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Ocular static and dynamic light scattering:
a noninvasive diagnostic tool for eye research
and clinical practice
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1 Introduction esis, and Bursell and colleagués990° gave an excellent

Blindness or serious vision impairment is one of the most '€view of DLS in the eye’s anterior segment. | present here a
feared disabilities known to humankind. A 2002 repah review of new developments. DLS is now emerging as a po-
vision problems in the United States compiled by the National tential ophthalmic tool, making possible studies of virtually
Eye Institute(NEI) of the National Institutes of HealtfNIH) every tissue and fluid comprising the eye, thus pushing the
and Prevent Blindness America states that although half of all €nvelope for broader applications in ophthalmology.
blindness can be prevented, the number of people who suffer New ocular DLS instrumentation is several orders of mag-
vision loss continues to increase. The American baby_boomernitude more SenSitive than the current OphthalmIC inStrUmentS
generation is aging and living longer than ever before. As a Of slit-lamp biomicroscopywith and without retroillumina-
result, the rise of cataract, glaucoma, age-related macular detion) and Scheimpflug systems. These conventional clinical
generatiofAMD), and diabetic retinopathy in the next two to  instruments are based on imaging technologies and provide
three decades is expected to place a significant burden on théhotographs of the various compartments of the eye. Other
national economy. The personal cost of blindness is immea- modern instruments, such as scanning laser ophthalmoscopes
surable, since no dollar value can be placed on the quality of (SLO) and optical coherence tomograpt@CT), provide
human life. The problem is global in nature and not just con- high resolution(about few micronsand thus better-quality
fined to the United States. Malnutrition, lack of good surgical images. Although SLO and OCT are proving extremely valu-
facilities, and inadequate hygienic conditions—for example able in the evaluation of retinal conditions, their use in other
the lack of clean drinking water in Africa and the Indian parts of the eye is yet to be established.
subcontinent—are some of the major factors contributing to ~ New DLS instruments are being used in clinical settings
vision problems. No medical treatments are available for the with better alignment and reproducibility to characterize the
majority of ocular diseases, and most of the time surgical cornea, agueous, lens, vitreous, and retina. Although they are
intervention is the only optioite.g., for cataragt Cataract is still in the experimental realm, many new applications have
not only restricted to the aging population here on earth, it is been developed to detect a diverse range of diseases early,
also a risk factor for astronauts traveling and working in noninvasively, and quantitatively. These new applications in-
space, owing to radiation exposiréThe challenge is there-  clude detection of pigmentary glaucoma, cataract, diabetic
fore to diagnose ocular diseases noninvasively long before thevitreopathy, and possibly Alzheimer’s disedsé ocular tis-
clinical symptoms appear and to help find nonsurgical coun- sueg, as well as corneal evaluation after refractive surgery
termeasures to prevent vision impairment. (e.g., laser-assistad situ keratomileusis, LASIK Recently,

The technique of dynamic light scatteritiDLS) was de- DLS has been used in conjunction with other complementary
veloped by physicists in the late 1960s to early 1970s. Today, noninvasive techniques by integrating it with autofluores-
it is routinely used in laboratory settings to study fluid disper- cence, Scheimpflug-based imaging, and corneal topography
sions of colloidal(<1 um) particles? The pioneering work of devices.
Tanaka and Benedek in 1975 at Mlifitroduced quasi-elastic
light scattering(QELS) or DLS to the study of cataractogen-  1083-3668/2004/$15.00 © 2004 SPIE
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Fig. 1 Major ocular components of interest in a light-scattering experiment and their physical characteristics.

2 Principles Underlying Ocular Static Light length of the incident light. An increase in the amount of
Scattering and Dynamic Light Scattering scattered light is an indication of a change in the morphology
In general, light scattering occurs when a light beam interacts of the scattefrerls and therefore can be used to characterize a
with a system of particles by excitation and reradiation of system qualltatlvely._ This can be used to measure_early mor-
light. The electric field vector of the incident light can induce pholc_)g|cal qhanges in the cornea, aqueous, lens, vitreous, and
an electric dipole moment in a particlexcitatior). This os- possibly retina. L. N . .

cillating dipole, owing to a varying electric field, itself be- An example of this is shown in Fig. 2 in which an eye of a

comes a source of electromagnetic radiatioeradiation. 2-year-old guinea pig was scanned with a compact fiber optic

This new radiation is the scattered radiation. Scattered light p_robe, described later, that collects backscattered phatons

intensity is highly dependent upon the wavelength of the vivo. The SLS scan clearly shows the anatomical features of

incident light and is inversely proportional to the waveleryth. :Ee trants:[parznlt_ eﬁ’te_"; th's.tan,'[?al' Base(li on_ttr:]el_magm:ude of
This is known as Rayleigh’s phenomenon and explains the € scattered light intensity, the corneal epithelium, stroma,

blue color of sky, which is caused by the scattering of sunlight a_nd endothel_ium, as weII_ as the Ie@teriqr-pqsteriorand
by earth’s atmosphere. vitreous are identified. Initially, the intensity rises rapidly at

For the present discussion and in the context of ophthalmic _the comea—air interface owing to a change in the refractive

diagnostics, | divide light-scattering methods into two major index. It_decreases In .th.e S“TO”.‘a anql the_n INcreases in the
categories: static and dynamic. Static methods are Cornmonlyendothellum. Local variation in intensity W|th|n_the stromal_
used in the determination of weight-average molecular weight structure can bg a_ttrlbuted _to the scattering of “.ght from uni-
and the radius of gyration of macromolecules suspended inform cqllagen fibrils and fibroblasts that are interposed at
transparent solutions, while dynamic methods are used in theequal distances.

elucidation of diffusing behavior and the determination of the
size and size distribution of these particles. The flow diagram ] o _ _ )
in Fig. 1 shows the major structural components in the human The technique of dynamic light scattering provides a quanti-
eye and their macromolecular compositions and dimensions.tative measure of early morphological changes by following
When light impinges upon these macromolecules, they scatter
light, depending upon their size and concentration. For ex-
ample, a-crystallins in the lens contribute significantly to
scattered light since they have a higher molecular weight.
This and other macromolecular species of interest are dis- 15000
cussed in the following sections.

2.2 Dynamic Light Scattering
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lecular size is much smaller than the wavelengths of visible
light. However, Sca'.:tered light intensity increases significantly fig. 2 static light scattering (SLS) scan showing ocular anatomical
as the molecular size grows to the same order as the wave-eatures in a guinea pig.
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Fig. 3 Dynamic light scattering (DLS) in analogy with radio communication.

temporal changes in and around the random positions of scat-is recovered through a speaker diaphragm vibrating at the
terers as they undergo Brownian motion on a time scatedf = same audio frequency as the original voice signal.

us. Dynamic information such as diffusion, size, shape, mo-  In an analogous manner, the laser beam in a DLS measure-
lecular interactions, and flexing motion in polymers can be ment can be considered a carrier wave on which the particle
obtained. This makes DLS a unique tool for probing macro- (Brownian motion is superimposed. The particles are often
molecular dynamic8 The most attractive features of DLS are suspended in a fluid. The Brownian motion results from the

that it is noninvasive and quantitative, works effectively for
particle sizes ranging from a few nanometers to a few mi-
crometers, requires only a small sample volume, and works
reasonably well for polydisperse or multiple-sizg to two to
three componept dispersions. DLS is synonymous with
quasi-elastic light scattering, photon correlation spectroscopy
(PC9, light-beating spectroscopyhomodyne and hetero-
dyne), and intensity fluctuation spectroscogiFS). These
concepts were borrowed from the techniques used in radio
communication.

Figure 3 is an oversimplified depiction of how a DLS mea-
surement is performed in analogy to radio communication. In
radio transmission, a microphone converts an aydace)
signal with an approximate frequency of 256 Hz into electri-
cal pulses. These pulses are then migagerimposedwith a
carrier wave whose frequency is on the orded®fHz. This
process is called frequency modulatigfiM) or amplitude
modulation(AM). The final AM or FM signal is then trans-
mitted via an antenna into the atmosphere. On the receiver
end, a radio antenna intercepts the transmitted signal, and if it
is tuned to the same frequency as the transmitted signal, it

collisions between the particles and the fluid molecules. On
the receiver enddepending on the scattering angle scat-
tered light is collected, decoupled from the laser frequency,
and dynamic information about the particles is obtained. This
includes information on shape, size, movement, and the inter-
actions among the patrticles, which can be of vital importance,
e.g., in monitoring a cataract as it grows.

2.2.1

In the absence of particle—particle interactigdiute disper-
siong, light intensity scattered from small particles fluctuates
rapidly, while light intensity scattered from large particles
fluctuates more slowly. Assuming that the particles are uni-
formly sized and spherically shaped, in a simple homodyne
experiment only scattered light intensity is collect@d the
absence of a local oscillajorat a photodetector and an
intensity-intensity temporal autocorrelation functiofCF) is
determined.

Theoretical methodology

g’(n)=A[1+Bexp—2I'7)], (1)

decodes the desired audio signal. At this stage, the opposite ofwvhereA=(i)? is the average dc photocurrent or the baseline
the transmission process takes place and the audio signal iof the autocorrelation function, angl (0<g<1) is an empiri-

decoupled from its carrier frequency. The desired information
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Fig. 4 Compact fiber optic probes.

ence of the scattering geometry of the collection optics which
can be related to the signal-to-noi¢8/N) ratio. I is a decay
constant that is due to diffusing motion of the particles in the
scattering volume, and is the delay time.

I'=Dyxd?, 2
whereD+ is the translational diffusion coefficient ands the
magnitude of the scattering wave vector.

0
E 1
wheren is the refractive index of the solvent,is the wave-
length of the incident light in a vacuum, a®ds the scattering
angle. Using the Stokes-Einstein relationship for spherical

particles, D¢ can be related to the hydrodynamic radiBs of
the particle:

——sin

. €

4mn
q:

KT

Dr=5- 7R’ 4
whereK (1.38x1022JK™ 1) is Boltzmann’s constanfl is
the absolute temperature of the scattering medium, sl
the solvent’s viscosity. In clinical ophthalmic applications, the
values for water can be used forand » at a temperature of
37°C (body temperatupe Equation(4) then can be used to

extract an average size of the particles in the transparent aque-
ous, lens, and vitreous. The lens and vitreous are polydisperse

in nature and exhibit bimodal behavior. Today, commercial
software packages are available to analyze(Egin terms of
bimodal and multimodal size distributions based upon the
schemes reviewed by Stock and Ray.
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3 Instrumentation

Until now, SLS and DLS instruments were bulky, required
vibration isolation, indexmatchingor flare contro), and te-
dious optical alignment, and were difficult to use. Thanks to
several key advances in the field of optoelectronics technol-
ogy in the past decade, DLS can now be safely used in clini-
cal ophthalmic settings. New-generation DLS systems have
become very compact and efficient as a result of new solid-
state laser sources, sensitive photodetectors, and monomode
optical fibers for launchingand detectinglow levels of laser

light into the eye.

3.1 Compact SLS-DLS Fiber Optic Probes

The fiber optic-based DLS design developments for studies of
cataractogenesis are covered by Dhadwal ét ®ovati

et al.? Ansari et all® and the references contained in their
papers. The fiber optic SLS-DLS probes, shown in Fig. 4 and
diagrammed in Fig. 5, combine the unique attributes of small
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Fig. 5 Schematic of probe.
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Fig. 6 Scheimpflug images and DLS size distributions.

3.2 Sensitivity of DLS Over Established Clinical
Technologies in the Early Detection of Cataract pared in Fig. 6. The protein particle size distributions consis-

The gold standard in the evaluation of cataract is still slit- tently shifted from left to right in the direction of increasing
lamp biomicroscopy and/or Scheimpflug photography using Sizes at each temperature decline, from 18°C down to 9°C.
various clinical grading standards of lens opacity, such as the This can be attributed to the formation of protein aggregates
lens opacity classification systeittOCS), Oxford, Wilmer, or ~ and high molecular weight complexes even though the lens
Wisconsin systems. The interpretation of photographs usingremains transparent. Scheimpflug images, however, did not
these grading systems remains subjective. Recent clinicaldetect any change until 10°C, when the optical density in-
studies using DLS were reported by Thurston etaRpvati creased from 0.01 to 0.02 ODU. This value corresponds to NO
et al.? Dhadwal and Wittperi? and Datiles et af*® and the on the LOCS-II clinical cataract grading system. The grading
references contained in their publications. ranges from NO(no cataradtto N4 (mature cataragt The
DLS has been found to be far superior in detecting cataract equivalent ODU values are approximately 0.080), 0.09
changes very early in the natural history of the disease. But (N1), 0.21(N2), 0.46(N3), and 0.56(N4).
until recently it was not demonstrated just how early a cata- One symptom of a developing cataract is glare that is due
ract can be detected in a quantitative manner. This was re-to increased light scattering. DLS data complement SLS data,

solved by comparing DLS and Scheimpflug imagi(@)) as shown in Fig. 7. The scattered light intensity increases as a

techniques simultaneously. A detailed description of the SI

technique is given elsewhet&The Sl technique provides a 5 0.10

measure of lens opacity by converting stereoscopic lens im-

ages into a turbidity parameter expressed in optical density | . soneimetiug 00Uy

units (ODU).* An ODU value of 0.01 represents the transpar- 008 =

ency of an ultraclean sample of water. Clinically, a range of B

values<0.1 ODU is assigned to a norméioncataractoys 3r 0.0 %

lens. 1
The DLS fiber optic probe described earlier was mounted 2| 0.04 gg

on an Sl system for an objective study of lens opaliffhe 3

instrument’s sensitivity was evaluated by slowly inducing a 1} 0.02

nuclear cold cataract in a calf eye, taking Scheimpflug photo-

graphs and DLS data simultaneoughyjithin a few seconds of o e 0.00

each other The y-crystallins also known as cryglow- 21 120, 19 18 1716 15 141312 11 10 9 6 7 ©

temperaturgproteins in a calf lens promote the aggregation Reducing Temperaturs ( ©)

of a-crystallins, Ca_USing Igns opacity as the temperature is fig. 7 Comparison of Scheimpflug optical density units (ODU) and
lowered. The Scheimpflug images and the DLS data are com-DLS scattered light intensity.

26 Journal of Biomedical Optics ¢ January/February 2004 * Vol. 9 No. 1



Ocular static and dynamic light scattering . . .

Corneal o
Topographymap \

r DLS Probe v CCD Camera
| r Camera port \

observing the lens with the view that “you measure what you
see.” However, their ability to sample the same location in the
lens repeatedly and reliably is questionable. It is very impor-
tant to sample from the same location because the lens is not
homogeneous and a slight misalignment can give erroneous
results, especially in repeat patient visits during longitudinal
studies. New instruments have been developed to circumvent
these problems by combining DLS with other ophthalmic in-
struments employing such technologies as autofluorescence
and keratoscopy. The advantage of this is that not only can the
sampling issue be resolved but DLS data can also be com-
pared with other complementary ocular data, e.g., oxidative
stress, as shown in the review article on autofluorescence by

Fiber-optic
position sensors -

\
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Lightin— |/ Light out
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L \iuminated light-ring ) .. o
for comeal topography Rovati and Docchio in this issue.

A corneal analyzefOptikon 2000 Keratron, Italyutilizes
an infrared(IR) detector that pinpoints the exact location of
the corneal vertex. The front-end eyepiece is equipped with
two fiber optic position sensors on the extrefeguatorial
function of decreasing temperature. This intensity increasesends. An IR beam passes through one fiber and is collected by
slowly at first, with a sharp increase at 14°C, and continues another fiber at the opposite end. When this beam is inter-
increasing as the temperature continues to drop. In contrast,cepted by the corne@ee Fig. 8 and Fig.)9the instrument is
the ODU from Scheimpflug remains constant until 10°C. At aligned with the apex of the cornea. This instrument was
7°C, ODU measurements increased to O0.@Bror limit: modified by placing a DLS fiber optic imaging probe inside
+0.023 ODU,* which corresponds to NOnorma) on the its cone as shown in Fig. 8 and Fig. 9. The DLS portion of the
LOCS-II grading scale. Based on these dynamic and static instrument takes measurements from the cornea to the retina
observations, it can be concluded that DLS is 2 to 3 orders of by moving the DLS probe inside the cone using computer-
magnitude more sensitive than the Sl imaging system for de- controlled linear microactuators. Since the IR beam does not

Fig. 8 Front and cutaway view of a modified corneal analyzer (Kera-
tron) with a DLS probe.

tecting cataract early. pass through any other ocular tissue, the actual laser light

used during the 2 to 5-s DLS measurement is never used to
3.2.2  New clinical DLS instrumentation for align the instrument, as was the case in previous slit-lamp-
ophthalmic diagnostics based DLS instruments. This arrangement makes it much

Until recently, almost all DLS instruments have employed safer for human use. During the DLS measurement, the sub-
slit-lamp biomicroscopy in one way or anothérbecause of  ject is asked to fixate on a light source housed inside the cone
its familiarity to ophthalmologists. In our earlier work, we and probe assembly.

simply mounted the DLS probe discussed earlier on a slit-  Using the CCD camera located in the center of the cone
lamp biomicroscope using a Hruby lens holder. Conceptually, (Fig. 9), an operator uses a joystick to center the cone with the
these setups were easy to use and provided ease of alignmengptical axis of the eye, in order to view the active image of the

since a test site for DLS measurement was selected by directlypatient's eye on the instrument’s built-in CRT screen, as

__—Cone housing
Lenses —

A\

,— Pink light rings
Video port —_

DLS Probe—. k
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N
s SEA

Fixation target —

Flexible ,”
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Fig. 9 Schematic diagram of the optical system.
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shown in Fig. 10. When the foot switch is depressed, the IR

lems such as haze and glare. Histologically the cornea is
structured as a stack of layers divided into five distinct re-
gions. These include the epithelial cell layer, Bowman'’s layer,
stromal layer, Descemet’s membrane, and the endothelial cell
layer. The epithelial layefabout 50um thick) consists of six

to eight layers of cells of which two to three layers are super-
ficial flat cells, followed by a squamous, irregularly shaped
wing (about two layerg and a single layer of cylindrical basal
cells. Bowman’s membran@bout 10um thick) is a dense,
irregular meshwork of interwoven collagen fibrils of type |
and type VII without a cellular structur@o fibroblasts The
stromal layer comprises 90% of the thickness and volume of
the cornea, consisting of uniform-diameter collagen fibrils
(about 200 in numberwith regular spacing. Fibroblasts are
interposed in these collagen layers. Descemet’s membrane is a
tough, glassy layer that can vary in thickness from about 5 to
15 um as a function of age. The endothelium consists of a

detection system automatically sends a signal to the computerSingle layer of metabolically acS:tive, irregular polygon-shaped
instantaneously grabbing the image when the desired positionCells about 20um in diameter® The tear film(about 7um
of the cone has been achieved. The operator simultaneouslythick) on the surface of the epithelium prevents the cornea

depresses the “remote DLS” button, which in turn activates rom dehydrating.

the laser and starts the digital autocorrelator for the DLS mea-

The use of SLS and DLS in the cornea offers opportunities

surement. The patient sees a diffused speckle light patterna”d challenges. The opportunity lies in its transparency, since
during the 2 to 5-s DLS measurement. The laser and the datathe normal cornea does not exhibit multiple scattering of light.

acquisition program can be preset to run for either a(fs
the cornea or a 5-s(for the leng measurement time. The
operation sequence is shown in Fig. 11.

This new instrument has demonstrated its reproducibility
and ability to go back to the same location in the lens during
repeat patient visits Since that study, about 50 patients have
been studied at the National Eye Institute in Bethesda, Mary-
land. None reported any discomfort during or after the DLS
measurements. The data will be useful in planning a longitu-
dinal study of anticataract dr(g) screening at the NEI.

4 Applications to Ophthalmic Research
4.1 Cornea

Corneal tissue is avascular and composed primarily of col-
lagen. The human cornea is about 50 thick at the apex
and about 70Qum at the periphery or limbu$. Transparency
is the most important corneal property in maintaining good-
quality vision. A slight loss of transparency can cause prob-
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Fig. 11 Block diagram of data acquisition and analysis.
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However, at first glance, the different layers and structures
within the cornea seem very challenging when one is inter-
preting DLS data. Furthermore, corneal tissue is far from the
ideal case of a dispersion containing colloidal particles. One
should therefore refrain from interpreting corneal DLS data in
terms of particle size because of many unknown quantities
(local viscosity, refractive index, elc.However, it is reason-
able to report the decay constdhis™*) from Eq. (1), which
represents the time relaxation values of a scatterer as it ex-
ecutes limited Brownian excursions about fixed average posi-
tions in the corneal tissue.

4.1.1 Brownian spectrum of the cornea

As described in Sec. 2.2.1, the construction of a TEf. (1)]
in a DLS experiment relies heavily on measuring the fluctua-
tions of scattered light intensity in a time domain. To demon-
strate this point, an experiment was performed on a model
system of polystyrene microspheres in the size range of 70 nm
to 1 um suspended in water, and the time fluctuations were
compared with the scattered light intensity as a function of
particle size. The spectrum of the microspheres is illustrated
in Fig. 12a), for 70-nm, 250-nm, and 1.0bm particles. As
expected, the time fluctuations in this freely diffusing system
of particles gradually slow down as the particle size increases.
The time decay constaff’) shown in Fig. 12b), which was
obtained directly from the TCF, further illustrates this point. It
shows that small particles move very fast while larger par-
ticles move very slowly and in a random fashion around their
fixed average positions. Thuk,becomes a powerful param-
eter when one is characterizing a system of freely diffusing
and bound particles without prior knowledge about the system
(e.g., viscosity, refractive index, size

Figure 13 compares the intensity fluctuations within the
layers of a normal bovine cornea in an intact egeyitro. The
components in the anterior stroma fluctuate slowly, while in
the middle and posterior sections the fluctuations are rela-
tively faster. The endothelial cells fluctuate much more
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Fig. 12 (a) Intensity fluctuations and (b) Brownian motion.

slowly. When the laser light enters the anterior chamber, the amount of water. Indeed, the water content increases from the
fluctuations almost disappear. Thus we can infer that either anterior to the posterior cornea, as shown by Castoro &t al.,
the clear aqueous humor in the bovine eye contains hardly anyusing differential scanning calorimetry. This may be why the
particles or proteins of a size to scatter light or the power level fluctuations in the anterior stroma are relatively slower. In
of the probing laser light ofa few microwatty is too low, terms of post-LASIK complications, since the epithelium
resulting in the intensity of scattered light being too low to be layer is preserved in a flap, the stromal region can be of prime
detected. In either case, the power level of the scattered lightinterest for examination with DLS.

is too low to construct a TCF or a spectrum. However, as
described later, protein concentration in the human aqueous
can increase during uveitis.

The polygon-shaped cells in the endothelium layer are rig- A change in the physical shape of the cornea can lead to
idly bound and act like a reflecting mirror. As a result, the ametropia(myopia, hyperopia, or astigmati$nThus modern
entire structure exhibits very slow Brownian motion. The Pphotorefractive surgeries, such as LASIK, have become popu-
faster fluctuations in the middle and posterior stroma can be lar in treating corneal refractive errors. The goal of refractive
attributed to the presence of protein particles and an increasedsurgery is to sculpt the corneal surface, changing its physical

shape. If successful, it will result in the elimination of overall
refractive errors. In about 5% of post-LASIK cases, patients
_ : experience a variety of problems, such as haze, glare, star
16— Aterior S roma i } bursts, dry-eye syndrome, and tissue healing issues. Lfpner
Ch T T T reported dry eye to be LASIK’'s most common complication,

4.1.2 Evaluation of corneal abnormalities

18

% 27 T ™ ] appearing, according to some statistics, in more than half of
g \w«/ 7 the cases performed in the United States. At present, no ob-
o o8 ! - = N (R S—— . . . . .
(- W X A A o~ jective methods are available to evaluate quantitatively and
g .. i Middle Stroma - ] noninvasively the underlying molecular changes causing these
z | | 4 ‘ corneal abnormalities after a LASIK procedure. McL¥bd
6 fﬂé—ﬁM\k&wfs_/A stressed the need for new diagnostic capabilities to better
P o - | evaluate current refractive surgery outcomes.
0.0373535 0.0498047 0.0622559 T(:;?:?((]l;ose(:xﬂ):;in‘;z 0.0996094 0.1120605 0.1245117 Recently the SLS agnd DLS COﬂCeptS dISCUSSGd here were
applied by Ansari et aP to the study of the cornea as a way
Fig. 13 Brownian spectrum of bovine cornea. to develop a molecular measure of clarity. In a preliminary
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3000 e " a oz . less increase i’ values than the LK. This is perhaps due to
*’c+ 40 0 ot O g * the loss of water during the ablation process in the case of
2400° [ S y,é ;+‘. L s 1% B ;; PRK. Since no laser ablation was performed in LK, fhe
- L;:' ol ' L 9 M A values remain higher. It is of interest to note that for the most
P ol ° . ¥ part,I" values revert back close to untreated levels 1 day after
2 1T l surgery.
G [ Ia 1w The eyes were kept in a jar of saline solution and refriger-
| : = Normai oo ated overnight after the surgeries. The LK procedure showed
wr :;:Zj;‘:frxy;:::::fw faster “healing” (return to baseline levelshan the PRK. Af-
’ . ' . . ) 1 . . ter corneal injury, as in surgery, the area where the epithelium
® 0 w1 e B8 @ o= 05 0z b G has been removed is reepithelialized by the sliding movement
Distance (mm) in comea of the expanded remaining epithelium. Two factors affecting

this healing process are the size of the denuded area and the
smoothness of the denuded surface, as well as the presence or
absence of cellular and other debris on the surface. The larger
the denuded surface, the longer it takes to reepithelialize.
Since the LK surface was only 5 mm, compared with the PRK

Fig. 14 Eye 1, photorefractive radial keratectomy (PRK), about 8 mm.

study?® intact bovine eyes were treated with chemicals, cotton

swabs, and radial and photorefractive surgem\esltro,_and (8 mm), it healed faster. The laser-ablat@RK) surface will
SLS-DLS measurements were performed as a function of the " _. S . .
still have significant debris on the surface, whereas there will

penetration depth into the corneal tissue. Topographical maps . .
: be almost no debris on the lamellar keratectomized surface
of corneal refractive power from untreated and treated corneas o . .
(LK); this difference might explain why there seems to be

were also obtained using videokeratoscopy and the resultsmore healing in the LK-treated cornea. These differences can
compared. be seen by the more rapid return to normal, baseline levels of
the I values in the LK-treated cornea 1 day after the injury,
4.1.3  Post-LASIK results compared with the PRK-treated cornea. However, more stud-
Two sets of DLS data are presented after LASIK surgery was ies need to be performed to confirm these observations, such
attempted on two bovine ey@s vitro. Ronald Krueger, M.D.  as using live animal models to follow the healing process
of the Cleveland Clinic performed these procedures. They areusing vital stains after LK scraping of the epithelium. The
referred to as eye (photorefractive radial keratectomy, PRK  treatments discussed here also changed the corneal refractive
and eye lamellar keratectomy, LKand are shown in Fig.  power.
14 and Fig. 15, respectively. The DLS measurements on the  The results of these experiments suggested the potential of
untreated cornea were repeated five times to get an estimate o§LS and DLS in measuring changes in pre- and postrefractive
variation (see error bajsin I' values. The bovine corneas surgeries. However, the actual feasibility of using the DLS
were found to be much more “rigid” than the human corneas, technique diagnosis and treatment for clinical in early evalu-
so an attempt to make a flap using a lamellar keratectomy of ation of corneal complications after LASIK surgeries and
about 3 nm was not successful. In eye 1 the epithelium was other corneal abnormalities has yet to be proven. At the time
scraped and the PRK proceduf@bout 8 mm in size, 5.5  of this writing, this validation work is being conducted at
diopters was performed. In eye 2 the epithelium was scraped NEI/NIH.
and two lamellar karatectomies about 5 nfno laser abla-
tion) with a residual thickness of about 72em were per- 4.2 Aqueous, Uveitis, and Glaucoma
formed. Since the corneas are reduced in size after the sur-oqueous humor can be considered an ultrafiltrate of blood
gery, the DLS data for treated corneas begin at a distance ofsjnce it contains most of the molecules found in serum at
0.2 and 0.25 mm, respectively. The two surgically treated cor- concentrations that are reflective of serum levels. For ex-
neas show highef values than their untreated counterparts. ample, certain metaboliteglucose and proteinghuman se-
The PRK and LK results differ significantly. The PRK shows ym albumin, HSA are always present in the aqueous. Since
glucose molecules are much smaller than the wavelength of
light, they do not contribute significantly to scattered light.

3000 o + Because HSA particles can scatter light appreciably, since
o, they are spherical in shape and their siabout a few nano-

2400 - ;\ wota Fo . meter$ is comparable to the wavelength of light, they are
LI T AR frequently used in DLS experiments. Uveitis is an inflamma-

O R R T ! . L
1800 - f:‘i:'; Tl tory disease of the eye. When the anterior chamber is in-
ﬁwﬁ@“. s volved, uveitis can produce high numbers of protein particles
1200 - ' in the aqueous humor. This increase in protein concentration

I FT— gives rise to increased scattered light intensity or “flare” in

600 |- © Immediately after surgery slit-lamp biomicroscopy. Clinically, flare and therefore the se-
+ One day atersuroery verity of uveitis, can be easily detected and quantified by SLS

ol L ! L : ! L L L and DLS. Similarly, cholesterol levels in the body can also be

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9

evaluated through the aqueous, as suggested by BRifh.
important application has not been pursued thoroughly, either
Fig. 15 Eye 2, lamellar keratectomy (LK), about 5 mm. in laboratory or clinical settings.

Distance (mm) in comea
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T i cataract spontaneously between days 26 and 33 after birth.
P — ;i The data include a 45-day-old normal mouse of the control
M FVB/N strain, which does not develop a cataract, and two
Philly mice roughly 26 to 29 days old.

Examinations of these mice with a slit-lamp biomicroscope
identified one normaltransparenteye and two other eyes
with trace cataracts. These examinations were conducted soon
(within few minutes after the DLS measurements were com-
pleted. Each measurement ko® s at alaser power of 5QuW.

The changing TCF slope is an indication of cataractogenesis
Psammomys /" NG as the lens crystallins aggregate to form high-molecular-
obesus” ' weight clumps and complexes. The DLS autocorrelation data
b ) are converted into particle size distributioff@igs. 17b) to
17(d)] using an exponential sampling program. Although con-
Fig. 16 SLS-DLS scanning setup for small animals. version of the DLS data into particle size distributions re-
quires certain assumptions regarding the viscosity of the lens
fluid, these size values do indicate an increasing trend as the

Glaucoma is a disease in which the intraocular pressure caiaract progresses. These measurements suggest that a devel-
(I0OP) is often increased. If IOP increases are not treated, theyoping cataract can be monitored quantitatively with reason-
can lead to degeneration of the optic nerve and eventually loss,pq reliability, reproducibility(s to 10%, and accuracy.
of vision. Recently, DLS was used to study one specific type ’ ’

of glaucoma known as pigmentary dispersion glaucoma 4.3.2 Off-axis early cataract mapping

L oo aling n te comea i iced by the pupi skng e
y 9 : 9 o . optical axis of the eye and is focused on the fovea by the lens.
aqueous as a consequence of natural epithelial cell death, in-

fection, or trauma. Excess melanin release into the aqueou Any lens abnormalifty along this op'gical path, _whether capsu-
occurs' in patients. with PDG. The melanin granules can beﬁar, nuclear, or cortical, can pgtenually deten'orate the sharp
. ' . . focus of the image on the retina and thus vision. Therefore
trapped in the trabecu_lar me_shwork, over time blocqugé?que- every DLS study of cataract has been carried out along the
Sg: dogtﬂgvroaggtggu;::quig;Ti?;e:(ifelgulsorzeiﬂilr?r:;;?z;nuIglé inoptical axis of th_e eye. Unti! recently, no DLS data were avail-
able for the peripheral regions of the lens. There is a debate

?e;:ﬂlr;;c;'ﬂ d?(t:l;?g dc;fhg(:)rrgsaéri:r:adinptagazﬂzgf:gfp:rgznts;a\:ﬂg?e among cataract researchers regarding the causes of _sub_capsu-
(1 to 10 nm in normal patients and large particlésp to 1 Yar _cataracts, nuclear cataracts, and catara_cts occurring in the
4m) in PDG patients and therefore showed the potential of peripheral regions of the lens. "Ijhus .there is a neeq tq gather
DLS in monitoring this type of glaucoma noninvasively dat{a on the early onset of opacities simultaneously in different

) regions of the lens.

Ansari et a?® used DLSin vivo to map the lenses of
HIV-1 protease transgenic mice to study early onset of cata-
C|aSSIflcatI0n |S discussed |n deta” e|seWheI’e by Datl|eS and grams were obtalned nonlnvas“lely by automated Scannlng
Ansari?? Snellen acuity charts, contrast sensitivity tests, vi- of the eye with a DLS probe in three dimensidmsy, and z
sual function questionnaires, examinations with direct oph- gjrections. Various colors in the map represent varying crys-
thalmoscopes, slit-lamp biomicroscopy, Scheimpflug imaging, talin size and provide quantitative detection and monitoring
and retroillumination imaging techniques are routinely em- of gpacities in the entire lens. The portion of the lens mapped
ployed in cataract evaluation. However, these methods fail to js nowever, limited by the degree of pupil dilatiér1 mm)
detect and grade cataracts reliably and quantitatively at theirfgr the mouse eye. Four representative cataractograms are
in animal models is a logical first step before human trials. 17 tg 23 days. These images in false calblack to white

o ] provide topographical contour maps of the lens that show the
4.3.1 Cataractogenesis in small animal models degree of severity of a progressing cataract. The cataracto-
Animal models are usually helpful in the validation of new grams show a tiny amount of opacity developing on day 17, a
instruments and testing of therapies prior to clinical use. Until small opacity occurring in the posterior region on day 22, and
recently, it was difficult to use SLS and DLS in small animals a dramatic increase on day 23, becoming large by spreading
(e.g., micé mainly owing to instrument limitationge.g., into nuclear and anterior segments of the lens. It is also inter-
physical size, power requirements, and alignment problems esting to note the change in the average scattered intensity as
Compact DLS probes developed at the National Aeronauticsa function of increasing particle size. The average size
and Space AdministratiodNASA) and shown in Fig. 4 are  changed from a minimum of 30 nm to 662 nm and intensity
proving to be very useful in this area of research. A generic changed from 100 kilocounts/s to 1500 kilocounts/s. The av-
experimental setup is shown in Fig. 16. Cataractogenesis iserage particle size increased 20-fold and the scattered light
monitoredin vivo by following TCF profiles[Eq. (1)] on dif- intensity increases 15-fold from day 17 to day 23. However,
ferent time lines. As an example, Auto-Correlation Profiles for the normal strain does not develop a cataract, as shown for an
Philly mice are shown in Fig. 1@). This animal develops  18-day-old normal mouse.

4.3 Lens and Cataract
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Fig. 17 In vivo cataract measurements in Philly mice. (a) Autocorrelation profiles. (b) Normal particle size distribution, control mouse. (c) Particle
size distribution for a mouse with trace cataract. (d) Particle size distribution for a mouse with mild cataract.

The behavior we see here is very different from the forma- for the formation of cataracts in humans and other animals. In

tion of large protein complexes during the progression of a summary, DLS was able to identify a progressing cataract
nuclear cataract, in which the particle size or intensity is ex- under these widely different and distinct mechanisms of for-
pected to increase only in the central portion of the lens. In a mation.

study of HIV-1 protease transgenic mice, Tumminia et‘al.
found that cataracts appear between 24 and 26 days after
birth. Bettelheim et af° viewed hydration as a main cause of 4.3.3 Human congenital cataract
cataract formation in these animals, based on differential
scanning calorimetry and thermogravimetric analysis. It is

therefore clear that different mechanisms can be responsible

32

Severe

18 day normal 17 day i
b

Normal

22 day 23 day Degree of Cataract

Fig. 18 Cataractograms (cataract mapping).
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As mentioned earlier, the present cataract grading systems are
only applicable to age-related or senile cataracts and are thus
not useful for congenital cataracts. Congenital or infantile
cataract is a lens opacity that is present at birth. These types of
cataracts are classified by their morphology, presumed etiol-
ogy, the presence of certain metabolic disorders, or associated
ocular or systemic finding®. The ability of DLS to study
such opacities quantitatively in humans is discussed here. Fig-
ure 19a) shows a slit-lamp photograph of the right eye of a
37-year-old male with a mild congenital nuclear cataract. It is
located in the embryonic nucleus slightly off of the optical
axis. The left eye of this volunteer patient was found to be
transparent. The DLS measurements were taken about 6 mm
from the cornea into the lens, both on and off the ocular
optical axis. The particle size distributions plotted in Fig.
19(b) clearly show the presence of smaller protein particles in
the clear section of the nucleus and aggregates of much larger
particles near the visual opacity. The size distribution for the
left eye is comparable to that of the right eye in the nucleus
and is consistent with age-related changes for a similar age

group.



Ocular static and dynamic light scattering . . .

7772 Control V74 12Hrs se [ eoHrsse 42 Hrs Se/Pan
150 ¢

135 F
120 |
105 F

. - %0 E 7
Intensity 3 E j
75 N/
[ | aon
100 } - o

| 45 £
30 | f

19b 15 E_

> 0 E_ 4 i Ll A 7 1

Ll W%Y\ i . L 0.1 1 10 100

1000 10000

Intensity (arbitrary units)

0 50 100 1000 10000 100000 500000 Diameter (nm)
Diameter (nm)
Fig. 20 Cataract treatment in rats. Analysis of particle size distribution
Fig. 19 Human congenital cataract. (a) Slit-lamp photograph. (b) Par- with exponential sampling.
ticle size distributions obtained by DLS. (See text for explanation.)
(Slit-lamp photograph courtesy of M. B. Datiles, National Eye Institute/
National Institutes of Health.)

from 400 to 800 nm and 3000 to 10,000 nm in diameter. The

Se-pantethine-treated animal shows an aggregate size averag-

ing around 200 nm. The experimental results clearly indicated
4.3.4 Developing pharmacotherapy using SLS and that SLS and DLS were able to discern subtle molecular
DLS changes very early in cataract formati¥riThe results sug-

In the absence of a nonsurgical treatment, 50% of all blind- 9ested that pantethine inhibits the initial aggregation process.
ness is due to cataracts. At present 34 million Americans over I conclusion, the results are encouraging. The future out-
the age of 65 have cataracts. Foster predicts this figure to risel00k for finding a medical cure for cataract seems optimistic
to 70 million by year 20387 According to Kupfer® “A delay when this effort is combined with advances in detection tech-
in cataract formation of about 10 years would reduce the Nology, understanding of fundamental processes, and the ef-
prevalence of visually disabling cataracts by about 45%.” forts in designing new anticataract drug formulations. This
DLS can help achieve this goal by detecting cataracts at veryWork is picking up momentum at Zigler’s laboratory at the

early stages and by screening potential anticataract drugs forNEI/NIH.**"*"In a recent pilot study, Congdon's group at
their efficacy. Johns Hopkins University has shown that isoflavones can pre-

vent or delay X-ray-associated catardcAlso, Japanese in-
Anticataract drug screening. The results of both preclinical ~ Vestigators have demonstrated a delay in cataract in rats re-
and clinical tests of potential therapeutic agents indicate the Ceiving miso (a soy-containing productcompared with
need for more sensitive measures of protein aggregation andcontrol animals”
opacificationin vivo. Studies in humans predict that DLS will
be useful in testing anticataract drugs to inhibit or reverse the 4.4  Vitreous and Diabetic Vitreopathy

progression of cataract formation during longitudinal clinical 1ha vitreous is the least understood part of the eye since it

2 11-13,29,30 H H . . .
tna;fls. . F;anteth|rr1]e.|s a metabolically actn?e, Stab'ﬁ di- remains transparent throughout life. Sebag discusses the role
sulfide form of pantetheine and a derivative of pantothenic ot yiyreqys in pathology and the technologies to image this

acid (vitamin Bg). It can be used as an anticataract drug, but yangparent tissue in his review article in this issue. Ansari
the clinical trial of pantethine was inconclusive with respect o 5140 5nd Rovati et al*! were the first to characterize vitre-

H 9,31
to effectiveness: ot 42 Usi ous structure with DLS and correlate the findings with dia-
Recently Ansari et at” using SLS and DLS demonstrated  pefic retinopathy. In a DLS measurement, the vitreous body
the efficacy of pantethine in very early stagasfew hours to

a few day$ of selenite-induced lens damage, well before the
formation of a mature cataract in the selenite madéh this
study, SLS and DLS measurements were made on 33 animals
(rat9 aged 12 to 14 days at the time of selenite or pantethine
injection. Pantethine treatment resulted in a substantial de-
crease in the dimensions of scattering centers in ilensvo
during the early stages of opacification prior to their detection
with conventional ophthalmic instruments. An obvious opac-
ity was not observed using a slit-lamp biomicroscope. Typical
representative size distribution data are presented in Fig. 20
for a control, Se-treated12 and 60 h post-treatmegntand
Se-pantethine-treated anim@2 h post-treatmejtat a dis-
tance of about 2 mm from the anterior surface of the lens. The
size distribution of scatterers in the control animal ranged
from 60 to 80 nm in diameter. In the Se-treated animals, the
TCF shows bimodal behavior with aggregates ranging in size Fig. 21 Time relaxation of human vitreous.
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600 800 1000
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cosylation of vitreous proteins, primarily collagen. Sebag dis-
g o cusses this in his article “Seeing the Invisible” in this issue.

048

5 Systemic and Other Diseases through the Eye
5.1 Diabetes

DLS can be used to detect early onset of diabetes through the
transparent ocular lens. Chenault ef*ahave indicated that
cataracts are 1.6 times more common in diabetic patients than
non-diabetics. The U.S. Food and Drug AdministratibDA)
has a unique animal model for studying type Il diabetes.
v . ) Psammomys obesiisand rak is a wild rodent found in the
3 30 ;;‘;’""" 00! 500 100 desert areas of the Middle East and Africa. It develops mild to
DELAY TIME (ms) moderate obesity, hyperglycemia, and the complications of
diabetes, such as cataracts and vision loss, when it consumes
a high-calorie diet. In a recent stutfyblood glucose levels,
insulin, and glycohemoglobin values in this animal were cor-
related with histopathology, traditional ophthalmology assess-
ments, and DLS measurements with a view toward develop-
ing a noninvasive means to detect early stages of eye damage
that is due to diabetes mellitus. The control animals demon-
o 2 2 strated no significant changes in particle size distributions.
9°(7) = lua €Xp(~Duad®n) +lcL €XA =D @°7), (5) The study animals exhibited significant increases in the sizes
wherely, andl ¢, Dya andD¢ are the scattering strengths  of (crystallin) scattering centers and substantial shifts in the
and corresponding translational diffusion coefficients that are size distributions. No discernible difference between the con-
due to hyaluronariHA) and collagenCL) found in the vit- trol and study animals was observed by ophthalmic examina-
reous gel. A typical measurement is shown in Fig. 21. The tion or by histology. The DLS results revealed subtle changes
presence of a fast component in the TCF was confirmed by in the lens of the diabetic sand rats after only 2 months on the
measuring liquid vitreous with DLS separately, as shown in diabetogenic diefFig. 23a)]. Conventional ophthalmic in-
Fig. 22. The average molecular weig{8.78x 10° Dal) for strumentation did not detect these chandgeg. 23b)]. At the
the fast component obtained from DLS was consistent with time of this writing, experiments using sand rats and SLS and
the range(2 to 4.5x 1(F) of values given by Balazs and DLS to screen some conventional and nonconventional drugs
Denlinger*? DLS becomes a powerful tool for studying the to control diabeteghyperglycemia and lens damage are un-
effects of diabetes on vitreous morphology, owing to the gly- der way at the FDA.

Intensay (arbitary Unuts)

024 H°

NORMALIZED TIME AUTOCORRELATION FUNCTION

0.00

Fig. 22 Liquid bovine vitreous.

exhibits a two-exponential behavior consistent with its gel-
like properties. Equatioril) can be rewritten in terms of a
fast- and a slow-decaying component:
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Fig. 23 Cataract damage that was due to diabetes in sand rats. (a) Particle size distribution as determined by DLS. (b) Slit-lamp photographs of eye.
(Photos courtesy of Michelle Chenault, U.S. Food and Drug Administration.)
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Fig. 24 Protein aggregation in the lens of transgenic mice.

5.2 Alzheimer’s Disease similar to that of aging here on earth, e.g., osteoporosis and
Like the ocular diseases described earlier, the incidence ofcataract. The development of cataract in astronauts is linked

Alzheimer’s diseaséAD) is expected to take on epidemic O radiation exposure even in low Earth-orbit missions, e.g.,
proportions in the next two to three decades. Can it be de-On board the space shuttle and space station orBiteThis

tected through the eye? This sounds like a radical idea be-fiSk can be substantial if humans plan to travel to Mérs. .
cause AD is a disease of the brain and not the eye. Frederikse A head-mounted goggleslike device with a suite of nonin-
et al* at NEI/NIH were the first to demonstrate that Alzhe- Vasive optical technologies is being developed in my labora-
imer’s biology occurs in the lens. AD sufferers lose cognitive tOry 8t NASA to monitor the health of astronauts and ensure
abilities and thus experience serious deterioration in the qual- Mission safety. DLS is one technique among several others to
ity of life. In simplistic terms, amyloid proteins forming P€ integrated in this device, which may play an important role
plaque on the brain tissue lead to development of AD. Cur- I monitoring ocular health remotely and nonln\_/asn_/’@m
rently, these amyloid deposits can only be studied under aPrototype head-mounted DLS system is shown in Fig. 25.
microscope by looking at the brain tissue during autopsy. New

in vivo experimental methods under investigation include pos- 7 Practical Considerations and Limitations

itron emission tomograph§PET) and magnetic resonance im-  Several things can go wrong in a DLS experiment. Here |
aging (MRI), but their spatial and contrast resolution for very outline a few experimental tips to avoid disappointments and
early detection of AD is questionable. Nevertheless these artifacts.

techniques are being used to follow treatment regimens in AD

patients. 7.1 Subject Variability

Recently, Frederikse provided evidence of amyloid protein The |ens and vitreous, being transparent, do not have any
structure in  the lens and its association Wwith yisible markers. Therefore, in longitudinal studies, reproduc-
catara_ctogengsfé.lt was suggested by Goldstein et'athat ibility in repeat patient visits remains a big concern. DLS
amyloid proteins may promote the aggregation of ocular pro- jnstrumentation must have the ability to precisely control and
teins, linking the formation of supranuclear cataract in human sample the same location inside the tissue of interest. The eye
lenses to AD. If this is true, then DLS can be used in the eye movements must be controlled and the subject should remain
to detect early symptoms of AD. A proof-of-concept experi- || fixated during the DLS measurement cycle. In animal

ment was conducteid vivo by measuring protein aggregation  experiments, this is not much of a concern because animals
in the lenses of transgenic mice. The results shown in Fig. 24

indicate enhanced aggregation in study animals as opposed to
controls. The biochemical analysis conducted at autopsy and
press:-“r:ted elsewhere supported the conclusions based on
DLS.

It seems that the ocular signs of AD are not confined to the
lens. In a recent study by Janciauskiene et’ahD was
linked to glaucoma and pseudoexfoliation syndrome by iden- isei
tifying Alzheimer’s amyloids in the aqueous humor using
electrophoresis followed by Western blotting. This opens up
an opportunity for DLS to be used noninvasively in detailed
studies of AD treatment using antiinflammatories, antioxi-
dants, and hormone replacement therapies.

Photo detector Fiber optic
cables

(ocular
diagnostic
sensor)

Data processing
on a lap top
computer

6 Bioastronautics (Celestial Teleophthalmology)

The absence of gravity in space affects human physiology. “:1 Fig. 25 Prototype of a head-mounted monitoring system for eye dis-
some respects, the effect of space travel on the human body isase.
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can be sedated. However, they should be closely watchedof clinical symptoms to help find medical cures is the most

since some animals roll their eyes while sedated. desired goal. The new developments in SLS and DLS seem
promising and indicate good potential to help achieve this

7.2 Safety goal. However, only time will tell if this ambitious goal of

In DLS ophthalmic applications, light from a laser source in Saving the gift of sight for millions of people can be accom-
the visible-infrared spectrum is used. Therefore the major Plished.

safety concern is the amount of light exposure on the retina.

To minimize the risks, the power levels must be low and the Acknowledgments

exposure time must be short to satisfy the safety requirements
set by the American National Safety Institute. Current oph-
thalmic DLS instruments typically use a laser power of
roughly 50 to 100uW, with an exposure time of 5 to 10 s.
This makes it several orders of magnitude lower and therefore
safer for use in animals and humans. However, every DLS
instrument has its own unique optical arrangement for launch-
ing and receiving light signals, alignment procedures, and
maintaining coherence conditions inside the scattering vol-
ume. Therefore extra caution and care must be exercised in
calculations for maximum permissible exposUMPE) limits

set by ANSI.
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7.4 Evaluation of Visible Abnormalities References

It is tempting to compare the DLS data, especially in clinical
practice, with obvious ocular abnormalities. The techniques of
SLS and DLS are only suitable for studies of very early ocular
abnormalities. They are not suitable for studying visible or
mature lens or corneal opacities. Such measurements will in-
troduce artifacts that are due to multiple scattering of light,
thus showing diffusion narrowing. The DLS data, especially
in transparent lenses, when converted into particle size distri-
butions, show quite nicely how a cataract is progressing. DLS
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turbidity of wate) samples ranging in size from few nanom-
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8 Concluding Remarks

The field of medicine in general and ophthalmology in par-

ticular has embraced the use of new technologies to make
health care more effective. In the present climate, preventive
medicine seems to be the direction of the future. Thus the
early detection of ocular diseases long before the appearance
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