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Analysis of dense-medium light scattering with
applications to corneal tissue:

experiments and Monte Carlo simulations
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Dense-medium scattering is explored in the context of providing a quantitative measurement of turbidity, with
specific application to corneal haze. A multiple-wavelength scattering technique is proposed to make use of
two-color scattering response ratios, thereby providing a means for data normalization. A combination of mea-
surements and simulations are reported to assess this technique, including light-scattering experiments for a
range of polystyrene suspensions. Monte Carlo (MC) simulations were performed using a multiple-scattering
algorithm based on full Mie scattering theory. The simulations were in excellent agreement with the polysty-
rene suspension experiments, thereby validating the MC model. The MC model was then used to simulate
multiwavelength scattering in a corneal tissue model. Overall, the proposed multiwavelength scattering tech-
nique appears to be a feasible approach to quantify dense-medium scattering such as the manifestation of cor-
neal haze, although more complex modeling of keratocyte scattering, and animal studies, are necessary.
© 2006 Optical Society of America

OCIS codes: 120.3890, 170.3660, 170.4460, 170.7050, 290.4210.
m
t
f

2
A
O
b
G
o
c
w
t
e
s
W
s
r
a
p
g
n
m
p
l
a
u
e
i
m

m
s

. INTRODUCTION
n general, corneal transparency and visual acuity are de-
endent on the unique matrix of collagen fibrils and pro-
eoglycans that constitutes the corneal stroma. Kerato-
ytes, fibroblastlike cells, are also present in the corneal
troma and play several important roles in the dynamics
f this tissue system. Keratocytes function in the pro-
esses that maintain corneal transparency by regulating
ollagen fibril size and spacing within the proteoglycan
atrix.1,2 Perturbations to any of the corneal constituent

tructures may remodel the corneal stroma and conse-
uently lead to reductions in corneal transparency, loss of
isual acuity, and the presence of corneal haze. Such
vents may be the result of photochemical processes re-
ulting from refractive surgery, for example, photorefrac-
ive keratectomy (PRK) and laser-assisted in situ
eratomileusis (LASIK), or may result from a number of
orneal diseases (e.g., herpetic keratitis, corneal ulcer-
tion, and corneal dystrophies) or corneal trauma and
ubsequent wound healing.

Corneal haze is manifest as the redirection of incident
ight out of the path of the incident ray by the presence of
iological structures not associated with the normal cor-
eal matrix, such as activated keratocytes.3–5 Such a re-
irection or redistribution of light by small objects (i.e.,
eterogeneities) is by definition a light-scattering process.
uch an observation is consistent with a number of re-
orted studies that utilize various light-scattering ap-
roaches as a means to quantify corneal haze. Clinical
nd laboratory studies may benefit from quantitative
easurements of dense-medium scattering to better as-

ess the statistical relevance of corneal haze manifesta-
ion and control under different conditions. Although the
se of light scattering as a means of corneal haze assess-
1084-7529/06/010009-13/$0.00 © 2
ent appears to be a rather straightforward approach,
he development of a robust implementation has not been
orthcoming.

. LIGHT-SCATTERING BACKGROUND
. Corneal Haze Assessment
nly a few techniques of clinical haze assessment have
een proposed, which are described in this brief review.
enerally, these techniques fall into the broad categories
f scattering-based measurements and confocal micros-
opy. Several early studies used polychromatic light (i.e.,
hite light) from slit lamps or similar sources to assess

he state of corneal haze. Lohmann et al. utilized polariz-
rs in an attempt to discriminate between true corneal
cattering and reflectance from the corneal surface.6

hile their approach did demonstrate a response of the
cattering signal to corneal haze, the measurements were
elative to specific patients, precision was limited, and no
bsolute scale was applicable for patient-to-patient com-
arisons. A similar technique, referred to by the investi-
ators as scatterometry, has been reported and used for a
umber of corneal ablation studies.7–9 The device used a
odified slit lamp to illuminate the corneal surface and a

hotomultiplier detector to record collected scattered
ight. All corneal haze measurements were referenced to
n optical grade standard, and a scattering index was
sed to normalize the signals to an average of 13 normal
yes. Accuracy was a significant limitation of this scatter-
ng metric, notably with modest postoperative haze for-

ation following PRK.
Andrade et al. investigated corneal clarity using a com-
ercially available opacity lensometer, a device that mea-

ures 700 nm-light scattered and/or reflected out of the
006 Optical Society of America
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ye.10 The researchers concluded that the approach
acked sufficient sensitivity and failed to distinguish be-
ween corneas with different amounts of haze. While all of
hese approaches demonstrate the utility of the corneal
cattering function as a metric for haze, issues such as
ignal normalization to a common scale, precision and re-
roducibility, and discrimination of true corneal scatter-
ng from surface reflectance all present significant prob-
ems.

In recent years, perhaps the most widely reported in-
trument for corneal haze assessment is based on the
echniques of confocal microscopy and digital image
nalysis to quantify corneal haze with excellent spatial
esolution (both depth and x–y directions).11,12 A number
f studies by the group who carried out this research have
tilized the confocal instrument, including recent studies
f stromal wound healing and haze development.4,13 Al-
hough perhaps the most successful of the haze assess-
ent techniques, the confocal instrument does not pro-

ide high precision nor an absolute measure of haze;
ence, the device, as noted by the researchers, is appli-
able only in assessing visual outcomes in individual
ases. Additional issues are the overall complexity and
ost of the instrument, making duplication infeasible for
any research projects, animal studies, or widespread

linical implementation.

. Monte Carlo Modeling
n important step to understanding better the interac-

ions of light with the dense medium characteristic of cor-
eal tissue, hence a key step in efforts to quantify haze
easurements, is to develop effective tools to model the

ight-scattering problem. To this end, Monte Carlo (MC)
imulation is a powerful tool for statistical solution of
omplex problems such as multiple scattering in dense
issue. The MC technique has been used to study light
cattering in tissue and to evaluate tissue optical proper-
ies, which is essential in biological laser applications.
ang et al. developed a hybrid model of MC simulation

nd diffusion theory to model and compute the light re-
ectance in semi-infinite turbid media.14,15 This hybrid
odel has not only the accuracy advantage of MC simu-

ation, but also the computational advantage of diffusion
heory, thereby overcoming the speed disadvantage of
ure MC simulation and allowing better accuracy.14 The
eader is referred to these sources14,15 for a general treat-
ent of the MC method as applied to the general problem

f tissue scattering. Another MC model of steady-state
ight transport in multilayered tissue was coded in Ameri-
an National Standards Institute (ANSI) standard C by
he same research group.15 The computational results
ere consistent with others’, while a decrease in the com-
utational time by use of implicit photon capture was re-
lized.
A wide range of studies have been reported that make

se of MC modeling as applied to biological tissues. Key et
l. utilized MC sampling controlled by relevant probabil-
ty distributions and photon transport theory, enabling in-
ividual photons to be tracked as they moved through
imulated breast tissue.16 In a study on photon migration
hrough highly scattering inhomogeneous media, Sassa-
oli et al. showed that the temporal simulation response
or an inhomogeneous medium was faster than that for a
omogeneous medium.17 Bartel et al. simulated
olarization-dependent light scattering and propagation
hrough highly scattering media using a MC simulation
hat builds a scattering event based on Mie theory, keeps
rack of the polarization state of individual photons, and
omputes two-dimensional (2D) elements of the diffuse
ackscattering Mueller matrix in multiple-scattering
edia.18 Koelink et al. successfully used a MC technique

o verify experimental results of skin perfusion conducted
y a laser Doppler blood-flow meter.19 The simulations
ere used for analyzing different wavelengths and optical
robe geometries, and a system that could probe skin at
arying depths was developed in the study.

Kienle et al. employed MC simulation to confirm the
cattering coefficient and anisotropy factor of blood.20 In
ddition, MC simulations have been used to solve the lin-
ar Boltzmann equation of photon transport for varying
ean free paths; the results from the simulation were

hen compared with experimental results of a
olarization-dependent scattering matrix using polysty-
ene (PS) latex spheres.21 MC simulation facilitated a bet-
er understanding of the photophysical interaction of ex-
itation and fluorescent light in tissue, and was used by
ogue and Burke to design a tissue fluorescence probe
nd to confirm their experimental results.22

. LIGHT-SCATTERING THEORY
ight scattering is applied in this study as an analytical

ool for the dense-medium scattering problem, hence for-
al treatment is presented in this section to provide

ackground knowledge for the experimental measure-
ents and the MC simulations. Light-scattering theory
ay be categorized in terms of two theoretical frame-
orks. One is the theory of Rayleigh scattering that is ap-
licable to small, dielectric (nonabsorbing), spherical par-
icles. The second is the theory of Mie scattering that
ncompasses the general spherical scattering solution
absorbing or nonabsorbing) without a particular bound
n particle size. The reader is referred to three texts for a
etailed treatment of both Mie and Rayleigh scattering
heory.23–25

In the first, Mie scattering theory was applied and de-
cribed in accordance with the treatment and notation of
erker (1969).23 In addition, to treat particles as single
ie scattering particles, several conditions must be satis-

ed as reported by Jones (1979).26 Namely, the particle-
o-particle separation must be sufficient to eliminate elec-
rical field interactions, which is satisfied if the distance
etween scattering particle centers is two to three times
reater than the diameter of the particles.23 Figure 1
hows the spherical coordinate scattering geometry used
or Mie light scattering for light incident on a single par-
icle. Using this coordinate system, the scattering param-
ters may be defined as follows.

For each scattering angle �� ,��, the following Eqs. (1)
nd (2) represent the intensities of scattered radiation
ertically and horizontally polarized with respect to the
cattering plane, which is defined by the incident and
cattered ray,
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I� = Io

�2

4�2r2 i1 sin2 �, �1�

I� = Io

�2

4�2r2 i2 cos2 �. �2�

sing Mie theory, the intensity functions i1 and i2 are
omplex functions of Legendre polynomials, half-integer-
rder Bessel functions of the first kind, and half-integer-
rder Hankel functions of the second kind.

The polarization-dependent differential scattering
ross sections �cm2/sr� are now defined by Eqs. (3) and (4)
elow, where subscript 1 refers to the polarization orien-
ation of the incident light with respect to the scattering
lane, and subscript 2 refers to the polarization orienta-
ion of the scattered light with respect to the scattering
lane. Specifically, the subscripts V and H refer to the
ertical polarization and the horizontal polarization
tates, respectively.

�VV� =
�2

4�2 i1, �3�

�HH� =
�2

4�2 i2. �4�

he above two equations are averaged to define the dif-
erential scattering cross section for unpolarized incident
ight, which is given by the relation

�scat� =
�2

8�2 �i1 + i2�. �5�

quations (1)–(4) may be combined to enable calculation
f the scattered intensity of light in terms of the differen-
ial scattering cross sections:

IVV = Io

1

r2�VV� sin2 �, �6�

IHH = Io

1

r2�HH� cos2 �, �7�

Iscat = Io

1

r2�scat� . �8�

ig. 1. Mie light scattering particle geometry in the spherical
oordinate system.
. EXPERIMENTAL AND COMPUTATIONAL
ETHODS

his paper reports on the use of a multicolor-light-
cattering signal ratio to provide an accurate, precise,
uantitative measurement of dense-medium scattering
hat may be applicable to corneal tissue. A key component
s the elimination of surface reflection effects by use of a

ultifiber-optic probe. The current study was conducted
n three parts. First, multicolor light scattering experi-

ents were performed and analyzed using PS suspen-
ions, designed to simulate a dense-medium scattering
nvironment. Second, a multiple-scattering model was de-
eloped using MC simulations that was validated with
he PS suspension experiments. Finally, the MC code was
xtended to model the corneal geometry, and was then
sed to optimize the multicolor scattering approach for
he general problem of corneal haze.

. Polystyrene Suspension Experiments
ight-scattering experiments were conducted using a

hree-color scattering system and PS suspensions with
nown monodisperse particle size and known particle
umber density. The experimental system was designed
o compare the multiple-scattering intensity levels of
hree laser wavelengths at each of three fiber-optic collec-
ion locations. The three lasers employed were a He–Ne
aser ��=594 nm� and two solid-state diode lasers operat-
ng at nominal wavelengths of 532 nm and 670 nm. All
avelengths used in this study were selected based on

ommon gas lasers (e.g., He–Ne) and diode lasers that are
eadily available at low or moderate cost. The total output
f each laser was less than 3 mW continuous laser power.

A schematic of the experimental setup is shown in Fig.
. The three laser beams were brought together coaxially
sing a series of mirrors and optical wedges, and then

aunched into a single 200 �m-core-diameter multimode
ptical fiber (coated silica, 0.22 numerical aperture). This
ber will be referred to as the illumination fiber; it func-
ioned to introduce the three laser wavelengths into the
S suspension simultaneously as described below. The il-

umination fiber was mounted to a fiber holder as shown
n Fig. 3. Three additional identical fibers were mounted
o the fiber holder. All four fibers were mounted flush with
he fiber holder surface and cemented into place on the
ack side. The three additional fibers, which will be re-

Fig. 2. Schematic of three-color wavelength optical setup.
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erred to as the light-collection fibers, functioned to collect
he light scattered back from the PS suspension. The four
bers were arranged in a linear array, with the illumina-
ion fiber first, and with center-to-center spacing of
60 �m for all fibers. The collection fibers will be referred
o as collection fibers 2, 3, and 4 starting with fiber 2 ad-
acent to the illumination fiber, as shown in Fig. 3.

Light-scattering signals corresponding to all three la-
er wavelengths were measured simultaneously by cou-
ling the desired collection fiber to an integrated
pectrometer/detector unit (Ocean Optics S2000,
uneden, Florida). The detector was a 2048-element lin-
ar CCD array, and the overall system had an optical
esolution of approximately 0.7 nm and an effective dis-
ersion of 0.13 nm/pixel. The spectrometer/detector was
ontrolled by software, and an integration time of 100 ms
as used for the PS study.
PS suspensions were created using monodisperse

.20 �m-diameter (0.07 �m standard deviation) PS mi-
rospheres (Bangs Laboratories, Inc.). The microspheres
ere purchased as liquid suspensions with 10% solid con-

ent by weight and a density of 1.062 g/ml. The PS par-
icle size was selected based on a study done by Fantes et
l. that presented corneal light-scattering analysis as
odeled by keratocytes, including size and the number

ensity of the keratocytes at various postoperative times
ollowing laser refractive surgery.27 Based on their re-
orted keratocyte density values, the corresponding mean
article-to-particle path lengths were calculated to be on
he order of 10 �m for moderate to severe corneal haze.
ased on these estimates, the original PS stock suspen-
ions were diluted with ultrapurified deionized water to
reate four different particle concentrations, which will be
eferred to as suspensions C1, C2, C3, and C4, where C1
as the densest suspension and C4 was the least dense

uspension. In order to evaluate actual suspension par-
icle concentrations, the extinction coefficients were mea-
ured using the transmission of variously diluted suspen-
ions. The following equation was used to calculate the
xtinction coefficient:

Kext =
− ln���

L
, �9�

here � is the transmission, and L is the 1 cm-optical
ath length. The final extinction coefficients, the particle

ig. 3. Schematic of the fiber-optic geometry showing illumina-
ion and collection fibers.
umber densities, and corresponding mean scattering
ath lengths (i.e., average distance between particles) are
ummarized in Table 1.

The mean scattering path length is generally defined as
he average distance (i.e., center-to-center) between scat-
ering particles. The mean scattering path length was cal-
ulated for each concentration using a spherical volume
lement centered about each particle such that the vol-
me fraction of each spherical element was unity. The di-
meter of the volume element was then set equal to the
ean scattering path length. All suspensions were pre-

ared in 15 ml amber glass bottles and stored under re-
rigeration between experiments. Prior to each measure-
ent, the PS suspensions were removed from storage,

ortex mixed, and then sonified for 15 min.
All measurements were carried out by arranging the

ber-optic mount perpendicular to the specimen surface
nd submerging it directly into the liquid–PS suspension
o a depth of 0.5 mm using a precision vertical translation
tage. It was verified that the scattering response was in-
ependent of the fiber-optic probe depth for depths up to
mm; hence, effects due to the bottom of the sample

ottle were insignificant for the actual depth of 0.5 mm,
nd the suspensions were effectively semi-infinite reser-
oirs. The PS sample bottle was held in place by a block of
luminum with a hole machined through to fit the sample
ottle diameter. The sample holder was painted flat black
nd black felt was placed under the entire holder to mini-
ize any reflections of light escaping the bottle.
To control for any fluctuations in laser power, or varia-

ions in fiber coupling or optical alignment, reference
easurements were performed before and after each PS

ample measurement using a small block (2.5 cm by
.5 cm by 1.9 cm thick) of commercial-grade, ultrahigh-
olecular-weight polyethylene (PE). The use of a solid PE

lock as a diffuse scattering reference standard provides a
onsistent and intense scattering signal as compared with
liquid-phase reference; in the latter, particles are sub-

ect to sedimentation effects and agglomeration. The di-
ensions of the reference block were sufficiently large

hat no boundary effects were observed.
While the fiber was immersed directly in the PS sus-

ension to avid any surface reflection, the reference mea-
urement was performed by bringing the fiber holder in
irect contact (normal to the surface) with the PE refer-
nce sample. A typical spectrum recorded for a PS suspen-
ion and the corresponding PE reference measurement
pectrum are shown in Fig. 4. For a given PS measure-
ent, the absolute peak intensity for each scattering
avelength was calculated by subtracting the average

Table 1. Number Density and Mean Scattering
Path Length of Polystyrene Suspensions

S Suspension
Kext

�cm−1�
Number Density

�cm−3�

Mean Scattering
Path Length

��m�

C1 88.8 9.5�107 27.2
C2 43.6 4.7�107 34.4
C3 8.69 9.3�106 59.0
C4 1.02 1.1�106 120.3
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aseline intensity and summing the full-width peak area.
his was repeated for each wavelength corresponding to
he PE reference spectrum. The PS scattering signal at a
iven wavelength (defined as the PS signal-to-reference
atio) was then calculated by dividing the absolute PS
eak area of the PS scattering signal by the average of the
wo PE reference peak area measurements recorded be-
ore and after the PS measurement. The maximum varia-
ion of the PE reference signal was less than 10%, with
ypical deviations much less. The need for absolute signal
alues during any given experiment was eliminated by
sing the signal-to-reference ratio; hence the measure-
ents were unaffected by day-to-day changes in laser

ower or fiber alignment. Measurements were repeated
N=12� for each PS suspension concentration, with all
eplicate measurements recorded on different days.

. Monte Carlo Simulations
C simulations were used to support the experimental
ork by modeling the dense-medium light scattering
roblem. A FORTRAN-based MC computer code was devel-
ped to track individual photons through a simulated
ense scattering medium consistent with the PS suspen-
ions, and ultimately to model keratocyte scattering in
orneal tissue. The algorithm entails launching a photon
nto the medium according to an initial azimuthal and a
otational angle, and then tracking the photon in three di-
ensions in accordance with full Mie light-scattering

heory as the photon progresses through the scattering
edium. The MC model uses four distinct probability dis-

ributions to describe the system, as follows: (1) the initial
aunch angle 	i, (2) the Mie scattering angle �, (3) the ro-
ational scattering angle 
, and (4) the scattering path
ength L. The MC scattering geometry is shown schemati-
ally in Fig. 5. In addition to light scattering, the absorp-
ion of photons between scattering particles was included

ig. 4. Representative scattering spectra recorded for PS sus-
ension and PE reference. The PE reference data are two indi-
idual spectra recorded before and after the PS suspension mea-
urement. All spectra have the same intensity scale, and the PS
pectrum is shifted horizontally for clarity.
n the model by use of a binary probability distribution
ased on the Beer–Lambert law and the wavelength-
ependent absorption coefficient of the scattering medium
e.g., water or tissue).

The probability distribution of the scattering angle
0° ���180° � was defined based on Mie light-scattering
heory. The FORTRAN code DBMie28 was used to generate
n array with the vertically and horizontally polarized
ifferential scattering cross sections (��VV and ��HH) cor-
esponding to each integer scattering angle from 0° to
80° for a given scattering particle diameter, wavelength,
nd refractive indices of the scattering particle and scat-
ering medium. Using the polarization-dependent cross
ections, the differential scattering cross section
cm2 sr−1� for unpolarized incident light was calculated in
ccordance with Mie theory as

�scat� =
1

2
��VV� + �HH� �. �10�

By use of the Mie scattering angle distribution array, a
robability-based sampling array was constructed. The
cattering angle distribution array was first normalized
y summing the differential scattering cross sections over
ll 181 scattering angles and defining the normalization
onstant as the inverse of this sum. The normalized scat-
ering array was then calculated as the product of each
espective cross section and the normalization constant,
ielding an output array with each entry an integer value.
ue to the high degree of angular dependence with Mie

cattering, the range in integer values exceeded seven or-
ers of magnitude, hence numerical precision was impor-
ant. Finally, a 2D array was defined consisting of the Mie
cattering angle and the corresponding normalized inte-
er representative of the scattering cross section.

To randomly sample the Mie scattering distribution, a
andom number �0�RND�1� was generated and then
caled by the sum of all integers in the 2D Mie scattering
ngle array. Starting with the first element �i=0� of the
ie scattering angle array, a cumulative sum was calcu-

Fig. 5. Scattering geometry for the Monte Carlo simulations.
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ated and compared to the scaled random number. The cu-
ulative sum was incremented until the scaled random
umber was found between the ith and �i+1�th cumula-
ive sums. The corresponding scattering angle of the �i
1�th array element defined the Mie scattering angle for

hat particular random number. This algorithm has the
ffect of mapping the Mie scattering angle distribution to
continuous number line, with each linear segment cor-

esponding to a given scattering angle weighted by the re-
pective scattering cross section, and then randomly ad-
ressing the number line.
The probability distribution of the initial photon launch

ngle was based on a Gaussian distribution to model the
ngular distribution �−7° �
� +7° � of light emitted by
he optical fiber as defined by its numerical aperture. Be-
ause of the relatively smooth monotonic behavior of the
aussian distribution, a more direct MC sampling algo-

ithm was used than for the Mie scattering angle. For the
efined Gaussian distribution, the probability at the lim-
ting angle P (7°) was calculated and a normalization con-
tant was defined as the inverse of this probability. An in-
eger value of the Gaussian distribution was then defined
or each launch angle as the product of the Gaussian
robability P �	i� and the normalization constant, noting
hat the integer value of the limiting angle was unity. A
ne-dimensional (1D) probability array was then defined
f total length equal to the sum of all integer values from
he normalized distribution. Finally, the launch angles of
he Gaussian distribution were then sequentially written
nto the 1D array a number of times equal to their nor-

alization value. For example, the limiting angles were
ritten into the final array exactly once. To randomly

ample a launch angle, a random number was generated
nd scaled to the sum of all integer values (i.e., the total
rray length) as defined above. This scaled value was
hen converted to an integer and used as the index for the
D probability array, which then defined the launch
ngle.
This same procedure was repeated to develop the MC

lgorithm for selecting the scattering path length. How-
ver, the Gaussian distribution was replaced by a lognor-
al distribution to reflect only positive scattering path

engths and to provide a skewed distribution more indica-
ive of the expected natural distribution of scattering path
engths.

The final element of the overall MC scattering algo-
ithm was the treatment of absorption between two scat-
ering particles. While the scattering medium for the PS
uspension experiments was water, with minimal absorp-
ion in the visible spectrum (as quantified below), the
odel was formulated to account for any degree of absorp-

ion. The model input was the absorption coefficient
abs �cm−1� of the scattering medium for each wavelength
f interest. For each randomly selected scattering path
ength, a value of transmission � was defined based on the
eer–Lambert law, namely

� = exp�− KabsL�, �11�

here L is the scattering path length. A random number
0�RND�1� was then generated, and if the random
umber were less than �, the photon was passed to the
ext scattering particle. If the random number exceeded
, then the track of that particular photon was termi-
ated. The schematic flowcharts of the MC dense-medium
cattering program are shown in Fig. 6.

The MC simulation geometry was designed primarily
o model dense-medium scattering associated with cor-
eal tissue, hence a spherical coordinate system was
sed. The total scattering volume was the annular region
efined by two spherical surfaces of radii router and rinner
s shown in Fig. 5. Simulated photons were launched at
he apex of the outer surface and tracked until they exited
ither the outer surface or the inner surface, or exited the
ide of the annular region defined by a solid cone of half-
ngle 40°. The exact position was recorded for all photons
hat exited the outer surface (i.e., launch surface).

. RESULTS
. Polystyrene Suspension Experiments
or all three scattering wavelengths and collection fibers,

he scattering signal-to-reference ratio (PS-to-PE) in-
reased as the particle concentration of the PS suspension
ncreased (i.e., with decreasing scattering path length).
igure 7 presents the resulting signal-to-reference values
s a function of scattering path length for the three scat-
ering wavelengths of 532, 594, and 670 nm as collected
sing fiber 2. The scattering signals reveal a marked in-
rease in signal response at the reduced mean scattering
ath length values. This is indicative of the increasing
ole of multiple scattering, which yields a nonlinear scat-
ering response with respect to particle concentration, as
he PS particle number density increases. Similar trends
ere observed for collection fibers 3 and 4.
The two-color scattering ratios (532/594, 532/670, and

94/670) were calculated as a function of mean scattering
ath length for all three collection fibers. The two-color

ig. 6. Flow chart of Monte Carlo program algorithm. Bold
oxes represent MC processes.
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atio is defined as the signal-to-reference ratio at the
ower wavelength divided by the signal-to-reference ratio
t the higher wavelength. The two-color scattering ratio
ncreased with increasing scattering particle concentra-
ion (i.e., with increased light scattering) for all three
avelength ratios and all three collection fibers. Figure 8

hows the resulting two-color ratio values for the laser
avelength combination of 594 nm/670 nm and for collec-

ion fiber 2. Similar trends were observed for other wave-
ength combinations and collection fibers, demonstrating
he unique signal response of this parameter for the cur-
ent range of dense-scattering-medium conditions. How-

ig. 7. PS suspension scattering response (PS signal-to-PE ref-
rence) as a function of mean scattering path length for the three
cattering wavelengths of 532, 594, and 670 nm at fiber 2. The
rror bars denote±one standard deviation �N=12�.

ig. 8. PS suspension two-color scattering ratio for the laser
avelength combination of 594/670 nm for fiber 2. The error
ars denote±one standard deviation �N=12�.
ver, as a metric for changes in scattering particle density,
he 594/670 two-color ratio demonstrated a slightly better
esponse (i.e., slope) than the other two-color ratios to
hanging particle concentration; hence subsequent data
nalysis will focus on this particular ratio. Essentially, by
sing the ratio of two unique scattering wavelength sig-
als that are each in turn a ratio of the PS scattering re-
ponse to the PE reference response, there is no need for
ny absolute signal calibration. Furthermore, because the
aser light is launched through the illumination fiber and
ubsequently gathered through the separate collection fi-
er, any direct surface reflectance of the input light back
nto the illumination fiber is inconsequential with respect
o the measured scattered light, keeping in mind that
ight can reach the collection fiber only after undergoing
t least one scattering event with a PS particle. With this
onfiguration, surface reflections are eliminated from the
ollection optics.

While the data presented in Fig. 8 are representative of
he two-color scattering response for the PS suspensions,
hey differ from the absolute PS two-color ratio by a con-
tant value. Specifically, the measured two-color ratios as
resented in Fig. 8 are actually the product of the two-
olor ratio of the PS scattering suspension divided by the
wo-color ratio of the PE reference sample, as shown by

Rexp = �C�1

C�2
�

PS
�C�2�

C�1�
�

PE

, �12�

here �C�1 /C�2�PS represents the true two-color scatter-
ng ratio for the PS suspension, and �C�1� /C�2� �PE repre-
ents the two-color scattering ratio for the PE reference
aterial.
For all experiments, the absolute scattering signal at a

iven wavelength S� may be defined as

S� = I�C�
���, �13�

here I� is the incident laser intensity (i.e., from the illu-
ination fiber); C� is the scattering system coefficient de-

endent on the effective scattering cross section, scatter-
ng particle number density, and degree of multiple
cattering; 
� is the efficiency of photons entering and ex-
ting the medium (i.e., it accounts for Fresnel surface
oss); and �� is the efficiency and instrument function of
he fiber-optic and spectrometer system (i.e., it accounts
or surface coupling efficiency, transmission losses, quan-
um efficiency, and spectrometer dispersion effects). Us-
ng this model, the two-color ratio (R) of the PS suspen-
ion and the PE reference material, respectively, is
efined as

RPS =
S�1

S�2
=

I�1C�1
�1��1

I�2C�2
�2��2
, �14�

RPE =
S�1

S�2
=

I�1� · C�1� · 
�1� · ��1�

I�2� · C�2� · 
�2� · ��2�
. �15�

ased on the experimental methodology, these ratios are
elated to the measured two-color ratio (PS-to-PE) as fol-
ows
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Rexp =
RPS

RPE
=

I�1

I�2

I�2�

I�1�

C�1

C�2

C�2�

C�1�


�1


�2


�2�


�1�

��1

��2

��2�

��1�
. �16�

quation (16) can be simplified by assuming that the la-
er power is constant over the course of a single experi-
ent �I�1�I�1� ;I�2�I�2� � and that the fiber input and out-

ut efficiencies are constant over the wavelength range
rom 532 to 670 nm (i.e., they have similar Fresnel
osses); hence


�1


�2
�


�2�


�1�
� 1. �17�

n addition, the instrument function and wavelength re-
ponse is independent of the scattering signal source;
ence

��1 = ��1� and ��2 = ��2� . �18�

Based on these assumptions, the experimental two-
olor ratio is reduced to the form of Eq. (12). The two-color
atio of the PE reference material �C�1� /C�2� �PE was cali-
rated using the following procedure to enable conversion
f the measured two-color ratios to an actual two-color
cattering response of the PS suspension system. The
wo-color scattering response of the PE reference material
ased on Eq. (13) and the above assumptions is given by

RPE =
S�1�

S�2�
=

I�1� C�1� ��1�

I�2� C�2� ��2�
; �19�

ence, the desired calibration parameter is reduced to

C�2�

C�1�
=

S�2�

S�1�

I�1�

I�2�

��1

��2
. �20�

or the PE calibration experiments, the two-color signal
atio �S�2� /S�1� �PE was recorded directly for each of the
hree wavelength combinations, and the laser power ratio
I�1� /I�2� �PE was directly measured at the illumination fiber
xit using a sensitive power meter. Finally, the instru-
ent response was directly measured using a calibrated

lackbody source:

��1

��2
=

SB�1

SB�2

IB�2

IB�1
, �21�

here SB�1 and SB�2 are the signals recorded with the
lackbody source, and IB�1 and IB�2 are the calibrated
lackbody emissive powers. Combining these measure-
ents, the PE two-color response was directly calculated

s

Table 2. Two-Color Scattering Calibration Factors
for Polyethylene Reference

C�2� /C�1� Fiber 2 Fiber 3 Fiber 4

594/532 0.70 0.67 0.65
670/594 0.62 0.62 0.62
670/532 0.43 0.42 0.41
�C�2�

C�1�
�

PE

= �S�2�

S�1�

I�1�

I�2�
��SB�1

SB�2

IB�2

IB�1
� . �22�

he PE response constants are presented in Table 2 for
ll three two-color ratios.

. Monte Carlo Simulations of Polystyrene Suspensions
o corroborate the multicolor scattering response under
ense-scattering-medium conditions, the PS suspension
xperiments were simulated with the MC algorithm de-
cribed above. The MC simulation geometry was specified
o correspond to the geometry of the actual PS suspension
xperiments, as described below, thereby enabling calcu-
ation of the total numbers of simulated photons exiting
he input surface (i.e., backscatter) at positions corre-
ponding to fibers 2, 3, and 4. For the PS suspension
imulations, the scattering particle input values were a
elative refractive index of m=1.20−0.00i based on PS in
ater �n=1.59/1.33�, and a particle diameter of
.20 �m.29 The scattering medium was modeled as water
ith a refractive index of 1.33 and with wavelength-

pecific absorption coefficients equal to 4.4�10−8 �m−1 at
32 nm, 1.6�10−7 �m−1 at 594 nm, and 4.0�10−7 �m−1

t 670 nm.30

All of the MC sampling distribution algorithms were
valuated individually to confirm that they reproduced
he input distribution functions for a large random
ample. For the Mie scattering angle distribution, the
ampling algorithm was randomly accessed 108 times for
he input values corresponding to the PS simulations.
igure 9 shows the resulting Mie differential scattering
istribution at 594 nm resulting from the MC simulation
nd the exact differential scattering cross sections as
ased on Mie theory. The resonant structure characteris-
ic of Mie scattering is apparent in the figure for both the

ig. 9. Comparison of the calculated Mie angular scattering dis-
ribution (Mie theory) with the resulting MC sampling algorithm
esults based on 108 trials (MC simulation) for a 594 nm wave-
ength and a PS particle diameter of 7.2 �m.
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ie calculations and the MC simulations. In addition, the
early seven-orders-of-magnitude variation in the differ-
ntial cross section is noted, with the forward scattering
rominent as expected for particles well within the Mie
egime �d���. The scattering distribution generated by
he MC simulation accurately represents the differential
cattering cross section distribution per Mie theory. For
ll four distribution functions, the MC sampling algo-
ithms were verified and in all cases accurately repro-
uced the input sampling functions.
To simulate the geometry of the PS suspensions, the

uter radius in the MC scattering geometry was increased
o 20 mm and the inner radius was reduced to 10 mm,
roviding an effective suspension depth of 10 mm. By
arying the depth of the suspension �depth=router−rinner�,
t was determined that the number of photons exiting the
uter surface (i.e., backscattered photons) converged by a
epth of 10 mm. This can be interpreted as the maximum
enetration depth for backscattered photons for the range
f particle concentrations and scattering parameters,
eaning that the probability of a photon penetrating to a

epth of 10 mm and then being scattered back to the
uter surface was converging to zero. Setting the inner
oundary to a finite value in this manner significantly re-
uced the computational time as compared with letting
he photons continue to travel to greater depths, and ac-
urately modeled the finite depth of the glass vials used
or the actual PS experiments.

Using the conditions described above, MC simulations
ere performed to simulate the dense-medium scattering

ealized in the PS suspension experiments. Each simula-
ion was performed by launching 107 photons and calcu-
ating the resulting distribution of photons that exited the
uter surface (i.e., front surface). Simulations were per-
ormed for wavelengths of 532, 594, and 670 nm, and for
orresponding mean path lengths of 27.2, 34.4, 59, and
20.3 �m, which correspond to the conditions of the PS
uspension experiments. Through replicate simulations,
he total number of photons used was determined to be
ufficient to provide highly reproducible results. Typical
un times using the FORTRAN code on a 2 GHz PC plat-
orm was in the range of 10 h.

For the MC simulation conditions corresponding to a
ean path length of 120.3 �m and all three scattering
avelengths, 44.0% to 59.5% of the launched photons ex-

ted through the rear boundary, 13.8% to 22.6% through
he front boundary (i.e., front surface via backscatter),
6.7% to 33.2% through a side boundary, and 0.06% to
.51% of the incident photons were absorbed within the
edium. For the 27.2 �m path length, the range over the

hree wavelengths was 11.2% to 16.5% of the launched
hotons exiting through the rear boundary, 52.5% to
6.4% through the front boundary, 22.1% to 30.9%
hrough a side boundary, and 0.11% to 0.7% of total pho-
ons were absorbed in the medium. For the intermediate
ath lengths of 34.4 and 59 �m, similar results were ob-
ained. In all cases, the largest percentage of photons
cattered to the front surface corresponded to the wave-
ength of 594 nm, while the largest percentage of photons
cattered to the back surface corresponded to the 532 nm
avelength.
For each wavelength and scattering concentration, the
ngular distribution of photons scattered from the front
urface was recorded. Figure 10 shows the angular distri-
ution of backscattered photons for the mean scattering
ath length of 27.2 �m corresponding to the two incident
avelengths of 594 nm and 670 nm. The average number
f scattering events for a front-exiting photon was 499 for
he pathlength of 27.2 �m, corresponding to all angles of
ollection. Note that the angular positions of 4°, 8°, and
2° correspond to the positions of fibers 2, 3, and 4, re-
pectively. For these three fiber positions, the average
umber of scattering events per exiting photon was 287
or fiber 2, 429 for fiber 3, and 530 for fiber 4, which cor-
espond to average total travel distances of 7.8, 11.7, and
4.4 mm, respectively, based on the mean free paths. The
ypical backscattered photon may be considered to travel
ithin a spherical volume of radius equal to half these
istances, or on the order of 6 mm, which is less than the
otal 10 mm depth of the model geometry.

Several trends are apparent in the MC simulation re-
ults. Overall, as the suspension concentration was in-
reased (i.e., decreasing mean scattering path length), the
ercentage of launched photons exiting through the front
oundary via backscattering increased, while the percent-
ge of photons exiting through the rear boundary via for-
ardscattering decreased. The MC simulation response
as consistent with that observed in the actual PS sus-
ension experiments. With regard to the backscattered
hotons, the greatest numbers of backscattered photons
ere recorded at a position corresponding to the point of
hoton launch; in other words, directly back into the illu-
ination fiber position. There was a monotonic decay in

he number of recorded photons as the distance away
rom the launch point was increased, as seen in Fig. 10.
owever, the rate of decay was different for the different

cattering wavelengths and mean free path lengths, mak-
ng the two-color ratio a unique metric.

The MC simulations enable direct calculation of the
wo-color scattering ratio, which is defined as

ig. 10. Angular distribution of front-exiting photons based on
07 MC trials for scattering wavelengths of 594 and 670 nm. The
ean scattering path length is 27.2 �m.
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RMC =
E�1

E�2
=

C�1N�1

C�2N�2
, �23�

here E� is the number of photons exiting the front sur-
ace at a given position and wavelength, C� represents the
verall system scattering coefficient as defined above, and
� is the total number of photons launched from the illu-
ination optic. Note that the MC simulation employs ef-

ciency coefficients of unity for launching and collection of
hotons at the representative model interfaces.
To best match the geometry corresponding to the actual

S suspension experiments, the two-color ratios were cal-
ulated using collection angles of 4°, 8°, and 12° and a to-
al angular integration of ±0.5°, which correspond to the
ngular collection solid angle of fibers 2, 3, and 4, respec-
ively. Using the same number of incident photons for
ach wavelength, the ratio of N�1 /N�2 reduces to unity,
ence the two-color MC simulation ratio can be directly
ompared to the PS suspension experimental values, once
he experimental values have been corrected for the PE
esponse constants listed in Table 2. The MC simulated
wo-color scattering ratios are presented in Fig. 11, along
ith the corrected experimental PS suspension two-color

atios for the 594/670 nm ratio corresponding to fiber 2.
The two-color ratios of the PS experimental values are

n very good agreement with those of the MC simulations
ith regard to the overall response curve shape. More-
ver, the absolute values of 594/670 nm two-color ratios
emonstrate excellent agreement for fiber 2, as seen in
he figure, with an average deviation of 2.5%. Similar
greement in shape was obtained with fibers 3 and 4, al-
hough a slight offset between the two curves was ob-
erved, with the average agreement between the experi-
ental values and MC simulations equal to 10.3% and

5.6% for fibers 3 and 4, respectively. For the 532/594 nm
nd 532 nm/670 nm ratios, the agreement between the

ig. 11. Comparison of the experimental PS suspension two-
olor scattering ratios �594/670 nm� with the MC simulations (
07 trials) as a function of mean scattering path length for fiber
. The error bars on the experimental values denote±one stan-
ard deviation �N=12�.
xperimental trends and the MC simulation was also very
ood, while the degree of absolute agreement was always
ithin a factor of two. It is noted that the PS spheres
ere modeled as dielectrics (i.e., no absorption), while
avelength-dependent absorption was assigned to the
ater medium in the simulation. It is suspected that ab-

orption effects at the wavelength of 532 nm were not per-
ectly matched in the MC simulation, which resulted in
n underestimate of 532 nm backscatter. Overall, the MC
imulations and the PS suspension experiments demon-
trate a unique two-color dependence of light scattering
n the overall scattering particle concentrations under
hese dense-scattering-medium conditions, making the
wo-color ratio a candidate metric for quantifying the de-
ree of scatterers present. Furthermore, the excellent
greement between the experimental results and MC
imulations provides validation of the MC model, thereby
upporting the use of the MC code to optimize the two-
olor response with respect to the collection fiber place-
ent and the specific scattering-wavelength pairs.

. Monte Carlo Simulations of Corneal Haze
he MC model was adjusted to simulate the geometry of a
uman cornea to enable assessment of the two-color scat-
ering approach as it responded to changing number den-
ity of scattering particles (e.g., keratocytes). The outer
adius was set to 8.0 mm, a curvature consistent with hu-
an corneal dimensions, and the inner radius was set to

.3 mm corresponding to a total thickness of 700 �m. Hu-
an corneas are typically between 500 to over 600 �m

hick in the center (e.g., 616.6±108.3 �m mean thickness
n a recent study31), thickening to about 650 to 700 �m
ear the limbus. Scattering centers were modeled as
eratocytes with an equivalent spherical diameter of
.3 �m. The scattering particle refractive index was set to
.44−0.01i, which provides a relative index of 1.08
0.01i, as based on the analysis by del Val and
o-workers.32 It is noted here that the interactions of cor-
eal inflammation, corneal scattering, and the manifesta-
ion of corneal haze form a very complex problem (see
efs. 3–5), in which keratocytes may undergo significant
emodeling with regard to both shape and optical proper-
ies. Furthermore, the overall nature of the extracellular
tromal matrix may undergo transformation that may af-
ect the baseline scattering parameters as well.33–35

Clearly the use of Mie scattering theory is a first ap-
roximation. Nonetheless, the actual scattering behavior
s likewise expected to be characterized by a strong angu-
ar behavior and/or resonant structure typical of Mie
heory, hence the exploration of the two-color scattering
esponse with the appropriate corneal geometry is a rea-
onable starting point to assess feasibility of the two-color
cattering technique. A range of clinically relevant mean
ree path lengths was investigated �10 to 60 �m� covering
he range of mild to severe haze based on the reported
eratocyte densities in monkey corneas following
RK.27 Measurements of keratocyte number densities

n normal human corneas have been reported in the
ange of 20,000 to 24,000 cells/mm3 based on confocal
icroscopy,36,37 which corresponds to a mean free path of
43 to 45 �m. Finally, wavelength-dependent absorption

oefficients of 1.45 cm−1 at 594 nm and 1.20 cm−1 at
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70 nm were used based on values reported for corneal
issue.38 Using this new geometry, 100 to 300 million pho-
ons were simulated for both 594 and 670 nm wave-
engths over a range of mean scattering path lengths from
0 to 60 �m. The corresponding scattering number densi-
ies range from �2�106 mm−3 for the 10 �m mean path
o 8800 mm−3 for the 60 �m pathlength.

For each wavelength and scattering concentration, the
ngular distribution of photons scattered back to the front
urface was recorded. Figure 12 shows the angular distri-
ution of backscattered photons for the mean scattering
ath length of 15 �m corresponding to the two incident
avelengths. The average number of scattering events for
front-exiting photon was 142 for the pathlength of

5 �m, corresponding to all angles of collection. This
alue decreased to an average of 35 scattering events for
he mean path length of 60 �m. Clearly, the relatively fi-
ite thickness of the model �700 �m� limits the depth that
ay be reached before the photon exits the rear surface of

he model. In fact, from 87.7% to 92.0% of the incident
hotons exited the rear surface over the range of mean
cattering path lengths examined. The near total balance
f remaining photons exited the front surface, as less than
.03% were found to exit the side of the model for all con-
itions. A careful study of the angular distribution for the
ange of mean scattering paths enabled selection of an op-
imal region to collect the backscattering light such that
he two-color response was maximized for changes in
cattering density. Based on this analysis, the optimal
oint of collection was an angle of 14.5°, which corre-
ponds with the region of maximum difference between
he two curves as observed in Fig. 12. For further analy-
is, the three angular positions of 14°, 14.5°, and 15° were
ummed to represent placement of the collection fiber at
his optimal angular location.

For a fiber position of 14.5°, the average number of
cattering events per front-exiting photon was 255 for a

ig. 12. Angular distribution of front-exiting photons for the
orneal tissue model based on 107 MC trials for scattering wave-
engths of 594 and 670 nm. The mean scattering path length is
5 �m.
ean path length of 10 �m, 82 for 30 �m, and only 40 for
path length of 60 �m. These correspond to average total

ravel distances of 2.6, 2.5, and 2.4 mm, respectively. It is
oted that the distance along the arc between the photon

aunch point and the 14.5° collection point is 2.0 mm. If
ne considers the average travel distance of �2.5 mm for
hese front-exiting photons, it is interesting that this av-
rage value is in close agreement with the total path
ength defined by any combination of two straight lines,
uch that the first line originates from the launch point
nd ends on the inner surface at a point between the
aunch and collection point, and the second line originates
rom the terminus point of the first line and ends at the
ollection point on the outer surface. The result of such a
implification would be that front-exiting photons are
aunched and travel in a relatively straight path toward
he back surface (i.e., dominant forwardscattering) until
hey undergo a scattering event that abruptly sends them
ack toward the front surface (i.e., backscattering event).
n other words, there is simply insufficient depth
700 �m� in the model geometry to enable the incident
hotons to make a gradual turn back to the front surface.
his stands in contrast to the PS simulations, where the
verage photon travel distance was greater than 14 mm
or fiber 4 (12°) with a mean scattering path length of
7.2 �m.
The differences between the finite-depth corneal geom-

try and the essentially infinite-depth PS model are ex-
ected to be manifest in the two-color scattering ratio as
ecorded on the front surface. Specifically, the two-color
S results are most likely weighted by differences in for-
ardscattering, as the large effective optical depth leads

o an effective integration over all scattering angles,
hich must be dominated by forwardscattering per the
ie distribution (see Fig. 9). In contrast, the short overall

ptical path of the corneal simulations coupled with the
nite geometry is concluded to depend strongly on the

ig. 13. MC simulation results for the two-color scattering ratio
594/670 nm� corresponding to the corneal scattering geometry
nd optical properties. Results are for an optimal fiber collection
ngle of 14.5° and with scattering particle diameter equal to
.3 �m.
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ather low occurrence of a backscattering event, hence
ackscattering becomes the controlling step. In view of
his forwardscattering versus backscattering framework,
ne might expect a markedly different response in the
wo-color ratio between the PS and cornea simulations.
his is in fact the case, as observed in the two-color scat-
ering ratios presented in Fig. 13 for the corneal model.

Figure 13 demonstrates the uniqueness of the two-color
atio with respect to the scattering particle density, al-
hough this relationship gives the inverse behavior with
espect to scattering density as was observed with the PS
xperiments and MC modeling results. While the overall
rend follows a monotonic response, it is noted that a
nique feature is observed around an optical pathlength
f 30 �m, namely, a small kink in the two-color scattering
esponse function. Additional calculations around this
oint, as well as investigation at other scattering angles,
evealed this to be a consistent feature. It is difficult to
peculate as to the origin of this feature, but perhaps the
esponse in this region is due to a resonant feature of the
ie distribution coupling to the finite length scales of the

orneal geometry and mean free path.

. CONCLUSIONS
his study was designed to explore the applicability of a
wo-color light scattering response as applied to quantify
he response of dense-medium scattering, namely, PS sus-
ensions and corneal tissue. Overall, the experimental
nd modeling studies were consistent in the context of
ultiple Mie scattering in a dense medium, thereby cor-

oborating the two-color approach. It was verified that
ver a range of collection angles the two-color scattering
esponse increased with increasing scattering particle
ensity in the PS suspension experiments. Furthermore,
he results of the MC simulations were in excellent agree-
ent with the observed experimental values for the PS

uspension experiments. In concert, the current results
emonstrate a unique color dependence of light scattering
esponse under these dense-scattering-medium condi-
ions, enabling data self-normalization through the two-
olor ratio that is responsive to changes in the concentra-
ion of scattering particles. Of further significance to
linical applications, the use of separate illumination and
ollection fibers in direct contact with the dense-medium
urface (e.g., cornea) eliminates any potential effects of
urface reflection, hence the response to true tissue scat-
ering is isolated and thereby enhanced. Overall, the mul-
icolor scattering techniques show promise for use as a
uantitative metric for assessment of dense-medium scat-
ering, including for assessment of corneal haze. Addi-
ional experiments, especially with animal models, and
ore complex modeling of keratocyte and stromal scatter-

ng, will be useful for further evaluating this methodol-
gy.
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