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Abstract. Vitreous hemorrhage is the leaking of blood into the vitreous humor which results from different dis-
eases. Vitreous hemorrhage leads to vision problems ranging from mild to severe cases in which blindness
occurs. Since erythrocytes are the major scatterers in blood, we are modeling light propagation in vitreous
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1 Introduction

The vitreous humor is a clear, transparent, colorless, and jelly-
like material that fills the space between the eye lens and the
retina.! It occupies about two thirds of the volume of the eye.
The vitreous humor is composed of water (~99%), collagen,
hyaluronic acid, and very few cells.! Further, in Ref. 1, Hea
demonstrated that the refractive index of vitreous humor is
~1.336, and in Ref. 2, Ahmed demonstrated that its volume
is ~4 ml.

In some cases, blood leaks into the vitreous humor; this is
called a vitreous hemorrhage.>® There are many causes of
bleeding into the vitreous body, e.g., diabetic retinopathy,®!°
retinal vein occlusion, retinal detachment, damage of retinal ves-
sels, age-related macular degeneration,''™* tumors, and macro-
aneurysm. The symptoms of vitreous hemorrhage depend on the
degree and extent of the bleeding. The symptoms include hazi-
ness of the visual field, blurry vision, shadows, red hues, appear-
ance of spots or floaters in the vision, and, in severe cases,
blindness.”!%!>-17 A vitreous hemorrhage can be easily detected
and diagnosed; e.g., at the slit lamp, erythrocytes can be seen
just behind the lens by the microscope. Further, ultrasono-
graphic examination of the eye establishes the severity and loca-
tion of the hemorrhage. The echographic signs are based on
blood density and blood location.'®"?

Moreover, the blood is a highly turbid medium. It consists of
55% plasma and 45% corpuscles, 99% of which are erythrocytes
and 1% of which are leukocytes and thrombocytes,20 1.e., the
optics of blood are mainly governed by plasma and erythro-
cytes.?! Light scattering by erythrocytes is one of the major
pathways that characterize the interaction of blood and light.
In modeling erythrocytes scattering, light is considered to be
an electromagnetic wave and erythrocytes are considered a
dielectric body with an effective refractive index. The shape

*Address all correspondence to: Tarek A. Al-Saeed, E-mail: tarek1971@ieee
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of erythrocytes may be considered as spherical or a biconcave
disk or, more generally, a deformed shape.”>>

In the course of studying the optical effects of vitreous hem-
orrhage, in Ref. 21, Tuchin considered the light scattering matrix
(LSM) of vitreous humor, where the light scattering matrix is a 4
by 4 matrix that connects the Stokes vector of the incident light
with that of the scattered light; it describes the polarization state
of the scattered light. In Ref. 21, Tuchin came to the conclusion
that the vitreous humor itself does not affect the polarization of
straight-transmitting light. This fact makes it possible to exam-
ine the ocular fundus and to image the optic nerve structure,
which is important for the early diagnosis of glaucoma. Further,
in the case of minor vitreous hemorrhage, the LSM is highly
affected due to light scattering by erythrocytes.?! Hence, in
Ref. 26, Korolevich et al. considered the elements of the LSM
of amonolayer of disk-shaped or spheroidal erythrocytes in rela-
tion to packing density.

In this work, for the first time to the best of our knowledge,
we try to model vision loss due to vitreous hemorrhage. We
assume that the vitreous humor is generally a clear and trans-
parent medium at visible wavelengths. Moreover, erythrocytes
were considered to be the predominant source of scattering in
the vitreous resulting from hemorrhage. We apply Monte Carlo
simulation of light propagation in the turbid medium (vitreous
humor contaminated by erythrocytes).?”?® Upon calculating the
total transmittance of the vitreous body, we model the vision loss
effects due to vitreous hemorrhage. Correlations between the
simulated results and parameters quantifying vision loss, such
as visual acuity, visual Strehl ratio (SR), and contrast sensitivity,
have been discussed.

The paper is organized as follows: the first section is an intro-
duction; the second section presents the theory of light propa-
gation in vitreous humor and erythrocytes; the third section
formulates the problem that we will solve; the fourth section
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gives the results of our simulation; the fifth section presents a
discussion of the benefits of these results; and finally, the sixth
section presents the conclusion and future work.

2 Theoretical Background

In this section, we give the theory of optical properties of both
vitreous humor and erythrocytes.

2.1 Refractive Index of Vitreous Humor

In our analysis, we consider that the vitreous humor is a clear,
transparent medium in the visible wavelength range, i.e., we
neglect any scattering and absorption for the visible range. Thus,
we are considering only the refractive index of vitreous humor
which is governed by Sellmeier’s equation®’

0.7942

o 2
=t e

6]

where 1 is wavelength in nm and n, is the refractive index of
vitreous humor.

2.2 Optical Properties of Erythrocytes

The optical properties of erythrocytes depend on many factors as
follows:

2.2.1 Effective refractive index of erythrocytes

The real part of the effective refractive index of erythrocytes
varies from 1.398 to 1.404 in the wavelength range from 400
to 1000 nm and the imaginary part varies from 10~ to 10~°
in the wavelength range from 400 to 1000 nm.?**

2.2.2 Structure of erythrocytes

Normally, erythrocytes are shaped like a biconcave disk with an
average volume of 90 um3, as in Refs. 20, 21, and 25. The scat-
tering properties of erythrocytes depend on orientation, but for a
large number of such particles, they can be modeled by ran-
domly distributed spherical particles of equivalent volume.?
Further, the volume of such particles may actually exceed the
volume of normal erythrocytes due to aggregation. In our analy-
sis, we assume no aggregation and assume a constant volume
of 90 um’.

We employed the spherical model of erythrocytes because
their optical properties can be calculated using the Mie formula.
This simplification is used for several reasons. First, the methods
and algorithms for calculating optical properties of aspherical
scatterers are cumbersome and only have limited applicability.
Second, light scattering indicatrix in the forward hemisphere for
spheroids and cylinders with moderate asphericity parameters
(from 0.5 to 2.0) that are averaged over different spatial orien-
tations is the same as the indicatrix of a sphere of the same
value.!

Moreover, the mean volume of erythrocytes is 90 ym® and
the volume of erythrocytes in blood has a distribution function
that ranges from 30 to 200 gm>. This distribution function
exhibits the presence of particles whose volume considerably
exceeds the volume of a normal erythrocyte which is associated
with the aggregation of erythrocytes into large-size clusters.
Further, this distribution function reaches its maximum at

of the scattering of erythrocytes, especially for the case of
blood, one needs to take the distribution function of the eryth-
rocytes’ volume. In the case of erythrocytes in the vitreous
humor, such accuracy is not necessary since the number of
erythrocytes and their density in blood is much greater than
that in the vitreous humor. Therefore, our analysis will be in
error to some extent if we only use an average value instead
of a distribution function. Moreover, taking the volume distri-
bution function into account is a topic that may be considered
in future research.

2.2.3 Mie theory for erythrocytes

We apply Mie theory to erythrocytes considering them as homo-
geneous spheres with radius ry. Thus, we obtain the scattering
cross-section, extinction cross-section, and anisotropy fac-
tor.”>? The scattering cross-section is*?

21 &
Coa = pZ(zn + 1)(|an|2 + |bn|2)' (2)
U n=1

The extinction cross-section is>

2 [o4]
Cop = k_’; > (2n+ 1)Re{a, + b, }. 3)

n=1
The absorption cross-section is*?
Cabs = Cext - Csca' (4)

The anisotropy factor is?

_ Anr [ZW: n(n+2)
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where the diffraction size of the erythrocyte x is given by>?

2
x=k,ry = nv%ro, (6)

where r is the radius of the erythrocytes and n, is the refractive
index of the vitreous humor. Further, the relative refractive index
of the erythrocyte m is given by

ke _ ne+ Jjxe
k, n,

)

m =

where n, and y, are the real and imaginary parts of the refractive
index of erythrocytes, respectively.

Finally, a, and b, are the Mie coefficients and the asterisk
denotes the complex conjugate. The expressions of Mie coeffi-
cients are given by*

o = M)y (x) =y, (X, (mx) ®)
T my(mx)E(x) = & () (mx)

_ wa(mx)y, (x) — my, (x)y, (mx)

90 um?® and has a full width half maximum (FWHM) of b, = . ) , )
~25 ym? as in Refs. 20 and 21. Thus, for accurate analysis W (mx)&, (x) — mé, (x)y, (mx)
Journal of Biomedical Optics 085009-2 August 2014 « Vol. 19(8)
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where v, (p) = pj.(p) and &,(p) :ph,g])(p) are the Reccati-
Bessel functions, j,(p) is the spherical Bessel function of the
first kind of order n, and hﬁ,l) (p) is the spherical Bessel function
of the third kind of order n (sometimes called the spherical
Hankel function of the first kind).

2.2.4 Scattering and absorption coefficients of
erythrocytes

The scattering coefficient of erythrocytes is given by*?
py = NoCyq, (10)

where N, is the number of erythrocytes per unit volume, which
is given by

3
=", 11
ey (1D
where # is the volume fraction of erythrocytes. Similarly, the
absorption coefficient is given by

Ha :Necabs~ (12)

2.2.5 Phase function

The phase function is the probability density function of the
cosine of the scattering angle. The Mie theoretical phase func-
tion is more useful and accurate than any other phase function.
However, the Henyey-Greenstein (HG) phase function is a good
approximation of a phase function and is simple to use. It is
given by*

l—g2
2(1+ ¢*> =2 g cos )32’

Prc(cos 0) = (13)

where g is the anisotropy factor, which represents the average of
the cosine of the scattering angel 8, which ranges from —1 to 1.

It should be noted that Mie theory rigorously describes
the scattering of light by a sphere. It is an exact solution of
Maxwell’s electromagnetic field equations for a homogeneous
sphere, which is the case of the erythrocytes considered in our
simulation. For some calculations, the theoretical Mie phase
function may be useful. On the other hand, the HG phase func-
tion is an approximation to that of Mie. It is widely employed in
radiative transport calculations for the description of the scatter-
ing process in blood because of their mathematical simplicity.
However, the HG phase function cannot be used for accurate
calculations of the angular light distribution scattered by a single
erythrocyte.”!

3 Problem Modeling

In our study of light propagation in the vitreous body, we
assume no scattering or absorption in the vitreous humor. The
unique source of scattering and absorption is the leaked eryth-
rocytes. Thus, we treat the vitreous humor contaminated by
erythrocytes as a turbid medium. The absorption coefficient,
the scattering coefficient, and the anisotropy factor are that of
spherical erythrocytes calculated by Mie theory in the previous
section. The phase function is that of HG.?> Thus, we apply
Monte Carlo simulation of light propagation in the vitreous
humor contaminated by erythrocytes.
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In our analysis of the vitreous body, we assume that we have
a layer of clear vitreous humor. This layer has a thickness of
16 mm and it has infinite extents in the other two directions.
This should not be considered contradictory with the physical
shape of the vitreous body which is nearly spherical, because
here we model only the introduction of erythrocytes in the vit-
reous humor. Afterward, we vary the amounts of erythrocytes.
To quantify the amounts of erythrocytes we use the volume frac-
tion, which is the ratio of the total volume occupied by eryth-
rocytes to the volume of the vitreous humor.

In applying Monte Carlo simulation,””*® we assume we
have a pencil beam perpendicularly incident on the layer of vit-
reous humor, i.e., we obtain the impulse response. Further, we
assume we have a matched layer, i.e., we assume the surround-
ing medium has the same refractive index. This is not strange
because we are only interested in the scattering and absorption
effects of erythrocytes in the vitreous humor. Finally, we are
interested in calculating the transmittance of that layer under
varying concentrations of erythrocytes in the vitreous humor.

In the following section, we present the numerical values of
Monte Carlo simulation.

4 Simulation Results

In this section, we introduce the numerical values obtained in
our simulation. First, the working wavelength is 600 nm. We
obtain the refractive indices of vitreous humor and erythrocytes
n, and n, + jy., respectively, as in Sec. 2. Then, we obtain u,,
Hg, and g from Mie theory. We apply Monte Carlo simula-
tion?”® to the layer of vitreous humor as shown in Fig. 1.

In our simulation, we have two different cases of erythro-
cytes distribution. In the first case, we assume that we have

Incident
pencil beam

P

)

N{—‘.
A 4
>

ot

Layer (10) {1.6mm

Layer (9) 1.6 mm
)
)
)
)
Layer (2) 1.6 mm
Layer (1) 1.6 mm
L[]
L]
Transmitted .
light .
L]
L]
v

Fig. 1 Schematic diagram of the problem.
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uniform distribution with a constant concentration of erythro-
cytes throughout the whole vitreous body, whose thickness is
16 mm. In the second case, we assume an exponentially varying
distribution of erythrocytes whose concentration decreases
exponentially, i.e., exponentially decreasing as we go away
from the retina. To account for a varying distribution, we divide
the whole vitreous layer into 10 layers, as in Fig. 1. Each layer
has a constant concentration. Each layer concentration exponen-
tially decreases compared to the first layer.

Further, in our Monte Carlo simulation, we used 2 x 10°
photons. Thus, the obtained numerical values of transmittance
are stable for at least the two most significant digits, i.e., using
more photons will not change the obtained values up to more
than the first most significant digit. This stability of numerical
values is highly sufficient for our modeling purposes. Moreover,
the discretization step in the radial dimension is 100 ym. This
value is not so great to be coarse and not so small so that, for the
above-mentioned number of photons, we do not have high fluc-
tuations. Thus, the resolution used in calculating various radius-
based quantities is 100 pgm, which is acceptable for our model-
ing purposes.

4.1 Results of Uniform Concentration

We apply Monte Carlo simulation for a single matched layer of
vitreous humor of 16 mm thickness, which has a uniform con-
centration of erythrocytes characterized by a volume fraction.
Then we calculate the transmittance of this layer. The layer
has cylindrical symmetry, thus we calculate transmittance as
a function of the radial coordinate r defined as

r=1/x*+y%, (14)

where x and y are the Cartesian coordinates as shown in Fig. 1.
We calculate the total transmittance as function of r and plot
Fig. 2 in which we have a family of curves presenting three dif-
ferent volume fractions of erythrocytes 0.1, 0.5, and 1%. In each
curve, we should distinguish the following parameters:

1. The radius of maximum transmittance, i.e., the radius
at which the transmittance is maximum: this parameter
accounts for the shift in position of the pencil beam as
it reaches the retina.

T T
Volume fraction 1%

" e Volume fraction 0.5%
! === Volume fraction 0.1%

0.1

Transmittance

r(mm)

Fig. 2 Transmittance as a function of r for three different volume
fractions.
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2. The FWHM of the transmittance curve: this parameter
accounts for the spread of the pencil beam. Further, it
accounts for the fact that, under vitreous hemorrhage,
the pencil beam will be viewed as a circular strip of
varying thickness based on volume fraction.

3. The shadow radius: this is the radial distance from r =
0 to r where the first half of maximum transmittance
occurs. This parameter accounts for a circular disk
where the patient will see a dark region. So I call it a
shadow area because without erythrocytes this area
should appear bright.

From Fig. 2, it is clear that the transmittance has a peak that
shifts from r = 0. Moreover, transmittance decreases and
becomes negligible at large values of r. The rate of decrease
depends on the volume fraction of erythrocytes.

Further, to make these parameters clearer, we present Fig. 3.
In this figure, we give a two-dimensional (2-D) plot of the trans-
mittance for three different cases of volume fractions.

It should be noted that the shadow area results from the scat-
tering of light by erythrocytes, which attenuates direct rays of
light. To prove that this shadow area is governed by Mie scattering
theory, we repeated analysis by using different values of the radius
of erythrocytes, specifically 2, 2.5, 3, and 3.5 pm, and retained the
same number of erythrocytes per unit volume, specifically
5.556 x 10* mm™3. This last number corresponds to a volume
fraction of 0.5% in the case in which the volume of a single eryth-
rocyte is 90 um?>. The results obtained are given in Table 1, which
shows an increase of the shadow radius as the radius of erythro-
cytes increases. The central shadow area contributes to black
spots, opacity, and shadowing due to floaters and visual field
occlusion. This is what the patient can actually see. From our
model, the turbid layer of the vitreous has a scattering coefficient
whose effect is to impede the direct beam from being transmitted,
i.e., it is the consequence of scattering by erythrocytes.

From Fig. 3(a), where the volume fraction is 1%, it is clear
that the radius of maximum transmittance is the greatest and the
light will spread over a large thickness circular strip. Further, the
shadow area characterized by the dark area at the center of the
figure has the greatest radius. In Fig. 3(c), where volume fraction
is 0.1%, all of these parameters are the smallest, i.e., the pencil
beam, in this case, will be viewed as a small circular strip and
there will be no shadow at all. Figure 3(b), where volume frac-
tion is 0.5%, will have values in between.

It should be noted that in Fig. 3(c), the central region actually
appears darker than the surrounding regions, which means that
transmittance is smaller at the center. But we do not consider it
shadow because transmittance at the center is greater than the
half of the maximum transmittance. We have used a threshold
of half the maximum to judge whether it is a shadow or not.

To quantify the effect erythrocytes have on the above-men-
tioned parameters, we introduce Fig. 4. We plot the total trans-
mittance and the previously mentioned three parameters as a
function of the volume fraction of erythrocytes.

It is clear from this figure how the total transmittance and the
three parameters deteriorate as the volume fraction of erythro-
cytes increases.

4.2 Results of Exponentially Decreasing
Concentration

In the previous subsection, we assumed we have a uniform con-
centration of erythrocytes throughout the volume of the vitreous
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Fig. 3 Two-dimensional plot of transmittance: (a) volume fraction 1%, (b) volume fraction 0.5%, and (c)

volume fraction 0.1%.

body. This assumption may appear far from reality because, in
fact, erythrocytes will have a high concentration near the retina
and a small concentration at the other end of the vitreous body.
Thus, to account for varying erythrocytes’ concentration, we di-
vide the whole vitreous layer into 10 layers, each of which has a
constant concentration that exponentially decreases. In terms of

Table 1 Parameters obtained for the case of varying erythrocytes
radius.

Erythrocyte Shadow Radius of maximum  Full width half
radius (um)  radius (mm) transmittance (mm) maximum (mm)
2 0.065 0.3 1.09
25 0.16 0.8 1.94
3 0.291 1 2.739
35 0.43 1.6 3.729
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the volume fraction, each layer will have an erythrocytes volume
fraction #; in percentage, which is given by

n; = no exp(—i/o), (15)

where 7 is the volume fraction at the first layer immediately
adjacent to the retina and #; is the volume fraction at the
(i + 1)’th layer. Further, i varies from O to 9 and ¢ determines
the rate with which the volume fraction decreases. It determines
the layer at which the volume fraction decrease to e~! of that of
the first layer.

To identify the effect of exponentially decreasing concentra-
tion, we discuss two cases. In the first case, we assume a con-
stant 7o = 5% and vary ¢ from 1 to 9. Thus, we plot the total
transmittance and the other three parameters as a function of ¢ in
Fig. 5. In the second case, we assume constant ¢ = 4, i.e., the
concentration decreases to e~ of that of the first layer at the fifth
layer. Then, we vary 7, from 1 to 5% and plot the same four
quantities as in Fig. 6.

August 2014 « Vol. 19(8)
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Fig. 4 The four parameters as a function of volume fraction for uni-
form erythrocyte concentration: (a) total transmittance, (b) radius of
maximum transmittance, (c) FWHM, and (d) shadow radius.

Figures 5 and 6 along with Fig. 4 ensure that the increase in
the volume fraction of erythrocytes results in the following:
(1) decrease in the total transmittance, (2) increase in the radius
of the maximum transmittance, (3) increase in the width of the
circular strip of the bright area, and (4) increase in the radius of
the shadow area.

4.3 Results of Transmittance of Gaussian Beam

In the previous two sections, we considered a pencil beam.
Although the results of a pencil beam are valuable, actual
beams have finite dimensions. So in this subsection, we consider
the transmittance of a Gaussian beam. Then we present the
parameters of the laser beam used in the treatment of retinal dis-
eases in the case of a vitreous hemorrhage.

4.3.1 Analysis of Gaussian beam transmittance

One of most common beams is the Gaussian beam whose inten-
sity distribution is given by*?

S(r) =~ expl-2(r/W)?]. (16)

where S(r) is the intensity, i.e., power per unit area and we
assume a beam of total power of unity. We ignored divergence
of the beam and specify that W is the beam radius. The obtained
results of transmittance versus the radial dimension for a pencil
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Fig. 5 The four parameters as a function of ¢ for an exponentially
varying concentration: (a) total transmittance, (b) radius of maximum
transmittance, (c) FWHM, and (d) shadow radius.

beam in Fig. 2 can be considered as the impulse response for
transmittance, which we call Gy(r) and denote as the
Green’s function for transmittance. In order to obtain the trans-
mittance response to a Gaussian beam, we only convolve the
Green function, Gy(r), with the source intensity profile S(r).
First, the convolution in Cartesian coordinates is given by™’

T(x,y) = / / Gr(x —xp,y — yo)S(xo»)’o)dxodYO»
(I7)

which can be equivalently written as>>

oo o0
T(x,y) = / / Gr(xo, Y0)S(x = X,y — yo)dxodyo.
(18)
Since we have radial symmetry of both the source and Green

function, the last equation can be written in polar coordinates

3533

T(r)= /)2” /_oo GT(P)S<\/r2 + p? = 2rp cos ¢>pdpdd).
(19)

In Fig. 7, we study the transmittance profile for Gaussian
laser beams of different radii, i.e., W = 1500, 1000, 500, and
200 pm. In Figs. 7(a) and 7(b), we used a vitreous layer of
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Fig. 6 The four parameters as a function of 5y for an exponentially
varying concentration: (a) total transmittance, (b) radius of maximum
transmittance, (c) FWHM, and (d) shadow radius.

uniform distribution of volume concentration 1 and 0.5%,
respectively.
From Fig. 7, we find out the following:

1. At large radius r, the curves of the pencil beam and
Gaussian beam coincide since the Green function
and the source intensity decrease with the radius r.

0.015 T T T

X x x Pencil B.
------ Gauss. B. W=0.2mm
— — Gauss. B. W=0.5mm

=e=+ Gauss. B. W=1lmm
—— Gauss. B. W=1.5mm

WS
0.01 o w&"&

Transmittance

51073

r(mm)

(a)

2. At r =0 and the adjacent area, there is a great differ-
ence between the pencil beam and Gaussian beams. In
the pencil beam, there is a small transmittance at
r =0, which is due to scattering. On the contrary,
Gaussian beams have more transmittance at this posi-
tion. This is because if we consider that the Gaussian
beam is composed of a very large number of pencil
beams distributed along the beam cross-section,
each beam will be scattered into the region r = 0.

3. As the Gaussian beam radius decreases, we approach
the pencil beam. This is clear in Fig. 7 for the case of a
Gaussian beam of radius 200 ym.

4. All curves show that light is distributed over a large
area, i.e., the FWHM shows values greater than the
radius of the Gaussian beam. It is not limited to the
case of pencil beam. Thus, any light beam, upon exit-
ing from the vitreous body, will suffer an evitable dis-
tribution over a large area.

4.3.2 Therapeutic laser parameters under vitreous
hemorrhage

Laser energy is used in the treatment of many retinal diseases,
e.g., laser photocoagulation treatment of serous retinal detach-
ment.** The parameters of the treatment are power, spot size, and
time of exposure. Although laser therapy in the presence of a
vitreous hemorrhage may be contraindicated in most medical
circumstances, a calculation has been performed to project the
operational parameters required to achieve delivery of a thera-
peutic dose of laser energy to the retina. These parameters are
drastically different than the typical therapeutic dose suggested
for treatment conditions without hemorrhage. Therefore, we
consider a sample case of treatment whose parameters are**
100 mW power, 100 ym spot size radius, and 0.2 s expo-
sure time.

For this case, we repeat the analysis in the previous subsec-
tion, but we use W = 100 ym in Eq. (16). Thus, we get curves
similar to that in Fig. 7. From these curves, we get the half
maximum transmittance T},; and consider it the average

0.03 T T T
x x x Pencil B.

------ Gauss. B. W=0.2mm

¥ X — — Gauss. B. W=0.5mm
}7 "{ ==+ Gauss. B. W=1mm
. -_.\":’(’XX —— Gauss. B. W=1.5mm

Transmittance

r (mm)

(b)

Fig. 7 Transmittance profile of Gaussian beams of different radii and a pencil beam. (a) Volume con-
centration of erythrocytes is 1%. (b) Volume concentration of erythrocytes is 0.5%.
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transmittance. We define the energy density to be the energy
delivered to the retina per unit area in J/cm?. Energy density
can be calculated by
EO = toP 0 (20)
where t#, is the exposure time in seconds. Further, P is the
power density in W/cm? and is defined as power per unit
area. This is for the case without hemorrhage. In the case of
hemorrhage, we have new time #; and power density P;. In
our analysis, we consider the same energy per unit area deliv-
ered to the retina. Thus, setting #; to some reasonable value and
having the same energy density in Eq. (20), we get P,. To get the
required power to be applied at the starting point of the vitreous
body, i.e., at z = 0, we have

P
Input power = —L. 21)
half

The obtained values of power and other parameters are given
in Table 2.

Note that in the previous table, the input beam is Gaussian
with a spot size radius = 100 um in all cases. Further, the expo-
sure area in the case without hemorrhage is the area of a circle
with a radius of 100 ym. In the cases with a hemorrhage, the

Table 2 Sample of laser power required for retinal treatment with vit-
reous hemorrhage.

Exposure Exposure Input

exposure area is the area of annulus where the transmittance
is greater than or equal to Typs.

From the table, it is clear that the required power in the case
of hemorrhage is tremendously greater than that in the case with-
out hemorrhage. This is because (1) much power is absorbed by
erythrocytes and (2) the laser energy is spread over a wide expo-
sure area. For example, the ratio of the exposure area in the case
of a volume fraction 1% equals ~2300 times that without a
hemorrhage.

Further, it should be stressed that vitreous hemorrhage is one
of the contradictions to retinal laser treatment.

4.4 Results of Absorption

In the previous subsections, we considered transmittance of the
vitreous body. In this subsection, we consider the light absorbed
in the vitreous due to erythrocytes.

First, we consider absorption in the case of an incident pencil
beam. In Fig. 8(a), we calculated the total absorption in the vit-
reous in the case of a uniform distribution of erythrocytes with a
varying volume fraction. It is clear that absorption increases as
the volume fraction increases.

Further, to get some parameter that characterizes absorption
and since the total medium examined has infinite radial dimen-
sion, we consider the absorption in horizontal layers, which for
each depth z, is the sum of absorption across the radius r. Thus,
we define the layer absorption as

Horizontal layer absorption(z) = ZAbsorption(r, 2),

; 22
Volume fraction time (s) area (cm?) power (W) (22)
0% (without 0.2 3.142 x 10~4 0.1 where Absorption(r, z) is the absorption distribution in radial
hemorrhage) dimension r and depth z. In Fig. 8(b), we plot the horizontal
layer absorption as a function of depth z for different uniform
0.1% 2.0 7.39x10°° 504.0 distributions of volume fractions 5, 3, and 1%. It is clear from
0.5% 20 0.228 2564 x 10° this figure that absorption decreases with depth and has a posi-
tion where the absorption has a maximum value. Thus, we con-
1% 20 0.73 5.581 x 108 sider a parameter, which is the depth of the layer of maximum
absorption, and plot it in Fig. 8(c) for varying uniform
1 T T T T 0.012 T T T 5 T T T T
8 Volume fraction 5% €
.§ 0.8 3 & 001 e**ee Volume fraction 3% [T g
g‘ J% 103 === Volume fraction 1% | | ;4 N i
2 < 2
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Fig. 8 Absorption parameters: (a) total absorption versus volume fraction, (b) horizontal layer absorption
as a function of depth z, and (c) depth of layer of maximum absorption as a function of volume fraction.
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distributions. It is clear that for a large volume fraction, the
absorption peak is near the surface of the vitreous and for a
low volume fraction, the absorption peak goes deeply into
the vitreous. This is true because at a high volume fraction,
absorption and scattering coefficients are greater. Therefore,
photons do not have chance to travel deep in the vitreous
because of large scattering and absorption.

Second, we consider absorption due to incident Gaussian
beams of different radii. The obtained distribution of absorption
for a pencil beam, in the first part of this subsection, can be con-
sidered as the Green’s function for absorption G 4 (r, 7). Therefore,
to obtain the absorption for a Gaussian beam, we use the convo-
lution Eq. (19) for absorption instead of transmission.*

A(rz) = / - / " Galp,2)S(\[ P +p? = 21 cos p)pdpdg,
0 —o0
(23)

where A(r, z) is the absorption distribution for a Gaussian beam. In
Fig. 9, we plot the absorption distribution in r and z, for pencil
beams and Gaussian beams of radii 1500, 1000, and 500 ym.

—
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In this figure, we used a uniform distribution of erythrocytes
with a volume fraction of 5%. Further, the values of absorption
are normalized to the maximum and multiplied by 100 to get
the percent values of the maximum.

For the case of a pencil beam, absorption is confined to the
point of incidence r = 0 and z = 0. In Gaussian beams, absorp-
tion has a maximum point which is located deeper in the z direc-
tion. Further, in Gaussian beams, absorption is more distributed
in the radial dimension. This distribution is due to the fact that
the source spreads over a large area where the Gaussian beam
can be considered to be composed of a large number of pencil
beams distributed in the radial dimension. Further, the nonuni-
form distribution of absorption may result in changing the
physical properties due to heating, especially at positions of
peak absorption.*®

4.5 Prediction of Loss in Visual Performance

In this subsection, we make a correlation between the obtained
results and the parameters quantifying vision loss. We discuss
visual acuity, visual SR, and contrast sensitivity.
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Fig. 9 Absorption distribution: (a) pencil beam, (b) Gaussian beam of radius 500 um, (c) Gaussian beam
of radius 1000 ym, and (d) Gaussian beam of radius 1500 ym.
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4.5.1 Visual acuity

Visual acuity is the main parameter used for the ophthalmologist
to evaluate the performance of the visual system. The most
common method to test visual acuity is to use the standard
Snellen chart.*® The minimum size of the targets (optotypes)
for which the number of correct answers is above the threshold
determines the value of visual acuity.*®

Visual acuity was derived from the maximum spatial resolu-
tion of the human eye. This resolution can be obtained from the
modulation transfer function (MTF). This function can be
obtained from the normalized modulus of the 2-D Fourier trans-
form of the response in Fig. 3. Thus, in Fig. 10, we obtained the
MTF for three different cases of concentration: 0.1, 0.5, and
1%. This function works as a low-pass filter with the frequency
response decreasing as we increase the volume fraction of
erythrocytes.

In the Snellen chart used, the optotype is a letter E and the
patient stands 20 ft from the chart.’® Further, at spatial frequency
f (cycle/degree), the minimum intersection angle identified by
human eye is 1/f. Correspondingly, the height of the minimum
size letter identified by the human eye is 2.5 X 20 x (1/f). Here,
the number of 20 indicates the distance of 20 ft from the chart
where the individual stands to read the letters, and 2.5 is the
cycle of the letter E.* The distance of the minimum size letter
height of 2.5 x 20 x (1/f) forming a 5 min angle (5/60 deg)
is L

2.5%x20
=\ 24
£ (5/60) ey
Thus, visual acuity is%
. . 20 f
Visual ty=—==—. 25
isual acuity 7 =30 25)

In Fig. 10, we draw vertical dash-dotted lines to mark the
spatial frequencies of different acuity values. A degradation
in visual acuity is clear as the concentration of erythrocytes
increases.

4.5.2 Visual Strehl ratio

SR is frequently defined as the ratio of the peak aberrated image
intensity from a point source compared to the maximum
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| | | eeeee Volume fraction 0.5% |
08FR | | | === Volume fraction 0.1% | b
[ ' ' '
v | | |
\ ' ' '
0.6F I \\I | | | -
& TR | 20/20 20/10
= s h
0.4F k! ! \\ ! ! ! —
’ K AN I I
. ~ I )
I ISso I I
. ' -~ '
0.2 S, | ~~~~J. | B
| '....I | ~~~_--- ______ |
A Peees ! ) e m———e
00 20 40 60

Spatial frequency (cycle/deg)
Fig. 10 Modulation transfer function versus spatial frequency for dif-

ferent volume fractions. Visual acuity values are marked at corre-
sponding frequencies.
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attainable intensity using an ideal optical system limited only
by diffraction over the system’s aperture.’’ It is also often
expressed in terms not of the peak intensity but of the intensity
at the image center (intersection of the optical axis with the focal
plane) due to an on-axis source; in most important cases, these
definitions result in a very similar figure.

Since, in our analysis, we are not considering lenses, we limit
the definition of SR to the ratio of the peak transmittance from
the vitreous body with erythrocytes to the peak of transmittance,
which is limited only by diffraction, i.e., in the vitreous without
erythrocytes.

To account for the case that is limited only by diffraction, we
use the Gaussian beam used in Sec. 4.3.1. The waist of the
Gaussian beam is located at z = 0. So, as this beam propagates
through the vitreous body, its radius increases. Thus, this
Gaussian beam can be used to account for diffraction effects.
In the case of vitreous without erythrocytes, the maximum trans-
mittance will be

2
T yithour = W2 (26)
z=d

where W__, is the beam radius at z = d, which is related to that
at z =0 by™

wi_d=W2[1+< 2d ﬂ e

n,aW?

where W is the beam radius at z = 0, d = 1.6 cm is the vitreous
layer thickness, 7, is the refractive index of the vitreous, and 1 =
600 nm is the wavelength.
Thus, SR will be the ratio of maxima in Fig. 7 to Ty;mout-
It is clear from Table 3 that the values of SR are small; this is
because of attenuation due to absorption in erythrocytes and the
spreading due to scattering by erythrocytes.

4.5.3 Contrast sensitivity

Contrast is the difference in luminance and/or color that makes
an object (or its representation in an image or display) distin-
guishable.® Suppose we present a visual target on a uniform
background. The contrast of the target quantifies its relative dif-
ference in luminance from the background and may be specified
as the Weber contrast™

I — Lo
Contrast = —= 0 (28)
background

Table 3 Visual Strehl ratio for Gaussian beams with different spot
sizes.

Strehl ratio

Volume
fraction W =200 ym W =500 um W =1000 yum W = 1500 ym

0.1% 7.757x107% 3.731x10™* 9.0x10™* 1.356 x 1078

0.5% 1557 x 10™° 9.405x 1075 3.471x10™* 7.605x 10~*

1% 7.142x107% 4.344%x10°° 1.672x10* 3.62x107*
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where I 1oy, Imin, and Tpgergrouna are luminance maximum, mini-
mum, and background, respectively. Further, in our model, we
have a pencil beam of light surrounded by a black background.
If we considered that the background luminance is very small,
then the detected intensity with and without vitreous hemor-
rhage will be nearly the same. On the contrary, the maximum
luminance will be degraded for the best case by T, Where
T max 1s the maximum of transmittance obtained in the curves
of Fig. 2. So, the contrast with vitreous hemorrhage is related
to that without vitreous hemorrhage by

Contrast with hemorrhage

= T max (Contrast without hemorrhage)
I ax — L
= Tmax }ndx —. (29)
background

Note that T, is always <1.

Contrast sensitivity defines the threshold between the visible
and invisible. It is reported in Ref. 39 that threshold contrast is
1% for a remarkably wide range of targets and conditions. Thus,
in the case of hemorrhage, this threshold will be (1/7,.x)%,
which means contrast sensitivity will be degraded by the inverse
of the maximum value of transmittance.

5 Discussion

To the best of our knowledge, this is the first time light propa-
gation in the vitreous humor with various concentrations of
erythrocytes as a tool of modeling optical properties and effects
of vitreous hemorrhage has been discussed. Previous work
examined only the effects of erythrocytes on a light scattering
matrix.?

We studied the effects of varying erythrocytes’ concentration
on transmittance, which is an important parameter to measure
the degree of partial vision loss due to a vitreous hemorrhage.
This is done by considering the volume fraction occupied by
erythrocytes, which is the parameter that characterizes the exist-
ence of erythrocytes.

We applied calculations to two different cases. The first is the
uniform distribution of erythrocytes, and the second case is the
exponentially decreasing concentration. Although the latter case
appears to be more physical, the former is important in showing
the extent to which the concentration of erythrocytes affects
transmittance.

In one case of exponentially decreasing concentration, we
made the concentration in the first layer equal to the worst
case concentration considered in the uniform concentration
case. Further, in another case, we made the first layer concen-
tration (i.e., volume fraction) vary from 1 to 5% with a constant
rate of exponential decrease in the other layers. This is done for
the sake of simulating the actual distribution of erythrocytes into
the vitreous humor.

We also provided a 2-D plot of the transmittance as a func-
tion of the radial dimension centered on the incident pencil
beam. In these plots, it should be stressed that plots with
large bright region means that light from the pencil beam is
very broadened. On the contrary, plots with a very narrow bright
region means that the pencil beam suffers the least amount of
broadening.

The obtained parameters are important because they account
for degradation of the visual function as follows:
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1. Total transmittance of the vitreous body accounts for
the loss of brightness of the imaged scene.

2. Shadow radius contributes to black spots, opacity, and
shadowing due to floaters.

3. FWHM accounts for loss of resolution.

4. Radius of maximum transmittance accounts for
deviation of light rays from their direct path, which, in
turn, is a source of distortion of the scene.

Ultrasonographic examination of the eye is essential for
establishing the severity of hemorrhage and can be useful
when deciding between early surgery or waiting for spontaneous
clearing. On the other hand, our model is important for predict-
ing the severity of the hemorrhage.

The parameter FWHM (thickness of the region of full width
half maximum of transmittance), which accounts for loss of
vision resolution (disability to discriminate fine details of the
scene), is useful for predicting the severity of the hemorrhage.
We suggest a test to check the ability of the patient to discrimi-
nate minute details. For example, the clinician can give the
patient a board on which English letters are written with ascend-
ing sizes and ask him to read the letters. If the patient can read
very small letters, then the case is not dangerous and does not
need surgery. If the patient cannot read very small letters but
reads larger letters, this may be a check to differentiate between
moderate, mild, and severe cases. This test may be used in par-
allel with a B-scan.

Further, the effect of the obtained parameters can be
extended to the treatment. If the clinician decided to use a
laser to fix the cause of the vitreous hemorrhage, e.g., closing
retinal tears, these quantities reflect the problem the patient
will suffer. First, the total transmittance of the vitreous in
this case will reflect how much power of the laser beam reaches
the retina. Thus, very small values of transmission mean that
laser power is not sufficient for photocoagulation, for example.
Second, FWHM reflects the distribution of the laser beam;
thus, the intensity of the laser beam may not be sufficient
for treatment. Moreover, for a very small radius of Gaussian
beam (e.g., 200 ym), the beam will perform nearly like a pencil
beam. The shadow radius and the radius of maximum transmit-
tance mean that the laser beam will deviate from the required
position. For a large Gaussian beam radius, there will actually
be no shadow, but there is an evitable spreading that degrades
the intensity of the laser beam.

On the other hand, we considered absorption of the vitreous
body. For a pencil beam, the absorption is confined to the area
near the point of incidence. For Gaussian beams, the absorption
maximum goes deeper in the z direction and absorption shows a
distribution in the radial direction. The absorption distribution is
important for laser treatment. Absorption may result in changing
the properties of the vitreous due to excessive heating, specially
at the point of maximum heating.

Finally, it should be noted that Monte Carlo simulation pro-
vides the most accurate simulation of photon transport in turbid
media, i.e., it is very efficient for our modeling purposes.

It should be stressed that there are many symptoms and
vision problems associated with retinal hemorrhage that are
considered more dangerous than that discussed for vitreous
hemorrhage. For example, blood within the subretinal space
may cause retinal damage by direct toxicity and through
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physical separation of the neurosensory retina from the retinal
pigment epithelium.

6 Conclusion

In this work, we studied light propagation in the vitreous humor
contaminated by erythrocytes for the sake of analysis of the gen-
eral case of vitreous hemorrhage.

We regarded the total medium, i.e., vitreous humor with
erythrocytes, as a turbid medium. Then, we applied Monte Carlo
simulation to obtain the total transmittance. Upon obtaining total
transmittance, we are able to model the vision loss effects due to
vitreous hemorrhage. This model revealed three parameters that
characterize vision loss. The first parameter is the radius at
which maximum transmission occurs. This parameter accounts
for the position shift in viewing the pencil beam. The second
parameter is the FWHM of the transmittance versus the radial
distance profile. This parameter accounts for the effect that a
very small size pencil beam upon emerging of the vitreous
humor will appear as a circular bright strip of width equal to
FWHM. This effect reduces the ability to differentiate two adja-
cent points in the viewed scene. The third parameter is the
shadow radius, which accounts for a disk-shaped area extending
from the projection of the pencil beam on the retina to the radial
distance at which the transmittance is at the first half maximum.
It is the dark area that occupies the area that was expected to be
fully bright when there were no erythrocytes.

Through these three parameters, we are able to model vision
loss effects due to vitreous hemorrhage. Moreover, these param-
eters have a strong effect on subsequent treatment using a laser
beam to fix the cause of vitreous hemorrhage. The efficiency of
the laser beam used in treatment will be greatly degraded due to
the effects that result from scattering in the vitreous body.

Finally, we considered the absorption of the vitreous. We
discussed total absorption and the absorption distribution. We
demonstrate that excessive heating due to absorption may be
dangerous, especially in the positions of maximum absorption.
Correlations between the simulated results and parameters quan-
tifying vision loss, such as visual acuity, visual SR, and contrast
sensitivity have been discussed.

Future work may consider the aggregation of erythrocytes as
they leak inside the vitreous humor, which is accounted for as a
probability distribution of erythrocyte sizes. On the other hand,
our analysis can be extended to imaging. In future work, we can
study scattering effects on scans obtained by optical coherence
tomography.
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