IMPROVE]. METHOD FOR CHARACTERIZING LENSES CROSS REFERENCE  This
application claims benefit of priority from U.S. Provisional Application Serial
Number61/1Q,iii g filadsNovember 12, 200S'. the entire contents of whiglhr-¢/igsenipakated
by reference herein as if made part of the present specification, FIl FED OF TETE INVENTION
Embodiments of the present invention relate generally to the field of lens design and lens
chw-acterization. Mote spe¢ifiRaWE BMBUCHOONEOBIGHA RACSERRIAIAIGHEMNBFAte 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 {g{4Re Rge¢ kEg&PYOopia 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 lensiof theieyade changeshapet Fheignseofpgeshyopians typicallyiarcimd
40 to 50 years of age. When presbyopia manifests in a person, they will increasingly lose; and
ultimately noNemger tizi9, aae Ebilityorcrabrin2cREBvISoMm st ceading Brdadindgopjester o by
dose. Thia IS currim.tly ITtOS t commonly corrected by the prescribing of reading glasses,
bifocal, multifefesnse hiph ekl HdgraseVacIPeti RES B Mblitact 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 chystalyrerens(Grvisnaaients.; the cortex and nucleus)
oral ritincementthe lens with an Monocular lens 0014 to restore correct distance focus.
However. with comventionalii DL timptatitatiorifolioweing ceatatactestirgeryd, eidarsvisiam isfokgs
'to overcome the problem of loss of near vision Ni presbyopia and post-cataract surgery, and
to restore tinehasetsrntisatidA s abint) orthedaye toodHimies ey HiHtIoEE Rt ehamand
it:103 .at near) some technologies have ecom%aveﬂl ble re;cent\/y clud'qg accom odatin‘g

ly |
ItIY1_, (AIOt) SREHERStEAE VOl B SRS TR e OF SIS A& dedighar

MY StEF &7 currenty'Ur‘\g r design and
development siages, JNER NI MENSIGTIGIIS dr SURGRTRRY.RY HSIRARDILANA SR,
AlOLsre.g ',\?léfeoss. A 'more naturaf strategy lor restoring accommodatfion 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 s&#fIRERGENIThe soft nutlet:rid may be nzfilled
directly into the evacuated tens capsule (outer covering of the crystalline lens) or be refilled

into a containing d’é‘%ﬁ%@%ﬁdﬂ‘é&‘éaﬁ@dﬁér‘w b){ilI@Bﬁﬁ?%é‘fgﬂ‘ﬁﬁ‘té'&Wédﬁ?)}gtﬁﬂ?ﬁ'e%'ﬁg',‘ \?’E"f:‘)“’
another appraach s estring acoprunedation s he e s9ening NG DesNed oipls,

lens content. TAIE e achie,e ‘mechanically se of for example, lasers, or
nimmiard tregfment Re-saffenMa.gLiedlwia Qhiibeilens wiasofadtenalagPrigeect w
options for restoring accommodation as the origin of tircsbyopia stems from a loss of softness
of the contengiaftheserystallineiens.Havagofechnigyrsi fprresioring thesetiness aga LBhisn
would be the most direct method fOr restoring net:min-iodation, There are many ways by
which such appsbagtiesicotddbe aposmplished] OneriatdyNMacthud (Sometimed caliedavshéice
ersatz"; after Pared) involves die of a sal ael into he capsule of the crystalline tenis LO
retdace the (FEFHBVIA MaBIGHEE IEALCBIERIBE tHe SrESHYBISTE efe CRHinh EF s R EF (iePost

Nish; ) 'sitthe implantation ol a hag :like device Intp the.capsule and then to fill.the bag-like .
device with acggﬁ"&“elfv. %'t%ﬁ%lﬁ’ r F%%t?fc%?ﬂ#\%iv{ég It‘ﬁ%%félﬁjéhrbf%& zif%)r? :a£efr]|3};1‘l}¥1$t(6ﬁ1‘ill?r)a(?tIéh s%rlc
which can latgy 4. 9, GOWE ShanR (pitar Cabau AL ecbnel e el ansestarmied
and pre-shaped-lens faller Fine) which can be thermally distorted to militate introduction into
the lens capsule, @ngits aniginabshape re-pstablisherh bynthemmalvpiasticme morygrmayibeose
used. For the latter two methods, provided the material or pre-formed lens is made of a
sufficiently softsimateritk régigrdtiom offaccommoduation raybeiagivievae is bor gihofthel the
methods mentioned above (which we hereafter call "crystalline lens Prosthetiqs" ed.-mils\ an
optimutn visutly SRS E AR Gt BEHenia S PoHubREHIL e o7 e 85 BF d58 natiraT

crystalline lens as well as the Most pretbrred optimum shape of the refilled and/or reformed

y



it is an objeetive of the present invention to provide a method by which the surface shape
(both linterior and posterior as well as near the equator) of the natural crystatlihe tens and the
ldive of a crygi@)liga)eassprosthetic can he measured, described and usedtor tkenoesigiz: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 lenssiular detngClocemmbdationeAntiytical fvodeldhavecheerhusety totdedchibe
the accommodative mechanism in the human eye (Korettit and liandelman i982)LI lo
investigine 1iapleaftetsidiPeng eIstid SRsbirBisy BN UtEdtiimodatien (iclitretti and Handelman
19.43). at. models haue been uoed 1o demonsifals et Helmbozian merhanem 8l e
ardeoandiddanda'is HiSSP IRl tBrthe ydung 1ens alurd™l o duie ahd Elavell 1999 to shesy’
that the 25 ygar j:tictI§ is mote Sfiscive Geimomadating. than dhaAs:eatialdulensiBu dnable
Judge and Cross. 2002), to c4411pare CO[ornan and Tdel1-41101.[Ziall aceettEntlXiation
theories (filagtinenGintheffoherwen dogSahnitzca00aytaiesticMalls indexiganalfioretactingy.
on the lens during accommodation tHermans, Dubbeiman, van der 11-el:tile and ilecnhaar
2006) and to(8how thah theGnasilensnpz imanentie ASidnetr edse siwith ey aneiss thelgnosd
likely cause for the decrease in accointnodativo amplitude svith age (Abohntsaii, &fiat:that tind

im 2007). Mok TeeERny R mdders HalEbRERlasd o SHaly2e TREPLYRONSHIN 1SRN AR IBRS
tiff d { litud Weel bay -.l ljd ?%'COCLC))I% odatj 1] .-s c
SUTIness an a;%{jf ‘fﬁggg@élgﬁggg&ﬁc a%%ﬁel?%ag”ga%?' ae and Isﬁ(#eftgénrgm%

change in ag’éa it erman”;, Dubbelman, van der Hell de Heethar
20(7), FE maglels;provide valable informatinrrRoul acsammedationsantd niesayepia, ¥ethe
the quality of the models depends on die geometric informatioi used to develop them.
Therefore aceiate geametricaapresentation ofiMaduirhamerystattineriensas & crifital ifswdy
for FE modeling, especially at the equatorial regions where the faces we applied. = Bard et
al, (2002) anihtNfaetiveuakd: 2003 peéd (geonmetric igfofniztion b ord sashy BPe ssHied 978) to
de'yelop models or lenses aged | |, 29 and 45 and therefore their sthelles are limited to these
three ages HELHARE dEHARB8) %V RIS thBH PRBARICTISTh I R AL SRAR SbtkiRed roATOher
Scheimpling Jmaging, The mages, e mibihe cepiial PR bihe RIGLiRh ANARSRIGHO!

surfaces of the"ens, ey modeled the tnisillg regions using nyo conic functions, Aboimaali et
al. 0007) developed theirmpdel usingnaitimalionfram peblished MRbigages, Thel anesidal
st..as noi age..clependera and hence is not able to lake into i'li:A;01.1W tha C ban il)g SlitiPO
-and gnawingsesize Oftbednystallinedénsyg, yvfich isneolistantiyfgroving imsizefamel chrangingin
shape throttahotith L Weeber ct al ii.2007) used geometrical information based on ima.tivo
measurementsi(Pubbelmanydzanndsrbealjaang AW Berro0sIStieak 'SPl cStroNks Mitte,
Cronin:xi-If:tent, & DeMarco 990), FE models should account for age-de endenclyé B‘iﬂ e lens
sar

shape and sKbHIE HESHALGIBH HEMSUIBTHEME JPHAE M LSR8 el Ao Strady Jc most

e

applied. The picied myuit SRralba IR aAY SAIltebld R alvacie GRlerialhorpRadRd
therefore can Serve as the Pasts 1ot a geometric model of a fully accommodated crystalline
lens that can beysed i PEMsudiese sfheRinancistalinetiaineo tadtedioiN@e)
tci,Lncj ISilt raceS; Which have 1 eCE3 modeled with a number of mathematical limctiOns.
The earliest ey madekrepeesanist thedéngeasnworsphericdal sUrfecesstiiashapethaspbreerthe
progressively described as lwerbolic f.Enowcroft and Parker 1927) partibaie (Koretz,
Handelman amdnBred) 621684 fourerrorder! potyreiapieSenR SRS Ao Bbinvolves
DeMareo 2004) and Clttritt I'inCt103)S (E)11.1)bt haat?, ran o‘e‘r F"%i?:lg 01,Rogen; .. .
Denham, Ft. BeBBHARE, Matas BAais SbgUssin Jo06% \Whild theSe Hadk Sresen'a
good approximatio he human lens, they War | | for optieal modeli ater be
theretore prim Tt Ly S oy e e et e
posterior lens gyrface, patREQviding mineliipfarmatioenabouy theeapaterialregiomdsasprzaki
(2000) approximated the whole profile of the Mama) It using a combined hyperbolic erisine
and hypetholieitangentfunctiochicapolarhspads. dhisted od éldgibbasedodncpublishel: valsewofle,

radius or curvature and aspheritity. This model divides the anterior al id posterior lens into two
and its original shape re-established by thermal ‘plastic memory” may be used. For the latter two
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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 @dm@Wngs$3ESCRIPTION OF THE DRAWINGS The filerofrthiz qoarsness
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 fessthodsEiguradedstiz shadow-photediaphl shawingnede tive-chmieissibn fsabtierebf
a human crystalline lent. The shape and size of a crystalline lens is individual and changes
throughout eSSBS 9T 50BIBREY B P CSTHIITAE system showing how the series function

method defines the, shane;of.2 SRRINBREIRIMIR AIRANIAL RhcandF BT AR SILIRS
function method describing the same lens of Figure 2 shown in a rectilir&ar radial distance
(rho) ymus azimuthal wask doem) saerdinata.syssteme Sueby lotisivsafut fosevalwating dhe
goodness-of-fit of a gwen series funebon on a given crystalline lens shape.  Figure 4 shows
graphs in a palasheperdinatesystemyshovingithesagd! refatechehangésrhi lesssihapess of the
depicted by the. age-dependent Setle.s function method, The predicted shape of a:20
(inner-most cafliey, a0/ eirdiemned nekissbturve) year old tens is shown.  Figure 5 show::
the age-dependent lens shape fot 20, 40, 60 and is'0 year ol_d{len‘%esf lThe itr e ,mo§; cu‘ri;(ic
the 20 year old whills He’HEtBYSHdRE QIR LD WedP Bl THEGIABh B the S ShoWathe
ORNI model and the figure on the. fight shews the falmedels The.vericabingscapresaatipe
equators of t eﬁenses, Figure Is a graph showing increasing accuracy of (tante lilting with
increasing nwinfier #f:0dgrnIfBde pasedunctione henpiasticakpusposesiaasonablcggodf
accUracy relative to computational efficiency can be achieved with around S to 10 orders,
Figures la-c ape exemnpltaripldtssofr Gunreditting 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 Versuerasisldisstamedipheebmaaty Bh o sasiicsl aors s by IR tSHIHEM).
Figures ibt-e are exert-platy plots from, Fourier Decomposition Mfethod CM differnt er sr‘illincI

tense-s. EacF%rd8% 8FHR Clﬁ?ﬁﬁﬁiié‘)sﬂgl\}{/l%cpﬁ]&“’ O FAdEr Bistahce VersUsheta: angle (fop

o), x- plot,ofadial veisenaria! disaschdbaamJeiih end st SHARART RS (rpliem
right), Figure 9 is a graph showing the age-dependency of coefficients obtained from on a
sample of eryatalithe.jenses using the.Gigrve kit dvtethogt: 1ens Rigure diisépygsaphehomin she
age-dependency of coefficients obtained from a sample of crystalline lenses vaing the Fourier
Decompositiokdvtethad . HRERANRE D) EYE STRIPIIO N ® Fodek EsIN E NTI@Nrate Thae ihabtholdzah
the present invention. called the "series function" method, is based on the summation of a
series of therBRIB#AINTY SreRsppTodayaB &S meds rive erpa PsiBtosulgemhidaveh! 89
rotational coordinate system such 1? polar coordi _ates:sxstem in two-dimensions or spherical
coordinates S9SN RFHPSSUIHENST0S THUL® the Mods] Prm ides the shape o?“aycrystalllné
lens by def'“'g&}h%@g%h&*'é?@s%%&ﬁ'i‘%@%}%&?l@&ﬁ%ﬂ Qrigin iRuptAf hecoerdinats Syshem
(Figure 2) to a gil,.en point on the lens surtitee as measured along any given azimuthal
direction anglesithen)ufigurecAxehomd. Sshihie ol ceosdinate systanmef fl3e: setiigsolame lkat
method. The equatorial axis of the lens is parallel to the theta = rj:2 radian (90i'li iiais and the
optical axis isipangliettothelthetd i radiarP (O axis. \Poditidhgidnathie eriBaguPfilde axkto show
represented as emadinate pairs defining theta (angle or median; and tudius C,dislance froth
central  silifade NINF)MEBN 200/ S8 BB SCRTRIASUNEH RS BAC TS AN & IEhS FaUSAdAN
blue while the same lens descrihed using. a series functign of the RreSent inventior).j wn
asared THEEHTE TelE CRARE Y ‘Eh"l‘.iggcli‘éusagri éﬁc]i 3%%@‘3? b'PﬁEétg%ﬁcg%roSIngeirlfgteﬂs)q'?ﬂfmmL
tWO.'d'me“S'OFéé‘}lﬁRﬁ'*E@- Analtemffie.methed.of AigRhing thedskib isdeammlay airectilingar
radial dishmee (rho) VOISI3S azimuthal angle (theta) coordinate sy'stem (Figure 3),
Therefore. Figii@nmshaws the sates Wnstio namathaderepresentingl lensseiface shapenas in
plotted on a theta, radius rectangular coordinates srdem, The equatorial axis of the lens is
parallel to theathetanditiZeradiamniO(Bxidamaith & dptidakaxisis!paraiiér o theatikia 200 Padifan

(In axis, Such a plot is nsetld for _ . ; ;
models provide valuable information about accommodation and presbyopia. Yet, the quality of
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WO 20t 0105.63 PC17US20091035085 understanding the t.;:- Artesfit of a given sends
function on a glven t.rysnuliine tens shape For three-dimensional representaa .seesional
meridian angig@pbiy/asssssoduced that rotaliemd ly 'sweep' the lwa-dimensionalssesiisnoss
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 maytiperamielsuitabidupc i 2ecisaiiesnEforabiy asériodievRivreiiois JERalsTs desife
or sine function. The order of the function may be set aft rarily high _acpord_inggq tge de ree of
accuracy reqiitBEF tFHERBURIOFHRY MRS E N deanid?, TS ol e L& I%r“ﬁﬁ%?dﬂ%’
method is given In ttufi]tion Where 0 is tq%]_%ilg:n%yggsl ap %Iigdpolar space, ftthe radial

a

. CS cc1al 1 the equatonal réceions w : . . . .
distance from fhe cgn%ra origin pointto tlsqe ens surface in the azimuth& direetion, B is the

base function, p L, e ardess the kase.fungtion@ndsisdhmbighest fntieh tedeicomidesad

in the ode! telleSel3 Est:cording to level of complexity, continuation fune. and .degree of
accuracy to bevaghieve)sldnmnpintisusave @ethel mMethoddhighatiéne is theudelestidnafd to
cusine function as the base function in itch case, the impleinentation of the series function
method throubhcEfaatier | Becomed Eg(Ri6h &y Notedths cauritisrt 1t p imcAb&iag! from
amplitude factor for each order of cosine fu nth ion.I 1’7(F?g.i:&) >c_:fus(l§)i.§]FqutIQ.n ? d int‘,
mativ instancSS B SR SRR RS J&AKEY ﬁ?é‘)tfﬁle"ﬂée‘]} ST BPREHTONE TSR Posterior
removing such asymmetry is to,make Use q 1o r.intr i clitgatiof
rotation of thé%%‘@%ﬁg Hgt)e{i“s”é? ?E}énﬁf%fﬁvggfﬁgﬁqfﬁgg %Eugeﬁf]ég?%#&rf%qo}?rﬁm gr:g?gr gﬁ%ﬁgw
method .t.o find the:)Ripigl-aamnsatiorianct osahmmamaumtbys for@xampleadiitmiizing:dhe

kisithials(e.g..RMIS) of the tens shape:thin:a. An affernativemathadEquation by miroduejng an

OthCl pAmMete:friciagethidniviationasd. Simeethenvahide: of this:offsetqoarat nbterivitoithelovtanof

the base function, g is a timetion of p. R(0) An. esenipinry usage. of Equati 3s- -shown in

Equation 4- growing size of the crystalline lens, which is constantly growing in size and changing in shape
throughout life. Weeber ct al (2007) used geomctrical 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 carliest 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 2000). 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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R(4) =e.,si,p (0 q(p):9 (Etna n 3) a!, aunin seiecting a cosine function as the base lunch
(Equation 4) il has been mentioned that the a*7..4alline lens rows throughout life and its
shape and sizep thesekass; changes will age. | he series function nodet carrb®esqoasoksdsand
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 ..shawiimiEdaatiofceT et rIaxieRsHRych. P EEnticnthe ™ U fErBFiayEaomdyaduzak

assigned any type of timption Itorn the simpjesi.Cog. line or first.order) to MOM Serthianeated
(6 0. ogar D GHERH PEIRHARS) RS e o R AT SO IE O B Re ) R
achiesed, (Equation,5). :4 4.- ' . &j v : SGHRtAN,
those ed e A e e e o e s
of function fagthg base functigreinpReParticulRr WementationedFautigidecompesifios two
(anal) 4 type approach. n be used to generate the series [unction model.
2010/056383Rhal$20094085086s theThelserigsafimation Matkibdlimeyibe axhhaddedi¢ritoeant)
device suitable for modeling the shape of crystalline- lens, designing and optimizing cr)éstalline

lens prosthetic§taashdirAsTadireaibr)io ereetimytHe fBMEL SPREhE MAHGRIIHI gt the lens

crystalline lene, prosthelics: Juch AAecs AU BLOLas OLGe, At AU MO, B meter,
processing ni8IRE 58 A ottsd? Modiie M orRe nbU ROCRIlE thay ‘Consist or hau'diX & re

andior SOﬁngi.rg Qu‘?ﬁéﬂ%%gfe@v'i‘}’ftﬂ@[lﬂ)%t@nﬁ Hua QQ%?'QéJJ;Q%QIt&.W RlalingdensRlescribe all

prosthetic sitapc. Such data source may be inputted directly by manual data entry, or
electronically,byiglegirpritodria dithuomelrstraniedata transier lenexchange fromanaibes the
device (ptimacularly a device tot llle:aSEM21171019 lons shape) or data store or file system
(such as objesttlinkingydandiremibetidingoraffriopendarattase (281h0teRdrY @r DEWRIGHEly
input module may also din:tiny .acquirc! data pertaining to lens shaPe by )chiding within its

module, hardlisr@aitivr Softire SYSRMELEIRe Yitgfbr Taiaet neAUORBHRAL S cquator

erf5talline leng shape, including optical Qoq_ relleC. IOMOgrap. 40(17!1])0 ulthisonogranhy. |
prordometry ﬁﬁd'@é’) ' aiﬂétfgﬁlsgt] grgé?d an hé‘f,%&‘é“sg:iﬁég module is the main c}f)?]%utatrio?l “

tuodule of the, deyice, Ityweld cRMRrISR alaRitinsandhardwaseRNgessoftware facilities for
implementing the seriei, function method of the present invention.  The output module of
the device would heiyespensiblefloteutptittingthenlensdarofileomadeéle It wetlcicmpriseically
&gorilla% and hardware andior software facilities for outputtMg mathematical lens profile
description (elgcabset bk cupffidients)s Shate Arroetpy wesulek typreiy s el RimHBdtnadehgs
profile desdiption itceplaele for further activities iiiscluding gniphie description (e.g. a camera,
animation ge#é?é?tﬁﬁd, @Obfotter), 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:

SUMMARY OF THE INVENTION

According to embodiments of the present invention an age-dependent mathematical model
of the crystallinc 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 cntirety of the crystalline lens and especially at the cquator; and ability to describe

asymmetric lens profiles. In one study we evaluated the profiles of whole 1solated human lenses



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 tapgingdigssge from 26 to $| Examples  The next two sectieng/desgribasess
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, GiveR) tsddiiunfagidiasciiptiorrpMe stiidua B e mahenaicehbuts theR e 2
able to identify other ntettliitiii by whiCh leris sanitples may be prepared and geometrical data
obtained, LeP¥BrabRF AN % uman eyes were obtained and used in compliance with the
guidelines of the Reclafation.r Fe'HoK [RLRRe e INVAIMNGING WR RN AR L5sHe-Fhe.

22 crystalline lenses wed In This study were from whole, in -tact cadaver eyes, in the age
range of 26 tg-82,1 pktainedrfromAmeicandrre Banks:Ihe pestmeam imgyasischitomil @ 5
days., during which time the whole eyos globes) Were stored at 2-VC: in sealed jars on abed
of gauze; maisteried withsdllne m@phthaknibsuhgenns: removdacthecboineanfiner g Sirgan
operating microscope. The |CMS WaS extraci,ed by carefully cutting the zormles and )
adherent vitrdoussokirg'Vannue scissors, WIRCTERs 'SPEBWASAgaINMSIFANENISS BBAYRAtcal
India) were used to iinmedimely place the- Ierg? on the saturcs of the Jizs:ting- ;glé which V}./ as
pre- filled witFPRANIERY 1D SEHCAUBR USSR BULS LIBSIth, 'EPK S S0t 08) “FREY"
bine fro m lens SXarLon 1R MEaPLIRMER AS ARRRKNMRIED QUSSP BY R IR -
rity was visually iimpeeted using the optlcaﬁ’ emnparator (Rosen et al. 2006). Torn capsules
usually appegrgdias shrfaoe Jriegulatities fismallftaps skligsueaipratiyding.romdhecapsiie
surface. Imago or 4 human crystalline lenses were available, Of those, 24- lenses were
excluded duedo@coap;ulentaaborcbatarhclousishtangesiandids (EHSCiaQintieXdodCillt terms
bC:iCauSe. flinty Oxinbitati capsular :separation, leaving 22 lenses for this stud}/, Sha.bw
PhotaulLatioRtiides fngheedpaiqian of shisdonr BRoOYRASTHE U HFEIRS tiSeRRY Bedy for
described in detaj| jn earlier pyblications (Denimin, Holland, Mande balm, Pfingfelder & Patel,
559). PingHERH RS DGR Rt G B e Pt T80 R SF A Ao,
Augusteyn etaal, 2006). A modified Pbiigat comRaiah(t 3R -30SuAAREAM iokyRy RAD dater
projects a 20x magnified shadow of an excised lens onto a viewing screen. Two light
sount)cs, Ong ek eina-llusitiationanghine athemtansagitak Hymination;eraile ghiatoyaphy
of the lens in the coronal and sagittal views, The immersion cell described in Rosen et al.
(2006j was niodifieg hyaeplaciggtireol@nsthaldingr ring it e sopp st garféskinmadetiog 10t
nylon ,sutures: This enabled the entire posterior IF IL.. r ate lens to he available LOU Ckifin'tur
detection (Figifferayt arder PNBSNRBRICHOMIX 2506 diyRaICAREIY (ToRYD, Tafdh P wastises
to capture the coronal andbsf%%It(tjgéviews gf the lens. ﬁruler was a&,so h%gglrapped on trﬂ»ﬁc d

same image< fBF$EAIRYYS Y 28 SN i agSs Wara Sraprocassed with Camvas
9.0 tiAC1D Sﬁ%ﬁ@lﬁ 9‘8)

, f Anerica MiamiiFLL ey Wergaseediaoainsk e Hlesinchdad in
the Image ana were a

justed for magnification '20x) of the comparator, The images were then
cropped to removethesuier.oifine peeptocessas images weieRadediiniaiMathibagylathivbeks,
Inc., Natick MA) and converted to grayscale, Aa abwrithi-n compt;ed at ns..ro separate
processes is dised teaetechthddensf wontoududinecfivred qvoiel s ldetedte deavirtéikhape may be
approximate COMOIn at the lens, using the Prewirt edge ti:lectOr and 11)( rphological
functions. hisiitdated Hifse eagas gafisrarseisy tHEEIAEN LAY krl'matbridl e 8BSy
separate, process _qsthtt}e}q:anp?\é edge d efec far, 1.0 CieteC:i a fine comunt at the. teas. An
intersection oPtAE SIPULS OFthe two processes produecs the lens comour with minimal false
co.ntatirs. A few falge cogtaurs hakNg f Glenisnidware tempuedsl damaly ferthe maiusty
of rho 'images, the sin of eaCh piXel in the plane or Ehe IOUS Wan beniciiiini 4 ,tmd 5 pm.
2010/0563%$3Raili$2002403608%n infitorkthie fRiagoiagn asebafiadendingterpairs inrGaitesian
space describing the profile of the lens becomes available. Such a data set may consist of n
number of dathpintsbiln 20pCaresiarigpatesinivhich the data points- are described by
coordinate pairs e.g. Xi, Ytt, 1 0,.. n}.  Such a data set represents a set of
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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 thg & ayigsiamssoordinates system and is nomitudly coincident ity tsto@xissofihe
erytaalline lens (as in Figure I), This provides the basis fin employing cosinu terms which am
symmetric atitrut the lens axis, f gmitc | shews a shadow photogitaph of a tillititill crystalline

lens, photottraphé&thevithtiadidier v nseblindgepuiposes actual Fyalys it o larsysiehtoriragbee 2
tilted about centre with new ;azimuthal direction at 0, from original. The data points iordinates

are rotated in°poRARHaSE b thOheli tBta B AT AE B SR IHETRIAIRLECE A Y HOThR LS LE By

new polar cograinate NaSal @l where, A1, AR AUEANON A GIEGHAIRMAEA) cns

'FhiS rotation p ovides }fﬁlécadé&g}l & or freedom usefuf tor f %ﬁ%ﬁ ye: alcdgl axis of symmetry or

the data set by, mipRniziag f3MS for fined symmetric nosMn. terms, Modeling with the Series
PUI10013 Method: Example usino cosine as base 'function  Define a series function

employing cosinefunctian daihebaselfupeiion. heodosine geries lfiasmunynefr@rdefrmmagia
model to predict the radial distance: rt, far cath given meridional angle wath predicted radial
distance RI; givenctyaiss JoArdus( foic)E qlationeEa) is Niefimrsrieakr Sanitearding EpFapherical
Function: _ . ) _ .
coordinate system for two and three dimensional representation respectively. Thus, the series
function defines the radial distance from a central origin to the lens surface along a radius in a
given meridian (2-D) and azimuth (3-D). The base function may be any type of function but is
most preferably a periodic function (e.g. sine, cosine, etc). The base function also has the feature
that an order of periodicity may be established in which cach increasing order addresses different
and incrementally finer details of the crystalline lens shape. The summation of a scrics 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 exccuted in color. Copices 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 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 fo&ipiqd pipsggiction or radial distance ri, whcie EF , (Equatiopdya)szikiing okNi
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 thé degheésofifrertoin dfombdebfitting afeokitiel axisiorehimhamor
data set relatiii,.'e tocoot-dinate sys K., and: y, - centre of polar coordinate system relative to
Cartesian systé!Mjarspiitdde dereens wie it JOUEEEEE Ot BSIHE RIARY Chapp [Bpwighout
profile, deriv%gcand described using the cosine series function method with value found by a
computational, iterath,c numerical solution (least squares) cchiu Ul. described above, of 22
huthan le il'WS ranging inage,fram 26150 8Rngars litaivanindtha Uik @yingrseianmethod
Exemplary plots using this method (cal(ed the 't urve Fitting Method") on a few different
crystalline legsesisare givenin biguresclantonitoin dheseaifigitres., 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; axiafigktadce (i teadditeomoiefoghaphicsndirasisusireriopafiel Btting Ghetiein 2
bottom right graph). FOtiriu DOCOnapCfSiffiVI Technique An dLmatE e method by vvhich
to derive the FaliES*ORHE dbEfRiME)OFtRE HTBytiths He HeERHOR EE LTty B
b*8.4e f k by th urier-decompositian technigue (EOM). IL W. ay .Of exatnn| N .
i Fowlo e S D e ST 1 the G Aek e SAT I N
intemolation g 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.Fghrd ALRNQ)ePSHO) pRarre¢dimatiorystemTiedens theoferderivebagd in
described using the cosine .series function method with value found by the
Ftmrier-decompositiortdehiniefiey B 22chimiaderitistns fuadivigintiye frerrabetedg)ysarse afe
given in die following section, Exemplary plots usdng this method (called the "Fourier
Decompositi6RHetHELY SR & FeRAGFrErERT BRERURHNE RN LI LV&R if: Figur:2s 8a to Se.
In these figures, (tacit groyp a three grktphs show (i theqli ' lot 0 ial. e
distance (rho) ver?i%lrgnjgi%%(\#ﬁetae f,&'gf!;egﬁ?%# (rPgIM iéﬁ%%rg%tggﬁg’%@?ﬂc@%%}ltﬁ%‘%%*%% ]Ig?t
graph) and residugl errafterfiningdin sheaattam dightgsar)ve 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 afier fitting (bottom right).

Figures 8a-c are excmplary 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).



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 achicge 46y shesa§aph, as the order of the series inaeasc, the RMSpefrtbg2nuwmesiesl 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 coskigufafictierzashtNeobiisc tharetiolpatdorde i ¢eldnida EkimpleiRBsUIts semple
Lens Profile nifilm2- Series Function iodef _ From our studies with a large number of lenSes
from eyes arff gEHBIE BidTe raEARRS e fdidddlefed a clear age-dependency in some of the

coefficients in the Series Function Model. Examples or the - g f 0 ents
Rsrenclion MOde), RXamples. oL @g;%&ﬁ& dency of ihe Gaeflist

obtained from the two me re pres n Figures the (W ye Fit method) and 10

for the Fourier ResampRsuimmethadkiReslisiustiating.the age-dependency of the

coefficients from 0™ to lir order are given in Table | 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 ﬁ%eﬁepend%nt l(:i [ ﬁ fit the equatorial
diameter (P), sagittal thicknes':?'f‘il @'b&&&ﬁﬁ% i hﬁ?@kﬂ ks m (? nterior saginnit

thiCkness (KA) (F;j%%f%ﬁ%@%ﬁi%gg%s%)q ?a'lfg}imﬁ,néé@gtffiﬂc&%%%gewqusﬂ%aﬁ @%@;ﬂm the

analysis xyas performed to compare values obtained from the two 'methods. The_

estimated highgrvaluescion.the anteriandhickness.and damelenioh thedesmeansdewar vtaies
1.-cir the posterior thickness. The rota] thickness of the lens was almost the sal-re for both

methods.  Jihe agetdependeditiensyshapesutriont npotlelingrdsing thestwo methods)don@o, 40,
60 and 80 year old lenses is presented in Figures 4 and 5. The resuks are summarized in
Tables 3 ands#hehietordiniditeithaxdemotdifcthéiraisigter, o thdhs dratseieviimelie ndars noe?
located ar the center of 29flaF056383PCIMS20091035085 the m%de[ an‘dI it moves away
from the antefibHERsIfEsaRY t5WAPds e Bumel Site PRSI Wit B e  Fapjagn pomt of the

Age-depencencnRbeasligien'z liangd thon gﬁ’)iqHS:J%%&R%S&H%E‘%Q%&PE}(& ; any given

Flttlng'ITUNhoéf. LP:alef?l}ﬂcra . }'?Of Set) 1°(mm). I. 114tr.iiil purai p value 113:iSliirie

arlinilyeari  ,zimuthal 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 = /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 Iens 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
serics 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 = n/2 radian (90%) axis

and the optical axis is parallel to the theta = 0 radian (0°) axis. Such a plot is useful for
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understanding the goodness-of-fit of a given series function on a given crystalline lens shape. For
three-dimensional representation, a sectional meridian angle (phi) is introduced that rotationally
‘sweep’ the two-dimensional section around the spherical space to produce a three-dimensional
lens shape description. In such a case, the lens surface is described by a set of (theta, phi, rho)
coordinates.

While the basc function may be any suitable function, it is most preferably a periodic
function such as a cosine or sine function. The order of the function may be set arbitrarily high
according to the degree of accuracy required of the model.

The most basic implementation, in 2-D, of the series function method is given in Equation

R(0)= iﬂ(e. p) ( Equation 1)
p=t

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 scries 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)= i.;’(p)- cos(p-8) (Equation 2)
p=t

[n 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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method to find the optimal translation and rotation amount by, for example, minimizing the
residuals (e.g. RMS) of the lens shape fitting.

An alternative method is to generalize Equation 1 by introducing an offsct parameter q as
shown in Equation 3. Since the value of this offset parameter varies according to the order of the

base function, q is a function of p.

R(O)= 3 B(6. p.alp) (Equation 3)

p=t
An exemplary usage of Equation 3 by again selecting a cosine function as the base function

is shown in Equation 4.
;
R(6)= X/ (p)-cos(p-(6+4(p) (Equation 4)
p=i

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.

R(8,A)= iB(B, p Aqlp, A)) (Equation 5)
p:l‘)

R(6.4)= 3 J(p. 4)-cos(p- 0+ q(p.4)) (Equation 6)
p=l

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.

11
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The series function method may be embedded into a device suitable for modeling the shape
of crystalline Iené, designing and optimizing crystalline lens prosthetics as well as facilitating or
cffecting the fabrication and manufacture of crystalline lens prosthetics. Such a device should
consist of three modules; an input module, a processing module and an output module.

The input module may consist of hardware and/or software designed for acquiring data
from a data source of crystallinc lens or prosthetic shape. Such data source may be inputted
directly by manual data entry, or electronically by electronic data entry or electronic data transfer
or exchange 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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Herein we provide detailed examples of the series function model of the whole crystalline
lens. Examples given below are based on measurements obtained from shadow photographs of

22 lenses ranging in age from 26 to 82.

Examples

The next two sections describe a procedure by which the crystalline lens may be prepared
so geometrical data rclating 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 lens 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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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
parameterizegyacoes@irgsto the age of Me patient. For example, where indigdugbéensspiefile
data is. not available Cog, tratlin ado cases in which the tens has Ilwcated ol disrilpied and
hence not available for meouremeni). populution o,e.rages including consideration forHi.

age-rdated déhminddioyeafahmatnt Circle nu can be used to design the apprepriNte prosthetic
per the abovementioned fining method and age-dependent results, WO 2010356383PCT: .
US2009103508S oS aiesath AN RN ERRE AN L SENaE8 S RS Pop S D01 s Tedfidd, o

found thal lergg{ marrapm‘ﬁ‘g?{%%“ dﬁﬁ“%f]%?&" Rha §f'j‘m}’9¥1‘£§£1€i‘ \d _"r%?e@ég?ﬁﬁﬁg' !
significantly with at’(Tables 5, 6 an r% able’2. Age-depéndencyQuallicamt . obtained from
filling lens ghRpaz. usingARerEaLTIen QAcRAIUSIHRN N6MRM;en GAeioss; 2kl c1428006).
Cmao .137.34.4 (74m) p value. B (Slope) (014-433aT} FA:tor .01-044.-year3 0 .v4 lue
A modified optical comparator (BP-30S, Topcon, Tokyo, Japan) projects a 20x magnified
shadow of an cxciscd lens onto a viewing screen. Two light sources, onc for retro-illumination
and the other for sagittal illumination, enable photography of the lens in the coronal and sagittal
views, The immersion cell described in Rosen et al. (2006) was modified by replacing the lens-
holding ring with a supporting mesh made of 10-0 nylon sutures. This cnabled the entire
posterior surface of the lens to be available for contour detection (Figure 1). A 4.0 Mp Nikon

Coolpix 4500 digital camera (Tokyo, Japan) was used to capture the coronal and sagittal views

of the Iens. 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 climinated false cdges generated by the sutures and Iens 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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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 2D
Cartesian space in which the data points arc described by coordinate pairs c.g. {X;, Yi;1=0 ...
nj.

Such a data set represents a set of measured/digitized points describing the surface profile
of an entire crystalline Iens including anterior, posterior and cquatorial surfaces.

In order to prepare the data set for modeling with the series function method of the present
invention, the coordinate pairs need to be transposed to a polar or spherical coordinate system.
Firstly, a translation is applied with the center origin of the polar system defined to be located at
{xc, yc} thus the new coordinate pairs {Xi', Y, 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 {0;, r;; 1 =0 ... n} where

6, = ta n"I(X',-Z/Y'-,Z] (Equation E2a)

f = (x,iz_Y-iz (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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Finally, the polar system may be tilted about centre with new azimuthal direction at (, from
original, The data points coordinates are rotated in polar space to the new tilted polar system
with rotated data points described by new polar coordinate pairs {07, /'y i =0 ... n} where

0= 0, 6, (Equation E3a)

ri=rn (Equation E3b)

This rotation provides the degree of freedom useful for finding a vertical axis of symmetry

of the data set by minimizing RMS for fitted symmetric cosine terms.

Modeling with the Series Function Method: Example using cosine as base function.

Define a series function employing cosine function as the base function, The cosine series
has terms of order m as a model to predict the radial distance r'; for each given meridional angle

;' with predicted radial distance R'; given by

m
R, = ZAJ .cos(j- 8') (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 ES5)

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

6 = tilt of the axis of symmetry of data set relative to coordinate system

16
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x.and y. = centre of polar coordinate system relative to Cartesian system

A = amplitude (coefficient) of " order cosine term,

The lens profile, derived and described using the cosine series function method with value
found by a computational, iterative numerical solution (least squares) technique, described
above, of 22 human lenses ranging in age from 26 to 82 years are given in the following section.
Exemplary plots using this mcthod (called the “Curve Fitting Mcthod”) 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 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).

Fourier Decomposition Technique

An alternative method by which to derive the values of the coefficients of the foregoing
series function (using cosinc base function) is by the Fourier-decomposition technique (FDM).
By way of cxample, onc way by which Fouricr-decomposition may be applicd to the data sct
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.

25 N .
a,=| ~ > r(6)cos(nd) 5 (Equation E6)

f=—n

The lens profile, derived and described using the cosine series function method with value
found by the Fouricr-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).
17
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Number of orders and accuracy

The graph of Figure 6 shows that with greater number of orders of the base function,
greater degrees of accuracy for representing the lens profile may be achicved. In the graph, as
the order of the series increase, the RMS of the numerical fit of the lens shape decreases. While
accuracy continues to increase with increasing number of orders chosen, it can also be seen that
much of the improvement in accuracy occurs, in the casc of using cosine function as the base

function, at orders below 10.

Example Results of Lens Profile using Series Function Model

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 4 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 cquator, or the diameter of the lens, is not located at the center of
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the model and it moves away from the anterior capsule and towards the center of the model with
age.
Table 1. Age-dependency of cocfficients obtained from fitting lens shapes using the Curve

Fitting method.

Coefficient | A (Offset) | Error B (Slope) | Error

(mm) (mm) pvalue [ (mmfycar) | (mm) | p valuc
al) 2.70913 | 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
ab -0.09588 | 0.0393 | 0.0242 | -0.00013 | 0.0008 | 0.8677
a7 -(.06835 0.025 0.0129 0.00029 | 0.0005 | 0.5552
a (L.02597 | 0.0235 | 0.2821] 0.00002 | 0.0005 | 0.9666
a9 0.02474 | 0.0098 0.02 -0.00003 | 0.0002 | 0.8769
all) -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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Cross-sectional Area, Volume and Surface area

From our studies, we found that lens parameters such as cross-sectional area, volume and
surfacc arca increased significantly with age (Tables 5, 6 and 7).
Table 2. Age-dependency of coefficients obtained from fitting lens shapes using the Fourier

Decomposition method.

Coefficient | A (Offset) Error B (Slope) Error

(mm) (mm) pvalue | (mm/year) | (mm/year) | p value
al 271071 0.0971 <0001 0.0074 0.0019 0.0009
al (0.46558 (.3568 0.2067 -0.00649 0.007 0.3618
a2 -0.99445 0.084 <.0001 -0.00241 0.0016 0.1563
a3 -(.2525 0.1386 | 0.0835 0.0016 0.0027 0.56
a4 (.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 (L0389 0.0209 -0.00009 0.0008 0.9083
a7l -0.07028 0.0244 | 0.0092 0.00033 (L0005 0.5018
ad 0.02623 0.0226 0.2585 -0.00001 0.0004 0.9904
a9 0.02378 0.0086 00118 -0.00006 0.0002 0.7339
all -0.00833 0.0114 0.4723 0.00009 0.0002 ().6833
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Table 3. Linear regression of the dimensions from CFM. The equation is dimension = A +

B X age (mm).

Dimcensions from CFM
Offset (A) Error Slope (B) Error
Dimension (mm) (mm) p value (mm/year) (mm/year) p value
bP 1.6301 0.3222 0.0001 0.01077 0.0063 0.1016
bA 2.25969 0.2391 <0001 0.00003 0.0047 0.9942
T 3.8898 0.2102 <.0001 0.0108 0.0041 0.0158
D 8.25561 0.4704 <.0001 0.0212 0.0092 0.0315

Table 4. Linear regression of the dimensions from FDM. The equation is dimension = A +

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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Table 5. Linear regression of the Cross-Sectional Area obtained from CFM and FDM. CSA = A

+ B X age (mm®).

Cross-Sectional Arca
Offset (A) Error Slope (B) Error
(mm?) (_mmg) p value (mm'zfyear) (mmzfyear) p value
CFM 24.7954 1.5988 <0.0001 0.15414 0.0311 0.0001
FDM 24.85133 1.6014 <0.0001 0.15308 0.0312 0.0001

Table 6. Linear regression of the Volume obtained from CFM and FDM. V = A + B X age

(mm").
Volume
Offset (A) Error Slope (B) Error
(mm") (mm”) p value (mm’/year) (mm’/ycar) 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. Linecar regression of the Surface Area obtained from CFM and FDM. SA = A +

B X age (mmz).

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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function arc added to the scrics.

While cosine function was used as the base function, it should now be appreciated by those
skilled in the art that other function types may be used as base function.

For utility, the above algorithm and method may be implemented in a device consisting of
a number of modules. Three distinct functional modules are deemed essential. These modules
are responsible for the inputting of data (input module) into the algorithm, a2 module which
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 cxample, via manual data-cntry, clectronic
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, clectronic 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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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 g @dgngaprofile
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 nurgban®isarders 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 systert ol s At et i e S S O I, R AMISE, X e o
direct manual EéneipiEIeefroiiessaraPedts, electronic data transfer and exchange from another device. 3.
The system of claim 2hineseipiiesglgctronic data transfer or exchange is selected from the group
consisting of: object linking and embe&i ing (OLE), open database connectivity (ODBC), and a device for
direct measurement of crystaa{lllllrﬁpeufenﬁos (S eape. 4. The system of claim 1, wherein the device for direct
measurement of lens shaperiprselesctednfrdne:thedgroup consisting of: optical coherence tomography
(OCT), ultrasonography, profilgmsiiy.af.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 transfel BFERcHEhJEPHS BROw o FYBRASES BB, Lo8 meariERgness Ritdiaifdhid electronic
data transfer dreexchangedo@natidesaite pioecisisgleckde frompitie sgatueptbon sistingpdfmetnjegtdinking and
embedding (Ohfrh GREN HAAAASREARNECHINLORREN ol FIR SYNATLOLEIAID deGIEIRSalC lens

shape is selected from the group consisting of: a crystalline lens shape and a prosthetic lens shape. 8.
The system ofEIEHHNE dReRsmatif@ldersdsotdF dreeiPEorioeds e REElfsaTaPsiRaedhidmaie group
consisting of: GAlpl@\deas: CAltdevieps, Anchcaminatass thesgofitasldamsystem 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’ c%%%gﬁ%(gliggsathné%ﬁg .Biﬁaf egegygﬁrécrﬁogf ¢ glsrlngt Tﬁgw %e?ema%h&%%%ﬁfg a crystalline
lens. 11. The wyRmnahsofieiaing 1uisendiordpe fdasndsigaticnbbesy Sation: [es prosthetic design. 12. The

system of claim 1 whergimdbedansirafilgsata indisaiesthah thelehsdsdaierally asyposirie, and the lens

profile description includes rotational asymmetry. 13. The system of claim 12 wherein. sajd lateral
Dot 1o OGRS et B T M ST B e fanction.

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.
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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.

0. 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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