
Q
u
d
p

G
U
N
A

A
c
s
d
c
h
s
c
t
u
l
r
i
o
i
�

K

P
F
o

t
t
t
o
a
t
c
c
fi
p
e
c

n
t
m
s
n
m
i
c
c

A
s
C

JBO LETTERS

J

ualitative assessment of
ndetectable melanin
istribution in lightly
igmented irides

ladimir V. G. Baranoski and Michael W. Y. Lam
niversity of Waterloo, School of Computer Science,
atural Phenomena Simulation Group, 200 University
venue West, Waterloo, Ontario, Canada N2L 3G1

bstract. A longstanding issue in biomedical research
oncerns the biophysical factors affecting the color diver-
ity of the human irides and its connection with ocular
iseases. Although the pigmentation and morphological
haracteristics of heavily and moderately pigmented irides
ave been extensively discussed in the literature, similar
tudies are scarce for lightly pigmented irides. We present
omputer experiments indicating that the spectral signa-
ure of these specimens may be directly affected by still
ndetectable melanin distributions in the outermost iridal
ayers. Our findings represent in silico evidence of this
elationship which, in turn, may have implications in the
nvestigation of the higher risk of death from metastatic
cular melanoma verified in individuals with light-colored
rides. © 2007 Society of Photo-Optical Instrumentation Engineers.
DOI: 10.1117/1.2747205�
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aper 06344LR received Nov. 28, 2006; revised manuscript received
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The iris can be schematically described as a multilayered
issue stretching across the front of the eye and surrounding
he pupil. The outermost �or frontmost� iridal layer is the an-
erior border layer �ABL�. It consists of a dense arrangement
f pigmented cells, collagen fibers, and fibroblasts.1 Immedi-
tely behind the ABL, we find the stromal layer �SL�. Al-
hough both layers consist of connective tissue and pigmented
ells, the SL is less dense than the ABL.1 The SL is also
haracterized by the presence of loosely arranged collagen
brils. The inner most layer is an opaque tissue called the iris
igment epithelium �IPE�. It consists of heavily pigmented
pithelial cells that are tightly fused by intercellular
onnections.2

Several studies1–3 indicate that the pigmentation of the in-
ermost iridal layer, the IPE, does not vary significantly be-
ween irides of different colors. Such spectral differences are

ainly determined by the presence �or absence� of light ab-
orbing pigments, notably the brown-black melanin �eumela-
in� and red-yellow melanin �pheomelanin�, in the two outer-
ost tissues, namely the ABL and the SL. Wet measurements

nvolving these tissues4 indicate that brown irides have a high
ontent of both pigments, whereas blue irides exhibit a low
ontent of either pigment. We remark, however, that other
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natural pigments, such as hemoglobins5 �oxygenated and
deoxygenated� and carotenoids6 �lutein and zeaxanthin� found
in the SL, are also known to contribute to the spectral signa-
ture of the human iris. Furthermore, light traversing the iridal
tissues can be scattered by stromal collagen fibrils in a Ray-
leigh fashion7 producing blue hues in lightly pigmented irides.

Spectral data obtained using reflectometry indicate that the
light interactions with iridal tissues result in discrete families
of spectral signatures, and it was suggested that such interac-
tions may be affected by the distribution and size of melanin
particles within these tissues.5 In terms of the effects of mela-
nin distribution on the iridal spectral signatures, it is assumed
that the appearance of iridal colors other than blue is directly
related to the melanin content in the ABL.3,8 Recent measure-
ments performed on blue irides using electron spin resonance
spectroscopy detected less melanin in medium blue irides than
in light blue irides.9 It was postulated that this surprising find-
ing could be related to the localization of pigment granules in
the outermost iridal layers.9 Difficulties4,9 in performing sepa-
rate wet measurements on the ABL and SL have precluded the
in loco verification of this hypothesis, however.

Computational simulations are being employed in a variety
of fields to assist the study of complex biological systems,10–12

and several computer models13–17 have been proposed to in-
vestigate the processes that control the amount of light that
enters the human eye and its interaction with ocular fundus
tissues. Recently, we developed the first biophysically based
iridal light transport model �ILIT� to investigate tissue optics
phenomena affecting iridal appearance. The detailed descrip-
tion of this model, including the evaluation of its quantitative
predictions through comparisons of modeled results with ac-
tual measured data, is provided elsewhere.18

Briefly, the ILIT model uses ray optics and Monte Carlo
methods to simulate light transport within the human iris. Al-
though each ray is associated with a wavelength, it is assumed
that the energies of different wavelengths are decoupled. The
light interactions with the iridal tissues are modeled as a sto-
chastic process whose states are represented by the interface
between the iris and the surrounding medium, as well as the
interfaces between adjacent iridal tissues �ABL, SL, and IPE�.
A ray traversing from one iridal layer to the next must pass
the interface between these layers. At these interfaces, the
rays can be reflected or transmitted. The results of these in-
teractions are associated with the transition probabilities of
the stochastic process: they are used to select the next layer
that the ray will traverse, thus its next state. Scattering events
affecting the direction of propagation of a given ray may also
trigger the transition from one state to another. These events
are probabilistically simulated using Rayleigh-based and
cosine-based distribution functions. The latter accounts for the
diffuse perturbation of the ray due to the internal arrangement
of the tissues. Absorption events, which are determined by the
presence of pigments in the iridal tissues, provide the termi-
nation probabilities to the stochastic process �i.e., when a ray
is absorbed its transport simulation is terminated�. These
events are simulated considering the probability of absorption
of a photon �ray� traveling a certain distance at a certain
wavelength in the medium10 and taking into account the spec-
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ral absorption coefficients and concentrations of the pigments
ound within the iridal layers.

Previous ILIT simulations18 confirmed the assumption that
rown irides have a darker appearance when most of the
elanin present in the two outermost iridal layers, ABL and
L, are located in the former. The results of our ILIT simula-

ions involving lightly pigmented irides, however, indicate a
everse relationship between the appearance of these speci-
ens and their melanin distribution. In these simulations, we

mployed the same iridal data set used in the previous experi-
ents on brown irides �which is also fully disclosed

lsewhere18� with the exception of lower melanin amounts.
ore specifically, for the simulated lightly pigmented speci-
en used in these experiments, we considered 3.1 �g of eu-
elanin and 0.5 �g of pheomelanin present in the ABL and
L, which correspond to values derived from measurements
escribed in the literature.4

The key biophysical parameter in these simulations is the
ercentage of melanin in the SL, henceforth referred to as
MSL. It corresponds to the ratio between the amount of
elanin in the SL and the total amount of melanin in both
BL and SL. As we increase the PMSL, several changes are
bserved in the spectral signature of the simulated lightly pig-
ented iris. The most noticeable is the reflectance increase

cross the visible spectral domain �Fig. 1�, with reflectance
alues obtained at shorter wavelengths showing increase rates
teeper than those associated to values obtained at longer
avelengths �Fig. 2�. Another change refers to the character-

stic W hemoglobin signature,5 determined by the absorption
ands of oxyhemoglobin at 542 and 577 nm,19 which be-
omes skewed within this spectral interval �Fig. 1�. Finally,
he reflectance peak tends to be shifted toward shorter wave-
engths �Fig. 1�. These changes suggest that the lighter shades
nd the hue transitions toward blue observed in lightly pig-
ented irides may be associated to a relatively higher content

f melanin in the SL, which may be also related to existence
f light blue irides with melanin contents higher than those
easured for medium blue irides.9 To illustrate the latter pos-

ig. 1 Changes in the spectral signature of a simulated lightly pig-
ented iris in response to different PMSL values: 10% �squares�, 30%

dashed-dotted line�, 50% �dotted line�, 70% �dashed line�, and 90%
circles�.
ournal of Biomedical Optics 030501-
sibility, we performed another experiment in which we con-
sidered two simulated lightly pigmented specimens A and B.
For specimen A, we kept the same melanin amounts and set
the PMSL to 70%. For specimen B, we reduced the melanin
amounts in the ABL and SL by 10%, and we set the PMSL to
50%. The resulting spectral curves �Fig. 3� show a lower re-
flectance profile for specimen B despite the higher melanin
content of specimen A.

Epidemiological and statistical studies indicate that indi-
viduals with light-colored irides have a higher risk of devel-
oping ocular melanoma20,21 and a lower probability of surviv-
ing the more aggressive metastatic form of this disease.22,23

Nevertheless, the interdependence between iris color and the
metastatic spread, via blood vessels, of ocular melanomas re-
mains unexplained. It is worth noting, however, that the color

Fig. 2 Reflectance increase rates of a simulated lightly pigmented iris
with respect to PMSL variations. The circles, triangles, squares, stars,
and diamonds represent modeled data obtained at 420, 470, 510,
560, and 630 nm, respectively.

Fig. 3 Comparison of reflectance curves for two simulated lightly pig-
mented specimens A and B. For specimen A �dashed line�, the PMSL
was set to 70%. For specimen B �solid line�, the PMSL was set to 50%,
and the ABL and SL melanin amounts were reduced by 10%.
May/June 2007 � Vol. 12�3�2
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lassification methods used in these studies do not incorporate
easurements indicating melanin content and distribution.5,9

he results of our simulations suggest that not only the small
mount of melanin within the outermost iridal layers, but also
ts possible predominant presence in the blood irrigated SL
hould be taken into account in future investigations of bio-
hysical processes responsible for iridal melanoma. In addi-
ion, our findings highlight the potentiality of using computa-
ional experiments in conjunction with reflectometry tools and
et measurement technologies to trace photobiological

actors24 responsible for the pathogenesis of ocular melano-
as.
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