| MPROVED METHOD FOR CHARACTERI ZI NG LENSES CROSS REFERENCE Thi s application
clains benefit of priority fromU.S. Provisional Application Serial Nunber
61/ 199, 0Asof2nicadeIevenber 12, 2008, the entire content s Pofi/uskocoo3zse

i ncorporated by reference herein as if nmade part of the present
specification. FIELD OF THE | NVENTI ON Enbodi ments of the present invention

rel ate generally t oviPROVERMEDAODFORCISARBACIHRIZENG IHKNSEXt eri zat i on.
More specifically, enbodinments of the present invention relate to nethods
and apparatuses for devel opi ng mat hemati cal nodels of the crystalline |ens
shape for use in nodeling, description, design and production of
crystalline lens and crystalline | ens prosthetics. BACKGROUND Presbyopi a
and cataract are two of the NMDSTRUBSRAEFERENIEr to beset hunman vi sion,
especially for the aged. Presbyopia is the loss of the ability of the eye

to change fotms dpphicallB@Iclaliing itRiefit THH SriGiiAN@En 19,52 PeRGH L A ppitdtior $PEB 1N
the ability of the crystalline lens of the eye to change shape. The onset

of presbyepiber b51JyRsFaEd Modhpen th, 4008, AhSbhtire dnten®f ofdBifech WeRoRfoSRYRPI a
mani fests in a person, they will increasingly |ose, and ultimtely no

| onger h@éf@renctehl%reﬁpaislifﬁlydetlﬁrt%tfHl%ipl%sgﬂt%ﬁé’ciﬂ@at%rpn for reading or seeing

objects up close. This is currently nost commonly corrected by the
prescribing of reading glasses, bifocal, nmultifocal or aspheric progressive
spectacl es and contact |enses. Cataract is a disorder of the eye

characterized by a | oss of opig¢d OfHaE INVENTIOR crystalline lens. The
individual with cataract will gradually | ose

Embodiments of the present invention relate generally to the field of lens design and lens
characterization. More specifically, embodiments of the present invention relate to methods and
apparatuses for developing mathematical models of the crystalline lens shape for use in

modeling, description, design and production of crystalline lens and crystalline lens prosthetics.

BACKGROUND

Presbyopia and cataract are two of the most common disorder to beset human vision,
especially for the aged. Presbyopia is the loss of the ability of the eye to change focus for near
vision. This change is associated with a loss in the ability of the crystalline lens of the eye to
change shape. The onset of presbyopia is typically around 40 to 50 years of age. When
presbyopia manifests in a person, they will increasingly lose, and ultimately no longer have, the
ability to attain clear vision for reading or seeing objects up close. This is currently most
commonly corrected by the prescribing of reading glasses, bifocal, multifocal or aspheric
progressive spectacles and contact lenses. Cataract is a disorder of the eye characterized by a
loss of optical clarity of the crystalline lens. The individual with cataract will gradually lose
vision in the affected eye. The current method for treating cataract is by removal of the

crystalline lens (or its contents; the cortex and nucleus) and replacement of the lens with an
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containing device such as a bladder or balloon inserted into the crystalline lens. Yet another
approach to restoring accommodation is the re-softening of the hardened crystalline lens content.
This may be achieved opto-mechanically by the use of, for example, lasers, or by chemical
treatment. Re-softening or refilling of the lens with a soft material are preferred options for
restoring accommodation as the origin of presbyopia stems from a loss of softness of the content
of the crystalline lens. Hence, techniques for restoring the softness of a lens would be the most
direct method for restoring accommodation. There are many ways by which such approaches
could be accomplished. One direct method (sometimes called “phaco ersatz”; after Parel)
involves the injection of a soft gel into the capsule of the crystalline lens to replace the
(removed) hardened lens content of the presbyopic eye. Another method (after Nishi) involves
the implantation of a bag-like device into the capsule and then to fill the bag-like device with a
soft gel. Yet another method involves the delivery of a material into the lens which can later be
‘tuned’ to a correct shape (after Calhoun LAL technology). Finally, a pre-formed and pre-shaped
lens (after Fine) which can be thermally distorted to facilitate introduction into the lens capsule,

and its original shape re-established by thermal ‘plastic memory’ may be used. For the latter two
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Numerous analytical and finite element (FE) mechanical models of the human crystalline
lens have been developed to simulate changes in lens shape during accommodation. Analytical
models have been used to describe the accommodative mechanism in the human eye (Koretz and
Handelman 1982) and to investigate the effects of lens elastic anisotropy on accommodation
(Koretz and Handelman 1983). FE models have been used to demonstrate that Helmholtzian
mechanism of accommodation is most likely for the young lens (Burd, Judge and Flavell 1999),
to show that the 29 year old lens is more effective in accommodating than the 45 year old lens
(Burd, Judge and Cross 2002), to compare Coleman and Helmholtzian accommodation theories
(Martin, Guthoff, Terwee and Schmitz 2005), to estimate the external force acting on the lens
during accommodation (Hermans, Dubbelman, van der Heijde and Heethaar 2006) and to show
that the maximum zonular tension decreases with age and is the most likely cause for the
decrease in accommodative amplitude with age (Abolmaali, Schachar and Le 2007). More
recently FE models have been used to analyze the relationship between lens stiffness and
accommodative amplitude (Weeber, van der Heijde 2007) and to determine the change in
accommodative force with age (Hermans, Dubbelman, van der Heijde and Heethar 2007). FE

models provide valuable information about accommodation and presbyopia. Yet, the quality of
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throughout life. Weeber et al (2007) used geometrical information based on in-vivo
measurements (Dubbelman, van der Heijde & Weeber 2005; Strenk, Semmlow, Strenk, Munoz,
Gronlund-Jacob & DeMarco 1999). FE models should account for age-dependency of the lens
shape and should be based on measurements of the lens shape when no stresses are applied. The
isolated ex-vivo crystalline lens is not subjected to any active external forces and therefore can
serve as the basis for a geometric model of a fully accommodated crystalline lens that can be
used in FEM studies.

The human crystalline lens is composed of two aspherical surfaces, which have been
modeled with a number of mathematical functions. The earliest eye model represents the lens as
two spherical surfaces. The shape has been progressively described as hyperbolic (Howcroft and
Parker 1977) parabolic (Koretz, Handelman and Brown 1984) fourth order polynomial (Strenk,
Strenk, Semmlow and DeMarco 2004) and conic functions (Dubbelman, van der Hiejde 2001,
Rosen, Denham, Fernandez, Borja, Ho, Manns, Parel & Augusteyn 2006). While these models

present a good approximation of the human lens, they were developed for optical modeling and

therefore primarily focus on the central (approximately 4 to 5 mm) region of the anterior and
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describe those crystalline lens or prostheses which are rotationally symmetrical at the equator.

Physiologically, the lens is tilted and there exists lenses which are not rotationally symmetrical at
the equator. For these lenses, the model of Kasprzak would not be suitable.

It is therefore, objectives of the present invention to provide a method for numerically
describing the crystalline lens shape that overcomes the disadvantages of previous models as

discussed above.

SUMMARY OF THE INVENTION
According to embodiments of the present invention an age-dependent mathematical model
of the crystalline lens shape has now been developed. This model overcomes the disadvantages
of previous models which in particular include; insufficient degrees of freedom to be able to
faithfully describe any crystalline lens or prosthesis shapes; in ability to ensure continuity around
the entirety of the crystalline lens and especially at the equator; and ability to describe

asymmetric lens profiles. In one study we evaluated the profiles of whole isolated human lenses
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provides for the description of tilted and/or asymmetric lens shapes particularly useful for
describing the natural lens in situ (located physiologically, in its natural position inside the eye).
Still further, the inclusion of phase parameters within the base function provides for even greater
precision in describing tilted and/or asymmetrical lens shapes — especially shapes which have
local asymmetry along its profile. In addition to the above, individual coefficients relating to the
different order of base functions may be set to be a function of age. In this way, an age-
dependent model of the lens may be constructed. The summated series function may be applied
to one or more sections or meridians of a lens in order to provide a three-dimensional model.
The method of the present invention is useful in providing curve-fitting of acquired shape
data to describe the shape of an individual measured crystalline lens. The acquired shape may be
inputted as a direct set of surface profile coordinates within a data set, or from a direct
measurement of the surface shape of the lens.
The method is also useful in describing sample or population averages of lens shapes such

as may be required as an initial step in designing an intraocular lens implant that is required to

also resemble a typical or average lens shape.
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that an order of periodicity may be established in which each increasing order addresses different

and incrementally finer details of the crystalline lens shape. The summation of a series of

increasing order of the base function provides the model for the crystalline lens. In an added

level of sophistication, the coefficients pertaining to different orders of the base function may

themselves be defined as a function of age. In this way, an age-dependent, two or three-

dimensional model of the crystalline lens may be defined by a single series function (of this

model) that does not suffer discontinuity at any point.

Further objects, advantages and embodiments of the invention will become evident from

the reading of the following detailed description of the invention wherein reference is made to

the accompanying drawings

DESCRIPTION OF THE DRAWINGS
The file of this patent contains at least one drawing executed in color. Copies of this
patent with color drawing(s) will be provided by the Patent and Trademark Office upon request

and payment of the necessary fee.



The nethod is al so useful in describing sanple or popul ati on averages of

| ens shapes such as may be required as an initial step in designing an

i nt raoculwo 2benseisapl ant that is required to al so resemnpCa/s2009p0808%5 oOr
average | ens shape. The nmethod is al so useful in describing an actual I1QOL
design that is required to resenble a | ens shape. Such an I COL design may be
required to rgeenblie aegﬁah@&-paotb%/@m@hoxﬂﬁ@wnatmrdnﬁeﬂsﬁmsl §28He of & h@miy pi cal
sanple's (e.g. within a particular age group) |ens shape, or a custom zed

| ens shapgs@fiindMens MHievindphnd SheoSLElyeaIh MGk iOMdRiduvahghdddRsERthBREMAd, 10
a general form is constructed fromthe summed series of a base function.

The funcijkon is defined on a pol ar coordi nate or spherical coordinate
system for two and three di nensional representation respectively. Thus, the

series functgpcdeld PoRubdhBohrdb@hinsth SLAHAS &&BQ‘(I%wEf)ﬁ@ts&gés ﬁﬁét%ﬂnéth&D;‘e

h .
| ens surface along a radius in a given neridian - and azimuth (3-

The, Dase JLiRelicQhyfIRY o B ke I0DRi AL bAGhAR, DU | o most proferably a

periodic function sl ne, cosine, e e base function also has the

feature that F%Qreo; gg ¢ Q(Irieg’?@{;cﬁgﬁ Gilelnba rﬁ%éc/fri:Bin?lgetﬁé ahhd |H§9¥ Ii?%g}’é[”i gﬁbﬁﬁﬁa@kﬁ

i ncreasi ng order addresses erent an rement a r detail of the

Iline. T i f ' ] i ., of
crysta II'%?ﬂll!let%p ?ad?atl.' Ranc e(?l‘faot) ﬁ\fglrg{ln% %Fgﬁ%l%%rang es(ﬁlre{a §?0§{11P£1t9 %}Eﬁ?e%g Sqlglil %rpgo? s ©

t he base tfunction provi e Ccrys I'ne’Tens. n "added

e PR SR P BSOSt BT PR S T e Sl L gl
way, an a%F-dependent, two or threedi nensional nodel of the crystalline
| ens may *B5&“defined by a single series function (of this nodel) that does

not suffer discontinuit t .an oint.. Further objects, advantages and
enbodi ment s 0BYn S}IOH\’&‘%%H%BW W%P ar Bg%rgqugteéwt%rﬂ%\*lp%ﬁ]?e age—rel%teﬁ cganges n

lens shape as depicted by the age-dependent series function method. The predicted shape of a 20
(inner-most curve), 40 and 60 (outer-most curve) year old lens is shown.

Figure 5 shows the age-dependent lens shape for 20, 40, 60 and 80 year old lenses. The
inner-most curve is the 20 year old while the outer-most curve is the 80 year old. The graph on
the left shows the CFM model and the figure on the right shows the FDM model. The vertical
lines represent the equators of the lenses.

Figure 6 is a graph showing increasing accuracy of curve fitting with increasing number of
orders of the base function. For practical purposes, reasonably good accuracy relative to
computational efficiency can be achieved with around 8 to 10 orders.

Figures 7a-c are exemplary plots of Curve Fitting Method on different crystalline lenses.
Each group of three graphs show (top left) a plot of radial distance (rho) versus angle (theta), x-y
plot of radial versus axial distance (bottom left) and residual error after fitting (bottom right).

Figures 8a-c are exemplary plots from Fourier Decomposition Method on different
crystalline lenses. Each group of three graphs show a plot of rho radial distance versus theta
angle (top left), x-y plot of radial versus axial distance (bottom left) and residual error after

fitting (bottom right).



the reading of the followi ng detailed description of the invention wherein
reference is made to the acconpanyi ng drawi ngs DESCRI PTI ON OF THE DRAW NGS
The fil e wb 20tws633at ent contai ns at | east one draw ng eretatsea9iossosdl or .
Copies of this patent with color drawing(s) will be provided by the Patent
and Trademark O fice upon request and paynent of the necessary fee.Figure 1

i's a shadow plaele00E aRRps RRWiRgthe Age-tiapenetinBR SdRftlcnB @Bl fd ¢ HiukE:
crystalline | ens. The shape and size of a crystalline lens is individual

and changegyihripdgheytsihd fhe Culledin@ctRod. S a plotted polar coordinate system
showi ng how the series function nmethod defines the shape of a crystalline

| ens wi thout Fg{;2Q0K 4 Bt ShowkilgdHE @ge?debéadtaﬁ% of %6éfﬁc$erft%‘&£1h&ﬁfr6¥§h Rafble of
describing the same I ens of Figure 2 shown'in a rectilinear radial distance

(rho) VeEl%f's'tallﬁ@le%gsr{'@iln§%@loﬁrlértﬁ&gﬁbosﬁﬁ)ﬂrl\qétﬂﬁf e system Such a plot is

useful for evaluating The goodness-of-fit of a given series function on a
given crystalline | ens shape. Figure 4 shows graphs in a polar coordinate
system showi ng the age-rel ated changes in | ens shape as depicted by the
age-dependent series function nethod. The predicted shape of a 20

(inner-nost curve), AHEANGLED ORYERIPTRIN OFUINEINYENTIONI | €ns is shown.
Figure 5 shows the age-dependent |ens shape for 20, 40, 60 and 80 year old

| enses. The i « » urve
enses. 1 yeglgmrgl tBQ@%{]thggFe\é m%ehth@ %{he oL hsghmg Mﬂétio%: E“I/Ilaﬁnlg F%Qseﬁ%ﬁtthec

figure O@ur}nggtlcrn' &Qlt seﬁ@sogﬁn&glﬁmﬁwo%gs%f a J’ﬂg ﬁ}ﬁ%{l&{. %l: series function is defined

on a rotational coordinate system such as polar coordinates system in two-dimensions or
spherical coordinates system in three-dimensions. Thus, the model provides the shape of a
crystalline lens by defining the radial distance (rho) from the central origin point of the
coordinate system (Figure 2) to a given point on the lens surface as measured along any given
azimuthal direction angle (theta). Figure 2 shows the polar coordinate system of the series
function method. The equatorial axis of the lens is parallel to the theta = n/2 radian (90°) axis and
the optical axis is parallel to the theta = 0 radian (0°) axis. Positions on the lens surface are
represented as coordinate pairs defining theta (angle of median) and radius (distance from central
origin to surface point). Lens surface points measured from one crystalline lens is shown in blue
while the same lens described using a series function of the present invention is shown as a red
line.

The entire lens shape is thus described as a set of theta-rho coordinates in two-dimensional
space. An alternative method of graphing the result is to employ a rectilinear radial distance (rho)
versus azimuthal angle (theta) coordinate system (Figure 3). Therefore, Figure 3 shows the
series function method representing lens surface shape as plotted on a theta, radius rectangular
coordinates system. The equatorial axis of the lens is parallel to the theta = 7/2 radian (90°) axis

and the optical axis is parallel to the theta = 0 radian (0°) axis. Such a plot is useful for



lines represent the equators of the lenses. Figure 6 is a graph show ng

i ncreasi ng accuracy of curve fitting with increasing nunber of orders of

t he base wonetwossss3For practical purposes, reasonably geou/uscaanazngs
relative to conputational efficiency can be achieved with around 8 to 10
orders. Figures 7a-c are exenplary plots of Curve Fitting Method on
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(bottomright). Figures 8a-c are exenplary plots from Fourier Deconposition

Met hod oRgyiichfRE BRS-dietcH bl kdchBn hR0SE e sFRERIGHRYRO 9?0&(1&" £ BRBSicAPW a
pl ot of rho radial distance versus theta angle (top left), x-y plot of

radi al vensusaxkalipfistianes { bat ttﬁéflehﬁ&r%ac@ﬁddeﬁ&?bh&’k}% @JJfQ{he@f Birmbj tting
(botton1r|ghtf Figure 9 is a graph show ng the age-dependency of
coeff|C|g&£anﬁg;alned fromon a sanple of crystalline | enses using the
Curve Fit Method. Figure 10 is a graph show ng the age-dependency of
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R(0)= iB(G,p) ( Equation 1)
p=0

Where 0 is the azimuthal angle in polar space, R is the radial distance from the central
origin point to the lens surface in the azimuthal direction, B is the base function, p is the order of
the base function and i is the highest order to be considered in the model (chosen according to
level of complexity, computation time and degree of accuracy to be achieved), An exemplary
usage of the method of Equation 1 is the selection of a cosine function as the base function in
which case, the implementation of the series function method through Equation 1 becomes

Equation 2. Note the coefficient J(p) which is an amplitude factor for each order of cosine

function.
R(8)= ZJ(p)~ cos(p-0) (Equation 2)
p=0
In many instances, the lens to be described may be decentered or tilted. One method for
removing such asymmetry is to make use of Equations 1 or 2 after introducing decentration and

rotation of the original data set (i.e. effectively shifting the central origin point and/or changing

the azimuthal angle by a fixed value). This may be done using a computational/numerical
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coordinate system (Figure 2) to a given point on the |lens surface as
nmeasured al ong any given azinmuthal direction angle (theta). Figure 2 shows
t he pol arwoaorudisesste system of the series function net hedT/Ush@9omsioas ori al
axis of the lens is parallel to the theta = p/2 radian (90) axis and the
optical axis is parallel to the theta = 0 radian (0) axis. Positions on the
I ens sur hrErdab gindepE opemiletndltiGOaiddtaion RauhsbEebt Bidmgpld hehmitiagghe of
medi an) and radius (distance fromcentral origin to surface point). Lens

surface pQidkis (B xS R i 10M0:88R menst al line lens is shown in blue while
the sanme | ens described using a series function of the present invention is

shown as a rg&f albfiftive 8 RNE td EnbRNS: BRARG igytnmbauaﬁ%sgl{b@s%gp%n@teﬁ@as of
theta-rho coordinates in two-di nmensional space. An alternative nethod of
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azi mut hal angle ( 3). Therefore, Figure 3

theta) coordinate system (Figure
shows t hg,3&hdcBsn, fUDE kintho hod representing I ens surface shape as plotted
on a theta, radius rectangul ar coordi nates system The equatorial axis of
the lens is paral)el to the theta = p/2 radian (90) axis and the optical
axis is paraR(gk X o he(heta = 0 radian (0) axis. Su@guatiopl3pt is useful

f orunder st andi ng »#the goodness-of-fit of a given series function on a given
crystalline | ens shape. For three-dinensional representation, a sectional
meri di an anghe exdahilgry uSagk 0f FQAUGES bl hgiin felicaiid DoRInk YuncGvesahe bdie function

t wo- di nensi onal section around the spherical space to produce a

t hr ee- di pEMSWRNAEqUBRB4.Shape description. In such a case, the lens surface
is described by a set of (theta, phi, rho) coordinates. Wile the base
function may be any suitable function, it is nost preferably a periodic
function sucR(@s Ja/cdsiore-@r¢6he function. The order (Bgfatinehf uncti on nay
be set arbitrari Py high

It has been mentioned that the crystalline lens grows throughout life and its shape and size,
therefore, changes with age. The series function model can be expanded and generalized to
implicitly include an age-dependency as shown in Equation 5 (in which age is denoted by A).
Again, making use of a cosine function as the base function, we can develop an exemplary model
as shown in Equation 6. The relationship of coefficient J as a function of age A may be assigned
any type of function from the simplest (e.g. linear or first order) to more sophisticated (e.g.

logarithmic growth functions) according to the level of complexity and accuracy to be achieved.

i

R(®,4)=>'B(6.p. 4,9(p, 4)) (Equation 5)
p=0

R(0,4)= iJ( p.A)-cos(p-(0+q¢(p, 4)) (Equation 6)
p=0

Given the above equation and description, those skilled in the art should now be able to
implement this method making use of other types of function for the base function. In one
particular implementation, a Fourier-decomposition (analysis) type approach may be used to

generate the series function model.
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according to the degree of accuracy required of the nodel. The nobst basic

i npl ementation, in 2-D, of the series function nethod is given in Equation
1. (q) =wW0Qmyos¢3sEquati on 1) p=0 Where q is the azi nut lralr/tsagb®33085 pol ar
space, Ris the radial distance fromthe central origin point to the |ens
surface in the azimuthal direction, Bis the base function, p is the order
of the base fTrlitOMn@Rd nietliod nidyeeRhBEERY 1106 §aEvidcsuliE RSIodam@dnd hapdre
nodel (chosen according to |l evel of conplexity, conmputation tine and degree
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is the selection of a cosine function as the base function in which case,

the inpl eem I\g%@ﬁbﬁéat@mnés%hﬁﬁctﬁﬂértﬁtcb%mmtla%rz)m(%gfsuaqu%reh@@ sHouRECONES

Equati on 2. te the coefficient J(p) which is an anplitude factor for each
order of .GQgk Qiechler RfokihieN an B(p@ modlu(lep)a p?&%gsﬁlgqﬂodﬁll%%arah Bttp gt)mcRiﬁQ: I'n many
instances, the lens to be describ decent ered or tilted. One nethod

for renmovi ngrsUER,ASYITE W, (f'oﬁsﬁt%frﬁ%lﬂ% gﬁ&her SHAYAL RESnch RF aalu?f aneciata

i ntroduci ng decentration a rotation o oril gl na ata set

effecti V%JoXaf 2 Ialat tsbﬁ} ue?@ry%_tﬁﬂﬂlg %ns Oob epgéfﬂleﬂg 'sﬁgpe agwhoéatac gb%?c%' rﬂ% BQ ?np@[?técm'lt hal

angle by a fixed va one usi

comput at Id?@c?llgl bYRIGL 51%1%3%% elegtr nllcgﬂ%g hgle(?np en{ré P g%go(ﬂﬂt a%{%ﬁran?f%la tion

anount by, exa estal

shape T to% éxrégange from another device (particularly a device for measurement lens shape) or data store

or file system (such as object linking and embedding or OLE, open database connectivity or
ODBC). The input module may also directly acquire data pertaining to lens shape by including
within its module, hardware and/or software systems for the direct or indirect measurement of
crystalline lens shape, including optical coherence tomography (OCT), ultrasonography,
profilometry and combinations thereof.

The processing module is the main computation module of the device. It would comprise
algorithms and hardware and/or software facilities for implementing the series function method
of the present invention.

The output module of the device would be responsible for outputting the lens profile
model. It would comprise algorithms and hardware and/or software facilities for outputting
mathematical lens profile description (e.g. a set of coefficients). Such an output would typically
be destined to a lens profile description receptacle for further activities including graphic
description (e.g. a camera, animation generator, or plotter), or lens fabrication or manufacture
(e.g. by direct computer-assisted design CAD and manufacture CAM). The output may also be
transferred by direct manual data output, or by electronic data output including electronic data

transfer or exchange to another device by e.g. OLE or OBDC calls.
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An alternative nethod is to generalize Equation 1 by introducing an offset
paraneter g as shown in Equation 3. Since the value of this offset

par anmet erwoanicasemacording to the order of the base funeCirars009/08®8a
function of p. RIQ = B{Qp,q(p)) (Equation 3) p=0 An exenpl ary usage of
Equation 3 by again selecting a cosine function as the base function is
shown i n EquBtiednvéproRdetzilel(dxhmpRs (Pthé Geried fikidn MbAUIAF tRAvIble @Fdallite has
been nentioned that the crystalline |l ens grows throughout life and its
shape angknsi Z@mpldd &ieh ®eRw 8 8REE Dn Whdabliradshts JBn&LHbBShidRCIHoRIrdpReSF can
be expanded and generalized to inplicitly include an age-dependency as
shown i noEquakiying it bt #thobta@e is denoted by A). Again, making use of a
cosine function as the base function, we can devel op an exenpl ary nodel as
shown in Equation 6. The relationship of coefficient J as a function of age
A may begaggpigned any type of function fromthe sinplest (e.g. linear or
first order) to nore sophisticated (e.g. logarithmc growh functions)

accordi ng t oThdigext BUElec@ins GBIBbEY bt ARILAGRKA AYcr Qal B BBV Eprefard) =

B(Q p .Aq(p, A)) (Equation 5) p=0 R(Q A) =j(p,A)- cos(p (g+ q(p,A)))

(Equati og, géonﬂ:ﬁ@cal data relating to shape may be obtained. This is provided as an example of how
such preparation and data may be conducted. Given the following description, the individuals

skilled in the art should then be able to identify other methods by which lens samples may be

prepared and geometrical data obtained.

Lens Preparation

All human eyes were obtained and used in compliance with the guidelines of the
Declaration of Helsinki for research involving the use of human tissue. The 22 crystalline lenses
used in this study were from whole, intact cadaver eyes, in the age range of 26 to 82, obtained
from American Eye Banks. The postmortem time varied from 1 to 5 days, during which time the
whole eyes (globes) were stored at 2-6°C in sealed jars on a bed of gauze, moistened with saline.
Ophthalmic surgeons removed the cornea and iris using an operating microscope. The lens was
extracted by carefully cutting the zonules and adherent vitreous using Vannas scissors. Wire lens
spoons (Segal Instruments, Bombay, India) were used to immediately place the lens on the
sutures of the testing cell, which was pre-filled with a DMEM solution (Augusteyn, Rosen,
Borja, Ziebarth, & Parel, 2006). The time from Iens extraction to measurement was
approximately 6 minutes. Lens capsule integrity was visually inspected using the optical
comparator (Rosen et al. 2006). Torn capsules usually appeared as surface irregularities or small
flaps of tissue protruding from the capsule surface. Images of 94 human crystalline lenses were
available. Of these, 29 lenses were excluded due to a capsule tear or cataractous changes and 43
lenses were excluded because they exhibited capsular separation, leaving 22 lenses for this study.
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Coolpix 4500 digital camera (Tokyo, Japan) was used to capture the coronal and sagittal views

of the lens. A ruler was also photographed on the same images for scaling purposes.

Image Analysis

The images were preprocessed with Canvas 9.0 (ACD Systems of America, Miami, FL).
They were scaled against the ruler included in the image and were adjusted for magnification
(20x) of the comparator. The images were then cropped to remove the ruler. The preprocessed
images were loaded into Matlab (Mathworks, Inc., Natick MA) and converted to grayscale. An
algorithm composed of two separate processes was used to detect the lens-contour. The first
process detected a thick approximate contour of the lens, using the Prewitt edge detector and
morphological functions. This eliminated false edges generated by the sutures and lens material.
The second separate process used the Canny edge detector, to detect a fine contour of the lens.
An intersection of the outputs of the two processes produces the lens contour with minimal false
contours. A few false contours that were detected were removed manually. For the majority of

the images, the size of each pixel in the plane of the lens was between 4 and 5 um.
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nodel. It would conprise algorithns and hardware and/or software facilities
for outputting mathenmatical lens profile description (e.g. a set of
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phot ographs of 22 lenses ranging in age from26 to 82. Exanples The next
two sections describe a procedure by which the crystalline | ens may be
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provi ded as an exanple ow such preparation an at a conduct ed.

G ven t hgg% Oénltlp\’\érgﬂalgl?eslgﬁm 1{1(9}?%131&% g&gt'ele&r%alrﬁqa?&fal u?ﬂc% n the art should

t hen be eto t|fy ot whi ¢ ens sanples may be

d d
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of FbI5|nk| for resea Elmnvo 2
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{xc, yc} thus the new coordinate pairs {Xi', Yi;1=0 ... n} becomes
X' =X =X, (Equation Ela)
Y=Y -y, (Equation E1b)

This translation provides the degree of freedom useful for varying the centre of the polar
coordinate system to minimize RMS during fitting of a series function model.
Next, the translated data points are converted to polar space with centre of polar system

located at {xc, yc} and data points described by polar coordinate pairs {8;, ri; i=0 ... n} where

6, =ta n_l(X'i2 / Y'iz) (Equation E2a)

= ‘/ X'2-Y'2 (Equation E2b)

For this particular example, the polar coordinate system used defines 0° azimuthal angle as
equivalent to the positive y-axis direction of the Cartesian coordinates system and is nominally
coincident with the axis of the crystalline lens (as in Figure 1). This provides the basis for
employing cosine terms which are symmetric about the lens axis. Figure 1 shows a shadow

photograph of a human crystalline lens, photographed with a ruler for scaling purposes.
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whol e eyes (gl obes) were stored at 2-60C in sealed jars on a bed of gauze,
noi stened with saline. Ophthal mc surgeons renpoved the cornea and iris
usi ng an wWpenraseag3m cr oscope. The | ens was extracted bycrarsedoaloBipstutti ng
t he zonul es and adherent vitreous using Vannas scissors. Wre | ens spoons
(Segal Instruments, Bonbay, India) were used to immediately place the |ens
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sol ution (Augusteyn, Rosen, Borja, Ziebarth, & Parel, 2006). The tine from
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flaps of tissue protruding fromthe capsul e surface. |nages of 94 human
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a capsul e teal or tat ar act ous changes and 43 | enses were excluded because

t hey exhi bited capsul ar separation, |eaving 22 | enses o%.t '% st udy. Shadow

Phot o grannefFV]The t echni que of shadOM/photogrannetrg%B?Kgsg %issues has

been described in detail in earlier publications &Denhan1 Hol | and,
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Mandel baum & Parel , 1992; Rosen et al. 2006, Augusteyn et al, 2006). A

modi f i ed obfhe detasetdby mpainaziog RVBHoBGd syspesie, cosipkigans. Japan) proj ects a 20x

magni fi ed shadow of an excised |l ens onto a view ng screen. Two |ight
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views. The immersion cell described in Rosen et al. (2006) was nodified by
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0;' with predicted radial distance R'; given by

m
R = Z Aj . COS(j . e'i) (Equation E4)
j=0

Numerical Solution and Error Function:

The values for the coefficients of Equation E4 above may be found by numerical (e.g. least
squares) techniques. This is facilitated by constructing an error function EF based on the RMS of

the residual of prediction of radial distance r'; where

(Equation ES)

Fitting of Model to Data Set:

The model defined above can be fitted to the data by minimizing the error function using
an iterative convergence algorithm as understood by those skilled in the art.
The variables providing the degrees of freedom of model fitting are

0 = tilt of the axis of symmetry of data set relative to coordinate system
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Cool pi x 4500 digital canera (Tokyo, Japan) was used to capture the coronal
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contours. A few false contours th were detecte re renove nua y

For the é\eré/yplﬁ{s &SB\% fhm ﬁod t({}ﬁef 'TII‘Fee“@erce &G0, aé) 'M(e?llodl’ of hey, gRJ @%reﬂ{ t he

| ens mas ore90|ng, set of coordinate pairs

in Cart eg{y%tgllf?l? %%ges%? f%{fénb1i1 a‘%u‘i‘ége]a%r;ﬁg IIlll %}@ ¢ Of ure% éagﬁgrouﬁ 89@%%& ?% l%bl €.

Such a d n nu esi an

h d bed b
ot Lt ”‘l'lect%iet%w RS ST AP P PRER). ISP BB e ca

ts d bi f il f t I
e udi ng ARV R TG  DsebaEG FRRE B VT al SEbt 5@56@% i ghEpt b Fsblpar e

t he datagggﬁ)for nDdellng with the series function nethod of the present

Fourier Decomposition Technique

An alternative method by which to derive the values of the coefficients of the foregoing
series function (using cosine base function) is by the Fourier-decomposition technique (FDM).
By way of example, one way by which Fourier-decomposition may be applied to the data set
involves first performing a cubic interpolation on the lens profile to obtain a curve with a
sampling interval of approximately, 0.0001 radians. The curve may then be decomposed with

Equation E6, where N is the sampling interval.

a, = [% Zr( 0)cos(nb )j (Equation E6)

Pt

The lens profile, derived and described using the cosine series function method with value
found by the Fourier-decomposition technique, of 22 human lenses ranging in age from 26 to 82
years are given in the following section. Exemplary plots using this method (called the “Fourier
Decomposition Method”) on a few different crystalline lenses are given in Figures 8a to 8c. In
these figures, each group of three graphs show (in the top left graph) a plot of radial distance
(rho) versus angle (theta), x-y plot of radial versus axial distance (in the bottom left graph) and

residual error after fitting (in the bottom right graph).
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i nvention, the coordinate pairs need to be transposed to a polar or
spherical coordinate system Firstly, a translation is applied wth the
cent er orwginioafseishe pol ar system defined to be | ocat edpratr/uSza9/ogmpst hus
the new coordinate pairs (X1' , Y1 "' ; i =0. . . n} becomes X = Xl1- cc
(Equation Ela) V 1= Y1- O (Equation EIb) This translation provides the

degr ee olNulibeestomadusailubedr@f varying the centre of the polar coordinate
systemto mnimze RM5 during fitting of a series function nodel. Next, the

transl ated dakgRph BF Fidke 6 GROWE fal dith Qra@drafunbRA6L oMetsib 8O bR Mhctfal ar
system | ocated at (xc, yc} and data points described by polar coordinate

pairs ( Lreathr dégrées @f accuracy Portrep&n8nLlshe Tork FAUAL AN bEA&NicRd= IX tite Faphl af
(Equation E2b) For this particular exanple, the polar coordi nate system

used def kegdd) o2 A Mtiddaher@Rg iR REISOF WleVRhRALal ¥R of MAE 1499 Shdpk Vier¥is@X I While
direction of the Cartesian coordinates systemand is noninally coincident
wi th the a@@éﬁkﬁ%Y & GG Wi %c\%\ﬁ'@% GSbdrrbs GERH &osbh. it LM ﬁ%ogﬁeféébrgﬁlﬁt the

basis for oyl ng cosine terns are symmetric about t ens axis.

Fi gure 1nﬁ1@ﬁ"6’f; 11 1%2?0?78%9%?*]? EQ&Ea%g%S{IrS,% %rrc%@e 8£¥ﬁ¥+dﬁ%n@?@cﬁgl§ s the basg

phot ographed wth or scal 1 ng purposes. e polar system
may be t%h%ﬁ%@%@ﬁﬂ&sﬁﬁ&%ﬁﬁ.“ﬁth new azi nuthal direction at gt from

original. a points coordinates are rotated in polar space to the new
tilted polar systemw th rotated data points described by new pol ar
Egg; di natEQarR@lE k%su(lts %f Lens %rofile lisimg §’eri‘es Furctibn }\/Ioﬁ’aer eq , =4q - qt (Equation

From our studies with a large number of lenses from eyes and donors of different ages, we
discovered a clear age-dependency in some of the coefficients in the Series Function Model.
Examples of the age-dependency of the coefficients obtained from the two methods are
presented in Figures 9 (for the Curve Fit method) and 10 (for the Fourier Decomposition
method). Results illustrating the age-dependency of the coefficients from 0" to 10" order are
given in Table 1 for the Curve Fit method and Table 2 for the Fourier Decomposition method.

The 1* coefficient ap was a coefficient whose slope exhibited a significant trend with age,
for both methods. Linear regression of data obtained from the 22 lenses was performed to
determine age dependent changes in the equatorial diameter (D), sagittal thickness (T), posterior
sagittal thickness (bP) and anterior sagittal thickness (bA) (Figure 2 and Figure 3). All
dimensions increased with age. Bland Altman analysis was performed to compare values
obtained from the two methods. The CFM estimated higher values for the anterior thickness and
diameter of the lens, and lower values for the posterior thickness. The total thickness of the lens
was almost the same for both methods.

The age-dependent lens shape from modeling using the two methods, for 20, 40, 60 and 80
year old lenses is presented in Figures 4 and 5. The results are summarized in Tables 3 and 4.

According to these models, the equator, or the diameter of the lens, is not located at the center of
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r', = h (Equation E3b) This rotation provides the degree of freedom useful
for finding a vertical axis of symretry of the data set by mnimzing RVS
for fittewoxymmes3ssc cosine ternms. Modeling with the SePCeaSEeOB308%

Met hod: Exanpl e using cosine as base function. Define a series function
enpl oyi ng cosine function as the base function. The cosine series has terns
of order (8 M&leRatitRbyds@wRY BdnGthe di&idr @eHsale a8l S0vARBANE denfe@ bf BAGIJIEI WiE
meridional angle 1' with predicted radial distance R given by mR = A
cos(j Q' age.) (Equation E4) J=O Nunerical Solution and Error Function: The
val ues for the coefficients of Equation E4 above may be found by nuneri cal
(e.g. | e%ﬁlesﬂuﬁee&‘)peﬁc%ﬁ@qbﬂb'@e?ﬁcim Sbthided &k itk QthsbhafQNSiHUGE | ABvAaN
error function based on the RVS of the residual of prediction of radial
di st ancegfdindigh6d. EF = (Equation E5) Fitting of Mdel to Data Set: The
nodel defined above can be fitted to the data by mnimzing the error

function usingram Tterative CONVErgenge al gori timmas understood] by t hose
skilled in the|dreefficrre | VO lesE9F oVi di ng |t ReSlensy 897 of freedom of nodel
fitting are qt = tilt off t@g)axi gmeh ppvartryneiyeadl amsgt| pelat|ve to
coordi nat e systemxe—andye—=—centreof polarrcoordi-nate systemtelative to
Cartesian system a0 270913 | 0.0969 | <.0001 | 0.00742 | 0.0019 | 0.0008

al 0.46106 | 0.3569 | 0.2112 | -0.0064 | 0.007 | 0.368

a2 -0.98742 | 0.0828 | <.0001 | -0.00257 | 0.0016 | 0.1273

a3 -0.25155 | 0.1389 | 0.0852 0.0016 | 0.0027 | 0.5609

a4 0.30123 | 0.0584 | <.0001 | 0.00056 | 0.0011 | 0.6282

as 0.14891 | 0.0605 | 0.0231 | -0.00083 | 0.0012 | 0.4918

a6 -0.09588 | 0.0393 | 0.0242 | -0.00013 | 0.0008 | 0.8677

a7 -0.06835 | 0.025 | 0.0129 | 0.00029 | 0.0005 | 0.5552

a8 0.02597 | 0.0235 | 0.2821 | 0.00002 | 0.0005 | 0.9666

a9 0.02474 | 0.0098 0.02 -0.00003 | 0.0002 | 0.8769

al0 -0.00814 | 0.0131 | 0.5411 0.0001 | 0.0003 | 0.7106

However, the relationship between some coefficients or parameters and age (Tables 3 to 7)
provides a method by which lens description, or prosthetic design, may be parameterized
according to the age of the patient. For example, where individual lens profile data is not
available (e.g. traumatic cases in which the lens has luxated or disrupted and hence not available
for measurement), population averages including consideration for the age-related dependency of
the coefficients can be used to design the appropriate prosthetic per the abovementioned fitting

method and age-dependent results.
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Aj = anplitude (coefficient) of jth order cosine term The lens profile,
derived and described using the cosine series function nethod with val ue
found by wocompsszssi onal , iterative numerical sol ution @Ceasti@OsRBES)

t echni que, described above, of 22 human | enses ranging in age from26 to 82
years are given in the follow ng section. Exenplary plots using this nethod
(called tﬁ@s sEibNe Alréd VoRgheMall Rodac: aa a few different crystalline | enses
are given in Figures 7a to 7c. In these figures, each group of three graphs

show (i n therfapodr&hdicdaPibind tat Rhs pdramasls ahcltdsShRREEt0h AcaV €51SHS adNY! €
(theta), x-y plot of radial versus axial distance (in the bottom | ef t

graph) aggfdeaicsURlcaflalsPhifRhhgr wikil atgtel(m)le(slsn6taﬂ&7)b0t tomright graph).
Fouri er Deconposition Technique An alternative method by which to derive

the val uggpRfs, t&% &Bﬁdeh&' Mo%ffﬁﬁen%sh&)tilﬁédeﬂ&h riﬁtn% [ch€ %hapr@ E§1h§9 he( Fb%h@lg
cosi ne base fu ion) is"by the Fourier-deconposition technique (FDM. By

way of ef%gah nBFﬁwWB¥ by whi ch Fouri er-deconposition nay be applied to
the data set 1 nvolves first perfornlng a cubic |nterpolat|on on the | ens

profile to obtarnma curve wthy a sanpting interval jof —apprpximately, 0.0001
radi ans. The |[ceaeifsicpply 4 Réretbe &eeonposed wi BUSIBRpuat i BOrEG| wher¢ N is the
sanpling interval. ( 7 Rebhan |=mmy  [Yh&de €O gf)ar)' (mEgeas | QRaES) P g=- J 2
The | ens prof iHe—derivedand described-using—t gosi-ne—series—fiuncti on
met hod wi th vijal ueo 2.71071 0.0971 <.0001 0.0074 0.0019 0.0009

al 0.46558 0.3568 0.2067 -0.00649 0.007 0.3618

a2 -0.99445 0.084 <.0001 -0.00241 0.0016 0.1563

a3 -0.2525 0.1386 0.0835 0.0016 0.0027 0.56

a4 0.30898 0.0582 <.0001 0.0004 0.0011 0.7305

as 0.1458 0.0597 0.0241 -0.00074 0.0012 0.5334

a6 -0.09743 0.0389 0.0209 -0.00009 0.0008 0.9083

a7 -0.07028 0.0244 0.0092 0.00033 0.0005 0.5018

a8 0.02623 0.0226 0.2585 -0.00001 0.0004 0.9904

a9 0.02378 0.0086 0.0118 -0.00006 0.0002 0.7339

al0 -0.00833 0.0114 0.4723 0.00009 0.0002 0.6833

20



found by the Fourier-deconposition technique, of 22 human | enses ranging in
age from26 to 82 years are given in the follow ng section. Exenplary plots
usi ng t hiwormetonsedscal | ed the "Fouri er Deconposition Mtrhoa/Spooon3wss ew
different crystalline lenses are given in Figures 8a to 8c. In these
figures, each group of three graphs show (in the top left graph) a plot of
radi al dirabRn%:€LifdaR @grd€ins WS RN Ginkendibhetréh, CPMY TR 6duaBbn isa@ihhsiMeESAIs- axi al
distance (in the bottomleft graph) and residual error after fitting (in
the bott @mxrabgfhm@r aph) . Nunber of orders and accuracy The graph of Figure 6
shows that wth greater nunber of orders of the base function, greater
degrees pf accuracy for representing the Tens profile may be achi eved. |n
the graph, as the order of the s&PE¥IRECELSEM t he RVE of the numerica
fit of the Tens ghape decrleases. While accliracy conffinues to 1jncrease wWth
i ncreasi hg nunber| S derls ERdseh, it can|aP¥Be R deenfEtRat nmuch of the
i mpr oveneRIMSICAgcur@® odcu™ i h thelase GHMYSIThg (BEYHBYF uncPivdifeas| t he
base function, af] orders Hel ow 10| Exanple|[Resulis qf Lens ProfiTe usin

Series Functifon Nod&O3® orh 8?22t [idi ®OGK ¢ é”ﬁ&?be nurb®03of || eQslddOf
eyes and| donars df f er gnt s| we_discovere dgle e-dep cylin
sonme of theq%beffidggﬁpg in(¥ﬁgFSarF%gﬂ&unct#Hﬁﬁﬂgdel.%E%g | es gggﬁﬂe
age- dependency of| t efffi cj.ents obt gl ned f theg t t hods

pr esent ed in$Figureg%§&§for(ﬁQQEOurV%&gPt metﬁ@ﬁ% and ?gxgﬁor théﬁég%rier
Deconposj ti og net/ho, esults il|us in? t e-|dep ncy| of, t.,h
coefficientstron1dg%§6 0 opégphare qé@%n il n Qg%ﬁg ] fdi&gﬁe CUr&ghﬁgt
nmet hod and Table 2 for the Fourier Deconposition nethod. The 1st

coefficient ao was a coefficient whose slope exhibited a significant trend
W t h ageTable 4. Linear regression of the dimensions from FDM. The equation is dimension = A +

[@N(®]

B X age (mm).

Dimensions from FDM
Offset (A) Error Slope (B) Error
Dimension (mm) (mm) p value (mm/year) (mm/year) p value
bP 1.63334 0.3219 0.0001 0.01074 0.0063 0.1024
bA 2.25811 0.2378 <.0001 0.00002 0.0046 0.996
T 3.89132 0.2117 <.0001 0.01076 0.0041 0.0168
D 8.29214 0.468 <.0001 0.02039 0.0091 0.0369
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for both nmethods. Linear regression of data obtained fromthe 22 | enses was
performed to determ ne age dependent changes in the equatorial dianeter
(D), sagiwobabiwdsszskness (T), posterior sagittal thickne®eT(UsR)ooassdsant eri or
sagittal thickness (bA) (Figure 2 and Figure 3). Al dinensions increased
wi th age. Bland Altman anal ysis was perforned to conpare val ues obtai ned
from t he Tapr Srefkadsgreskhn EHM @sisi SRiiGR1 AtghBlainéalité@SCEMranll FOMITRY +or

t hi ckness and di aneter of the lens, and | ower values for the posterior

t hi ckness.p khget@thd). thickness of the | ens was al nost the same for both

met hods. The age- dependent | ens shape from nodeling using the two nethods,
for 20, @O, 60 and 80 year old lenses IS presented in Figures 4 and 5. [The
results pre summarized in Tabl es SrosHdeAiondéded ding to these nodels, the
equator,[or the dianeter gf the Tens, is nodt Jocated at the center ofthe
model and it noves© Frion¥¥%e anterior ¢ap¥if&and t B&F ds the centef of
the mode] with age. (M3l e |1.(MAYS- dedeYitiency (BIM ¢/ f|i EMBNYEIbbt aPyalef r pm
fitting [ens_shapes.  using [the Curve Fitting net hod. [However,

rel ati on;hi%ﬂﬂet V\/ﬁe?rﬁ‘-7§c§?‘r\e,\hcdﬁ5f9}8§ C ejpé)o%]r haralPéier s anQJIO%ée E'E'SQPOQQI 310
7 i 5
O Y e R LA i e O N T o

i ndi vidual lens profile data is not available (e.g. traumatic cases in
whi ch the I ens has luxated or disrupted and hence not available for
measur enent), popul ati on averages i ncluding consideration for the
age-rel ated dependency of the coefficients can be used to design the

appr opr i gaBleRd. QShdaLtdopesABH of AR RHIOMEMBRLI@MRE UFh hROFPRL hod AndR X age
age-dependent results.Cross-sectional Area. Volune and Surface area

U

(1%

(mm3).
Volume
Offset (A) Error Slope (B) Error
(mm”) (mm’) p value (mm’/year) | (mm’/year) p value
CFM 136.2328 13.838 <0.0001 1.397 0.2696 <0.0001
FDM 137.3042 13.9114 <0.0001 1.3745 0.271 0.0001

Table 7. Linear regression of the Surface Area obtained from CFM and FDM. SA = A +

B X age (mm”).

Surface Area
Offset (A) Error Slope (B) Error
(mm?) (mm?) p value (mm®/year) | (mm’/year) p value
CFM 151.5254 10.1598 <0.0001 0.8022 0.1979 0.0006
FDM 152.5218 10.1833 <0.0001 0.7795 0.1984 0.0008

The above sections presented the series function model of the present invention that
describes the shape of the whole lens with a single mathematical equation. The models are

obtained by two methods — least squares numerical solutions, and Fourier decomposition. The
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From our studies, we found that |ens parameters such as cross-sectional
area, volune and surface area increased significantly wwth age (Tables 5, 6
and 7). Tabl2e1025638ge- dependency of coefficients obtai ne#Crrusaomiosioshg | ens
shapes using the Fourier Deconposition nmethod. Table 3. Linear regression of
t he di mensions from CFM The equation is dinension = A + B X age (nm).

Tabl e 4. Fbimealkcdr@ak 5 t@Andlic he ydi preREtO RS that ofMicR¥mplhgoRdualt Qiarks
dinmension = A+ B X age (nm.Table 5. Linear regression of the

Cr 0ss- SegictiRaak (1Y @ducdRif dcn@diciary ehMnanehdnbd whfadditndl Bdefs 30 the(HaHR)
Tabl e 6. Linear regression of the Volunme obtained fromCFMand FDM V = A +

B X age GmBin are 1@&RUS the sdilcear regression of the Surface Area obtai ned
fromCFM and FDM SA = A + B X age (m®2) . The above sections presented the

series funct{ygfe PRAR! ruRitioh RGs REBIEMHe bhRVERLLEN: Gl &Sk bHeSalkd6y BRGPE of
the whole lens with a single mathemati cal equation. The nobdel s are obtained

by two meRods tﬁehdrﬂﬂéttqﬂfegﬂg&&&l ntgfgésgﬁﬂy%lus%%%e%ioﬁnd Fouri er

deconposition. TheFourier deco tron t nique may be preferred to that

of the Co”p“fb@rtdaiﬂ\[}ﬁ':ﬂe'aﬁéxzriatlgog}#grﬁ%%dr g@&lﬁ&’gﬁt%ﬁthﬂ eﬁé%lt?(ﬁi% a%vfc@%o&%‘ﬁg%égi tegts

remai n unchange en addi ers e base nction are a

the ser e3unll |G SRS UNELLANIARHOR0AR R RIZLHASLHAN: wlbyishiou! d

now be apprecrate ar't unction types

ey 00 Ot B os SO o %R A8 BBRS Poc
implements the algorithm of the present invention (processing module), and a module for
outputting the calculated description of the lens or prosthetic (output module).

The input module would comprise algorithms and hardware or software facilities for
acquiring lens profile data from a data source. For example, via manual data-entry, electronic
data transfer or data exchange from another device such as a computer. Other possibilities
include object linking and embedding (OLE) methods and open database connectivity (ODBC)
common to many computer data exchange protocols. The input module may also be integral to a
device for direct biometric measurement of crystalline lens such as optical coherence
tomography (OCT), and profilometry.

The processing module will house the computation engine (hardware or software facilities)
necessary for carrying out the algorithms and for implementing the method of this invention.

The output module provides the results of the processing module in a format useful to the
end-user (whether individual or device). It will consist of hardware and software for outputting
mathematical lens profile description in a format compatible with the receiver of the data. This
may include hardcopy printouts, electronic data transfer or exchange to another device, object
linking and embedding (OLE), open database connectivity (ODBC). Other possibilities include
the direct connection from the output module to a device for direct output of crystalline lens or

prosthetic shape, such as computer assisted design and manufacturing (CAD or CAM) devices
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a nunber of nodules. Three distinct functional nodul es are deened
essential. These nodul es are responsible for the inputting of data (input
nodul e) iwobaotonsemBgorithm a nodul e which i npl enent s t IreTAlSg@Wi0B308F Of t he
present invention (processing nodule), and a nodule for outputting the
cal cul ated description of the lens or prosthetic (output nodule). The input
nodul e woudhdasC RFRRE,I SElsakgaerhd Bies pRershahewatat dodslef lowaherel @side) ila@s if Or
acquiring lens profile data froma data source. For exanple, via nanual

dat a- ent gyphisebR6d iPlintenBabd, bd MRSFElo QEh §RlcA 8K FRANBRuRIOMAMREHer device
such as a conputer. Qther possibilities include object I'inking and

enbeddi ng ( Opf) in0&EDR ARy BOEMBREN if BIRPFRE 16 RIS Ghith ¥t (¥pdr I BEIm aRAPBIR of O
many conputer data exchange protocols. The input nodule may al so be

i ntegral o{enif SRMAGGisHQT thelbs e CFnirQURE drhifo dRARUE MRALOR o BE ¥Shsdhbd Beall ens
such as optical coherence tonmography (OCT), and profilonetry. The

processi g, oA grdilve RRYSE: FRGiIcGRTRIK %g@%r Win@%&oﬁ%ﬁ.‘é@h&ic&éd pofhvar e
faC|I|t|es§ necessary ?or carrying out the algorithns and for | nplenmenting
t he met hag. of IS i ' r Qwi r of the
processiggnﬁgsh é%ﬂ%ﬂéygﬁkﬁanEQZ?%#ﬁ%%hgggggﬁgQEsgyI% %% %P‘ﬁﬁgiéﬁﬁﬂal or
device). J.t.w consj st of [ f r (]

mat homat G s BASRralty SE UG, B SRR felb e BRI bR popapes
receiverﬂ%;dﬁhe data. This may include hardcopy printouts, electronic data
transfer Or exchange to anot her device, object |inking and enbeddi ng (OLE)
open dat abase connectivity (ODBC). OQther possibilities include the direct
connection fromthe output nodule to a device for direct output of
crystalline |l ens or prosthetic shape, such as conputer assisted design and
manuf acturing (CAD or CAM devicessuch as |athes, mlls, cameras and
plotters. The output nodule (or entire device) may, in
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sophi sticated inplenentations, be integral to such design and manufacturing
machi neri es. The invention nay be enbodied in other specific fornms wthout
departi ngwvbrorvasbss3spirit or essential characteristics trheEnseds/niiees present
enbodi ments are therefore to be construed in all respects as illustrative
and not restrictive, the scope of the invention being indicated by the
clains set forth below rather than by the foregoing description. A

nodi fi cadloaddMsshi ch come within the nmeaning and range of equival ency of the
clainms are therefore intended to be enbraced therein. CLAIMS: 1. A nethod of
describing the shape of a lens, using a mathematical function that consists
of a mat hemat Acalthod o desebing drisbgpeaf a ennuringn nofthenrad el Sunsfiorathatatohesmos cal
base function, where said shape is described by said nathematical function,
and wher ei n sahdthembtivaliatinatd detiecdfiaonmbsr detdened almatiEenpotd baerfuspibear i cal
coordi nate system and wherein said nunber of orders of a mathematical base
function conpwh&esaidthabeasksdribed Br dat mathéradtigal fagctiohend @heretdsatdr der of sai d
base function. 2. The nethod of Claiml, wherein the lens is selected from
the group conmadbmn@abfun@iodliyddfiabd inkeole BEspABiEcabcdF AfdthGlstct, fudf whdi€in

repl acenent or supplenentation of a crystalline Iens. 3. The nmethod of

A aim1l, wherg@idninhRr 0BSI& 8L d SaherhMRetHadfuh&icabmphiat ededst &9 sradryr al
crystalline lens profile data. 4. The nethod of Claim, wherein the

mat hemati cal fnbRGik M AR-Gak&rbAkRb:EE AMkddae representative sanple or
popul ati on statistical age-dependency of coefficients for the base
2. The method of Claim 1, wherein the lens is selected from the group consisting of a
crystalline lens and a prosthetic for the replacement or supplementation of a crystalline

lens.

3. The method of Claim 1, wherein the mathematical function is calculated from natural

crystalline lens profile data.

4, The method of Claim1, wherein the mathematical function is calculated from the
representative sample or population statistical age-dependency of coefficients for the base

function.

5. The method of Claim 1, wherein said mathematical base function is selected from the
group consisting of’ periodic, trigonometric, cosine, sine, logarithmic, exponential,

hyperbolic functions, and combinations thereof.

6. The method of Claim 5, wherein said mathematical base function is selected from the
group consisting of’ cosine and sine functions.
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function. 5. The nethod of Caim1l, wherein said nmathematical base function
is selected fromthe group consisting of: periodic, trigononetric, cosine,
si ne, | ogaoi2ntwmse3s3exponenti al, hyperbolic functions, ardTas2mN3IBOHNS
thereof. 6. The nmethod of Claim5, wherein said mathematical base function
is selected fromthe group consisting of: cosine and sine functions.7. A
nmet hod of design for a lens prosthetic for the replacenent or

suppl enentation of a Iens, design using a mathematical function that

consi st s 70f aAﬁ??étﬁtﬂr&Hbng%J foYa RMOPREANSRIb AR Rpla@erdiBefuppbmekistehSrafend,
mat hemati cal base function, where the geonetry of said | ens prosthetics is

speci fied by sajd iRk D Rchfaabal FHHBES B ol YhEhanh SRl aIBh heR L biERlof
function is defined 'n a polar or spherical coordinate system and where

sai d number of ,@rEe Lo 3f MBhMEMESdaCRke Qﬁét‘?onf W&k 't}féﬂge&%w oS8R 18k | east
two orders including the zero-th order of sal d base functi'on. 8. The met hod

of daim7, V‘ﬁ%§tﬁét s§§e31§éllsogr gf&% aﬁcdl?urf'%u&{ Y @hdik F‘fl neﬁll%m%c%?t heti c.

9. The nethod o Int l'ens i's a crysta ens. 10. The

met hod ‘of O aj .o, i\WRGHES h 4 géh?a[r%?%ﬂ%t%g&tl ﬁo@ﬁ%&'@}%ﬁé Qﬁd %P&g%aﬁ&’hﬁi}ﬁe‘?mﬁrom

natural crystalline I'ens pr aim erein

ponut o1 S0 LGRS L UL U T U GRLRITMtable ©
functi on. a|n17 mhereln said mat hemati cal base

function |s s%ﬁd%r ey 1%358 AHitHE™

8. The method of Claim 7, wherein the lens prosthetic is a crystalline lens prosthetic.
9. The method of Claim 7, wherein the lens is a crystalline lens.
10. The method of Claim 7, wherein the mathematical function is calculated from natural

crystalline lens profile data.

11. The method of Claim 7, wherein the mathematical function is calculated from the
representative sample or population statistical age-dependency of coefficients for the base

function.

12. The method of Claim 7, wherein said mathematical base function is selected from the
group consisting of: periodic, trigonometric, cosine, sine, logarithmic, exponential,

hyperbolic functions and combinations thereof.

13. The method of Claim 12, wherein said mathematical base function is selected from the

group consisting of: cosine and sine functions.
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group consisting of: periodic, trigononetric, cosine, sine, logarithmc,
exponential, hyperbolic functions and conbi nati ons thereof. 13. The net hod
of C ai mwd,20wnssm3n sai d mat hermati cal base function i sPseluseand3sosdpm t he
group consisting of: cosine and sine functions.14. A device for
facilitating the description of a lens design or quantitative description
of a lens conprising: an input nodul e; a processing nodul e; and an out put
nodul e; wherein said i nput nodul e conprises algorithnms and hardware or

sof t war e 1haci hidelies ol @dcilRamyitid ddeerip@s ofd 1Bhd deSigh 3t quahii@iR Al Latpaos oty ce, and
sai d processing nodul e conprises algorithnms or software facilities for

i mpl enent i ng BMhEMMEEIEor descri bing the shape of a lens, and said output
nodul e conpri ses al,gg tfagBleand hardware or software facilities for
outputting a mathematical |lens profile description to a lens profile

descri ption receptétpeEssizhiodulgiédd ce for direct output of |ens shape. 15.
The devi ce of C1ahﬁk$&mt%B&P§in said data source is selected fromthe group
consisting of: direct nanual 'entry, electronic data entry, electronic data
transfer and ekobangd ifpubmpdiiocdepriscealgahmsi@id Iftdevagearisogwat faildienfors,

wherein the e} I oni k{@ggg L ¢ | %%8' ed.frmt he group
consi sting off%g%%g%%ngﬁ%ﬁﬁb an gﬁ%%@ﬁ?ﬁg ]?&%% g%%%%ﬁé%ﬂzs
connectivity {gpBEns oavvdtwaredeoilites ffrompitimeetdtg aveetbal forrdestrilohg the ylstpalof 2 ne

I ens shape. lens, and said output module comprises algorithms and hardware or software facilities for
outputting a mathematical lens profile description to a lens profile description receptacle,

and a device for direct output of lens shape.

15.  The device of Claim 14, wherein said data source is selected from the group consisting
of: direct manual entry, electronic data entry, electronic data transfer and exchange from

another device.

16.  The device of Claim 15, wherein the electronic data transfer or exchange is selected from
the group consisting of: object linking and embedding (OLE), open database connectivity

(ODBC), and a device for direct measurement of crystalline lens shape.

17. The device of Claim 14, wherein the means for direct measurement of lens shape is
selected from group consisting of: optical coherence tomography (OCT),

ultrasonography, profilometry, and combinations thereof.

18.  The device of Claim 14, wherein said receptacle is selected from the group consisting of:
direct manual data output, electronic data output, electronic data transfer or exchange to

another device.
19.  The device of Claim 14, wherein said electronic data transfer or exchange to another

device is selected from the group consisting of: object linking and embedding (OLE),
open database connectivity (ODBC).
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17. The device of Caim 14, wherein the neans for direct neasurenent of

| ens shape is selected fromgroup consisting of: optical coherence

t omogr aphyoQO@Ise3sal t r asonogr aphy, profilometry, and comrbirnesteconssosher eof .
18. The device of Caim1l4, wherein said receptacle is selected fromthe
group consisting of: direct manual data output, electronic data output,

el ectronpg. datige devRBSF €lifN4,8%eRINGR] feRs MBRY i dlect@ME R the Lbup EbRidiay bee of
Claim 14, wherein said electronic data transfer or exchange to anot her

device is sel 2eVEling 5hs thaee Ydguposchistisieat shgc-of : obj ect 1inki ng and
enbeddi ng (OLE), open dat abase connectivity (ODBC).20. The device of Caim
14, wherein said |l ens shape is selected fromthe group consisting of: a
crystal | he | EsdeyicapbClanm 14 vicest hedpcq fepdiragheypeut oplens shipe Weelpded of O ai m
L4, wherein_tRem4RuiG foalifll #CARUERML. OAM RA%SHAPGAABherL ek from the
group consi sting of: D devices, CAM devices, and conbi nations thereof.

22. The device of Caim2l, wherein the device for direct output of |ens
shape i s,sele r . LSLd of 1S, ras,

ol ot ere ana. o b ST BE 2P AR PRRSLSL BRall ol By bl B3 80E ST (e
l ens is a cry&omlthd greud @ngstinzdf: [dthes, dellsi caaneods, @bidrmand comiheatonntheleef. | ens
design is a crystalline lens prosthetic design.

23.  The device of Claim 14, wherein the lens is a crystalline lens.

24, The device of Claim 14, wherein the lens design is a crystalline lens prosthetic design.
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