve, (b) arteries, and
(c) veins. The contributions of hemoglobin, oxyhemoglobin, and
optical medium absorption including the scatterings are shown.
The rear reflection (red scattering light) estimated by the multi-
Gaussian function is also represented in the figure.

In Fig. 4 are shown examples of diverse spectral
reflectometry absorption functions for the optic
nerve, vein, and artery alongside the model fit pre-
dicted by the system of Eq. (2) applied for the reflec-
tometry data from the 530 to 680 nm spectral zone.

The results shown in Fig. 4 demonstrate that the
system of Eq. (2) can well explain the overall spectral
reflectometry function measured from the optic
nerve head capillaries’, veins’, and arteries’ struc-
tures. The multi-Gaussian functions illustrate the
amount of light scattered on the red blood cells, an
amount relatively significant for both veins and
arteries.

Figure 5 shows an example of the blood oxygena-
tion values derived with the second model applied for
30 consecutive reflectometry measurements on the
artery, vein, and optic nerve capillaries of a subject.
The results from Fig. 5 can be grouped into three
ranges of blood oxygenation values with average
values of about 75% for arteries, 50% for veins, and
65% for optic nerve capillaries.

The range of blood oxygenation values in arteries
is greater than the oxygenation values found in capil-
lary structures. On the other hand, the venous oxy-
genation values are always lower than those of
capillary structures. It should also be noted that the
blood oxygenation values derived from venous and
arterial structures present a wide variability com-
pared to the blood oxygenation values derived from
capillary structures.

The eye motion represents the primary cause of
the variability of blood oxygenation estimation by
reflectometry measurements. The optic nerve zone
represents the best area in the eye for reflectometry
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Fig. 5. (Color online) (a) Example of blood oxygenation values de-

rived with the second model and (b) intensity of the light scattered
in the red wavelength zone (R scattering factor) of the reflectome-
try function derived by the multi-Gaussian function from the sec-
ond model applied for 30 consecutive reflectometry measurements
on the arteries, veins, and optic nerve capillaries from one subject.
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measurements compared to veins and arteries
because of its high reflectivity factor and relatively
large and homogeneous area.

The veins and arteries present a curved reflectivity
surface. The detection of the light reflected from ar-
tery or vein depends greatly on the relative position
of the sensor direction to the blood vessel axis. In con-
sequence, the eye motion plays a significant role in
the variability of the reflectometry measurements
on the veins and arteries and implicitly on the deri-
vative values of blood oxygenation.

Figure 5(b) shows the intensity of light scattered in
the red wavelength zone (R scattering factor) derived
by the multi-Gaussian function from the second mod-
el. The data presented in Fig. 5(b) confirm that the R
scattering factor values are in direct correlation with
the blood vessel diameter. It is noticeable that for re-
flectometry measurements from the optic nerve zone,
the R scattering factor shows very low values that
are consistent with the small diameter of capillaries.

Figure 6 shows possible correlations between the
oxygenation values and the R scattering factor
derived from 30 consecutive measurements from an
artery, a vein, and an optic nerve capillary zone of a
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Fig. 6. (Color online) Correlation between the oxygenation values
and the R scattering factor for the results from artery, vein, and
optic nerve capillaries.
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subject. From Fig. 6 we understand that the R scat-
tering factor can be in direct correlation with the ar-
terial blood oxygenation values and in inverse
correlation with the venous blood oxygenation val-
ues. The correlation between the blood oxygenation
values and the R scattering factor from the optic
nerve capillaries is low, which is consistent with
the homogeneity of the optic nerve zone. From the
correlation of the results shown in Fig. 6, we
understand that it is possible to select the blood oxy-
genation values corresponding to the axial position of
the sensor direction relative to the blood vessel axis,
considering that the maximum values of the R scat-
tering factor are obtained when the sensor’s direction
is aimed at the blood vessel axis.

In this case, the R scattering factor values will be
useful to reduce the variability of blood oxygenation
values corresponding to eye motion. However, the
data represented in Fig. 6 show that the reflectome-
try measurements corresponding to the axial posi-
tion of the sensor’s direction relative to the blood
vessel axis grant maximum oxygenation values for
measurements from the arteries and minimum oxy-
genation values for measurements from the veins
[10]. We suggest that the sensor positions outside of
the blood vessel axis will allow the capture of a stray
light scattered from the adjacent structures of the
vessel that are reflected on the wall vessel. Generally,
the blood oxygenation of the capillary structures be-
side the large retinal vessel is lower than the arterial
blood oxygenation and elevated more than the
venous blood oxygenation. Then the stray light scat-
tered from the adjacent structures of a vessel contri-
butes to reducing the blood oxygenation estimation
in arteries while increasing the estimated value of
the blood oxygenation in veins.

Figure 7 shows the results for oxyhemoglobin blood
content (percent) measured from arteries’, veins’, and
optic nerve capillaries’ zones in 12 subjects.

Similar to the results presented in Fig. 5 from one
subject, the results presented in Fig. 7 can be
grouped into three ranges of blood oxygenation with
average values of about 73% for arteries, 47% for
veins, and 63% for optic nerve capillaries.

It is notable that the arterial blood oxygenation
values derived by this model are 10% lower than
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Fig. 7. (Color online) Mean values for oxyhemoglobin blood
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capillaries’ zones in 12 subjects.



the arterial blood oxygenation values reported by
Schweitzer et al. [10]. This difference could have two
causes.

i. The technique of the reflectometry signal mea-
surement could cause it because if the reflectometry
signal is collected from a larger area of the artery,
more diffused light from the adjacent zone of the
vessel is collected, which induces a decrease of the
derived blood oxygenation values.

ii. The model for oxyhemoglobin derivation con-
tains the function 4™, which corrects the reflectome-
try data for the ocular media absorption and the
diffusion of the light on the blood vessel. Without this
correction, the derived blood oxygenation values
would be higher.

However, the variability of the arterial blood oxyge-
nation values between the various subjects is rela-
tively low compared to that of the venous blood
oxygenation variability. One explanation may be that
the retinal arterial blood oxygenation depends on the
systemic arterial blood oxygenation, which is a uni-
form parameter for people in good health. The venous
blood oxygenation of the retina depends on the arter-
ial blood oxygenation, but also on the retinal metabo-
lism and blood flow. Our results on the venous blood
oxygenation suggest that the retinal metabolism or
retinal blood flow can be specific to each subject, even
if the same quantity of light were employed to illumi-
nate the retina during the measurements [14,15].

5. Conclusions

The results of the model revealed that the retinal
spectral reflectometry signal is complex, containing
scattering, reflection, and absorption lights, each
type of light presenting a specific predominance in
the different spectral zones of the retinal reflectome-
try function.

i. The spectral absorption function of the blood is
dominant in the spectral zone from 520 to 580 nm.

ii. The ocular media spectral absorption function
and the light scattering on the blood vessels’ struc-
tures are dominant in the spectral zone with wave-
lengths shorter than 520 nm.

iii. In the spectral zone of wavelengths larger
than 590 nm, the light scattering on the red blood
cells and the light reflection from the eye structures
behind the vessel is dominant.

The present paper suggests that the spectral
reflection function in the area from 520 to 580 nm
is optimal in calculating the oxyhemoglobin concen-
tration of the blood contained in the endothelial
structures of retinal vessels. The model calculation
needs a function (1/1)™ that corrects for the ocular
media absorption and light scattering on the vessels’
structures. The (1/4)™ function must be modeled so
that the model results from the spectral zone of 520
to 580nm are also a solution for the reflectometry

function in the 430 to 520 nm spectral zone [12]. For
the spectral area of lights with wavelengths larger
than 580nm, the reflected light mainly represents
the light scattering on the red blood cells.

The quantity of this light (R scattering factor) may
be derived using a multi-Gaussian function. The R
scattering factor representing the amount of the scat-
tered light in the red wavelength zone may be a use-
ful parameter to estimate the relative variation in
retinal vessel diameter and can also be helpful in cor-
recting the errors in blood oxygenation estimation
caused by eye motion.
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