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PURPOSE. To employ Mie scattering theory to predict the light-
scattering from micrometer-sized particles surrounded by lipid
shells, called multilamellar bodies (MLBs), reported in human
age-related nuclear cataracts.

METHODS. Mie scattering theory is applicable to randomly dis-
tributed spherical and globular particles separated by distances
much greater than the wavelength of incident light. With an
assumed refractive index of 1.40 for nuclear cytoplasm, parti-
cle refractive indices from 1.33 to 1.58 were used to calculate
scattering efficiencies for particle radii 0.05 to 3 �m and
incident light with wavelengths (in vacuo) of 400, 550, and 700
nm.

RESULTS. Surface plots of scattering efficiency versus particle
radius and refractive index were calculated for coated spheri-
cal particles. Pronounced peaks and valleys identified combi-
nations of particle parameters that produce high and low
scattering efficiencies. Small particles (�0.3 �m radius) had
low scattering efficiency over a wide range of particle refrac-
tive indices. Particles with radii 0.6 to 3 �m and refractive
indices 0.08 to 0.10 greater (or less) than the surrounding
cytoplasm had very high scattering efficiencies. This size range
corresponds well to MLBs in cataractous nuclei (average MLB
radius, 1.4 �m) and, at an estimated 4000 particles/mm3 of
tissue, up to 18% of the incident light was scattered primarily
within a 20° forward cone.

CONCLUSIONS. The calculated size of spherical particles that
scatter efficiently was close to the observed dimensions of
MLBs in cataractous nuclei. Particle refractive indices only 0.02
units different from the surrounding cytoplasm scatter a signif-
icant amount of light. These results suggest that the MLBs
observed in human age-related nuclear cataracts may be major
sources of forward light scattering that reduces contrast of fine
details, particularly under dim light. (Invest Ophthalmol Vis
Sci. 2007;48:303–312) DOI:10.1167/iovs.06-0480

Assessments of light-scattering by the ocular lens depend
critically on the measurement geometry. For example, slit

lamp images obtained by ophthalmologists detect light scat-
tered mainly by small particles that preferentially scatter at
high angles.1–3 Light scattered at low angles (forward scatter-
ing) is more difficult to measure in vivo, although indirect
methods have been proposed,4,5 and some studies have re-
ported in vitro measurements from isolated human lenses.6,7

Based on a theoretical analysis using the Rayleigh-Gans approx-
imation of scattering from in vitro noncataractous lenses,8,9 it
has been suggested that 1.4-�m diameter particles could ac-
count for the observed forward scattering. Spherical particles
with diameters of 1 to 4 �m have been reported in transparent
and cataractous human lens nuclei.10,11 Electron micrographs
reveal that these particles are typically covered with a lipid-rich
coat of concentric bilayers, hence the name multilamellar bod-
ies (MLBs).10 The main goal of this study was to predict the
light-scattering from these coated particles by using Mie scat-
tering theory,12 which solves Maxwell’s electromagnetic equa-
tions exactly for spherical particles.9,13,14 Whereas small inde-
pendently scattering particles (�0.1 �m diameter), such as
cytoplasmic protein aggregates, scatter light with similar inten-
sity in all directions, MLBs are predicted to scatter light primar-
ily in the forward direction toward the retina.11 Mie calcula-
tions are presented that explore parameters influencing
particle-scattering efficiency and that compare predicted rela-
tive scattering from transparent and cataractous lens nuclei.

It is important to note that Rayleigh and Mie scattering are
not two different kinds of scattering, but are two different
methods of evaluating light-scattering from particles of various
sizes. Mie calculations are rigorous for spheres and correct for
any size. Rayleigh calculations are correct only for very small
particles, less than one tenth the wavelength of the incident
light.9,13,14 For historical reasons, scattering from small parti-
cles is called Rayleigh scattering, although the physics of light
scattering is similar regardless of the particle size. The crucial
difference for the analysis of excess scattering in the lens is that
small particles scatter a relatively larger proportion of their
light at high angles (30–180°), whereas large particles concen-
trate their scattering at relatively low angles. Furthermore,
large particles scatter far more light relative to their size.
Indeed, analogous to the manner in which an object in a fluid
flow can affect the fluid at distances greater than the diameter
of the object, particles 1 to 4 �m in diameter can affect light
over regions larger than their own cross sections. Finally,
because the relative cross-sectional area of a group of particles
is much larger than its relative volume fraction, a small number
of MLBs can scatter a significant amount of light. For example,
a cubic millimeter object inside a cube 3 mm on an edge,
approximating the lens nuclear core, has a relative volume of
only one twenty-seventh, whereas the relative cross-section is
one ninth. These factors imply that relatively few large parti-
cles can significantly increase the amount of scattered light that
reaches the macula. The generalized Mie calculations, ex-
pressed here as three-dimensional surface plots, are valuable
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for characterizing particles that represent a small volume frac-
tion and yet potentially have a significant influence on image
formation, especially in detecting fine details at low light levels.

METHODS

Morphologic Analysis

Data from a recent study of eight transparent and eight cataractous
nuclei were used to estimate the properties of a typical MLB along the
optic axis and determine the range of variables used to calculate Mie
scattering surface plots.11 The transparent (noncataractous) lenses,
ages 34 to 71 years, were obtained from the North Carolina Eye and
Human Tissue Bank (Durham, NC) and the cataractous nuclei, ages 56
to 85 years, were obtained after extracapsular extraction from local
clinics. The nuclear cataractous lenses were clinically graded 1 to 3 (on
a scale of 0–4 for nuclear sclerosis), had little or no cortical opacifi-
cation, and were from nondiabetic patients. The lenses were processed
for bright-field light microscopy (LM) and transmission electron mi-
croscopy (TEM), as described previously.11 Briefly, fresh lenses or
nuclei were sectioned on a microtome (model 1000; Vibratome, St.
Louis, MO) and the 200-�m-thick sections were fixed by immersion
(2% paraformaldehyde, 1% tannic acid in 0.1 M cacodylate buffer [pH
7.2]; 0.5% glutaraldehyde for LM, and 2.5% glutaraldehyde for TEM) for
12 to 18 hours at room temperature with rotation. TEM samples were
postfixed in osmium tetroxide (1% for 1 hour at 4°C). Both were
treated with uranyl acetate (2% for 1 hour at room temperature)
followed by alcohol dehydration. For LM, microtome-cut thick sections
were embedded in LR-White resin (EMS, Hatfield, PA), sectioned to
0.7-�m thickness, and stained with toluidine blue oxide. These histo-
logic sections were examined on a light microscope (DMR; Leica
Bannockburn, IL) equipped with a 12-megapixel charge-coupled de-
vice (CCD) digital camera (DC-500; Leica). For TEM, microtome-cut
thick sections were embedded in Epon epoxy resin (EMS), thin-sec-
tioned to 70 nm with a diamond knife (Diatome; EMS), and grid stained
with uranyl acetate and lead citrate. Thin sections were examined with
a transmission electron microscope (FEI-Philips Tecnai 12; FEI Co.,
Hillsboro, OR) at 80 kV using a 1 k � 1 k CCD digital camera (model
694l; Gatan, Pleasanton, CA). Protocols were reviewed by the Institu-
tional Review Board and the research was conducted according to the
tenets of the Declaration of Helsinki for the protection of human
subjects.

Theoretical Analysis

The scattering cross section of a single MLB of radius r is equal to q�r2,
where q is the scattering efficiency of the MLB. Because the volume
fraction of the MLBs in the lens is quite small (�0.005%) and they are
randomly distributed, they can be considered as independent scatter-
ers. If no MLB shadowed another, the relative scattering cross section
of N MLBs would equal Nq� r2/A where A is the cross-sectional area of
the central square millimeter of the lens nucleus. In this region N is
equal to � tA, where � is the density of MLBs (per cubic millimeter) and
t is the thickness of the nucleus (along the path of incident light).
Therefore, the relative scattering cross section of all the MLBs in the
center of the lens nucleus would be11

S/A � �tq�r2

However, the values must be corrected for the fact that each incident
photon has a probability of being scattered by an MLB before it reaches
another MLB deeper in the lens nucleus. This process is analogous to
the exponential decrease in probability that a raindrop will hit a dry
spot after previous raindrops have begun covering a dry surface. This
issue has been addressed in a derivation of Beer’s Law,15 where it is
pointed out that the process will follow a Poisson distribution and have
the form of 1 � e�x. The corrected equation is then

S/A � 1 � e��tq�r2

The scattering efficiency, q, was calculated employing Mie theory
implemented by using Mätzler’s algorithms16 in commercial software
(MatLab; MathWorks, Natick, MA). Each point on the surface plots
represents a single calculation for ranges of parameters relevant to the
observed MLBs. The key input parameters were the ratios of particle
diameters to wavelength and the ratios of internal refractive indices of
the MLBs to cytoplasmic refractive index, measured directly to be
1.40.17 The lipid shells were, as described previously,11 50-nm thick
with an assumed refractive index of 1.50.18,19 Scattering efficiency
(ratio of scattering cross section to geometric cross section) and aver-
age angle of scattered light were calculated for unpolarized green light
(550 nm) for particles with radii 0.05 to 3.0 �m and interior indices of
1.33 to 1.58. Mie calculations produce the intensity and angular distri-
bution of the scattered light. We define the average scattering angle as
the arc-cosine of the asymmetry parameter, which is the average
cosine of the scattered light, weighted by the amount of light scattered
at that angle.14 This average scattering angle, �, is given by

�avg � cos�1��0

�

I��� sin� cos �d�

�
0

�

I��� sin �d� �
where I(�) is the intensity of light scattered at the angle �. For small
particles, which scatter as

I����1 � cos2�,

the average scattering angle is 90°. For large particles, the average
angle can be less than 10°.

The relative scattering cross section, S/A, was calculated for three
wavelengths of unpolarized light, given the observed MLB radii and
their densities in transparent and cataractous nuclei.11

RESULTS

Morphologic Analysis

Further characterization of MLBs along the optic axis are pre-
sented in Figures 1 to 3, which display new images of MLBs,
emphasizing their unique features and the distribution of sizes
not previously published. Light microscopy of toluidine blue
oxide histologic sections reveals MLBs as circular profiles with
white borders (Fig. 1).10,11 This characteristic pattern results
from the absence of staining of the membrane coating of the
MLB and the uniform blue-purple staining of the dense cyto-
plasmic protein. Likewise, the TEM images show a clear rim
surrounding a uniformly stained interior (Fig. 2). High-magni-
fication TEM is needed to reveal the multiple thin bilayers that
form the coat (Fig. 2A, insets). In many examples (approxi-
mately 33% of all particles) the profiles are complex combina-
tions of circular or slightly oval particles with closely attached
particles that blend their coats (Figs. 1B, 2B).10,11 In addition,
some objects that appear as circular profiles without a well-
defined interior are possibly grazing sections of larger objects
(Fig. 1B). Another plane of section or focus is needed to reveal
the particle interior. As reported previously, many smaller
profiles that occur mainly at cellular interfaces are finger-like
interdigitations (Fig. 1B, arrowheads) and are not multilamellar
particles. These irregular profiles are similar in transparent and
cataractous nuclei and are not considered to be particles that
are individually important sources of scattering.10,11
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Mie scattering theory accurately predicts scattering of par-
ticles that are spherical and gives a good approximation for all
globular particles. The few particles that have been examined
in serial sections and confocal optical sections strongly support
the conclusion that specific MLBs are spherical.10,11 These
particles present circular profiles in sections, and, since two
thirds of the particles examined here present circular profiles
in sections, it is reasonable to assume that they are also spher-
ical. The remaining one third are slightly oval or have several
components, at least one of which appears to be spherical
(Figs. 1, 2).10,11 For the globular particles that are oval and
complex, the length and width were measured and averaged to
give an approximate diameter of an equivalent spherical parti-
cle.

Particle dimensions for all 117 MLBs observed in the cata-
ractous nuclei (including the embryonic, fetal and juvenile
nuclei) have been presented as a frequency plot (Fig. 3). The
mean diameter is 2.13 � 0.64 �m (mean � SD, n � 117) based

on measurements in light micrographs. The measured diame-
ters are corrected by a factor of 4/�, to account for the
probability that the section passes through the particle away
from the true diameter.11,20 The corrected diameter is 2.7 �
0.7 �m. The distribution of particle diameters is almost normal,
with the exception of a tail at larger diameters indicated by the
observation of several particles more than 3.5 �m in diameter.
A larger number of measurements would be necessary to de-
termine whether this minor deviation from normal distribution
is significant. The shape of the frequency distribution and the

FIGURE 1. Light microscopy of MLBs. (A) Light micrograph from the
embryonic nucleus of an 85-year-old cataractous nucleus showing a
4-�m diameter MLB. (B) Light micrograph from the fetal nucleus of an
85-year-old cataractous nucleus showing three MLBs (arrows). Even
when more than one MLB was visible in the same field of view, they
were separated by distances much larger than the wavelength of
incident light. The MLB at the upper right had a core visible at a
different plane of focus. Edge processes (arrowheads) were numerous
profiles also found with a similar density in transparent lenses.10,11

FIGURE 2. TEM of MLBs. (A) TEM image of an MLB from the fetal
nucleus of an 81-year-old cataractous lens. The interior of the MLB had
a slightly smoother texture than does the surrounding cytoplasm. The
coat was composed of multiple thin bilayers (insets); each of the four
to six layers was approximately 5 nm thick. (B) TEM of an MLB doublet
with interiors significantly darker staining than the surrounding cyto-
plasm. MLBs with interiors both darker and lighter staining than the
adjacent cytoplasm have been observed.10,11
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close correspondence of the mean and median (2.7 �m vs. 2.6
�m, respectively) suggest that the value of 2.7 �m is a reason-
able representation of a typical MLB diameter in the human
nuclear cataracts examined. The range of particle sizes used in
the Mie scattering calculations was adjusted to include the full
range of particle sizes observed.

From TEM images at high magnification, there appeared to
be 3 to 10 thin bilayers forming the coat of the MLBs (Fig. 2A,
insets).10,11 The thickness of each bilayer was approximately 5
nm, giving a range of the thicknesses of the coat from 15 to 50
nm. Although Mie scattering calculations for coated particles
can be made for any thickness of the coat, a value of 50 nm (10
bilayers) was chosen initially, for the purpose of evaluating the
influence of the coat on the predicted light scattering. The
refractive index of the lipid coat is unknown. As a starting
point, the refractive index of 1.50, reported for lipid bilayers,
was used.18,19 It should be noted that the Mie calculations
demonstrated that the lipid coat had very little influence on the
final results (typically �1% effect on scattering). Therefore, the
chosen values of 50 nm thickness and n � 1.50 were not
critical to the Mie scattering analysis.

Differences between the refractive indices of the particles
and the surrounding cytoplasm are essential to produce ob-
servable light scattering. TEM images clearly show that many
MLBs have interiors that are very different from their surround-
ings (Fig. 2).10,11 Because the staining density of homogeneous
protein solutions in TEM images is related to the protein
concentration (or density), the variations in stain density are
also an indication of differences in refractive index. Although
absolute measurements of refractive index for individual fiber
cells or particle interiors are not available, preliminary evi-
dence from quantitative electron absorption measurements of
unstained thin sections by TEM suggest that the relative refrac-
tive index of particle interiors can be significantly different
from the surrounding cytoplasm (Gilliland KO et al. IOVS
2005;46:ARVO E-Abstract 1908). These measurements were
based on the use of carbon films of various thicknesses, to
develop an absorption scale to which unstained thin sections
of fiber cells embedded in epoxy resin were compared. For
example, the protein density within the MLB components in
Figure 2B was found to have a refractive index of 1.46 com-
pared with 1.40 for the surrounding cytoplasm.17 The greatest
difference in protein density recorded in preliminary measure-

ments was equivalent to an internal refractive index of 1.48.
Other MLB interiors were observed to have refractive indices
similar to and slightly lower than the surrounding cytoplasm.
Although cytoplasmic refractive indices slightly higher than
1.40 have been reported, the most important consideration is
the ratio of inside to outside refractive indices, not their abso-
lute values. Therefore, the ratio of 1.46/1.40 (1.043) is the
appropriate input parameter for the specific MLB imaged in
Figure 2B. Other MLBs will have different ratios. For the pur-
pose of illustration, an internal refractive index of 1.49 will be
used. This value is consistent with the highest reported refrac-
tive index for nuclear core in mammalian lenses.21 Although
this appears to be a high refractive index for an ocular lens, it
is noted that this refractive index is still somewhat less than the
value of 1.55 reported for the nuclear core of fish lenses.22 We
suggest that the refractive indices of 1.49 and 1.40 for the
particle core and surrounding cytoplasm, respectively, are rep-
resentative of some of the MLBs11 and are useful initial condi-
tions to explore how MLBs with specific properties relate to
the generalized Mie calculations in the surface plots.

Mie Theory Calculations of Particle
Light Scattering

The scattering efficiency, q, per MLB in unpolarized light of
550 nm wavelength was calculated for a range of particle sizes
and refractive indices of the MLB interior, assuming that the
lipid-rich coat has n � 1.50 and the cytoplasm has n � 1.40
(Fig. 4). Each point on this surface plot is a separate Mie
scattering calculation and is not dependent on the specific
MLBs in the cataractous lenses. The surface plot shows that, for
coated particles in this size range, scattering efficiency de-
pends strongly on the ratio of internal to surrounding refractive
index.

This surface plot reveals the remarkable result that there is
the potential for particles to have very large scattering efficien-
cies. Because they have such strong interactions with light at
visible wavelengths, their scattering cross section is nearly
three times larger than the actual particle cross section. This
finding is important from another viewpoint. The surface plot
suggests that relatively few super scattering particles can gen-
erate more scattered light than a much larger number of less
efficient scattering particles. It should also be noted that valleys
(blue regions) give valuable information. Thus, the valley at
n � 1.40 indicates that, regardless of particle size in the range
displayed, if the interior refractive index is less than 1.42 (ratio
1.42/1.40 � 1.0143), then these particles will generate very
little scattered light. In addition, over the entire range of
refractive indices displayed, particles with radii ranging from
0.05 to 0.3 �m are extremely inefficient scatterers. Finally,
particles with internal refractive indices lower than the sur-
rounding cytoplasm scatter light with roughly the same effi-
ciency.

For the typical MLB, based on the actual particles observed
and an assumed internal refractive index of 1.49, the calculated
scattering efficiency was 2.6, which would place the particle
near the top of the steep slope of the surface plot (Fig. 4, star).
A summary of the Mie calculations for the observed MLBs is
given in Figure 5. For the observed particles in the range of 2-
to 3-�m radius, the internal refractive index could be lower
(n � 1.45–1.47) and still have similar scattering efficiency per
particle. For the specific observed MLB in Figure 1A (diameter,
4 �m), if the internal refractive index were similar to that
measured for the doublet MLB in Figure 2B (estimated to be
n � 1.46), then the calculated scattering efficiency would be
near the maximum of 3.4.

It has been shown in a polar plot that incident light is
scattered by typical MLBs (1.36 �m radius, internal n � 1.49)

FIGURE 3. Frequency plot of MLBs in cataractous nuclei. A total of 117
MLBs were observed in the juvenile, fetal, and embryonic nuclei of
human age-related cataracts.11 The diameter of MLBs presenting a
circular profile (two thirds of all particles) was measured on light
micrographs to the outer edge of the clear rim around the particle. For
complex MLBs, the length and width were measured and averaged to
give a diameter of an equivalent circular profile. The distribution was
nearly normal, with a tail containing several particles larger than 3.5
�m diameter. Mean � SD of the raw data is 2.13 � 0.64 �m.
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with high intensity in the forward direction within a narrow
cone of 20° scattering angle (i.e., �10° around the optic
axis).11 This angular dependence of scattered light is more
completely displayed in the surface plot calculated using
unpolarized 550-nm incident light (Fig. 6). As in the previ-
ous surface plot (Fig. 4), each point represents a separate
Mie scattering calculation for coated particles independent
of the observed MLBs. The typical observed MLB falls in the
blue region of low scattering angle (Fig. 6, star). It should be

noted that in the in vivo lens, MLBs of various internal
refractive indices (n � 1.42–1.49) and sizes (0.5–3.0 �m
radius) scatter light mainly at low angles in the forward
direction. For smaller particles below a 0.1-�m radius, over
the entire range of displayed internal refractive index, the
average scattering angle will be near 90°, representing
roughly uniform scattering. These small particles will con-
tribute to the higher angle scattering (	135°) that forms the
scattering seen in slit lamp images (data not shown) and is

FIGURE 4. Surface plot of scattering
efficiency as a function of particle
radius and refractive index of the par-
ticle interior. For these Mie scatter-
ing calculations, it was assumed that
for the background cytoplasm, n �
1.40. The lipid shell was assumed to
be 50 nm thick (10 bilayers) with
n � 1.50. The scattering efficiency
per particle, rainbow color scale 0 to
3.4, measures the potential scatter-
ing of spherical coated particles with
specific ratios of internal/external re-
fractive index and radius/wavelength
of incident light (550 nm for this
plot) relative to their cross-sectional
areas. Star: typical observed MLB
with radius 1.4 �m and internal n �
1.49.

FIGURE 5. Summary diagram of Mie
calculations of the predicted relative
scattering cross section for the ob-
served MLBs. The equation for scat-
tering shows the input parameters of
MLB density, thickness of nucleus,
scattering efficiency, and MLB cross-
sectional area. The resultant percent-
age of forward scatter for one set of
parameters (using 550-nm wave-
length light and assumptions of par-
ticle coat n � 1.50 and cytoplasm
n � 1.40) is given for all eight trans-
parent and all eight cataractous nu-
clei.11 The insets for MLB density and
area were modified from Experimen-
tal Eye Research, 79, Gilliland KO,
Freel CD, Johnsen S, Fowler WC,
Costello MJ, Distribution, spherical
structure and predicted Mie scattering of
multilamellar bodies in human age-re-
lated nuclear cataracts, 563–576, ©
2004, with permission from Elsevier and
from Gilliland KO, Freel CD, Lane CW,
Fowler WC, Costello MJ. Multilamellar
bodies as potential scattering particles in
human age-related nuclear cataracts. Mol
Vis. 2001;7:120–130 with permission
from Molecular Vision.
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consistent with the predicted scattering for small particles
using Rayleigh scattering theory.9,13,14

Of particular interest is the relative amount of light scatter
predicted by Mie scattering theory for the measured density of
MLBs reported.11 The relative scattering cross section, S/A, is
calculated for the observed MLBs (summarized in Fig. 5). For
transparent lenses with a calculated particle density of 556
MLBs/mm3, the relative scattering in terms of percentage of
incident light was 2.1%. For the nuclear cataracts with a cal-
culated density of 4071 MLBs/mm3, the relative scattering was
14.6%. These values can readily be evaluated on the surface
plots of light scatter at different incident wavelengths (Fig. 7).
As with previous surface plots, each point in the six plots of
percent scattering represents a separate Mie scattering calcu-
lation. Employing the reported MLB densities, the left column
for transparent lenses (Figs. 7A–C; 556 MLBs/mm3) can be
compared to the right column for cataractous lenses (Figs.
7D–F; 4071 MLBs/mm3), regardless of the specific properties
of the observed MLBs. Thus, the higher particle density of the
cataractous lenses gives sufficient scatter in some regions along
the 3-�m radius axis to approach opacification (approximately
63% scatter). In contrast, the lower particle density of the
transparent lenses produces low scattering, regardless of the
properties of the particles. The wavelength dependence is also
readily visualized along the 3-�m radius axis. For 700-nm inci-
dent light the particle interiors of n � 1.47 give the greatest
amount of scatter; for 550-nm incident light, it is n � 1.46 and
for 400-nm incident light n � 1.44 gives the maximum scatter.
For the typical MLB observed (Fig. 7, stars) at the reported
densities, scatter from the cataracts are 11%, 15%, and 18% of
incident light of 700-, 550-, and 400-nm wavelength, respec-
tively. The corresponding values for the transparent lenses are
2%, 2%, and 3%. These results emphasize the importance of
having a certain particle density to produce significant light
scatter from these relatively large particles. The Mie scattering
calculations reinforce the conclusion that the rare MLBs in the
size range observed in cataractous nuclei can scatter a suffi-
ciently large proportion of incident blue light at low angles to
have potentially a major influence on image formation at the
macula.

DISCUSSION

Mie scattering theory is appropriate for the coated particles
observed in nuclei of aged transparent lenses and age-related
cataracts. The theory gives exact solutions for spherical parti-
cles of any size and refractive index, and gives fairly accurate
solutions for globular particles in general.9,12–14 The condi-
tions for Mie scattering calculations, mainly the random distri-
bution of globular particles separated by distances greater than
the wavelength of incident light, are well met by the observed
MLBs.11 In contrast, the utility of Rayleigh scattering theory,
even incorporating modifications or approximations such as
Debye-Gans,9,13,14 is limited for large particles. Wavelength
dependence of Rayleigh scattering theory for independent
scatterers and the predicted scattering roughly equal in all
directions is suitable for small particles about one tenth of the
wavelength of light,9,13,14 but cannot predict correctly the
low-angle scattering or the scattering efficiency of the MLBs.

The algorithms for Mie scattering theory permit the calcu-
lation of three-dimensional surface plots describing potential
scattering from coated spherical particles over a wide range of
sizes, refractive index properties and wavelengths of incident
light.16 Over 500,000 separate calculations using fast comput-
ers were necessary to solve complex partial differential equa-
tions and series expansions to produce the plots. These plots
are quite general and are not dependent on the observed MLBs,
although the experimental data about the actual particles ob-
served was valuable in defining the range of parameters to
explore in the Mie calculations. Thus, the particle size range of
observed MLBs (Fig. 3) from 0.25- to 2-�m radius was covered
in the plots. The calculations were extended to 0.05-�m radius
to overlap with the particle sizes suitable for Rayleigh scatter-
ing theory and close to the predicted size of high-molecular-
weight protein aggregates hypothesized to produce scattering
in cataracts.23–25 As expected, the Mie scattering calculations
of the smallest particles are shown to have average scattering
angles near 90° (Fig. 6), suggesting roughly uniform scattering
in all directions for small independent spherical particles,
which is consistent with Rayleigh scattering theory. In fact, for
small spherical particles 0.02 to 0.2 �m in diameter that are not

FIGURE 6. Surface plot of average
scattering angle (rainbow scale in de-
grees) as a function of particle radius
and particle internal refractive index.
In this surface plot, the typical ob-
served MLB (star) falls within the re-
gion of low-angle (forward) scatter-
ing. Particles less than 0.1 �m radius
will scatter more light at high angles,
as the average angle approaches 90°
with decreasing particle size, regard-
less of their refractive index com-
pared to the cytoplasm. Note that the
radius axis is opposite that in Figure
4. The increase in scattering angle
when the internal index is 1.4 (ridge)
is due to the small amount of scatter-
ing by the lipid coat.
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FIGURE 7. Surface plots of percentage light scatter (rainbow scales, 0%–70%) as a function of particle radius and refractive index of the particle
interior. Predicted scattering from MLBs is based on observed density in transparent nuclei (A–C) and cataractous nuclei (D–F)11 and represents
the fraction of incident light scattered. The light scatter is calculated for three wavelengths of unpolarized incident light: (A, D) 400 nm, (B, E)
550 nm, and (C, F) 700 nm. For transparent lenses MLBs with average properties (A–C, stars) scatter from approximately 1% to 3% depending on
the wavelength. Typical particles in cataractous nuclei (D–F, stars) scatter from approximately 11% to 18% with the highest amount of scatter in
the forward direction of 18% of the incident 400-nm blue light. Therefore, the percentage scatter increases with decreasing wavelength in the
visible spectrum. Because the cataractous nuclei have 7.5 times more MLBs than the transparent lenses,11 the percentage scatter is markedly higher,
especially for particles in the range of a 2- to 3-�m radius.
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closely packed, the predicted scattering patterns from Mie and
Rayleigh calculations are very similar.

An important consideration is the presence and compara-
tive contribution of small particles, such as protein aggre-
gates,23–25 to the forward scattering. It is possible to explore
approximate solutions for noncoated particles using internet-
based calculators. For example, a spherical particle with a
diameter of 0.1 �m, representing a protein aggregate, can be
compared to a 2-�m particle representing an MLB. For a ratio
of refractive indices of 1.49/1.40 (particle/background) and
unpolarized 550-nm incident light, the 2-�m particle has a
relative scattering intensity at 0° of approximately 104 and the
intensity of scatter drops 10-fold within 10° scattering angle.
The 0.1-�m diameter particle has a relative scattering intensity
at 0° of approximately 10�4 and drops only by a factor of two
at 60° scattering angle with similar intensity above 90°. Thus,
it would take more than 107 small particles to produce the
forward scattering of one large particle (assuming other con-
ditions were comparable). Scattering from small particles can
be influenced by many factors other than size that can make
the exact calculation of their scattering difficult, such as their
shape, concentration, distribution, and absorbance. The type
of incident light can also be a factor; for example, the scatter-
ing from small particles is strongly influenced by the polariza-
tion of the incident light, whereas large particles show only
minor polarization effects. Thus, the Mie calculations per-
formed with polarized light for 1- to 4-�m diameter particles
show less than a 1% difference compared with unpolarized
light for low-scattering angles; hence, only calculations using
unpolarized light were presented herein. Although the exact
manner in which high-molecular-weight protein aggregates
produce small particles is not completely resolved,26 there is a
strong correlation between protein aggregation and small-par-
ticle–scattering that contributes to retinal stray light, including
forward scattering at low angles, as well as high angle scatter-
ing visible in slit lamp images.

Fiber cell membranes have also been implicated in cataract
formation through direct scattering of membrane components,
alterations of membranes and deposition of proteins on mem-
branes. Recently, Michael et al.,27 have discussed membrane
scattering based on relative refractive index. Using index
matching, they found that membranes of the cortex have a
higher refractive index than the cytoplasm, thus producing a
pattern of alternating refractive index within radial cell col-
umns. They suggested that the expected high scattering from
this arrangement is partially canceled by destructive interfer-
ence from the regular array of cells of the cortex.24,27,28 In
contrast, in the nucleus where fiber cells are less regularly
packed, the measured membrane refractive index was lower,
matching the refractive index of the cytoplasm, thus minimiz-
ing refractive index fluctuations and light scatter.27 On a finer
scale, fiber cell plasma membranes form complex interdigita-
tions, many of which are in the range of 0.2 to 0.5 �m,
including finger-like projections, undulating membranes, and
complex edge processes.29–31 Because some of these objects
appear circular in sections, it has been suggested that they are
vesicles that could scatter light as do isolated vesicles in
vitro.32,33 However, careful examination of the ultrastructure
of the interdigitations reveals that they are composed of paired
membranes in close association, as is typical for fiber cells of
the entire nuclear core.10,30,31 They are not truly circular and
are not single-membrane vesicles. In fact the complex pattern
is made more complex during aging and cataract formation due
to fiber cell compaction.34 Despite these changes, the mem-
branes are probably not major sources of light scattering based
on the observation that the patterns of interdigitation in trans-
parent and nuclear cataractous lenses are indistinguish-
able.11,29 An additional factor is that the scattering from the

membranes is dependent mainly on the membrane thickness
rather than the membrane topology. Minimal light is scattered
by sheets that are thin compared with the wavelength of
incident light, even if their topology is complex.35 These prop-
erties of membranes, together with the close packing of cyto-
plasmic crystallins, form the physical basis of lens trans-
parency.24,28,36–38 However, many changes to nuclear fiber
cell membranes have been documented that may increase the
membrane scattering cross section, such as deposits of cyto-
plasmic protein,39,40 protein-like deposits in the extracellular
space,29 and enlarged spaces around the membranes through
loss of membranes and adjacent cytoplasmic components.29,41

Thus far, direct comparisons of nuclear cataracts and age-
matched transparent lenses have not revealed any consistent
patterns of changes in membrane ultrastructure that could
account for increased light-scattering in the early stages of
age-related nuclear cataract formation.29 Nevertheless, it is
likely that small changes at or near membranes will contribute
to small refractive index fluctuations that increase retinal stray
light and high-angle scattering from nuclei of aging and cata-
ractous lenses.

The surface plots highlight the features of particles respon-
sible for forward scattering and give direct visualization of the
scattering performance of experimentally observed MLBs. Al-
though the observed MLBs displayed a range of particle sizes,
for simplicity, the average diameter measured in sections was
used for the Mie calculations. The critical property of the ratio
of internal to cytoplasmic refractive indices (1.49/1.40) was
chosen to illustrate the effect of having particles that are
significantly different as indicated from electron micrographs.
The location of the model MLB on the scattering efficiency plot
(Fig. 4, star) suggests strong scattering. It should be noted
however that the particle distribution contained larger parti-
cles, which would require a smaller refractive index ratio (such
as 1.46/1.40) to move along the ridge of very high scattering
efficiency. The relative scattering from the estimated 4000
MLBs/mm3 suggests that the model MLBs could scatter a sig-
nificant amount of incident light, which for blue light of 400
nm is approximately 18% (Fig. 7). The angle dependence of the
Mie scattering (Fig. 6) suggests that most of the scattered light
would fall on the retina at the macula and therefore potentially
have a great effect on image formation. The most pronounced
deficit would be in the discrimination of fine detail, especially
at low light levels and would be entirely distinct from retinal
stray light that causes glare.42

For transparent lenses, the lower estimated density of ap-
proximately 500 MLBs/mm3 produces relatively much less scat-
tering (Fig. 7).11 Regardless of the properties of the particles or
the wavelength of incident light, the scattering is sufficiently
low that they have only a minor impact on image formation at
the macula. This density of particles in transparent noncatarac-
tous lenses, representing only 0.000003 volume fraction, is
thought to be sufficient to account for the forward scattering
reported in donor lenses.7,8,11 It has been proposed recently
that these particles could be the source of the ciliary corona
seen in normal lenses when looking at a small, bright light in a
dark background.43

The presence of the MLBs in transparent lenses raises the
question of the origin of the particles. Because the particles are
present in the fetal nucleus, the particles could form at an early
age and be present during the nucleus-hardening process in the
fourth and fifth decades of life. The surface plots help under-
stand possible changes in the MLBs during the aging process.
For example, during formation and early life, the MLB internal
refractive index may be the same as the surrounding cyto-
plasm, yielding low scattering efficiencies (the valley in Fig. 4).
These initial particles would be weak scatterers and would
have relatively higher average scattering angles (the ridge in
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Fig. 6). Aging may alter the internal refractive index, because
the lipid coat may isolate the interior and promote differential
aging. A change of only 0.02 refractive index units is needed to
move the particle into a higher scattering efficiency region
(moving up the steep slopes in Fig. 4). Age-related changes in
the cytoplasm, such as initial fiber cell compaction34 and later
protein modification and loss,44 could lower the cytoplasmic
refractive index sufficiently to enhance the MLB scattering.45,46

Although some reports do not detect an age-related decrease in
nuclear refractive index,17 only a small amount of local protein
redistribution could alter the relative refractive index of the
particle and adjacent cytoplasm. A difference of only 0.06 in
refractive index is sufficient for the larger particles to become
highly efficient scatterers (moving to the crest in Fig. 4). Trans-
parent aged lenses may have such low numbers of particles
that they, while possibly being detectable with dynamic light
scattering47 and accounting for specific visual phenomena,42

will have only a minor influence on visual acuity (Fig. 7). In
precataractous lenses, the number of MLBs may be greater, but
they may initially also be weak scatterers. With aging and
cataract formation, further changes to the particles and the
surrounding cytoplasm may enhance the differences in refrac-
tive index, increasing the scattering efficiency and producing
greater low-angle scatter. During the formation of advanced
cataracts, increased absorption of light by yellow-brown chro-
mophores and increased retinal stray light from small particles,
such as high-molecular-weight aggregates, will reduce the total
amount of light for image formation and enhance the disrup-
tive effect of the forward light scattering on the macula.
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APPENDIX

The fractional amount of light scattered by n identical particles
is given by

fn �
Sn

A

where Sn is the amount of light scattered by n particles and A
is the cross-sectional area of the tissue in question. If another
particle is added to the tissue, the new fraction is given by

fn
1 � fn �
Csca

A
� �1 � fn�

Where
Csca

A
is the fractional area of one particle and �1 � fn� is

the probability that it is not shadowed by one of the previous
n particles.

If one calculates fn for the first few particles, one can see the
following pattern emerge:

f1 �
Csca

A

f2 �
Csca

A
�

Csca

A
� �1 �

Csca

A � � 2
Csca

A
� �Csca

A �2

� 1 � �1 �
Csca

A �2

f3 � 2
Csca

A
� �Csca

A �2

�
Csca

A
� �1 � 2

Csca

A
� �Csca

A �2�
� 3

Csca

A
� 3�Csca

A �2

� �Csca

A �3

� 1 � �1 �
Csca

A �3

···

fn � 1 � �1 �
Csca

A �n

Using this and the derivations from the text, the fractional
scattering from n particles in the lens nucleus is given by

SN

A
� fN � 1 � �1 �

Csca

A �N

� 1 � �1 �
q�r2

A ��tA

.

Now,

lim
x3��1 �

y

x�
zx

� e�zy.

Therefore, since A		Csca,

SN

A
� 1 � e��tq�r2

.
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