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Abstract

The medical condition of cataracts is recognized as major causes of blindness world

wide. Simple, inexpensive screening diagnostic techniques are desired for early detection

and quantitative characterization of cataracts. Multiwavelength extinction methods us

ing retinal reflectance are shown to provide this capabihty. Previous research in the

University of Teimessee Space Institute Center for Laser Applications was extended to

perform simulated Monte Carlo studies of the technique.
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Chapter 1

Cataract

1.1 Epidemiology of Cataract

The condition of cataracts is the opacity of the eye lens, its capsule or both, which results

in the loss of visual acuity and retinal illumination. It has been identified as a major

cause of blindness by the World Health Organization (WHO). Specifically, according

to the WHO, forty-four percent of the countries included in their Blindness Data Bank

! report this condition to be the primary cause of blindness. The estimated number of

sightless people worldwide is forty-two million, of which seventeen million sufier from

cataracts [26].

According to the National Center for Health Statistics (NCHS), the annual mnnber

of reported subjects with cataracts in the United States increased from approximately

5.5 million in 1985-87 to seven million in 1996. Taking into accoimt the increase in

population shows that the rate of people with cataracts has not increased (see Fig.1.1).



Number of Cataract Cases Versus the Total Population in
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Figure 1.1: Number of cataract cases versus the total population in the US.

Gender, race and geographic region of the U.S. show differences in the frequency of

.cataracts. Women, non-caucasian, and Southerners exhibit rates of increased incidence

of the condition (For more details see Table. 1.2).

The only treatment of cataracts so far is replacement of the eye lens with an artificial

one. However, there exists the possibihty of the development of pharmaceuticals to

arrest the growth of cataract once detected. The goal of some research groups, including

ours, is to find a method to detect and quantify this disorder in its early stage in order

to prevent surgery. Therefore, the early detection of cataract, combined with such drug

therapy, can delay the smrgical intervention for pediatric and geriatic cataract patients.

Such early detection requires the use of inexpensive, rapid screening devices, and the



development of such a technique is an objective of this work.

1.2 The Eye Lens

The eye lens is a transparent, asymmetric, avascular organ, which is seated posterior to

the pupil and the iris and anterior to the vitreous. Its anterior-posterior thickness is 4

to 5mm, and is age-dependent. This thickness can also change through the process of

accommodation, whose purpose is to focus the image on the retina [27]. The eye lens is

embedded in a transparent basement membrane^, the lens capsule [28]. The thickness

bf the capsule varies from the posterior to the anterior pole [10]. The epithelial cells

produce the anterior capsule, while the posterior part is produced by the fiber cells.

The eye lens epithelium is composed of cubic cells, which, after undergoing mitosis,

differentiate into lens fiber cells [10, 28]. The lens fibers make up the major part of the

eye lens. The newly synthesized fibers push the old ones inwards, and the lens nucleus

and cortex are formed. The oldest fibers (present at birth) comprise the nucleus of the

lens. It has two zones - embryonic (inner) nucleus and a fetal sheU. Later in life the

cortex is formed [29].

The transparency and the refractive index gradient of the eye lens is maintained

:by the unique protein distribution of the eye lens proteins, called crystalhns. They

i constitute more than 90% of the dry mass, and this concentration increases with age.

Mechanical or biochemical factors may induce changes in the structure and properties of

^basement membrane(basement lamina) is a thin layer of noncellular material of a fine filamentous
' texture underlying the epithelium [27]



the eye lens fibers and proteins, which can lead to abnormal optical properties of the eye

lens tissue. The affected regions of the lens appear opaque or assume different shapes.

In all the cases, the light coming to the eye is scattered, and the image on the retina

is partially or completely distorted. This state is called a cataract. Microscopically,

cataract appears with opened sutures, globule formation, cellular fragmentation and

misalignment and protein aggregation.

1.3 Factors Causing Cataract

There does not exist a definite answer to what exactly causes cataract. It may be a

factor or a combination of factors. Research has shown that chemical and physiological

changes in the lens result from ultraviolet radiation, drugs, age, genetical mutation

and other causes. As pointed out by the National Institutes of Health (NIH), these

factors can act directly or indirectly (see fig.1.2). Factors may result in changes of the

metabolic functions of the eye lens by altering its ion balance, the levels of metabolites,

growth factors, oxidants, antioxidants, protein tertiary structure and properties. The

major hypothesis explains the age-related cataracts by either , a change in the protein-

protein interactions leading to protein aggregation or membrane damage. The processes,

considered to lead to either change are: oxidative stress, posttranslational modifications

iof crystallins and the loss of chaperon-like properties of a - crystallin [8].

The UV-B radiation is considered to be one of the major causes of senile cataracts

i[30]. Only about llmW/cm^ of solar radiation above the atmosphere is in the UV
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(280-400) mn and of that amount about 2-5mW/cm^ reach the Earth. The solar flux

depends on the geographic location and season [31]. In 1977 Hiller, Giacometti and

Yuen [32] performed epidemiological research on the prevalence of cataracts in regions

with diflerent amount of sunlight hours. Their results show that there was no greater

incidence of cataracts in places with higher sunhght exposure in the age group of (20-

44)yrs of age. In contrast, people of age between 65 and 74 in such regions had twice as

many cataracts then the others. This ratio becomes even higher for people above the

age of 75 years. Another group, led by Zigman showed in 1979 that only the brunescent^

cataracts axe dependent on the geographic region [33].

The mechanisms involved in the formation of the radiation cataracts are initiated

1

by the absorption of the energy of the photons by the molecules in the fiber cells. Some

of the resulting processes are: photooxidation of free and protein bound triptophan,

DNA damage and disruption of the cation transport [30]. A study by Won Tae Jimg

[34] shows that the racemidation of aminoacids may cause cataracts by disrupting the

protein tertiary structure. He also shows that in a condition of cataract, the rate at

which the soluble lens proteins convert to insoluble is significantly increased.

:  Steroids are hormones that are used in some drugs and unfortunately they can also

induce cataracts [35] . The mechanisms are unclear. The cataract develops gradually,

starting with a Y-suture dissociation and light scattering in the posterior supranucleax

region at the third month and spreads to the anterior lenticular cortex at the eight

^Brunescent cataracts are numclear cataracts with significant increase in the pigment levels



month. At the tenth month there are posterior subcapsulax opacities formed.

The eye lens is constantly nourished by the aqueous humor. The aqueous can con

tain chemicals which are harmful for its normal function. In particular, a cataract

can develop if a high concentration of sugars is present. Such cataracts are the sugar

cataracts. Glucose is transformed to sorbitol which cannot go back through the capsule
i  '

and remains in the lens, creating an osmotic gradient. As a consequence, the fibers hy

drate, swell and separate [1]. Another metabolic cataract is associated with the Wilson's

disease. It is characterized with copper deposits in the lens capsule and the Descement's

membrane.

A trauma can also be a reason for the development of a cataract later in fife. Per

foration, dislocation, damage of individual fibers, totally or partially leads to change in

the optical properties of the eye lens [1].

1.4 Cataract Classification

There does not exist an worldwide accepted system of classification of cataracts, but

there are some factors, which play a role in a possible classification - age of the person,

location, degree of progression, rate of the progression, biomicroscopic appearance and

etiology. According to the age at which the cataract has appeared, we distinguish con

genital, infantile, juvenile, adult and senile. The location at which the cataract appears

provides other descriptive names. We have nuclear, cortical, capsular (posterior or an

terior) and subcapsulax (posterior or anterior). Some of them and their locations are
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Figure 1.3: Types of cataracts depending on their location.

shown on Fig. 1.3. The degree of progression is another descriptive factor: immature

cataracts (transparent lens fibers are present), intumescent cataracts (swelling of lens

with fluid clefts), mature cateiracts (opaque lens), hypermature cataracts (liquefaction

of the opaque lens fibers) and after-cataracts, which appear after the lens has been

removed. A cataract is stationary if no progression has been noticed and progressive

otherwise. According to the way the cataract appears microscopically, it is lamellar,

coralliform and others. The etiological classification is more complicated. It describes

the eye condition depending on the presence or the absence of other disorders of the

eye: systematic or nonsystematic. Nearly all senile, adult, hereditary and congeni

tal cataracts are in the group of "eye otherwise healthy and no systematic disease".

Cataracts, which are combined with other ocular, systematic diseases are embriopathy.

Marfan syndrome, retinal pigment epitheUum and others.



A group led by J. M. Sparrow, A. J. Bron and N. A. P. Brown developed the Oxford

Clinical Cataract Classification and Grading System (OCCCGS). The ambition was to

malcp. a classification system which will grade features like anterior subcapsular clear zone

thickness, anterior subcapsular opacity, posterior subcapsular opacity, cortical spoke

opacity, water clefts, vacuoles, retro-dots, foca,l dots, nuclear brunescence and white

nuclear scatter. These featmes are graded according to their properties. For example,

vacuoles are graded according to their firequency within a 8mm diameter and nuclear

bnmescence is graded by comparison with standard Mimsell color samples [36]. The

quality of the image in the presence of cataract is evaluated by the use of a resolution

test target projection ophthalmoscope. The image of the chart is projected into the

patients eye occupying 3 mm of the pupil. Cataracts degrade the image both during

projection and visualization of the target. Since the capabilities of the photographic
I

methods vary for visualizing different cataract types or lens features, the Oxford group

suggests the they are combined for better evaluation [37, 38, 39, 40, 41].

Another classification system for cataracts was developed by the Japanese Coopera

tive Cataract Epidemiology Study Croup (JCCESC). The. eye lenses are examined using

a retroillumination photography. Three major cataract types are distinguished in this

study: cortical, nuclear and subcapsidar. The cataract progression is divided into three

kages (grades) such.^ Grade I (early stage). Grade II (moderate stage) and Grade III

(advanced stage). In case of cortical opacities Grade I is given if the opacity covers less

then 20 per cent of the pupillary area. Grade II corresponds to an opacity covering 20



to 60 per cents of the pupil area and Grade III is an opacity covering more than 60 per

cents of the area. Nuclear opacities are evaluated by the scattering intensities observed

with a slit lamp. The pictmes taken with a Scheimpflug camera are examined using

densitometric analysis. Subcapsular opacities are judged by the size of the opaque area.

Grade I is a cataract covering an area as large as the pupil. If a cataract is larger than

a normal pupil but smaller than a moderately dilated pupil, it is classified as Grade II.

If it appears larger than that, it is given a Grade III. This research group also provided

a chart for a better documentation of the cataract changes.,

Sasaki found the classification system provided by the OCCCGS and the JCCESG

to be insufficient for nuclear cataracts. He developed a classification system that is

based in part on inforniation of the appearance of the borders of the inner and outer

fetal nuclei, light scattering intensity in the nuclear area and coloration of the nuclei and

so on. The classification is done using Scheimflug photography. In this system, a Grade

i cataract describes the initial phase of the cataract formation. The fetal nucleus is not

easily seen, unlike the adult portion. Further, the light scattered firom the anterior and

posterior part of the nuclei is equal. Grade II is the next phase, in which no border

is visible; the nuclear shape is visible; the posterior nucleus is darker. Grade III - the

fetal nuclei is not defined; there is highly scattered intensity from the nucleus, and a

yellowish color is observed oh the posterior part. Grade TV - the nucleus cannot be

seen, and the posterior part is difficult to observe. To clarify the difierence between

an early stage of nuclear cataract fi-om normal ageing of the subject eyes he gave an

10



objective dependence of the transparency of the eye lens versus the age Figl.4. Sasaki

believes that a combination of the grade of the nuclear opacity, light transmittance

through the lens nuclei and the visual function Figl.4 gives an objective measure for

the cataract progression and type. This system is called Kanazawa Medical University

Nuclear Cataract Classification System.

The cataract classification system of The Age Related Eye Disease Study (AERDS)

is based on standard photographs of lens, with. Grades A through G describing no

lens opacity to severe opacity, respectively. The grading is based on the area of the

lens involvement in the posterior and subcapsular opacities and the optical density of

nuclear opacities [42].

The America Cooperative Cataract Research Group (CCRG) has used a method to

classify lens opacifications. The eye lens is split into fom zones (subcapsular, cortical,

supranuclear, and nuclear). Specific terminology is introduced for different featmres of

the cataract as follows: I (immature) is a cataract which does not cover all the anatom

ical regions in the lens; M (mature) in which the anatomical zones are not recognizable;

H (hsrpermature) is characterized by swelling and an increase in the anterior-posterior

thickness; CXA means anterior cortex etc. I-CXA, for example, means immature cor

tical cataract in the anterior. For a more detailed study of the opacities, the volmne of

each quadrant was calculated [43].

For more information on cataract classifications see [37, 38, 39, 40, 41, 42, 43, 44, 45].

All the classifications presented so far give a description of the cataracts, but there

11
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is no quantitative description of the volume and the number density of the cataracts.

It is not quite clear how large is the early cataract and when a certain condition is pre-
I  • n ' ^

cataractous. In Chapter 4 a method for determination of the size distributipn functions

of small cataract particles is described. This method is also capable in measuring the

number density of the cataracts, Avhich can be a good quantitative description of the

cataract progression. Further, both features are required to define the visual acuity of

the patient. Opacities depend on the particle size; distribution and the index of refrac

tion. An image of the opacity alone does not enable an accurate prediction of the visual

perception,and acuity of the subject. .

1.5 Pediatric Cataracts

Pediatric cataracts appear in early childhood and are normally a result from a genetic

^sorder, infection during pregnancy, genetic disorder or a mechanical injury. It can

also accompany other disorders, such as Rubella Syndrome, for example. Descriptions

of pediatric cataracts are given in Tablel.l.

13



Table 1.1: Description of pediatric cataracts [1],
Type Description Details

, Nuclear Involving or central to the Y Indicates that the cataract was

suture present at birth
: Cortical Peripheral to the Y - suture
. - lameUar Layered in an onion-like layer pattern;

indicates a metabolic disease

, Anterior

1 -anterior Spreads onto the anterior Small, nonprogressive, does not
polar capsule and anterior cortex interfere with visual acuity (in

at the pole of the lens general)
, -anterior Appears under the anterior Associated with neurosensory hearing
' subcapsular capsule in the anterior lens loss and hemorrhagic nephritis with

cortex later retinal failure

' Posterior

-posterior Congenital thinning and Cortex is clear at infancy,then
1  lenticonus Posterior bowing of the progresses

posterior capsule

i -persistent Abnormal regression of the If left imtreated, severe
' hjrperplastic primitive hylaloid vascular forms of PHPV can lead to

primary system. This produces a shallowing of the anterior
vitreous fibrovascular tissue that chamber, angle-closme
(PHPy) emanates from the optic disc glaucoma, and eventual loss

as.a stalk, and courses to the of the eye
back of the lens, where it
forms a retrolental membrane

-posterior Appears at the posterior lens May be adiopatic or associated
subcapsular cortex with Down's syndrome, chronic

steroid use, or blunt trauma
-oil-drop A Faint opacity in the central Associated with galactosemia

part of the posterior cortex

-Christmas Contains multiple small flecks Associated with myopic dystrophy.
tree of vaxious colors pseudohypoaparathyroidism.

hypoparathyroidism
Cerulean A blue-dot cataract. Consists Down's syndrome or may be .

of multiple smaU opacities. idiopathic, occurring during
scattered within the cortex. early puberty. Usually causes
which are bluish white in color minimal loss

Membranous The cortex has been absorbed Can be. a consequence of a trauma.
and the anterior capsule come intrauterine infections or

in close proximity. There can anomalous lens development, because of
be calcification in the lens genetical disorder of the anterior
capsule bag chamber

14



Table 1.2: Average annual number of cataracts (in thousands), by age, race and geo-

Gender Race Region

Age Period Both Male Female All White Black Northwest Midwest South West

All 1982-84 7,984 1,631 6,353 n 7,984 4,560 341 - - - -

21.7 14.7 28.3 21.7 23.3 12.5 - - - -

!  55-64 677 279 398 677 897 56 - - - -

80.8 27.2 33.0 30.8 30.3 28.5 - - - -

65-74 1,516 439 1,077 1,516 1,394 117 - - - -

04.4 68.0 118.5 04.4 06.3 86.8 - - - -

i  75-84 1,739 491 .  1,249 1,739 1,615 90. - - - -

217.8 162.6 251.4 217.8 223.0 138.2 - - - -

85 and 611 169 442 - - - - - - -

older - - - - - - - - -  - - -

Ail 1985-87 5,481 1,761 3,719 5,481 4,912 453 - - - -

23.2 15.4 , 30.5 23.2 24.5 15.0 ' - - -

55-64 739 292 448 739 645 54 - - - -

33.6 28.2 38.4 33.6 33.1 25.0 - - - -

1  65-74 n  584 239 345 1,681" 1,475 167 - - -

98.0 71.3 120.6 08.0 06.5 114.7 - - -

;  75-84 1,994 517 1,477 1,994 1,831 137 - - - -

233.7 160.8 227.8 233.7 237.2 108.1 - - - -

1  85 and 619 163 456 - - - - - - -

older - - - - - - - - - -

All 1988-90 5,910 1,888 4,022 5,910 5,361 491 - - -

24.3 16.0 32.0 24.3 26.1 16.4 - - - -

1  55-64 698 313 385 698 609 77 - - -

32.6 30.0 34.0 32.6 32.5 36.4 - - - -

'  65-74 2,006 677 1,329 2,006 1,842 145 - - - -

112.5 85.3 134.3 112.5 115.3 04.1 - - - -

j  75-84 2,026 524 1,502 2,026 1,847 160 - - - -

221.0 149.2 265.6 221.0 222.2 2i8.8 - - - -

85 and 626 151 475 .  -
- - - - - -

older - - - - - - - - - -

All 1989-91 6,070 1,953 4,117 6,070 5,500 521 - - - -

24.7 16.4 32.5 24.7 26.6 17.2 - - - -

55-64 688 271 416 688 592 80 - - •  - -

32.3 27.0 37.1 32.3 31.0 37.4 - - - -

1  65-74 2,093 706 1,387 2,093 1,919 155 - - - -

115.8 87.5 138.6 115.8 118.7 08.6 - - - -

,  75-84 2,143 606 1,537 2,143 1,959 173 - - - -

228.6 167.5 267:0 228.6 230.6 220.0 - - - -

85 and 566 138 427 - - - - -

older - - - "  - -. - - - - -

All 1990-92 6,411 2,146 4,265 6,411 5,758 574 1,257 1,692 2,314 1,153

26.8 17.8 83.3 25.8 27.6 18.6 25.1 28.0 27.5 21.3

55-64 816 291 525 816 695 110 - - - -

38.6 20.0 47.1 38.6 37.8 50.8 - - - -

65-74 2,231 815 1,416 2,231 2,065 •147 - - -

122.0 . 00.7 140.1 122.0 126.6 01.6 - - - -

75-84 2,129 623 1,507 2,129 1,919 186 - - - -

232.2 166.9 ' 250.3 223.2 221.0 246.3 - - - -

85 and 617 163 454 - - '  - - - - -

older - - - - - - -

All 1993 6,067 under 45 under 45 under 45 under 45 1,284 1,272 2,356 1,156
23.0 25.7 20.5 27.6 20.3

younger 55 219 112 - 261 70 . • - - -

then 18 0.8 2.5 1.3 1.0 2.0 - - - -

18-44 276 - - - -

2.6 - - - -

45-64 996 329 668 .788 188 - - - -

. 20.0 13.7 25.0 18.4 36.6 - - - -

65-74 2,122 728 1,394 1,945 165 - ' -

114.0 87.1 135.0 117.7 08.6 - -

75 and 2,617 665 1,952 2,305 270 ̂ - -

older 206.8 130.4 247.6 201.7 270.3 • -

All 1994 6,473 under 45 under 45 . under 45 under 45 1.213 1,507 2,434 1,318-
24.0 24.0 23.8 27.6 22.8

younger 96 222 222 401 42

then 18 1.4 2.5 ^ 2.5 -  . 2.8 1.7 -

18-44 ' 347 >  . - -

3.2 - -

45-64 872 299 572 739 86 - - -

17.3 12.3 21.0 17.1 16.8 - - -

65-74 2,062 641 1,420 1,839 178 - -

113.0 70.0 140.0 113.6 114.6 . -

. 75 and 3,096 1,035 2,061 2,751 280 n -

older 242.4 214.7 250.2 . 237.0 288.4 -
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Table 1,

graphic
3: Average annual number of cataracts (in thousands), by age, race and geo-

Gender • Race Region
Age Period Both Male Female All White Black Northwest, Midwest South West
All n 1982-84 7,984 1,631 6,353 - 7,984 4,560 341 _ _ _ _

21.7 14.7 28.3 21.7 23.3 12.5 _ _ _ _

55-64 677 279 398 677 897 56 _ _ _ _

80.8 27.2 33.9 30.8 30.3 28.5 _ _ _

65-74 1,516 439 1,077 1,516 1,394 117 _ _ _ _

Q4.4 63.0 .  118.5. 94.4 96.3 86.8 _

75-84 1,739 491 1,249 1,739 1,615 90 . _ _ _

217.8 162.6 251.4 217.8 223.0 138.2 _ _ _ _

85 and 611 169 ' 442 _ _. . _ _

older - - - -  ' -  • - - .

All 1985-87 . 5,481 1,761. 3,719 5,481 4,912 453 - _ .  _

23.2 15.4 30.5 23.2 24.5 .  15.9 - _ _ _

55-64 739 292 448 739 645 54 _ _ _ _

33.6 28.2 38.4 33.6 33.1 25.9 _ ' _

65-74 584" 239 345' 1,681 1,475 167 _ ' _

98.9 71.3 120.6 98.9 96.5 114.7 _ _

75-84 1,994 517 1,477 1,994 1,831 137 - _ "

233.7 160.8 227.8 233.7 237.2 198.1 _ _

85 and 619 163 456 _ _ _

older - - - - -

All 1988-90 5,910 1,888 . 4,022 5,910 5,361 • 491 - -

24.3 18.0 32.0 24.3 26.1 16.4 _ _

55-64 698 313 385 698 609 •  77 _

32.6 30.9 34.0 32.6 ,32.5 36.4 _

65-74 2,006 677 1,329 . 2,006 1,842 145 _

112.5 85.3 134.3 112.5 115.3 94.1 _ _

75-84 2,026 524 ' 1,502 2,026 1,847 160 _

221.0 149.2 265.6 ̂ 221.0 222.2 218.8 ' _

85 and 626 '  151 475 _ , " _ _

older - - - - - .

All 1989-91 6,070 1,953 4,117 6,070 5,500 521 _ - _ _

24.7 16.4 32.5 24.7 26.6 17.2 _ _ _ _

55-64 688 . 271 416 688 592 80 _ _

32.3 27.0 37.1 32.3 31.9 37.4 _ _ _ .  ' _

65-74 2,093 706 1,387 2,093 1,919 155 _ - _

115.8 87.5 138.6 116.8 118.7 98.6 - _ _ _ _

75-84 2,143 606 1,537 2,143 1,959 173 _ _

228.6 167.5 267.0 228.6 230.6 229.9 . _ _ _

85 and 566 138 427 _ _ _ _ _ _

older - - - - - - - - -

All 1990-92 6,411 2,146 4,265 6,411 5,758 574 1,257 1,692 2,314 1,153
25.8 17.8 - 33.3 25.8 27.6 18.6 25.1 28.0 27.5 21.3

55-64 816 291- 525 816 695 110 _ _ _

38.6 29.0 47.1 38.6 37.8 50.8 _ _ _ _

65-74 2,231 815 1,416 2,231 2,065 147 . _ _ _

122.0 99.7 140.1 122.0 126.6 91.6 - _ _ _

75-84 2,129 623 1,507 2,129 1,919 186 _ _ _

232.2 166.9 259.3 223.2 221.9 246.3 _ _ _

85 and 617 163 454 _ _ _ _ _

older - - - - - - - _ _

All 1993 6,067 under 45 under 45 - under 45 under 45 1,284 1,272 2,356 1,156
23.9 - 25.7 20.5 27.6 20.3

younger 55 219 112 - - 261 n  70 _ _ _

then 18 ' 0.8 2.5 1.3 > 1.9 2.9 _ _ _ _  ,

18-44 276 - - _ _ _

2.6 _ _ _ _ _

45-64 996 329 668 - 788 188 _ _ _ _

20.0 13.7 25:9 - 18.4 36.6 _ _

65-74 2,122 728 1,394" _ 1,945 165 ■_ _ _ _

114.0 87.1 135.9 - 117.7 98.6 _ _ _

75 and 2,617 665 1,952 _ 2,305 270 _ _ _ _

older 206.8 139.4 247.6 - 201.7 270.3 - - _ _

All 1994 . ,6,473 under 45 under 45 - under 45 under 45 1.213 1,507 2,434 1,318
24.9 24.0 " 23.8 27.6 22.8

younger 96 222 222 - 401 42 _ ' _ '

then 18 1.4 2.5 2.5 _ 2.8 1.7 _ _ _ _

18-44 347 _

3.2 _ _

45-64 872 299 .572 . V39 ' 86 _ _ _ _

17.3 12.3 21.9 _ 17.1 16.8 _ _ _ _

65-74 2,062 641 1,420 - 1,839 178 _ _ _

113.0 79.0 140.0 . 113:6 114.6 _ _ _

75 and 3,096 1,035 2,061 2,751 280 _ _ _

older 242.4 214.7 259.2
-

237.9 288.4
- -  - ■  - -
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Gender Race Region

'  Age Period Both Male Female All White ' Black Northwest Midwest South West

All 1995 . 6,256 under 45 under 45 - under 45 under 45 1.027 1,523 2,399 1,318

23.9 20.0 24.5 26.0 23.4

younger 14 78 117 194 42 - - -

1 then 18 0.2 1.8 1.1 -
1.3 1.7

- " n ~

I  18-44 249 - • -
- " ~

2.3 - - - - n

.  45-64 998 209 426 - 827 86 - - - .  -

19.3 16.8 21.6 - 18.7 16.8 - . .  " - - -

i  65-74 1,945 311 445 . - 1,729 178 t , - - -

105.4 72.1 132.1 '  - 106.3 . 114.6 -  .V - - -

75 £ind 3,050 403 489 - 2,813 . 280 . - - - -

older 234.5 214.0 . 247.0 - 237.9 16.0 - - -

All 1996 7,022 under 45 under 45 - under 45 under 45 1.153 1,845 2,419 1,605

26.6 _ 21.4 , 29.1 26.7 28.5

younger 33 141 192 - 264 42
-

-

'  then 18 0.5 1.6 2.1 -
1.8 1.7

. ' " ~

.  18-44 299 - - "

2.8 - - -

45-64 1,240 444 796 1,083 86 - -

23.3 17.3 20.6 - 23.7 16.8 n -

'  65-74 2,796 899 1,898 2,506 178 -

151.0 109.3 186.4 153.7 114.6 -

'  75 and 2,653 967 1,685 2,486 ; 280 -

1  older 198.6 189.6 203.9 202.9 182.0 -
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Chapter 2

Techniques for Cataract

Diagnosis

2.1 Slit Lamp

Slit lamps are the most common opthalmic instruments used to diagnose most of the eye

^diseases, including cataracts. They consist of a light source (normally a 20-50W halogen
i

lamp) and a biomicroscope (magnification up to 40X), which during the examination

are swimg around the eye. According to [10], using auxiliary devices, the slit lamp is

capable of measuring intraocular pressure, endothelial cell cormts, pupil size, cornea!

thickness, anterior chamber depth and photographic recording. It has an illumination

and observation system, A basic slit lamp is shown on Fig.2.1.

Difiierent abnormalities of the eye appear in different sizes, shapes, textures and
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Figure 2.1: Diagram of a slitlamp [10].

depths. Therefore, diflferent methods of illumination are necessary to visualize them.

To do so, the size of the slit (the beam), the angle of view, the light source color

temperature, the exposiu-e time can be varied. Some structures appear better if they

are illuminated with a certain wavelength, for which a set of filters is available.

The higher the color temperature of the light source, the higher the blue component

of the light [10]. Those wavelengths axe comparable to the size of the objects, which

makes them easier to observe. The larger the angle of illumination, the more surface

details can be viewed, because of the shadow patterns appearing on the surface [10, 46].

There are two types of microscopes used in a combination with the slit lamp: the

clinical biomicroscope and the photographic microscope. The photographic microscope



differs by having a beam splitter which delivers part of the reflected light to the camera
F

and part of the light to the eye of the observer. Another feature of this microscope is

the synchronized flash illuminator, which allows the camera to record exactly what is

viewed at the moment.

The sht lamp has been very useful for cataract diagnosis and visualization. It is used

in all the ophthalmological offices, as well as in the development of cataract classiflcation

systems. If the recording is done according to the Scheimfliig principle, the technique

can give information for the volume of the cataracts [47]

2.2 Optical Coherence Tomography

The method of Optical Coherence Tomography (GOT) is becoming very popular, be

cause it is capable of acheiving less then 20 (im resolution. Opportimities for visualizing

cataracts using GOT are pointed out by [48, 49].

This method tahes advantage of the coherence length of a broadband light source.

The light illuminates both the reference mirror and the tissue [50, 51, 49, 48]. Then,

the reflected beam from the mirror and the transmitted beam from the sample are

combined. Interference signal will be detected only if the path difference of the two

beams is less then the coherence length of the light source. A two-dimensional picture

of the tissue is obtained by scanning the reference mirror.
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2.3 Scheimflug Photography

The Scheimflug photography is widely used in opthalmology for visualization and clas-

siflcation of cataracts [52, 47, 53, 54]. It is based on the Sheimflug principle, which

states that the quality of the pictiure improves if the planes of the lens, object and

photographic plate axe intersected in a line (Fig.2.3)[55, 12].

An instrument which has been used for a three dimensional reconstruction of the

cataracts is the Anterior Segment Analysis System (Nidek, EAS-1000)[52, 47]: It has
I  •

a CCD camera with a computer analysis system. The camera was rotated about the

axis of the patient's eye lens in increment of 3 degrees to obtain 60 images to obtain

60 images. Then the images were processed to obtain the volinne of the cataracts. The

advantages of this method are that it uses a new interpolation procedure for the volume

reconstruction; uses an easy to use software and represents the lens in pseudocolors.

The disadvantage is that the camera had to be rotated manually, which takes a lot of

time (about 20 min), which is not acceptable in a normal ophthalmological test. This

problem was overcome by Peter Egner [56]. He automated the rotation of the camera

by the use of an angle detector attached to the CCD camera (Fig.2.4)
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Chapter 3

The Eye Lens

3.1 Normal Eye Lens

The human lens is a transparent double-convex shaped body that is seated anteriorly

to the vitreous and posteriorly to the aqueous and the iris . Together with the cornea

and the retina it completes the optical system of the eye. Its optical power can change

with the help of the ciliary muscle. The process is called accommodation.

The three components of the lens are nucleus, cortex and capsule. The nucleus

is positioned in the center and it is the oldest part of the tissue (see Fig.3.1). The

embryonic part of the nucleus is the first one to form in the hmnan's eyes and through

the microscope, it appears hke a dark vertical bar in the center of the lens. It is

surrounded by a shell, called fetal nucleus, which is characterized by the specific Y-

sutures on the boundaries.They are symmetrical and inverted on both sides [21]. The

infantile and the adult nuclei are not easily distinguished before the age of 35 to 40
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Figure3.1:. Layers of the eye leris [10]. .

years. The capsule,is a membranous tissue which surrounds the lens and is more flat in

front than in the back [57]. Its thickness varies from ,4^m.to 23//m [22].

!  Two cell types are represented in the eye lens - epithelial cells on the toterior surface,

under the capsule, and fiber cells, which occupy the r^t of-the lens. The epithelial cells

undergo mitosis and subsequently difierentiate into the fiber cells. The new fiber cells

me laid down as concentric layers on previously formed embryonic fibers. With time,

they axe compressed tighter and.more inward. The number of fiber cells increases from

1,662,010 at birth to 3,546,100. at the age of 80 years, lypical young adult fibers may

be about 2nva. thick, 10-12jL(m ydde and can be as long as 7-lOmm [21]. The fiber cells

run from the anterior to the posterior pole of the lens, attacbing at the sutures. Each

fiber runs completely around from the front of the lens to the back [57]. The ends of

the fibers join to form suturies on both sides of the lens with the shape of the letter "Y"

- the Y-sutures. The protein turnover; is very little in the nucleus^ Most of the protein

is synthesized in the epithelium or in .the, fiber cells in the peripheral cortex. That is.

]svhy the mass of the eye lens changes from 65mg at birth to about 250mg at age of 90

years [21]. - , : , . n - J

. r,
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3.2 Eye Lens Proteins

Three types of structural proteins comprise the lens: the cytoskeletal proteins, the

membrane proteins and crystallins.. Ninety percent of the total dry mass of the eye

lens is made up from crystallin proteins [10]. They are responsible for the optical

[properties of the tissue and the cell functions. About thirty percent of the proteins are
I

concentrated in the peripheral zone, while more, than seventy percent are in the central

area (Phillipson, 1969). The most common crystallins are the a-, /?-, and 7-crystalhns,

which form 2 large superfamilies - a and bg. They are not evenly distributed in the

lens, but their concentration increases from the periphery to the nucleus. The protein

turnover is very low or absent in the eye lens; and the same is true for the mechanisms

against the posttranslational modifications and protein unfolding. The transparency is

maintained by the use of the chaperone properties of the a-crystallin.

3.3 a Crystallin

The a-crystallin is the most abundant (up to forty percent of total proteins [58]) and

the largest protein in the fiber cells [59, 28]. Its major function is to maintain proper

refractive index in the lens, but it also maintains transparency due to its chaperon

like properties. This property enables it to restrain the unfold or denaturated proteins

and to suppress aggregation, which leads to cataract formation. Another interesting

j)roperty is that the molar ratio of aA : aB in the lens is 3:1 [59, 58], which is optimal

for the thermal stabifity of this protein. There is evidence, that a-crystaUin plays a
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Figure 3.2: The structure of the alpha-crystallin of humans predicted by Shindyalov
and Bourne based on concept of intermediate sequence search[13].

role in the epithelial cells differentiation into fiber cells [59]. a B was also foimd to be

overexpressed in various neurodegenerative diseases and an ischemic heart.

aB is hollow with a diameter approximately 1 Inm. The central cavity is surrounded

by a 3nm shell [58]. Since no 3-D structure of this protein was foimd in the Protein Data

Bank or NCBI, a simulation was made using the nucleic acid sequence of the molecule

(Fig.3.2 )The molecular weight varies due to the heterogeneity (more than 1000 differ

ent hybrids, without including the molecules, which have imdergone posttranslational

modifications) of the native and recombinant crystalhn. According to Horowitz, the

average weight is 600,000Da to 900,000Da and the top weight measured is 1 million

Da. Abraham Spector foimd three major populations of molecules. About 65-75%
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of the total protein had a mass of 600,000Da to 900,000Da. The second group had

mass range from 900,000Da to 4,000,000Da and the third group had masses larger than

l,000,000Da. Jaffe and Horowitz [21], estimated the aggregate size of aA and aB in

native conditions to range from 300,000Da to l,200,000Da with an average molecular

weight of 800,000Da.

3.4 l3 Crystallin

/37-crystalhns comprise the majority of adult vertebrate lens crystallins. Beta and

gamma crystallin gene families comprise the crystallin superfamily. All beta-.

crystallins have two symmetrical domains, folded into two similar patterns, called " Greek

Key". Their mass vary between 50 and 200kDa. The difference between the beta- and

ga-mma-crystajUins is that the beta have N- and C- termini, while the gamma have min

imal or none [60]. Although the functions of both crystallins are not quite clear, there

is evidence, that beta crystalhn responds to stress. It moves from the nuclear to the

icytoplasmic region in case of a heat or cold shock and stabilizes the other proteins using

its beta sheets and insures that the concentration of the Ca2-|- is within the normal

levels.

/3-crystallins (Fig.3.3)comprise about thirty five percent of the total water soluble

crystallin. They are built up by three acidic and three basic units called I3A2, PAS, ̂AA,

PBl, (3bB2,13BS. The subunit weight ranges from 23,000Da to 200,000Da. The size of

the aggregates formed in native conditions ranges from 46,000Da to 200,000Da [21].
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Figure 3.3: Structure of bovine PB2 molecule [14].

The properties and the spatial distribution of the concentration of the eye lens

proteins are important for maintaining the gradient of the refractive index of the eye

lens and its transparency.

3.5 Transparency and Transmission of a Normal Eye Lens

Some authors argue that the transparency of the eye lens is not due to the order of

the collagen molecules. Although there seem to be some kind of an order, it cannot be

called a crystal. On the other hand, the index of refraction is highly dependent on the

density distribution, which means that if there are more fibers or proteins in some place

than another it will cause density and refractive index fluctuations. Such fluctuations
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were reported to be present in the cataract formation [61].

The eye lens transmits,hght with wavelengths from 390nm to l,900nm (Fig.3.4).

The initial peak peak of the transmission curve is present in the lenses of young children

only. Their lenses start transmitting at shorter wavelengths, but because of the strong

absorption at this region, the transmission is reduced to the very low value of eight per

cent for the age of 5 years and less than 0.1 per cent for the age of 22 years. The total
i  ' , ' ' '

transmission of an young eye begins to increase at about 390nm and reaches 90 per.

cent at about 450nm. The rate of increase is age-dependent, and it decreases in older

lenses [15]. The lens is still transparent for light with wavelength about l,400nm, and

the absorption bands for water are apparent at 980nm, l,200nm and l,430nm.

i  By examining data on the color matching function of the eye Joel Pokorni [16]

found out that the spectral density function of the eye lens can be decomposed into a

component that is affected by aging and a component that is constant. This is expressed

as:

Tl = TL,[i- + 0-02{A -32)]+n, n (3.1)

for ages between 20 and 60 years and

^  Tl = TlAI.56+,0.0667iA-60)]+ Tl^ , (3.2)

for people older than 60 years. A is the age of the person, represents the portion of

the transmitted light affected by aging and is the portion stable after the age of 20
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Figure 3.4: Transmission of the eye lens vs. wavelength [15] ;
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Figure 3.5: Optical density of the eye lens as a function of the wavelength. Data taken
from [16].

years. The result is given in Fig.3.5.

The same kind of an idea was proposed by Hemenger [17]. He also writes the optical

density function as a sum of two terms: .

^W = ^+7(A), (3.3)

iwhere the first term represents the scattering fi:om the eye lens, which is age dependent,

and 7(A) represents the contribution of the absorption in the eye lens due to the presence

of lens pigments. 7(A) is considered not to give any contribution for wavelengths larger

than 500nm because the pigment does not absorb in this range.

The scattering firom both, the nucleus and the cortex increases with age. The scattering
t  " . • • •
in the nucleus is due to density fluctuations in the refractive index due to the high
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molecular weight protein aggregation. It is not large in the young lenses, biit it increases

substantially after the age of 50 years. Cortical scattering, however, is constantly present

in the eye lens, and it associated with a misalignment or damage of the eye lens fibers.

The results from this study are given on Fig.3.6. The absorption of the eye lens pigment

in absence of scattering is given on Fig.3.7. The data in this study were taken from Said

;and Weale [62] and Boettner[15]. The author also presents a plot for the optical density

in case of a nuclear and cortical cataract using data from Ludvigh and McMarthy and

Zigman et al [18, 33], Fig.3.8.

!  It can be seen that the optical density increases about three times in case of a

Icataract.
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i  • , ' . • n ^

3.6 Index of Refraction

The protein concentration distribution in the eye lens produces a gradient of the re

fractive index. The highest refractive power 1.407 is in the center of the nucleus where

the proteins mahe more than 90 per ceiit of the dry mass. At the periphery its value is

1.36. The index of reifraction distribution is also age-dependent. The refractive index

distribution for two normial lenses at different ages is given on Fig.3.9. The third dis

tribution corresponds to a lens with nucleus yellowing. As it can be seen the index of

refraction can become as high as 1.45. The refractive index distribution given by Lion

[63] is shown on Fig.3.10.
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Figure 3.11: Change of the weight of the eye lens with age [21].

3.7 Aging of the Eye lens

Since there is very little of no turnover of the lens proteins, the mass [21] and the size

[see Fig.3.11 and Fig.3.i2)(Hajding figl.3), of the, eye lens increases with the age. The
'  . n ''' V , ' ' ' I
TTiflsg of the eye lens increases from about 70mg in the fetal lens to about 250mg at the

age of seventy years. The difference in the width over the same time interv^ is about

2mm. There is also an increase of light scattering and an increase in the absorption at

350nm, 400nm, 450nm, and 500nm [22, 62]. The dry mass distribution also undbrgo^

jchanges (see Fig.3.13).

I  Biochemical changes occur in the eye lens. As a whole, the metabolic processes slow

down, there are less enzyme activities and the structural proteins has undergone post-

Itranslational modifications. Another sign of aging is the degr^ation of all the proteins

in the.eye lens - crystalline, memlsfanes, and enzymes. The portion of the insoluble.
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proteins and the high molecular weight aggregates becomes larger, which leads to an

incree^e of the light scattering with age. There is also a change in the relative amoimts

of the different types of proteins. The ratios of aB : aA and 7(5 : 7c increase [64];
[

Results from circular dichroism measurements have indicated that there are possible

changes in the tertiary structure of Q:-crystallins which may be unfolding [65]. Other

studies [64] have indicated that a truncation of the N-termini of the /3B1, /3AS and I3A1

occurs and that the proportion of the trimcated proteins increases with age.

3.8 Cataractous Lens

As it was mentioned before the cataract formation is a consequence of variety of factors:

mechanical, biochemical and radiation. These factors may affect the ̂ rangement and

the histology of the lens fibers or induce chenucal changes in the proteins.
!  ' n • ' n

;  Most vulnerable to those factors are the youngest fibers,, which is the reason why

haost of the cataracts are initiated in the subcapstilar region [29]. The senile cataracts,

in contrast, start from the deep cortex and the nucleus.

We call a cataract lamellar if the fibers within a particular perinuclear fiber shell are

affected, and it is called a spoke if limited groups of fibers are affected. It may happen

that the fibers are partially affected. If their ends are destroyed at the suture, then the

cataract takes the shape of the sutiure. If a bigger part of the fiber is opaque, then the

cataract has a shape of a fiower. The fiber defect rnay not extend through the whole

fiber and may shut down the healthy part of the fiber by an annealing process [29].
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The appearance of vacuoles filled with fiuid is seen imder the capsule or the interior

of the lens. They remain stationary for a long time, but with the age they eventually

spread and in early cataracts large number of them appear under the capsule.

The three major cataract types are cortical, nuclear and subcapsular cataracts.

'  The cortical cataract has a shape of a wedge and it is located on the anterior or

posterior cortex of the lens. It starts with a separation of the lamellae into series of

fine parallel lines. The fibers are swollen and/or irregular, and there is a fluid filling the

space between them [66]. The nuclei of the fibers close to the surface degenerate and

disappear, and granularities appear in the cytoplasm. There is a decrease in the plasma

density and vesiculation [67, 68, 69]. The ion exchange in the fibers is altered, which

leads to osmotic imbalance in the cells [66].

I  Nuclear cataracts are the most common among the age-related cataracts. They do

not have disordered or misplaced fibers, but there is an increase in the refiractive index

Wd density. These changes are due to the formation of protein aggregates, which scatter

the light. The presence of the aggregates increases the optical density of the nuclei and

later the fetal nucleus and the whole adult nucleus.

i  Subcapsular cataracts also have swollen fibers [70], but in addition the epithelial

cells migrate towards the posterior pole and induce production of extracellular granular

and fibrillary material [71]. Another author [66] describes the formation of a posterior

subcapsular cataract as foUows. Epithelial cells start migrating towards the posterior

pole of the lens. Around the pole they form a cluster with a shape of a ring and
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"form rounded-up balloon cells" ̂ which central part is liquid. The cells then produce a

new basement membrane. "The balloon of bladder cells that cluster in a ring or circle

around the center of the posterior pole interdigitate with the adjacent lens fibers, while

the deeper cortical lens fibers are broken down into globules.

'  There are some chemical and conformation changes in the eye lens proteins which

lead to cataract formation. These processes go slowly, and the cataract may appear

years after it has been initiated. Normally there is increased scattering, absorption and

fluorescence of the eye lens. The increase of light scattering is correlated to drastic

changes of the density of the eye lens proteins and therefore the refractive index.

The metabolic changes in the eye lens are associated with increased amoimts of
I  n '

sodiinn, calcium, lead, cadmium, hydrogen peroxide, malondialdehyde, nervonic acid,

sugar phosphate (in diabetic cataracts), fiuorophores and decreased amounts of glu-

tathipne,inositol, ascorbate and tetfahydropterin [21]. The ionic imbalance accompanies

sixty seven per cent of the cataracts, most of which had nuclear and cortical changes.

The increase in calcium level correleates with an increase of sodium. The diffusion coef-
i

ficient is characteristic not only for the size pf the aggregates, but its temporary changes

can give information on the glucose levels in blood and aqueous humor [22].

There is a relatively high amount of bound water (it is bound to the smface of

the protein molecules) in the eye lens due to the high protein concentration. Boimd

yrater has a lower freezing point than bulk water. If the protein structure is changed

by posttranslational modifications or conformational changes [72, 73], then less water
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would bind to them. The process by which the water is lost from the protein molecules

is called syneresis. It was found to occur in both cortex and nucleus [74].

Another process characteristic for the cataracts is the increase of the insoluble pro

teins, again a consequence of the structural chemge of the proteins. Gamma - crystalline

is covalently modified during cataract [75]. This is proved by the observation that the

10,000 Da polypeptide fractions that increase during the cataract formation are derived

from gamma [76].

All the processes normal for the aging lens are found in the cataract formation. The

difierence is that in the latter they progress further.
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Chapter 4

Particle Size Evaluation

4.1 Introduction

Information on the size of small particles has been of interest in biophysics, chemistry,

^tronomy, meteorology, remote sensing, environment monitoring and combustion [77,

78, 79, 80, 81, 82]. The most powerful techniques are optical because they are non-

invasive, accurate and fast [83].

The theory of light scattering and absorption by small particles has been described

in details in literature [84, 85, 86, 87], and only a summary of its features relevant to

this work will be presented.

43



4.2 Scattering Techniques

The two major scattering techniques are static and dynamic Hght scattering. The Dy

namic Light Scattering (DLS) method has been used for sizing of soot particles [88, 89],

early detection of uveitis, cholesterol levels, and cataracts [90, 91]. It is considered to be

very good for characterization of particle sizes in the Rayleigh regime (size parameter^

x<Cl)[92, 93, 94, 95]. The DLS technique^ is based on measurements of the a,utocor-

relation function mid the diflFusion coefficient of the moving particles. The size of the

assumed spherical particles is determined by the use of the Einstein relation:

D = iikBT, (4.1)

where T is the temperature, D is the diflFusion coefficient, is the Boltzmann's constant

and n is the mobility of the particle: ,

l + ̂̂ +0^exp(-6£);
"=; ^

where is the mean-free path of molecules in the surrounding gas, t] is the dynamic

viscosity of the ambient gas and Rp is the radius of the particle.The constants A, b

^d Q are well known^. The correlation function in case of a monodisperse particle size

^size parameter is defined as a: = where d is the radius-of the particle and A is the wavelength
,  ̂ Also called Laser Doppler Spectroscopy (LDS), Diffusion Broadening Spectroscopy (DBS) and Light-
Beating Spectroscopy

®A=0.86, Q=0.29, b=1.25
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distribution function is given by [89]:

G(r) =<nAT [l + ea:p(-2g^Dr)], (4.3)

where < jiat > is the average number of photons per sampling interval, q =

is the scattering vector, n is the index of refraction of the surroimding medium, A is the

wavelength of the incident light in vacuum, r is the time interval.

!  In case of a polydisperse PSDF the correlation function is proportional to [89]:
I

exp{-[{—f + 2q^Dt]}. (4.4)
n

The advantages of this method axe that there is no need for the refractive indices to be

icnown and in addition to particle sizes, particle velocities can be determined.

Static Light Scattering Technique (SLS)^ is suitable for polydisperse particle size

distributions yield good results for a reasonably broad PSDF. The disadvantage of

this method is that the data reduction can be very diflficult [83]. In order to apply

Mie theory for scattering/transmission experiments Petrovich, and then Sun [89, 83]

assumed: particles are spheres randomly distributed in space and single scattering. The

scattering cross-section is:

Cs{r, m, 00, $0, A) = 4 / + [^apcos^^), (4.5)
JAn

^extinction can beconsidered to be scattering with a zero scattering angle
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where Aft is the solid angle subtended at the scattering center by the detector, iSi and

1S2 are the complex scattering matrix elements given by:

"hi / J \ f A £!\
*^1 + bnTn) (4.6)

S2 = Y^ {dnTn + &n^n) (4.7)
• ^0 n

The PSDF, p(r), is then retrieved by solving the integral equation:

roo

g{ai)= K{ai,r)p{r)dr, (4.8)
Jo

where i = 1,... ,n; ai represents the wavelength in the extinction case and the scattering

angle in the scattering case and K{ai, r) is the Mie Kernel function.

Yanji Tang [88] computed the scattering and extinction cross-sections of spheres and

fractals, built with the same number of monomers and size parameter. His results show

that "it is difficult to distinguish the structure configxiration, or morphology, of the

particles by static scattering technique for small size parameters (x<0.2)". Therefore

the assumption of spherical shape of the particles does not significantly affect the result.

4.3 Multi-Wavelength Extinction Measurements

Multi-wavelength extinction measurements, were done by Petrovic [89] and by Sun [83]

for spherical particles and later by Tang [88] for. spherical particles and fractals.
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The transmittance of a monochroniatic beam obeys the Lambert-Beer Law;

:^ = exp(-n), (4.9)

where Tt is called the optical thickness and it can be written as:

rL foo
Tt = NL Ce{X,r,l,m)p{r)dr. (4.10)

Jo Jo

Ce(A, r, I, m) is the Mie extinction cross-section for each particle with radius r, m is the

relative complex refractive index^

The particle size distribution function is assmned to be log-normal distribution,

which appears to be natural for growth processes:

The mean particle diameter D and the standard variance are given by:

I

D = exp(^iJ,+ y) ("^-^2)

= ea;p(2//+ cr^)[ea;p(cr^) — 1] (4-13)

This function is capable of describing broad size distributions, as well as narrow size

distributions [83]. The size distribution function is retrieved from the experimental data

ijn = ̂,np is the refractive index of the particle and rim is the refractive index of the media
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by solving equation (4.8).

4.4 Downhill Simplex Method

The goal of the method is to find the extremum of a function by adjusting the parameters

of the PSDF. As described by Sun:"., simplex is a geometrical figure formed (for a M

dimensional problem) by M+1 points in a M dimensional coordinate system including

all polygonal faces and lines connecting the points." The initial simplex is made of points

which are the initial guess. The values of the function are evaluated in each point and

the point with the highest value across the opposite face of the figure to reach a lower

point. Then, depending on the functional values, it may be expanded or contracted

in one or more directions. The procedure ends when the difference in the functional

values , in all points is very small. In the case the particle scattering or deconvolution,

the function to be minimized is:

!  = (t- 9ef = {t-9- (4.14)

where t is the trial data vector;^ is the true data and e is the experimental error.

t = K.f (4.15)

where f is the trial vector for the particle size distribution function [83]. The fit is

considered to be good if < Xmin < where d = \t — g\. In this calculation the
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trial vector t is changed by changing the trial distribution function f by adjusting /x

and a, and therefore the mean diameter and the variance. The number density and the

complex index of refraction can also be varied for more complete information from the

data.

i  n '

4.5 Monte Carlo Simulations

Monte Carlo simulations were applied by Petrovic and then by Sun to deconvolve the

PSDF of soot particles and water droplets. The deconvolution results show good agree

ment with the experimental data in both studies.

First a set of synthetic data g was generated. Then for each data value gi a random

error ei was added. The noisy data were used as experimental data, which were used to

perform the deconvolutions and the result would be the mean diameter of the particles

D, the variance of the distribution V, and/or the product NL. Steps 2 and 3 were

repeated many times to obtain the statistical distribution of the parameters.

I

4.6 Cataract Size Evaluation

Most of the experiments done so fax to determine the protein aggregates sizes are based

on the DLS technique. In 1975, Tanaka and Benedek measured the mean diflEusivity

of normal and cataractous lenses in vitro for different temperatures and locations [23].

The results (see Fig.4.1 and Fig.4.2) show that at the same temperatme, the diffusivity,

and therefore the size of the proteins differ considerably in a normal and cataractous
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Figure 4.1: Mean diffusivity in a normal human lens as a fimction of temperature and
position in the lenses [23];

lenses. In the cataractous lens they examined there was no spatial variation in the size
I

distribution or the protein, concentration. The difiFusivity is much smaller than in a

normal lens which shows the occurrence of large protein aggregates. The curvature of

the plot also shows that the nature of the protein interactions are different in case of such

a lens in comparison of the interactions in a normal lens. As an example, let us take

the mean diffusivity of a normal lens (in the central part) at 36°C, 2 x 10~^cm^/s and

the diffusivity of a cataractous lens at the same temperature,: 0.35 x 10~^cm^/s. If we

assiune the dynamic viscosity is 0.6915 centipoise, as given by Ansari [96], then by using
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Figure 4.2: Mean diffusivity in cataractous human lenses as a function of temperature
and position.

the Einstein relation 4.1, we obtain protein sizes of 16.36nm and 93.5nm, respectively.

In 1981 Slew and Bettelheim [91] used a SLS technique to estimate the spatial and

age-related changes in the size of the proteins in a normal human lens. The results

are given on Fig.4.3; Fig.4.3 shows the differences in the protein sizes at different ages

at different locations in the lens (the numbers accompanying the lines on the graph

represent the distance froni the center of the lens). The conclusion is that while the

size of the aggregates increases in the cortex with age, it tends to decrease in the nucleus.

The other observation is that the volume fraction, of the aggregates (Fig.4.4) decreases

with age more steeply in the center. This seems to be in a contradiction with other

authors, who foimd out that the molecular weight of the proteins in the center of the

lens and their concentration are greater that in the cortex. The authors argue that

the molecular weight should be distinguished from the size, as well as concentration in
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Figure 4.4: Volume fraction of the protein aggregates as a function of age.
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Figure 4.5: The average distance of separation of protein aggregates as a function of
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1

terms of gjcrr? versus volmne fraction. They concluded that the protein aggregation is
1

^compahied by a "strong collapse of the protein network". Therefore the aggregates

are heavier, but smaller and denser.

In 1996 Karsten Dirks used the DLS method in vivo to determine the sizes of

cataracts in normal and cataractous lenses. He also wanted to see if there was a correla

tion between the Scheimfiug photographic density of pictures of lenses and his measure

ments. His results (Fig. 4.6,4.7,4.8) show that the small and the large components of

the protein aggregates were 5.13 ±1.6 nm and 690 ± 470 nm for healthy eye lenses, and

880 ± 460 nm for cataractous lenses. A good agreement with the Scheimfiug technique

is shown.

I  By applying the same technique, Ansari measured two sizes of protein aggregates,

41.14 ± 2.85 nm (whithin7 percent) and 3.08 ± 0.52 //m (whithin 17 percent) [96].
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Figure 4.9; Relative scattering intensity from a rabbit cataract on the axis of the eye
lens[25].

The normalized autocorrelation function is given as a function of the fluctuations of the

scattered light amplitude 5^ (r) by:

^(T) = A[l + fl\g\T)\\ (4.16)

ikrhere A =< i is the average D. G. photocm-rent, (3 is an experimentally determined

constant and is a measure of the efficiency of the DLS spectrometer, ̂ ^(r) is given by

the following form:

. g^{T)'=^ Iaexp{-Daq^r) + IaAexp(-DaAq^r) (4.17)

In this equation and IqA, Da and Dqa are scattering strengths and the diffusion

coefficients for the smffil and the large proteins, respectively; q is the scattering vector

[90, 97, 96,.98].

Adam Bruckner applied an optical range-gating technique [25] and estimated (by ap

plying Mie theory) the cataract size to be 3.2 pm on the eye lens axis and and 0.5 pm
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2 Tnin off the eye lens axis (Fig.4.9) The relative index of refraction \ised in this paper

was 1.09, which is the ratio of the protein refractive index of 1.45 and the refractive

index of the surrounding media 1.33.
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Chapter 5

jGatiaract Size Evaluation Using

the Monte C£LrIo Method

5.1 Simulations

The pardcle size distribution function (PSDF) of cataracts yiras retrieved using the

Moiite Carlo method described in the previous section [81i 86, 87]. To simulate the signal

: from multiwavelength transmission measurements, this following "gedanken" experiment

was designed. A light beam of diameter 1 mm with waveleiigths in the ranges of 400 to

450 nm and 650 to 1000 mn illuminates the eye lens and the transmitted light is collected

.  by a detector (s^ %•) • The relative index of refraction of the transinitting media was

^aken to have the saiiie value in Bruckner's experiment [25] 1.09. The transmission

data (for a single pass thtdugh the eye lens) from this experiment was simula,ted using
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the Lambert-Beer Law (eq.4.9). After that Gaussian distributed noise was added to the

data, and the new data were used as experimental data to retrieve the PSDF^. Different

particle size distribution ftmctions were used to evaluate the sensitivity of the method.

In the next section deconvolution results for two different distributions are shown. A

two parameter (2-D) deconvolution is used if the mean diameter and the variance of

the PSDF were to be obtained. The three-parameter (3-D) in addition to the mean

diameter and variance parameters deconvolution gives the product NL, where N is the

niunber density and L is the yddth of the slab (the eye lens in om case).

5.2 Small particles

The PSDF of small cataract particles is difficult to obtain because the relative refractive

index is close to imity and the lack of absorption. Using only transmission data the

PSDF parameters are hard to retrieve and the DHS method gets trapped in a local

minimum. Despite that, the method showed potential to obtain the actual PSDF values.

A PSDF with a mean diameter of 0.5 and a variance of 0.05/Ltm was chosen to be

representative for small cataracts. The deconvolution results are shown in the fig. 5.1

to 5.15. The histograms show the distribution of the deconvolved values (500 samples

were taken) of the mean diameter, variance and the NL. The 2-D results give a good

agreement for the mean diameter, but the variance is much larger then the assumed

value. The 3-D deconvolutions show a better result. The mean value of the particle

On the plots of the results the width of the Gaussian is given as sigma
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diameter seems to be found for most of the error values, and the variance is still larger,

but closer to the initial value. The NL are accurate for the most error levels.

59



I

Sigma = 0.02

= 20

O  '15

hs 10

E -

0.2 0.4.

Mean Diameter Qmil

Figure 5.1: Histogram of the deconvolved particle diameters - 2D deconyolution. .As
sumed mean diameter 0.5//m, error level 0.02.

.  I

25

I 20
n

.'Q
, >
c
o n ic
o  15
a>
Q ,

"5
tc 10

- ja

. E
3

,  , I .

•  sigrTia=O.QZ

0.05 0.1

Variance [pm]
0.15 .0.2,

Figure 5.2: Histogram of the deconvolved variances - 2D deconvolution. Assumed vmi-
ance 0i05 fim, error level 0.02. .

; 60



I  I I  I

Sigma = 0.C6

o  15

E n

0.2 0.5

Mean Diameter [[om]

Figiire 5.3: Histogram of the deconvolved particle diameters - 2D deconvolution. As-
smned riiean diameter 0.5 /xm, error level 0.06.

I  I I

B 20

Sigma = 0.C6

o  15

0.05 0. 50.1

Variance [pm]

Figure 5.4: Histogram of the deconvolved variances - 2D deconvolution. Assumed vari
ance 0.05 fxm, error level 0.06.

61



25

c

■B 20
_3 ■
O
>
c
O  ,c
o  15
a>
Q

o

10

E
3

.Sigma = 0.1

0.2 • 0.4
Mean Diameter tlJni]

Figure 5.5: Histogram of the deconvolved particle diameters - 2E) deconvolution. As
sumed mean diameter 0.5 error level 0.1.

25

w
c

■B 20
O
>
c
O  ,EO  15
o
Q

•fe 10

E
3

)  0.05

Sigma = 0.1

0.1
Variance [nm]

0.15 0.2

Figure 5.6: Histogram of the deconvolved variances - 2D deconvolution. Assumed vari
ance 0.05 fj,m, error level 0.1.

62



16

IB

C
O  14

g  12
C
o
0  10
a>
Q

to

1  ̂
Z  4

T  n r

Sigma = 0.02

-| 1 1 r-

_1 I u
0.2 0.4 0.B 0.8

Mean diameter [ixm]

Figure 5.7: Histogram of the particle diameters - 3D deconvolution. Assumed mean
diameter 0.5 nm, error.level 0.02.

c
,Q

O
>

16

16

14

12
C
o

K  10

E
3

B -

Sigma = 0.02

0.025

'

0.0750.05

Variance [pm]

Figure 5.8: Histogram of the variances - 3D deconvolution. Assumed variance 0.05 fim,
error level 0.02.

63



Figure 5.9: Histogram of the NL products - 3D deconvolution. Assumed NL = 10®cm
error level = 0.02.
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diameter 0.5 fim, error level 0.06.
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Figure 5.11: Histogram of the variances - 3D deconvolution. Assumed variance 0.05
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5.3 Large Particles

A mean size of 2.7 fim was chosen for the PSDF in case of large cataracts. The width

of the distribution was chosen to be 0.135 fim. The results from this deconvolutions are

shown in Fig.5.16 to Fig.5.26.
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5.4 Sensitivity Calculations

Calculations were performed to evaluate the sensitivity of the Monte Carlo method, the

following calculations were performed. First, transmission spectra for different particle

diameters and different number densities (NL products, respectively) were simulated.

On Fig.5.27 are given the minimmn values of NL for which the calculation was success

ful^. Using this numbers the minimmn detectable cataract volmne was estimated.

The total observation volmne is:

Vt =
ncPL (5.1)

where d is the beam diameter and L is the thickness of the central part of the eye lens.

Successful means that the retrieved PSDF is close to the assumed one.
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The total number of cataract particles is given by

n — NxVt (5.2)

where Nt is the total number density of the cataract particles. The cataract volmne is:

^C£i4 —^ V ft (5.3)

where < v > is the mean volume of the distribution. The result for the minimum

volmne is presented on Fig.5.28.

Fig.5.29 shows that fraction of the observation volume that is occupied by the

cataracts.
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5.5 Benchmark Calculations

The time for running the deconvolution program was estimated on a single machine, as

well as a Condor loop of ten machines -with the same , processor speed. The distribution

function used in all calculations, had mean diameter of 2.7 //m and a variance of 0.132

fim.

The single PC calculation was carried on a machine with a 500 MHz processor

speed. Each result Fig. 5.30 and Fig.5.31 represents the time for calculation for different

numbers of deconvolutions and a different error levels added to the sythetic data. Each

point on the plots represents the average time from ten runs for a particular number

of deconvolutions and error level. In both the two-parameter and the threo-parameter

cases the higher the error level the more time it takes to calculate. The execution times

are faster the lower the error level, but at the "sixteen per cent error" calculation shows
•  I , ,

a; slightly decreased times. The time for a 100 deconvolutions increases from 384.5 s for

2 per cent error, 442.6 s for 25 per cent error to 595.3 s for 50 per cent error. The result

for the 3b calculation followed the same treind. One hundred deconvolutions took 739.2

s for 2 per cent error level, 566.2 s for 25 per cent error level and 755.6 s for 50 per cents

error level.

Condor is a resource managing program that can manage large heterogeneous clus

ters of workstations. It finds available machines on the network and uses tham for the

program execution. In this calculation the task was distributed in the following way. If

100 deconvolutions were needed, 10 deconvolutions were submitted on every machine.
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2D cataract deconvolution
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Figure 5.30: Benchmark for 2D deconvolution calculations on a single PC.

The results are given on Fig. 5.32 and 5.33. The time for the 2D calculation reduced

to 209.62 s for 100 deconvolutions at 2 per cent error level and 225.6 s at 25 per cents

error level. The 3D calculation for 100 deconvolutions took 190.3 s for 2 per cent error

and 157.9 for 25 per cent error.

As a whole Condor is faster than a single PC as expected. However, there are some

difficulties to perform deconvolutions for error levels larger than 25 per cent. This means

that the program needs to be modified further in order to run better.
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Figure 5.31: Benchmark for 2D deconvolution calculations on a single PC.
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Figure 5.32: Benchmark for 2D deconvolution calculations on a Condor loop.
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Figure 5.33: Benchmaxk for 2D deconvolution calculations on a Condor loop.
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