
IMPROVE]. METHOD FOR CHARACTERIZING LENSES CROSS REFERENCE      This
application claims benefit of priority from U.S. Provisional Application Serial
Number61/10,iiii,o25 filed November 12, 200S'. the entire contents of which are incorporated
by reference herein as if made part of the present specification, Fl FED OF TETE INVENTION
Embodiments of the present invention relate generally to the field of lens design and lens
chw-acterization. Mote specifically. embodiments 01 the present inventicm relate to methods
and apparatuses tor developing mathematical models of the crystalline lens shape for as in
modeling, description, design and production of crysticlline lens and cry.,,talline lens
prosthetics. .RACKGROUND      Presbyopia and cataract are two of the most common
disorder to beset human vision, especially for the aged Fresbyopia 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 anain clear vision lot reading or saaing objects op
dose. Thia IS currim.tly ITtOS t commonly corrected by the prescribing of reading glasses,
bifocal, multifocal or ttsipherk.: progressive spectacles and colitact lenses. C.:Man:et is a
disorder of the eye characterized by :a loss of optical clarity of the crystalline lens, The
indis.idual with cataract will ,gradually lose vision M the affricied c; r.The currcnt trattiliod for
(real:a:it cataract k by retliostat of the crystalline lens (Or its contents.; the cortex and nucleus)
oral ritincementthe lens with an  Monocular lens 0014 to restore correct distance focus.
However. with conventional IDL umplatitatiorifollow.ing, cataract surgery, near vision is loss,
'to overcome the problem of loss of near vision Ni presbyopia and post-cataract surgery, and
to restore tine accomthodation (the ability of the eye to chtinue continuous focus to enable
it:103 .at near) some technologies have become available recently including accommodating
ItlY1_, (Al0t) suchCrystalens, or Runtanoptic ICU. Many other arc currently under design and
development stages, These include twcuelcment(e .g. Synchrony by Visiogenti and other
AIOLsre.g ',Videos). A more natural strategy lor restoring accommodation in the presbyope
would involve, not die use oropticali ntechimicial rtoviiies Sineh as. those mentioned above,
but the refilling of the crystalline leris with a soft matC. rial, The soft nutlet:rid may be nzfilled
directly into the evacuated tens capsule (outer covering of the crystalline lens) or be refilled
into a 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 achiei.,ed opto-mechanically by the Use of for example, lasers, or by
nimmiard treatment, Re-soften Mg or re flung of the lens with a soft material are preferred
options for restoring accommodation as the origin of tircsbyopia stems from a loss of softness
of the content of the crystalline lens. Hence, techniques for restoring the softness or a Lens
would be the most direct method fOr restoring net:min-iodation, There are many ways by
which such approaches could be accomplished, One riatxi Ma thud (sometimes called "phace
ersatz"; after Pared) involves die of a sal ael into he capsule of the crystalline ten is LO
retdace the (removiA In; cloned lens content of the presbyopic eye, Aninher method (after
Nish; ) 'sitthe implantation ol 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 in:Aerial into file lens
which can later it tuna to a conwt shape (after Calhoun hAL technology). Finally, apre-formed
and pre-shaped lens faller Fine) which can be thermally distorted to militate introduction into
the lens capsule, and its original shape re-established by thermal 'plastic memory' may be
used. For the latter two  methods, provided the material or pre-formed lens is made of a
sufficiently soft material, resioraticm of accommodation may be achieved.      or all of the
methods mentioned above (which we hereafter call "crystalline lens prosthetics" med.-mils\ an
optimutn visual outcome can ottly be achieved if good knowledge of the shape of the natural
crystalline lens as well as the Most pretbrred optimum shape of the refilled and/or reformed



it is an objeetive of the present invention to provide a method by which the surface shape
(both Iinterior and posterior as well as near the equator) of the natural crystatlihe tens and the
!dive of a crystalline lens prosthetic can he measured, described and used for the design of
opti inn nti crystalline lens prosthetics.      Nattering, analytical and finite element (FE)
mechanical models of the human crystalline leOs ha see been devchused to simulate
(Marines in lens slum durtng accommodation. Analytical models have been used to describe
the accommodative mechanism in the human eye (Korettit and liandelman i982)LI lo
investigine 1141 effects Of lens eltistic anisotropy on accotnmodatien (iclitretti and Handelman
19.)43). at. models have been used to demonstrate that Helmholtzian mechanism of
ardeoandiddanda is most likely for the young lens alurd" I o.due and Flavell 1999), to shesv
that the 25 year i:tict It is more effective accimmuodating than the 45 year old lens iBurd,
Judge and Cross. 2002), to c4411pare CO[ornan and Tde11-41101.[Ziall aceettEntlXiation
theories (filartine Cinthoff, Terwee and Schmitz 2005), to esti:Male ine exloanal foree acting.
on the lens during accommodation tHermans, Dubbeiman, van der 11-el:tile and ilecnhaar
2006) and to show that the maximum Z01141ar tension decreases with age and is the most
likely cause for the decrease in accointnodativo amplitude svith age (Abohntsaii, &fiat:that tind
im 2007). More recently FE models have been used to analyze the relationship between lens
stiffness and accommodative amplitude (Weeber, an der ileijde 2.007) and to determine the
change in ageammodative three \kith at OHerman',, Dubbelman, van der Heil de and Heethar
20(7), FE models provide valuable information about accommodation and presbyopia. Yet,
the quality of  the models depends on die geometric informatioi used to develop them.
Therefore accurate geometric representation of Me human crystalline lens is a critical issue
for FE modeling, especially at the equatorial regions where the faces we applied.      Bard et
al, (2002) and. Nfartin et al. i:2005) used geometric information meorded hy Brossm (1973) to
de'yelop models or lenses aged I I, 29 and 45 and therefore their sthelles are limited to these
three ages Het-marts et d (2006) developed their model using lens shape obtained from
ScheimplIng imaging, The images contMn mily the central portion of the anterior and posterior
surfaces of the lens, 'they modeled the tnisillg regions using nyo conic functions, Aboimaali et
al. 0007) developed their model using infbrmation from published MRI images. Their model
st..as noi age..clependera and hence is not able to lake into i'li:A;01.1W tha C ban il)g SlitiP0
-and gnawing, size Of the crystalline lens, ,,vifich is colistantly growing in size and changing in
shape throttahotith L Weeber ct al ii.2007) used geometrical information based on ima.tivo
measurements (Pubbelman, van der Heijde & \Weber 2005; Streak, Small ow, Strolls, Munoe,
Cronin:xi-If:tent, & DeMarco 990), 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 'spieled muulutt crystalline kits is nut Satittahl 10 allY actiVc Catertati forces and
therefore can serve as the Pasts for a geometric model of a fully accommodated crystalline
lens that can be used in PEM studies.      The htiman crystalline httia it, CO trip0;ted ot'NO
tci,Lncj ISilt raceS; Which have 1 eCE3 modeled with a number of mathematical limctiOns.
The earliest eye model represents the lens as two spherical surfaces, 'Ihe shape has been
progressively described as lwerbolic f.Enowcroft and Parker 1927) partibaie (Koretz,
Handelman and Brun e 1984) fourth order polynomial i:Strenk, Streak,. Serninlow and
DeMareo 2004) and Clttritt I'tinCt103)S (E)11.1)bt haat?, ran der Fliejde 2001, Rosen;
Denham, Ft. toe Borja, Ho, Matins, :Parel & sogusteyn 20064. While these mack presem a
good approximation of the human lens, they Ware developed for optieal modeling and
therefore primarily It CU's on the central (appros Mundy 4 to 5, atm) region of the anterior and
posterior lens surface, not providing nine], information about the equatorial region, Kasprzak
(2000) approximated the whole profile of the Mama) It using a combined hyperbolic erisine
and hypetholic tangent function in polar space. This model is based on published values of
radius or curvature and aspheritity. This model divides the anterior al id posterior lens into two



Further ottects, adv(mtages and embodiments of the tnt cut rn ill b&ome evident from the
reading of the following detailed description of the invention r.khorein 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 Officeupon requesi and payment of the
necessary fee.       Figure 1 is a shadow-photograph showing one two-dimensional section of
a human crystalline lent. The shape and size of a crystalline lens is individual and changes
throughout      Figure 2 is a plotted polar coordinate system showing how the series function
method defines the shape of a crystalline Pens without discontinuity.      Figure 3 is the series
function method describing the same lens of Figure 2 shown in a rectilir&ar radial distance
(rho) ymus azimuthal wank (them) coordinate syrstem. Such a plot is useful fOr evaluating the
goodness-of-fit of a gwen series funebon on a given crystalline lens shape.      Figure 4 shows
graphs in a polar coordinate system showing the age-refated changes hi leas shape as
depicted by the. age-dependent Setle.s function method, The predicted shape of a:20
(inner-most curve), 40 and 60 ci_iuternytost curve) year old tens is shown.      Figure 5 show::
the age-dependent lens shape fot 20, 40, 60 and is'0 year old lenses. The itmer,most curYc
the 20 year old while the outer -most curve is thy 80 year old. The graph On the left shows the
ORNI model and the figure on the right shows the FaM model. The verlical lines represent the
equators of the lenses,      Figure Is a graph showing increasing accuracy of (tante lilting with
increasing nwnher of orders of E he base function, For practical purposes, reasonably good
accUracy relative to computational efficiency can be achieved with around S to 10 orders,
Figures la-c are exemplary plots of Curve fitting Method on (hill:rem erystalline lenses, Each
grotap ol hree graphs tillow etop Ica) a plot a n-aihd distance (rho) vCVSUS am,de OhdaY,
x-y ph.. 01 :radial versus axial dis,tance (bottom left) and residual error at fitting (hotiom right).
Figures ibt-e are exert-platy plots from Fourier Decomposition Method CM differnt erysnillinc
tense-s. Each aroup or three u;liplis show a plot of rho radial distance versus theta. angle (lop
left), x.-y plot of radial versos axial distance (bottom left) and residual error after fitting (bottom
right),       Figure 9 is a graph showing the age-dependency of coefficients obtained from on a
sample of eryatallthe lenses using the Curve Fit Method.      Figure 10 is a. graph showin2 the
age-dependency of coefficients obtained from a sample of crystalline lenses vaing the Fourier
Decomposition Method. DETAILED DESCRIPTION OF THE INVENTION      The method of
the present invention. called the "series function" method, is based on the summation of a
series of theremerning orders of a base function. The Serie$ 1113)CtiOB is dc fined On &
rotational coordinate system such as polar coordinates system in two-dimensions or spherical
coordinates system in three-dimensions. Thus, the model prm,ides the shape of a crystalline
lens by defining the radial distance (rho) from the central origin punt of the coordinate system
(Figure 2) to a gil,.en point on the lens surtitee as measured along any given azimuthal
direction angle (them). Figure 2 shov....'s the polar coordinate system of tl3e set ies lame:kat
method. The equatorial axis of the lens is parallel to the theta = rj:2 radian (90i'li iiais and the
optical axis is parallel to the theta U radian (0?) axis. Positions on the lens surface are
represented as emadinate pairs defining theta (angle or median; and tudius C,dislance froth
central        surface NMI). Lens 011 cc 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     The entire lens shape is thus described as a set of theta-rho coordinates in
two-dimensional six-ice. An altemffiive method of graphing the result is to employ a rectilinear
radial dishmee (rho) VOISI3S azimuthal angle (theta) coordinate sy'stem (Figure 3),
Therefore. Figure 3 shows the series funetio'n method representing lens surface shape as
plotted on a theta, radius rectangular coordinates srdem, The equatorial axis of the lens is
parallel to the theta -31.'2 radian (9(f) axis and the optical axis is parallel to the theta - 0 radian
(In axis, Such a plot is nsetld for  



WO 20 t 0105.63 _PC17US20091035085 understanding the t.;:- Artesfit of a given sends
function on a gIven t.rysnuliine tens shape For three-dimensional representaa .seesional
meridian angle (phi.) is introduced that rotaliemd ly 'sweep' the lwa-dimensional section
around the spherical spate to produce a three-dimensional iens shape dthiaipti.eii. .h1 Such a
case, the lent" suffice is cL'ci ibed by a set of (theta ohi rho) coordinates,      While ihe base
thnctien may be any suitable unctwn, n is most cfcrably a periodic function such as a cosine
or sine function. The order of the function may be set aft rarily high according to the degree of
accuracy required of the model. The most basic: implemetaliat, in 2-D. of fhc series rulictoltt
method is given In Ettufition    Where 0 is the azimuthal angle in polar space, ftthe radial
distance from the central origin point to the lens surface in the azimuth& direetion, B is the
base function, p Ls. the order of the base function and i is the highest fmtlei to be comidered
in the ode! telleSel3 Est:cording to level of complexity, continuation fune. and .degree of
accuracy to be achieve), An -mpinty usave o: the method of Equation I is the selection of a
cusine function as the base function in   itch case, the impleinentation of the series function
method through 'Equation I becomes Equation 2, Note the coefficient .11,,p which is an
amplitude factor for each order of cosine fu nth ion. 1?(9).i=&I) >cfus(pi.(FqutIon 2)      in
rnativ instances, the lens to be described may be deecutered or lilted One method le
removing such asymmetry is to make use of Equationsfor 2 after introducing dccctitratioti and
rotation of the original data set (Le. effectively shifting the co 4 origin point and/or ehangIng
method .t.o find the c:)piipial namslation and rocatbm amountby, for example,. niiitnnizing: the
kisithials(e.g..RMIS) of the tens shape:thin:a. An affernativemathadEquation by miroduejng an
OthCl p4mMete:fr cias th Eivation 3..Sineethe value :of this:offset para naterw to the.ordar of
the base function, q is a timetion of p. R(0)       An. esenipinry usage. of Equati 3s- -shown in
Equation 4- 



R(4) =e.,si,p  (0 q(p):9 (Etna n 3) a!, aunin seiecting a cosine function as the base lunch
(Equation 4)       ii has been mentioned that the a*7..4alline lens rows throughout life and its
shape and size, therefore, changes will age. I he series function nodet can be expanded and
generalized to implicitly include an age-dependency as )(ran it tclUtdita(in which ac is denoted
by A). AgMaking lian Ca coaine function as the base lunation, wa cat de vel an e thiplary
model   ..showitIn.Equation tt. The relationship .0.1:ec01 cut as a uiction of age A may be
assigned any type of timption Itorn the simpiesi Cog. lIne or first order) to MOM Serthianeated
(e.g. logarillanne growth Functions) according to the teat. complexity and accuracy to be
achiesed,  (Equation 5)  :4 4.-..ovQ,q{pat ion 6)      Given the above eq I:031 and description,
those 'lied in the art should now be able to implement this method tnaking use of ether types
of function for the base function. in one particular rdernentation, a Faurier-decompositiot
(anal) 4 type approach. n be used to generate the series [unction model.
2010/056383Pr1alS2009/035085      The series function method may be embedded into a
device suitable for modeling the shape of crystalline- lens, designing and optimizing crystalline
lens prosthetics as well as facilitating or effecting the fabrication and manufacture of
crystalline lens; prosthetics. Such a device should eco1sis of three art input module, a
processing module and an output module.      The input inochile may consist or hau diX a re
andior softwgire designed for a;tquiring data from a data source of crystalline lens or
prosthetic sitapc. Such data source may be inputted directly by manual data entry, or
electronically by electronic data ditty or electronic data transfer or exchange from another
device (ptimacularly a device tot Ille:aSEM21171019 Ions shape) or data store or file system
(such as object linking and embedding or ffrE, open datalrase ( 13110teRrity or DEW). The
input module may also din:tiny .acquirc! data pertaining to lens shape by )chiding within its
module, hardware andlor software systems for the direct or indirect measurement of
erf5talline lens shape, including optical coherelleC IOMOgrap hy (0(71), ulthlsonography,
prordometry and combinations thereof      The processing module is the main computation
tuodule of the device. It would comprise algorithms and hardware and/or software facilities for
implementing the seriei, function method of the present invention.      The output module of
the device would be responsible fln- outputting the lens profile model. It would comprise
&gorilla% and hardware andior software facilities for outputtMg mathematical lens profile
description (e.g. a set of coefficients). Such an output would typically be dt.,tstined to a lens
profile desdiption itceplaele for further activities iiiscluding gniphie description (e.g. a camera,
animation generator, or plotter), or lens fabrication or manufacture (e.g. b3, direct
coinputer-astiisted design CAD and manufadare CAM). The output tday also be transferred by
direct manual daLa output, or by electronic data outpul including electronic data transfer or
exchange to another device by e.g. OLE or 0.E3DC: 



Herein we provide detailed examples or the series function model or the whole crystalline
lens. Examples given below are based on measurements obtained from shadow photographs
of 22 lensc's ranging in age from 26 to $I Examples      The next two sections describe a
procedure by which the errhilline [ohs lliaY be prepared so geometrical data reltniklig to shape
may be ;.)btained. This is prOVided n ample of how such preparation and data may be
conducted, Given the rolluwing description, Me individuals 4n led in the art should theR be
able to identify other ntettliitiii by whiCh leris sanitples may be prepared and geometrical data
obtained, Lens Preparation      All human eyes were obtained and used in compliance with the
guidelines of the DeclatatiOn or Helsinki for research involving the we of human tissue. The
22 crystalline lenses wed in This study were from whole, in -tact cadaver eyes, in the age
range of 26 to 82, obtained from American Eye Banks. The postmortem time varied from I to 5
days., during which time the whole eyos globes) Were stored at 2-VC: in sealed jars on abed
of gauze; moistened with saline. Ophthalmic surgeons removed the cornea ';'inci iris tiSing an
operating microscope. The !CMS WaS extraci,ed by carefully cutting the zormles and
adherent vitreous using Vannas scissors, Wire lens spoow (Segal InSirinneMS, Bombay,
India) were used to iinmedimely place the- lens on the saturcs of the testing: cell, which V./ aS
pre- filled with a DNIEN4 'u boon (Augusteyn, gosen, Buda, Zieborth, & Pa J 20C.05), The
bine fro m lens extraction to measurement was approximately 6 minutes. Lens capsule intet-,.;
rity was visually iimpeeted using the optical emnparator (Rosen et al. 2006). Torn capsules
usually appeared as surface irregularities or small flaps of ligsue protruding from the capsule
surface. Imago or 4 human crystalline lenses were available, Of those, 24- lenses were
excluded due to a cap;ule tear or cataraelous eltanges and 43 letISCia 'Cirtt eXdodCil
bC:iCauSe. flinty Oxinbitati capsular :separation, leaving 22 lenses for this study,  Sha.bw
PhotaulLationetre      The technique :of shadow photogmmtnetry of eye tissues has been
described in detail in earlier publications (Denimin, Holland, Mande balm, Pfingfelder & Patel,
I 989)). Pfingfelder: Roussel, Denham, Fetter, Niandelbaum & Patel, 1992; Rosen et al. 2006;
Augusteyn et al, 2006). A modified oPtieat comparator (13P-30S, Topcon, Tokyo, Itipan )
projects a 20x magnified shadow of an excised lens onto a viewing screen. Two light
sount)cs, One for retro-illumitration and the other for sagittal illumination, enable phiatography
of the lens in the coronal and sagittal views, The immersion cell described in Rosen et al.
(2006j was modified by replacing the lens-holding ring with a supporting mesh made of 10-0
nylon ,sutures: This enabled the entire posterior IF IL.. r ate lens to he available LOU Ckifin'tur
detection (Figure 1). A 4.(1 Nip Nikon Cooipix 4500 digital catnera (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. I ma ze      The images were preprocessed with Canvas
9.0 tiAC1D 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 preptocessed images were loaded into Mathib (Mathworks,
Inc., Natick MA) and converted to grayscale, Aa abwrithi-n compt;ed at ns..ro separate
processes is used to detect the lens -contour. The fir ,,,d proci2ss detected a thick
approximate COMOIn at the lens, using the Prewirt edge ti:lectOr and I1)( rphological
functions. his C lit Hated raise edges generated by the suttuvs and iens material. The second
separate, process used the Canny edge d etec far, 1.0 CieteC:i a fine comunt at the. teas. An
intersection of the outputs of the two processes produecs the lens comour with minimal false
co.ntatirs. A few false contours that NS.= Cienienid were removed :11a :wally For the maiurity
of rho 'images, the sin of eaCh piXel in the plane or Ehe IOUS Wan beniciiiini 4 ,tmd 5 pm.
2010/0563$3Paili$20091035085      From the foregoing, a set of coordinate pairs in Cartesian
space describing the profile of the lens becomes available. Such a data set may consist of n
number of data points in 21) Cartesian space in which the data points- are described by
coordinate pairs e.g. Xi, Ytt, 1 0 ,.. n}.      Such a data set represents a set of



tarr' (rxFly (Equation E24) tillEctuatiOn E2b)         For this particular example, the polar
coordinate system used defines 0' azimuthal angle as eqRic alent to tile positive y-as it;
ditsxtion of the Cartesian coordinates system and is nomitudly coincident with tEL axis of the
erytaalline lens (as in Figure I), This provides the basis fin employing cosinu terms which am
symmetric atitrut the lens axis, f qmitc I shews a shadow photogitaph of a tillititill crystalline
lens, photottraphed with a rider Mr :sealing purposes.       Finally, the polar sysiem may be
tilted about centre with new ;azimuthal direction at 0, from original. The data points iordinates
are rotated in polar space to the new tilted pada( system with whiled data points described by
new polar coordinate pairs l(al, i 0 n; where. alic: 91 or(Equation Fin) z; f"(Equation E3 b)
'FhiS rotation provides the degree or freedom useful for finding a ye:laical axis of symmetry or
the data set by minnnizing RMS for fined symmetric nosMn. terms, Modeling with the Series
PUI10013 Method: Example usino cosine as base 'function      Define a series function
employing cosine function as the base function. The cosine series has mum, of Order m as a
model to predict the radial distance: rt, far cath given meridional angle wath predicted radial
distance RI; given by ze, ) Ai cos(j. 0'. ) (,Equation E4),'  Numerical  Solution and Error
Function: 



The values for the coefficients of Equation E4 bunt May be found by numerical (e ,g. least
aamares) techniques. This is facilitated by constructing an error function EF based on the
RMS of the feSidual ofprediction or radial distance ri, whcie EF ,  (Equation E5) Fitting of Ni
ode to Data Set:      'The model defined above can he fitted to the data by minimizing the error
function using 'an iterative convergence algorithm as understood bv those 'skilled in the art.
Itte. variables providing the degrees of freedom of model fitting are of it-ie axis 0 rs mm as of
data set relatiii,.'e tocoot-dinate sys  K., and: y, - centre of polar coordinate system relative to
Cartesian system Ajamplitude de Ct:te. Ric ient ) 0.1cEt order cosine term,      The lens
profile, derived and described using the cosine series function method with value found by a
computational, iterath,c numerical solution (least squares) cchiu UI. described above, of 22
huthan le il!WS ranging in age from 26 to 82 years allt given in the 1U:1k:eying section.
Exemplary plots using this method (cal(ed the 't urve Fitting Method") on a few different
crystalline lenses; are given in Figures 7a to 7c. in these figures., each group of three graphs
show in the top it ft szrapl" a plot of radial distance (rho) ve:.rsus angle (theta), x-y plot of
radial eep:th; axial dktance (in the bottom left graph) and residual error after fitting (in the
bottom right graph). FOtiriU DOCOnapCfSiffiVI Technique       An dLmatE e method by vvhich
to derive the values Of the coefikients of the thregoimz. sC.rieS talk ttoE ESSitig COSitle
b*8.4e f k by the Fourier-decomposition technique (EOM). IL W ay Of exatnnle, One way by
which Fowler-decomposition may be applied to the dam set involves first performing a cubic
intemolation on the lens profile to obtain a etirVe: with a sampling interval of approximately,
0.0001 radians. 'rile curve may then be decomposed with Equation E6. where N is the
sampling interval. 2 7,1 Al P-(0) cDSHO)  } 2 "n (Equation      The lens profile, derived and
described using the cosine .series function method with value found by the
Ftmrier-decomposition technique, of 22 hunian Ictiscn: ftracirig in age from 26 to 8) years' are
given in die following section, Exemplary plots usdng this method (called the "Fourier
Decomposition Method") on a few different cryslidtine lenses: ate ;cVei3 if: Figur:2s 8a to Se.
In these figures, (tacit group a three grktphs show (in the liLm kik graph) a plot of radial
distance (rho) versus angle (theta ), x-y plot of radial \rersus axial distance On the bottom left
graph) and residual error after fining fin the bottom right graph),  



Number of orders anJ accuracy      The graph of Figure 6 shows that with greater number of
orders of the base function, greater (levees Of accuracy for repress:a-Mug the lens profile
tney bc achic'cd, In the graph, as the order of the series inaeasc, the RMS of the numerical 6t
of the lens shve decreases. While accuracy continues to increase with Increasing number of
orders chosen, it can aiso he seen that much of the improvement in aecuraciy mien*, in the
case of using cosine function as the biisc function, at orders below la Example Results of
Lens Profile nifilm2- Series Function iodef      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 or the age-dependency of the cocflictents
obtained from the two methods are presented in Figures 9 (for the ( W ye Fit method) and 10
for the Fourier Decomposuion method), Results illustrating the age-dependency of the
coefficients from 0`' to lir order are given in Table I for the Curve. Fit method and Table 2 for
the Fourier Decomposition method.      The Pi-coefficient ao 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 cisanges fit the equatorial
diameter (P), sagittal thickness (Tit, posterior sac:final thickness (bP) and anterior saginnit
thiCkness (KA) (Figure 2 and Figure 3). All dimensions increased with age, Bland Alumni
analysis xyas performed to compare values obtained from the two 'methods. The_ CFM
estimated higher values ion the anterior thickness and diameter of the tem, and fewer vtattes
1.-cir the posterior thickness. The rota] thickness of the lens was almost the sal-re for both
methods.      The age-dependent lens shape front modeling using thc two methods, for 20, 40,
60 and 80 year old lenses is presented in Figures 4 and 5. The resuks are summarized in
Tables 3 and 4. According to these modelii, the equister, or the +diameter of the lens, is not
located ar the center of  29flaF056383PCIMS20091035085 the model and it moves away
from the anterior capsule and towards the center of the model with age, Table I.
Age-dependency of coefficients obtained than fo dug Ions shapes using the Curve
Fitting'ITUNhod. Caieffiticra .. A (Offset) 1 (mm). I. 114tr.iiii purai p value 113:iSliirie)
arlinilyeari 



Farar  tainia. p yalau .nr1 2.70913 0.0969 -3.01.101: 000742 0.01119 0.000 .---i 1-
..all..0:461.06 0:3.5.69 0.21 2  113.00M4 



(1.0:;r7 9.3.0 p2.,113.97.4.2 041128 31..0(M1 i0,00357 13.001.0 0.1273.. ad 40..25155 P. I
dig9 P.08513 0.0916 9.0027 0,5609 ad. 0.:30.;23 .0;05$4 .4.0001 0.00036 



0,P0ii. 4}...622  $0).0,06p5 0.023i 4.1..0P0i33; 0,0012 0,49-1s 416 -.0,,09.510M393 00242
400013. 110008 .3;8677 a7 40)6163.51.P.025. ii3312.9. 000029  (L0005 '0.5552 



,nR 0.;02..5.97 0:023.5 0252i 0.00007 CU0E:35 tiMrhar,  1142474. .P.0098  11,02
-31:OP003.. p.0002 0;8769. .i:Ero -0.008.;..4. 0.0131, 0.5411. 0.0001 0.0003 



137106.       However, tho relation:AIM between some coefficients or parameters and age
(Tables I to 7) provides a method by which lens description, or prosthetic design, may be
parameterized according to the age of Me patient. For example, where individual lens profile
data is. not available Cog, tratlin ado cases in which the tens has Iwcated ol disrilpied and
hence not available for meouremeni). populution o,e.rages including consideration forHi.
age-rdated dependency of the cot Circle nu can be used to design the apprepriNte prosthetic
per the abovementioned fining method and age-dependent results.  WO 2010356383PCT;
US2009103508S Cross.secaamal Arca,,VQIQme. and Surface area      Froth 001 s (tulles, wo
found thal lens parameters such is er.a,;.,-seclional area, volume and auttace area theft-ascii
significantly with at (Tables 5, 6 and 7). Table 2. Age-dependencyQuallicamt . obtained from
filling lens ghapez, using the Fourier Occorri )usition mcthod, . :Coefr, a; en t A..(0:"14et)
Cmao .I37.34.4 (74m) p value. B (Slope) (014-433aT} FA:tor .01-044.-year3 0 .v4 lue 



.40. 2.7 ; 07 I  :0,0971 <.00W 6.0074 0.1)009 9. .0000 8 046353. 0,3568 0.2067 41.00649
0,007 833413.'3 42 -0,99445 0.084 <.0001 4 00241 0.0014. 



015163.   01325. ..0.1386. :00835 .0..0016. 0.0027 0.25.6. 44: .0.30898 .0.0582. :c:0001
0,0004. 0.0017 0.7305  ai5.. 0.1458  0,0697. .40241 .00)074 



.0...001 2. 0,5334 46 -0,09743  0.0389 0.0209. .43.00009 0:0008 0.90.83 47 -0. 07028 0.0244
0..0092 0.00033: 0..0.W5.. 0.501.6 48 3.}.076Z3. 0.0720. 0.2585  



-0.0000i 0.0.:)04 0.9904 .89 .0;02376 .0,0086 0,073:8 -0.00066 .0:0002 0.7339 41 0.
--..t..).,.00533. 0...fi1.4 0.9123 0.00000 .0.0032. (16:833  we 2M0106383Pel S200910350R5
Table 3t Linear regression of the dimensions from CFM. The equation is dimension - A  



Dimensions :from GYM Dimension .Offgt. (it%) .03101) Error (thrill) pti.,.ziimi Slope AS)
1thrttly'ill) Error. f Miniyetifii p'. value: M.' L:630.1 03.2:22 110001. (L01077 00063. 0..1016 



bA 2.25969 0.2391. <000.1 0:00.003 0.0ei47. 0.9942. T D 3...1898 8.255.61.. .0.2102 it1i0001
,i.000] 0001(.. 0.0711.2 0.0041. .00092  0015.1.;1  



.0,4704    :0:0315  Table 4. Linear regression of the dimensions from F1)1\1.. The equation is
dimension - A 4- B xi age (turn). iDimetutitiins: ficpintEDNift Dimension Other (A). (mthii ft.tror
(M3:71) Slopp B, p..vdtuOuinaiye4r1 .E:trer [ nor film/Year) p vaiu.e. bl? 



1..63334 0.3219 0.00010.0.1074 .0,0063 ..0.1024 b.:\ 2,25811. :0.2378 .-"ipal.oslog12. 0:0046
0.096 T 3.89  32 0.2.1l 7 <.000] 001070: .0:0081 0.01 68.   



D $:29214 0.40: <,00.0.1 0.020119 0:0091 .0.M3.69  Table 5.. Linear regression of the CrOs:s
Sectional Area obtained from GEM and FDM, GSA - A + B age (mm'. .cr.os:s-SectionUl Area
Table 6, Linear regression of the Volume obtained from GEM and FEW. lc/ A + B X age
{mm5. Table 7, Linear reg,res:40n of the Surface Area obtained from GEM and 12DNI.. SA -
A + 13 :X 10.02,...0111:11-1.      The above sections presented the series funeden model of
the present invention that docribes the shape of the whole lens with a single mathematic&
equal-ion. The modek are obtained by two methods least \tUII umencl SailtriellS, and Fourier
d5compo.6tion. The  \%0 2ftt 3.i63$3rctuS2009/035485 



Ranier decomposition 'technique may he preferred to that: of the. compa atiQoalticast s1uares
method as the values of the coefficients temain unchanged when additional orders of the base
function are added to the Series.      While cosine function was used as the base function 't
should BOW be ap rcciated by those skilled in the art that other function types may be used
as base function. For utility, the abct i. aiprrntn und rnL ti od ohy bc implemented ina devthe
-onsitifing a number of modules. Three distinct functional modules are deemed ossettlial.
These modules are responsible tbr the inputting of Mita (input mminte) two le algorithm a
module which implements the ahorichm of the present invention (processing modela and a
module for outputting the calceid dese[iptionfile lens or prosthetic (output ndule),      The input
module would comprise algorithms and hardware or software faeiPiiies for acquiri icns profile
data fr('-rt duta source. For example, vii manual data-entry electronic data transfer or data
exchange from another device such as a computer..Other possibithies include thject linkuni,
and embedding (OLE) men- a)cis and open database nneetivity (00B0 commoti to many
computer data e lige protocols, The input module may also be integral to a device for direct hi
)WCtI EU mc E retnent al crystailine lens such as oprioal coherence tumc'graPEri (OCT), nod
proldom e processing module will house the cotnputaiion engine 'hardware or softwi r
necessaty for r.larrying Out the a.ciarithrnsand for implementing tat. motnoc of this invention.
The output module provides the results of the processing module u a thrmat 'useful to the
end-user (whether individual or device) III consist of hardware and. software for outputting
mathematteal lens profit description in a format compatible with, the receiver of he data. This
may include hardcopy printouts. electronic: data transfer cl) tflf,t. lo another device, object
linking and embedding (OLE), open database connectivity (MEC.) Other pos'sibi Nies include
direct connection from the output )(Aule to a device..tht direct Output of crystalline Ions or etic
shall such as computer assisted design and manufacturing (CAD Or CAM) deNkeS  WO
201010,56:PCIlil3S2(0,19,1035(tifi such a lathes. mills.cameras and plotters, 11w cartmt
module t, or emireco) intiy, sophisticated implemebnations, be intetgral suet: detign and man
(luring maehin nc      The invention may' be embodied in other specific forms hilenit departing
from the spirit LI essential characteristics thereof. The prebuilt embodiments are therefore to
be construed in all respects as illustrative and not ieLflCmive, the scope. of the invention
being indicated by the claims set forth below rather than by the Ebreotuiz, dcseription. Ail
modifka.tiens Which come within the meaning irid range of equivalency of the (Jai WS are
therefore intended to be embraced therein,  MC S L LP CLAIMS:  1. A lens system for
facilitating the description of a lens design or quantitative description of a lens comprising: 
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CLAIMS: 

1. A lens system for facilitating the description of a lens design or quantitative 

description of a lens comprising: 

 hardware providing: 

  an input module; 

  a processing module; and 

  an output module; 

 wherein said input module comprises algorithms for acquiring lens profile data 

from a data source, and said processing module comprises algorithms for implementing a 

method for describing the shape of a lens, and said output module comprises algorithms for 

outputting a mathematical lens profile description to a lens profile description receptacle, and 

an output device for direct output of lens shape; wherein the algorithms comprise: 

 a definition of a mathematical series function consisting of a mathematically 

summed series of a number of orders of a mathematical base function; and 

 facilities to fit the mathematical series function, without discontinuity at any point to 

an anterior lens surface, a posterior lens surface and an equatorial region of a crystalline lens 

described by crystalline lens profile data acquired by the input module 

2. The system of claim 1, 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. 

3. The system of claim 2, 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. 

4. The system of claim 1, wherein the device for direct measurement of lens shape 

is selected from the group consisting of: optical coherence tomography (OCT), 

ultrasonography, profilometry, and combinations thereof. 

hardware providing: an input module; a processing module; and an output module;         wherein said
input module comprises algorithms for acquiring lens profile data from a data source, and said processing
module comprises algorithms for implementing a method for describing the shape of a lens, and said
output module comprises algorithms for outputting a mathematical lens profile description to a lens profile
description receptacle, and an output device for direct output of lens shape; wherein the algorithms
comprise.         a definition of a mathematical series function consisting of a mathematically summed
series of a number of orders of a mathematical base function; and         facilities to fit the mathematical
series function, without discontinuity at any point to an anterior lens surface, a posterior lens surface and
an equatorial region of a crystalline lens described by crystalline lens profile data acquired by the input
module  2. The system of claim 1, 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.  3.
The system of claim 2, 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.  4. The system of claim 1, wherein the device for direct
measurement of lens shape is selected from the group consisting of: optical coherence tomography
(OCT), ultrasonography, profilometry, and combinations thereof.   5. The system of claim 1, 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.  6. The system of claim 5, 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).  7. The system of claim 1, wherein said lens
shape is selected from the group consisting of: a crystalline lens shape and a prosthetic lens shape.  8.
The system of claim 1, wherein the device for direct output of lens shape is selected from the group
consisting of: CAD devices, CAM devices, and combinations thereof.  9. The system of claim 8, wherein
the output device for direct output of lens shape is selected from the group consisting of: lathes, mills,
cameras, plotters, and combinations thereof.  10. The system of claim 1, wherein the lens is a crystalline
lens.  11. The system of claim 1, wherein the lens design is a crystalline lens prosthetic design.  12. The
system of claim 1 wherein the lens profile data indicates that the lens is laterally asymmetric, and the lens
profile description includes rotational asymmetry.  13. The system of claim 12 wherein said lateral
asymmetry is described using an offset parameter that varies according to an order of the base function. 
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5. The system of claim 1, 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. 

6. The system of claim 5, 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). 

7. The system of claim 1, wherein said lens shape is selected from the group 

consisting of: a crystalline lens shape and a prosthetic lens shape. 

8. The system of claim 1, wherein the device for direct output of lens shape is 

selected from the group consisting of: CAD devices, CAM devices, and combinations 

thereof. 

9. The system of claim 8, wherein the output device for direct output of lens shape 

is selected from the group consisting of: lathes, mills, cameras, plotters, and combinations 

thereof. 

10. The system of claim 1, wherein the lens is a crystalline lens. 

11. The system of claim 1, wherein the lens design is a crystalline lens prosthetic 

design. 

12. The system of claim 1 wherein the lens profile data indicates that the lens is 

laterally asymmetric, and the lens profile description includes rotational asymmetry. 

13. The system of claim 12 wherein said lateral asymmetry is described using an 

offset parameter that varies according to an order of the base function. 

 




