5 QRSTUVe3eu”r Dr 6<T =2 Novenber 2004 Methods of obtaining ophthalmc |enses
providing the eye with reduced aberrations Field of invention The present

i nvention relates to nmethods of designing ophthal mc | enses that provide
the eye with reduced aberrations, as well as |enses capable of providing
such visual inprovenents. Background of the invention 10 It is presently

di scussed that the visual quality of -eyes having an inpl ant ed\sFEkRe0bAT
lens (1OL) is conparable with nomall eyes in a popul ation of the sanme age.
Consequent | y,Mgthpgs pEehtaiping aphthalmie lenses peoviding theeye yithrpducedtabegptionn t he
visual quality of a non-cataracteous person of ‘the sane age after surgical
i npl antation of an intraocular 15 |lens, although such | enses objectively
have been Figbéfadentioppti cally superior to the natural crystalline |ens.
This result is likely to be explained by the fact that present ICOLs are not
adapted to conpensate for defects of the optical system of the human eye,

namel y .opti cal errati e t . 1 2] recently
been i Avest | gatglge B{ﬁ&#?n n?eg nﬁ%gﬁﬁé&% %ﬁg@% ?gs&%%gﬁ%hﬁ%@%ﬂﬁsﬁﬁ%tam |y
decl i nes iglovideilescée with esducbdibdrfations) 4 welbaslleases cagible bSpovaiihg Suchonpl y
with the above-nentioned di scussion, since the contrast sensitivity

neasur enevisial mapreyementsat i ndi vi dual s havi ng under gone cataract surgery
with lens inplantation lens will not obtain a better contrast sensitivity

t han non-cataract eous persons of an average age of about 60 to 70 years.
Even if i Machgeotnad of fiiksiasemtiored at substituting the defective cataract

| ens and 25 other ophthal mc | enses, such as conventional contact |enses,
have B&en devel oped with excellent optical quality as isolated elements, it

| s obvious thaty i sénﬁgldigcﬁss%ﬂﬁﬁﬁ%e{rﬁﬁaﬁ;daﬂfﬁ)ﬁregghﬁﬁﬁ aﬁ%?&ﬁomaenoma

of the eye includi'ng agé-related aberration défec US Pat en

5, 777, 719irtiAblchilaz hensfOR) is)cothiparibée withanommaheyss ima papulaipomofithesafoerage.
accurat el y, measurj.n | gher .order aberrations._of th e, an _opti cal
Syot em vi LORSSRAHER 0 7ouE olf b Rao B et iy Bpdchin fBeEiniBe s anaifiy
sensor, i bfa soRRafHriiteousPerPaDIile: finghafe il elirgdeimplanafidn Of ah RerAiGlaand
use such data to find conpensation for 2 2 Novenber 2004 these

aber r &1 i olescalthoughsaely legpisabieciively; Rave been mregrded as optically wupstigetathas of an
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pl ane of the arraé;.és The wave aberration of the eye, in the formresulting
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of the lensle
lens implantation lens will not obtain a better contrast sensitivity than non-cataracteous

persons of an average age of about 60 to 70 years. -
Even if intraocular lenses aimed :at substituting the defective cataract lens and
25  other ophthalmic lenses, such as conventional contact lenses, have been developed with
excellent optical quality as isolated elements, it is obvious that they fail to correct for a
number of aberration phenomena of the eye including age-related aberration defects.
US Patent No. 5,777,719 (Williams et al.) discloses a method and an apparatus for
accurately measuring higher order aberrations of the eye as an optical system with
30  wavefront analysis. By using a Hartmann-Shack wavefront sensor, it is possible to

measure higher order aberrations of the eye and use such data to find compensation for



1 o a conputer, which then perforns calculations to fit slope data to the
first derivatives of 66 Zerni ke polynom als. Fromthese cal cul ations,
coefficients for weighting the Zerni ke pol'ynom als are obtai ned. The sum of
t he wei ghted Zerni ke pol ynonials represents a reconstructed wavefront
distorted by the aberrations of the eye as an optical system The

i ndi vi dual Zerni ke polynomal ternms will then represent diff ?ﬂﬂ’t‘” of
aberration. 15 US Patent No. 5,050,981 (Roffman) discloses azﬁlg eﬂgl)%%ld
for desi gninage sherafon? ind Hepbyddbitain suBibitm ihformaticiforehe debned bmﬁ%@c' ng a
| arge nunber of rays through the |ens-eye system and evacuating the

di stri but i lens,dudrish tgn pfovidrea highly improwed ppricgbpgréamanse. Thenilertinenn-Ehack: ed| y

f d b i | ne. | f il .a l is found which
osul ts | rrelsEIb s Eirens i spaiing i Aeiro o anoiftr e refp i 50 U
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acuity of the n eye by successi vel ggaspheri c lenses to the

cones and drteyraftihe Hanthiang-Shacksenson pnsledduy e aypryoisvged tosfoamaneetal of

t he whol e .i ndi vi.dual eye. .The net hod ferred t e.fo esigning are
Ui tabl e ABPEERE iR § DL Sl RS focd] efptt o et
the phaki GaVh il A0 s aftRdolR r&ANRS Thcthea point SburkdSroal@idrcl i on
of the whole eye system However, to provide inproved intraocul ar | enses

ai ned 't o ribpreine hyhelaser keand, dispjares eaghnapot bnan agpunkprogoriwnakiodesiocsl t o

consi der the a rations ,of the jnpdiyi ' . Qf . Pat ent. No.
6, 050, 687 S\ Ldhe Waypiro tﬁgﬁ@l?%@glﬁﬁ?%ﬁgh%éﬁv}%fﬁ@%@@ac %ae%sg‘r’]‘m
pL operpi e?abdlfm_ﬁdi&égﬁﬂclﬁﬂﬁnf x PRErD, dplﬁ_ﬁgalallﬂldﬁmf (ﬂtlo@fenhtaib'h rthéﬁmdieﬁvétﬁlesalfto
the contribution of the individual, surfaces .the_eye.to, the totg
wavef ront GetaxpikeiRohgnomyiaks. Feh drse caloRlatiam pciisismtT e Weightineis évrﬁie
particul ar] ' Bl e alehal @Hi&! M nik j ﬁé@{r@ I
surface i 0éF%glggltS(?&r?ﬁprove ?g %‘%@ti ve _C(%rrectl on Fg)g%%ggé%%plr' ereeaﬁas
recent |y hemmsauéted weavefront distpitad biylthe alperatians offthe gfe tab an optical sysi¢mdThy a
nunmber of _st.ugdj es. of .t he devel opnent .of . these aher.rations .as function of
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aberrations of the individual corrponer_l_t.s_of,\{rou_nger eyes cancel each ot her

out, see bytcalsalating;medulatiomtensieifuncteys fmom traping alargenmmbes of rayydhropgiyo,

Vol. 41(4 i %VQ!E.]%%B% st i1 IR : al
Surgergl,)f@eg%,gs%?.gy ) ggges - g%tﬁ%?gﬁ%@eﬁtg%gsphewg}gg%%&fo ]
poséI e{ i or pﬁmunna'fhasui f@emsdly}perfmd@gsumngt etrleastone lertmrsné‘ace umtlalgm?lﬁbe
used together ot her, ocul ar. paraneters.to predict. the r_an e
aspherigi W%Irﬁ S8 f&ﬁgseﬁ% W%@B@F%Bglélaﬁ?n %&#ﬁﬁ? % he
opticagh perfor peeaendNot 822111 1(Gobddtl deshibks & nfdftod SLEAPIEVINR it vibial Vas

al so recently observed by Antonio Guirao and Pablo Anal in | OVS, 1999, Vol.
40( 4), 553suifhef thefiwmangye hyfsuceessivehelittiag amhesic lpnses ithesomasaad theselor e
15 spheri ¢al,,. Th ] i.ndi I8t r I: 4 jects

provi des ﬁ%%%%&%?@&g%%ﬁcgl on, 6 |S£ ivﬁg@gases slightly with the
age. On the ot e thethdds teferredtoadbiore bt desippinpere isuitalile fordheé desigd of drmtact

oer oy laBEooaBEr careEonienses ERiiae BhAC B5ahishSan Be FeFeEd da (oaanlE
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Resear ch, (2), p d asser et al. investigated the
spheri cal laises aimedon reflacethematural grystalling fens) i weadd be pecasyary topensideothe r om

an eye bank after t cotnea.has been renoved. According to the |aser
scanner oﬂg‘?ré%fPWEﬁ%‘q%?@g“ﬂWr‘??ﬁe Was found that the spherical
aberration fromygpahtRo. B;@B@,G@@SBW&%D 1shey Pertiddwehéabinahé ssffactive

aberration, whereas a 10-year-old | ens shows negative spherical aberration.
| n addi t i propegties\ofdhe ayRasaneasiredmwinvhergin qepsiderstion is takersta thy captrijition

pher Bial Ok BRriPHR TR piRbes FOYRL o e I FRRSE o ROl TR ©, |

because ol der eyes have a |l arger aberration, it is likely that the
spherical aberration of the crystalline |ens becones |ess negative with
age. In Ophthal. Physiol. Opt., 1991, Vol. 11, pp. 137-143 (DA Atchison) it
is 30 discussed how to reduce spherical aberrations in intraocular |enses
by aspherizing the | ens surfdce. The methods outlined by Atchison are based
on geonetric transferring 2 Novenber 2004 cal cul ati ons, which do not
consider diffraction effects and any variations in refractive index al ong
the ray path in inhonogeneous el ements. These calculations will lead to
errors close to the diffraction limt. Also in W 98/31299 (Technoned) a




s considered for the design of an intraocular lens. In view of the
foregoing, it is apparent that there is a need for ophthalmc | enses that
are better adapted or conpensated to the aberrations of the individual
surfaces of the eye and are capable of better correcting aberrations other
t han defocus and astigmati sm as provideds by conventional ophthalmc

| enses. 10 Description of the invention It is an object of GhgoddaRRLOGN tO
provi de for nethods that result in obtaining an ophthalmc |ens, which

provides the eye; ?Eﬁ% Prlaff¥ing the tdpogtaph M RepoRRIR Corehl t he

I nvention ?%cﬁﬁg%ﬁ%%ﬁlréﬁ%g%@% 0 %al ni'ng gar_l i r?’tora cgl ar l'ens capabl e of
reduci ng t §efRBe baler eimprovi ecfegtivalcoeectidnstechndquest at i on into the eye. It
is a further object to provide for nethods, of. obtaining an jntraocul ar lens’
capabl e of conp&hetstiangeeently heen A fp¢us %&‘F&&ﬁ&gwmﬂ%&d’?it%%Fye’ including a

irregularities i C B%EoF | i r  lggct of
t he presen‘?@ﬁ?f@%#‘gﬁegt%{tggg\éﬁ%gﬁ%n i ntﬂrl?'?isgggl ar [ngrsgﬁ |%t{1dﬁ| iﬂ%gpgm of
rest orisng garkieaf stodies,dby Haidl@,iﬂnémmﬁth@bmbmdnts dfithoeye watesamined |y nore
spherical wavefront. It is a al so an, object .oal t he res§ t . gi;/e tion to
provi de arsepatatelpdeading tethe cprekmiondthatibe gpac Pb%@ﬁggﬁ? ﬁ:t?]fl YIfH3an opti cal
irregularities ang i ct) ' 4 r199p, w1, peopl e
and t her ebSPTRBY eOfg%ﬁé%% e\&degﬁéﬂlér?g%@ed_ optuiz%glp eF%)ﬂr'ﬁgerﬁ%elgg

(@)

0 for an
i ndi vi dual23{21);pﬁjmaimshads@m,@nou,pwwztpﬁes&he arficlerofiSo Raigbetetl dm | v

| ane. ¢ hat Releiyask Coghcal SHESTHG e Vabdr Patee drt 181 istisidy B SpRRRIORET 0.
inthig c gébtnsgeﬁuﬁ o SraTRRRrrRy of W e @I it the Romediista b baead Dfethétonido

under st an a converging wavefront nust be perfectly spherical to
form a poi ¢ther omipe parameteisfio pretiet the powenard tr asphepeity of ap iptrocrlaelenst | na

of the eye,.the wavefront . 2 .Novenhe ' | ﬁﬂqrat Ltal
surfaces o‘fmél @W%?féﬂ%ﬁﬁ%?%@&?g%’g&ﬁ%@?éor arl%kl%fll Ecil a| 12s,
must be peffrifiires RA94S 480 recAntipbbsaraddbly Antgin Girko b PabloeAttal fin IOFS,
wavefront deviates from being spherical,. . I'n this cantext the term
nonspher i cki99s Vol #A9ASHBS ﬂ&g@eWS?%Wlmﬁa??@wiWWm '
and/ o, 11 equlal PLLAGESes hafateAbls B0bAES I helslBebB gréviais apostis o. The
wavef dit dBEFTELT ong can be expressed in mat hemati'cal terns in accordance

wi t h di f f eyphetical pbemation twhictoitereasesslightlyswpithithe ege.iOn theatherchandetber ences,

such as MR Freepan, Opti.cs, Tenth Nl ' kaent,

t he preserfo FW"%"‘H%?‘%’E??’@B qug%‘” BY o%%ﬂ%%%rﬁo%ﬁgtnégﬁﬁ 9gg§ul ar

| ens capal;freRint h&GKED tﬁé&fa&lﬂtdld?%yefmdi&ingy@raﬁttefoﬁtﬂﬂm T@shikazt 'alinl. The -

to method conprises a first step of. characterj zi t | ea rpea

surf ace aslna&mﬁ‘éﬁﬁlpbﬂ@ﬂmmwn&rmsﬁa égwgﬁg’n??£4mzhé?%§§$?ﬁ&g% n

cal cul gti the,r ' 249 G@ggs ‘@gﬁéatéjlﬂ{e%ﬁ ;A aBetRdtRasi on

of th@%co:ﬁ?f’cgbgﬁﬂé??gaégﬁ?q%%%% 0 téariraﬁg%i?{i .e. the wavg%omfi

aber r at i onsf mkural apitallinedensen Frsion eyets dhainedfrpmonayedank aficetheremeadas f ace.

Dependent on the se]ected,.math tical nodel..di r .

cal cul at e 9958 TEBPH IA‘&BE‘?P%%‘? nga%eﬁﬁc?@ef %C%j &Eﬁlgﬁ gfrsg‘%ﬁ%ﬁ? ttev‘%(s:(Jgt?‘#l:ﬂedal

surface i spGhakch&ida? Shbriftich EhEEMCRhs (6Fifars) shows pesitive spteinali d of

rotation or 1n terns of polynom als oz a conbi nation égﬁégof,. %tlniri&pé

pr ef er abl yaberfation,onlerets & L9ygarolddenyshosmmegative FPRae oy Gen,

conbi nati of. of pol ynem il ' ' el ect the

power Of t @19’3{#?%}%’538&”266ﬁé&g?s%gsg%@&ﬁdone%%l %%%t%%%éent i onal

met hods f ogrykARineN&E dipearactavé neptriveapharival sheriatinn shentis themlaxkd statsanpl e

the method described in US Patent . 5, %2%,0 5 Fromthe i.{n‘ 3%@(#{1 of -

steps one Smifhohel sigeestithaloberasse PURECYS BIHECT AOFERPPpdt 1S (P B

froman optical IS i1 hsl obt ai n
pﬁw@%@rg{&% ng\e:cgg:ﬁﬂlﬁ@'léhs HRESma s gt M withdele, i ns

reduced ab 0 system consi dered when nodeling the |ens
typical l'y incl uie@phtial. Fhysisd Gpil, 9810 Vbkid, phus7i1431(RA 2dchipaifisc case it

can al so include other optic el nts.including,t e . spegtacl es,
or an 3t i diseyssed bow e £2qUGH SPRFC gﬁ?ﬁé’é@sén@g'ﬂ?‘g‘g?ﬁ?%%gwaa%gg%%% &IIEI’H ay
i npl ant orle%g aﬁﬁl}m@%ﬁm&&ﬁrdﬁﬁﬁm hedrssonepehatcd on@Roineid fishsfdreibg|

ering

si tuation. the lens i nvolves selection of one or several |ens

-

=

paranmeters in a systemwhich contributes to determ ne the | ens shape of a
given, pre-selected refractive power. 30 This typically involves the
selection of the anterior radius and surface shape, posterior radius and
surface shape, the lens thickness and the refractive index of the lens. In
2 Novenber 2004 practical terns, the l.ens nodeling can be perforned with
data based on a conventional spherical |lens, such as the CeeOn | enses from
Pharmacia Corp., as exenplified with the CeeOn Edge (Mddel 911). In such a




lo has at | east one surface described as a nonsphere or other conoid of
rotation. Designing nonspherical surfaces of |lenses is a well-known
t echni que and can be performed according to different principles and the
description of such surfaces is explained in nore detail in our parallel
Swedi sh Patent Application 0000611-4 to which is given reference. The
i nventive nmethod can be further devel oped by conparing wavefyQhsdmbe? 2004
aberrations of an optical systemconprising the |lens and the nodel of the
aver age CQiR&datitink 'whith deavsicoasideradifitactivh effsctoind hay ausistiges in eefreetivand
evaluating I f a sufficient reduction in- vefrogﬁ aggggﬁion58h@ %%Fained.
Sui t abl e \indéxaiibeg feer rampath in mh@mﬂgwu&\é@w&ﬂﬁsh s &3919si cal
paranmeters of the | ens, . .uwhich j el
tloge 1o %?&Ppgj%ﬁg%s@m /99839286 (Fnhbidapa {gnﬁcfﬂgd

whi ch deviBf¥s én éI'hg a spherical “Tens to conpensate 20

for the copaRal iChelHAA hQREding e whivdy the kefractioh of theodorada isetismptedeo ber neal
surface as a nathenmatical nodel and therebﬁgestabl i.shing a corneal nodel
expr essi ngohbideredifortie designfofamnintipecuiazdensda view pf HEoIng, &rif 8PRASEPLhy

direct cor gt% surface gqe{aos [,e tﬁn@&%tq}{ﬁee&e?a@tédwmgﬁ%ma&@m cal

nmeasur eme PR 3318 DRAT 0 express surrace irregularities of 25
the Lgorm eaabkﬁalﬁorﬁ‘@ihé iﬁ(ﬁﬁuaarfmﬂabﬁd dthe epen ahé ans&qbahletdff&eﬁer %mf)eeﬁng ve

met hod. Corneal nmeasurenents for this purpose can erfornpe e,
ORBSCAN viaberrkdonstasheriban defocng and %@W@Mﬁifw&v ﬂb?ﬂ%?ﬁl&gﬂm“’

t opogr aphy net hods, such as EyeSys from Prem er Laser Systens. Preferably,
at |east tH&®*Front corneal surface is measured and nore preferably both
front ;gnd rear corneal surfaces are neasured and characterized and 30
expressed together in resultjng wavefeont aberration ternms, such as a

li near corldeseuiption aSthpdpyeion,| s which represent the total corneal
wavefront aberrations. According to one 2 Novenber 2004 inportant aspect

of the present invention, characterization of corneas is conducted on a

sel ect ed popul dt isoan objett afithe mpb%twmwﬁf%W%%Wﬁ%O falIRg AR 5|
wavel i ont aberrations and desi.gni Uehigxer aged aberrations.
Aver age c Mﬁ’rﬁh%ﬁﬁﬁgﬁ%%@m poﬁﬁl}é'ati on can then be
cal culigt ed, f or; exaitthd ctject of ehecinagtioni to paorvidomisthods iof nbiainipg hy infraoeiler and
used in the |l ens design nethod, This aspect incl.udes .sel ecti di fferent
rel evant dmbbﬁﬂ%%ﬁ@?@ﬁg@eaﬁﬁ%g&tw %R%’r‘]‘gﬂilet% e
average cornealy ob%%&%%fﬁeﬁb&ﬂéﬁmhgmmﬁmﬁ&nﬁﬂvi ded

whi ch are adapte 0 an average cornea of a popul ation relevant for an

i ndi vi dualcapalsle bEcompensatiog g abereations resuitigs fipre priveal imegulqmticsdp st i on
surgery including.l O inplantation of an.1CL.or corneal inlays. The patient
wi Il ther &BHEY "lens that gives the eye substantially |ess

aberr aji ons wheR i££ 568 Fathdr @bject ofthe piresentinveapivartoqabvide as intRyoehiler kpsy, t he

nenti oned corneal neasurenents al so_.include, t neasur enenf of .t he,.cor neal

1ot 1 act | veviiehes capthis QlsvEPHBE 8 e o BORHUSTaINS Lol SERFIDaPe § BiRsRtSRe

typically consi sel ection of the lens power in the inventive
O ShEiGH eriopE

desi gn net so preferably, the wavefro~ aberrations herein are
expressed as a ltiswalsoaardbjecipf the mesepbinyeutieniopravide apdntsgrculas lensywehich,

conprising the corpeal nod and npde i . Ve of or a
wavef ront 1B5WaY mg%%ﬁ’ﬁg’fgﬂ?ﬁa;wgﬁa%pa %%Og%?ons, as

expr esﬁged )%&,&ﬁﬁ. Rup R 96@1515 Rnd ﬂam;a’vidb arlenms with impeovadtoptital getiormance
several types of polynom als are available to skilled persons for

descri bi ngfonbe fratividnal belenging toBiesamegEoy| ynoni al s are Sei del or Zerni ke
pol ynonm al s. Acgcording .t Man® L1 ' HARARA{K SerROInANE Methdils of
preferably are %ng%t.ﬁﬁ;ﬁ}neéeﬁﬁﬁgggb%&?m oying Zernike terms to

descri be vgyghigntaiaphtialneensthagisapable of reducingithe abersationa ofthectyei By i ng

from being perfectly spherical is a state of the art.technigue.and can be
enpl oy ed {dhersiomindbia CORIEK RS AR R SRREL UGS A AT P i n 3 Opt .

Soc. Am, 1994. Vgl I : | Serfd 84 iasélﬂgt anong
opt i caf® prﬁqﬁqﬁ%@gﬁtﬁ(é?@?’%%ﬂl& %éer e(’%gmggtter%%%.tcg?r%ﬁérihcgﬁﬁi fgﬂc?i f1erent
aber r at i onygpRNXTENA petfettitiagg shall be frxmed suri Graetinmef the eue.dhel wapelzontcal
aberration up to higher aberrations. In an enbodi nent of the present

met hod, the corneal surface neasurenent results in that a corneal surface
is expressed as a |inear conbination of the first 15 30 Zerni ke

pol ynom al s. By neans of a raytracing nmethod, the Zerni ke description can
be transfornmed to a resulting wavefront (as described in Equation (1)),
wherein Zi is the i-th 2 Novenber 2004
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Zernike termand a; is the weighting coefficient for this term Zernike
polynom als are a set of conplete orthogonal polynom als defined on a unit
circle. Below, Table 1 shows the first 15 Zernike terns and the aberrations
each termsignifies. ~is Z(P~-B) _GiaizZr (1) =i In equation (1), p and B
represent the normalized radius and the ainmuth angle, respectively. to
Table 1 i Zj(p,0)11Piston --22pcosoTiltx32psi noTilty4~(2pz e 2004 Pz
sin2B) Astigmatism 1 order (45)6~(p2 cos2B)Astigmatism 1 order (0*)7(3p3

~ _ZP) s~~Conhymt Bised tiRpticabsubfoanofibe epe, surings-thei dopida a8d 10ngipa or artificial

cos3~Trifoil 0ll~(6pa 6pz +1) Spherical- aherrati. 1210 . Eh \;‘»e%z } cos
ZBAst i grmat lwm%@mﬁcﬂbfmglﬂgm JBALY ?"ﬁﬂg’ﬁfgﬁl‘%ﬂg € wavelion
or der (45) 1 10%@5@;@3‘{@%@&0&. 031%% RoritAHR Eimanhepieridal sarface Wil vergDRY

2004 ConvehtH correction wth intraocular lenses will only
conply w tfbtéﬁ&aﬂ(fﬁfﬁhndtﬁémsm&i@md/nﬁihegm ewfasssyird. sil syrfaces diffesing t h an
I npl ant ed | ens. asses, contact |enses and some s(geci a infj‘r;ag ocul.ar

| enses mroﬁomwxmmeM@@ﬁpmﬁWO%?@&ﬁ%?ﬁsﬁ A mgthemapical IS 10, ¢
terns five_ and, si x_and.. Lo i hk@iPekibasrrabent&f erri ng
to asti gna?‘:lcgmmﬁglaﬁ%n gﬁ%ﬂ/%% koﬁe?ﬁ%&ggﬁ n |1ﬁ5§§‘§“f'§ calculate the
wavefront aRfmkMIRQ Fredntal)Opticg, TentlrEditioapl $2h|I syst em conpri sing sai d

nodel ed i ntraocul ar | ens and cornea and. expressiaq Jjt.in | | _—

conbi nation of pos §ird emh ?\‘H’%PG%SFB?‘WW%qnfmt 'ehtt? 58%’15‘?%41%’[% has
pr ovi ded s o) &iike RbAbMof BauaNe ibhRkioRb B Taldyentior itfirhplentatighiCTlicon i n
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Si ncl ajg  Qalldiate 1296omAlabbrratiens aah behakede Prafimablys theromenl sudacedei at ed with

this application are listed i able 1. . 20 Agcordi. qLisf,@spect
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12 2 Novenber 2004 terns of polynomals or a conbination thereof. Mre
preferably, the corneal surfaces are characterized in terns of |inear
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25  outlined in J. Opt. Soc. Am., 1994, Vol. 11(7), pp. 1949-57. It is also well established
among optical practitioners that the different Zetnike terms signify different aberration
phenomena including defocus, astigmatism, coma and spherical aberration up to higher
aberrations. In an embodiment of the present method, the corneal surface measurement

results in that a corneal surface is expressed as a linear combination of the first 15
30  Zernike polynomials. By means of a raytracing method, the Zernike description can be
transformed to a resulting wavefiont (as described in Equation (1)), wherein Zi is the i-th
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15 2 Novenber 2004 then evaluated so as to consider if sufficient reduction
I n aberrations is acconplished by cal culating the aberrations of a
wavefront arriving fromsuch a system If an insufficient correction is
found a new lens is selected, having the sane power, but different
aberrations. The nathenatlcal nodel s enpl dyed herein are sinilar to those
described 5 above and the same characterization nmethods of tHhgoepiReabos
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to obtain su~cient reduction of the spherical aberration of the eye after
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the lens is determined so as to conpensate for an average val ue resulting
froma su~cient nunber of estimations of the Zerni ke coefficient all in




17 2 Novenber 2004 The nethod further conprises neasuring the aberrations
of the aphakic eye, not conprising a |lens, by using a wavefront sensor.
Sui t abl e net hods for wavefront neasurenents are found in J. Opt. Soc. Am,
1994, Vol. 11(7), pp. 1949-57 by Liang et. al. Furthernore, the nmethod
conprises selecting froma kit of lenses;g lens that at least partly 5
conpensates for the neasured aberrations and i nplanting sai %]SSVQ@]#&“Z@O& he
eye. The kit of |enses conprises Ienses of different power an er ent
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subj ects for a Ldppaidi 8Ridther approach ofthe mvenhve design method, corneal
characteristics of a selected population and the resulting linear combination of

25  polynomials, e.g. Zernike polynomials, expressing each individual corneal aberration can

be compared in terms of coefficient values. From this result, a suitable value of the
coefficients is selected and employed in the inventive design method for a suitable lens.
In a selected population having aberrations of the same sign such a coefficient value can
typically be the lowest value within the selected population and the lens designed from
30 this value would thereby provide improved visual quality for all individuals in the group

compared to a conventional Iens.One embodiment of the method comprises selecting a



25 aperture. Fig. 16 shows a scatter plot of the spherical aberration of 71

subjects for a 7 mmdi aneter aperture. 30 19 2 Novenber 2004 Exanple 1 A

sanpl e set of 10 corneal surfaces fromindividuals were described using

Zer ni ke polynom als. The sag data of the corneas was determ ned using the

real height data measured with a Hunphreyi®tl| as corneal topographer. The

corneal topographer s neasures the height (z1) at a di scretgﬁw%drerg 04
co

poi nts. The corneal surface can then be expressed as a linear

I natl on
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- Q0083 3bérrdle® ¥m can be calculated. The corneal wavefront aberration terms are
obtained by transforming corresponding corneal surface shape terms using a raytrace
procedure. From said at least one mean corneal surface shape term or from said at least
one mean corneal wavefront aberration term an ophthalmic lens capable of reducing said
at least one mean wavefront aberration term of the optical system comprising cornea and
lens is designed.

In one preferred embodiment of the invention the method further comprises
designing an average corneal model for the group of people from the calculated at least
one mean comeal surface shape term or from the at least one mean corneal wavefront:
aberration term. It also comprises checking that the designed ophthalmic lens
compensates correctly for the at least one mean aberration term. This is done by
measuring these specific aberration terms of a wavefront having traveled through the
model average cornea and the lens. The lens is redesigned if said at least one aberration
term has not been sufficiently reduced in the measured wavefront.

Preferably one or more surface descriptive (asphericity describing) constants are
calculated for the lens to be designed from the mean corneal surface shape term or from
the mean corneal wavefront aberration terms for a predetermined radius. The spherical
radius is determined by the refractive power of the lens.

The corneal surfaces are preferably characterized as mathematical models and the
resulting aberrations of the corneal surfaces are calculated by employing the
mathematical models and raytracing techniques. An expression of the corneal wavefront
aberrations is thereby obtained, i.e. the wavefront aberrations of a wavefront having
passed such a corneal surface. Dependent on the selected mathematical model different
routes to calculate the comeal wavefront aberrations can be taken. Preferably, the corneal
surfaces are characterized as mathematical models in terms of a conoid of rotation or in
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parabola K = 0), (cc = K2-1, erein cc is the conical const ant
representing the aberration of a wavefront, preferably at least the 11™ Zernike term, see
Table 1. |

The selected groups of people could for example be a group of people belonging
to a specific age interval, a group of people who will undergo a cataract surgical
25  operation or a group of people who have undergone corneal surgery including but not
limited to LASIK (laser in situ keratomileusis), RK (radial keratotomy) or PRK
(photorefractive kerafotomy). The group could also be a group of people who have a
specific ocular disease or people who have a specific ocular optical defect,
The lens is also suitably provided with an optical power. This is done according
30 to conventional methods for the specific need of optical correction of the eye. Preferably

the refractive power of the lens is less than or equal to 30 diopters. An optical system




zz 2 Novenber 2004 Because the cornea"surface has only been described for a
central dianeter of 4 mm the calculated R and K are also only accurate
over the central 4 nun. A pupil size of 4.0 mmis therefore selected for
desi gn purposes. This pupil size is reasonable for intr~aocular |ens design
pur poses. A 22D CeeOn 911 |l ens from Pharnidci a Core was chosen as a starting
point for the averaged |ens design. For the purpose of conpayy

averaged | enses were al so designed to be 22D. (Note that ot %Iﬁéﬁéﬁ(’%e%?@%
woul d gi vecensiddred whicnmhadeling theleos tscompansitd dor abeatatiohetypidally inchiidesdhé aces
of the lenses is the sape.,) . The surface-infornation for, the starting, point
eye nodel AYCTEHTREIRFS ?4421*%#@"1 n the s cccﬂﬁgé’ﬁn&{'?ﬂ ‘%%IB&FQ?' EEPPHRt a t o
denonst r at ed. joh<TaB i thhMnsBY 6f §REtaERE) & RURFHEAL cdrfectitn okesuthasd for
the 10 indiVi ggtgﬁﬁ%lgr&n atg o?hsganﬁe 1. °Surface #Radi us ?Irlm) %ugkness

( M) Aper t ugentia dénss a comeabilay Gomsingplarialile aotrecton laned<épendinp-oiiBe RidpGdadl. 01
(comes) 7. 5733.62272611-0. 0784 *1.33752 (pupil)--2.01.337530.92. 01. 33754

(1 ens 19 1151890943 01. 45775 (lens 2)-11.0431720973. 01336 15 Tabl e 4:

Surface data fo | RereRel ; v, h%%i lofak id demi ' *
This conic cons{naé#]g%pgzrﬁpk gfavergg:lg9 ng%ér?lﬁtel%(iﬁfs ta e‘%leﬁ% gnqefg}ég%%ﬁegﬁlgd
wor ks of Gyho avdllanderiyoad catarhbiesungaref Indhis cadeeit isshasdeen cdvn that thesaveragam f or
t he average corpea arg shown jn.colum 1.of Tab 5, .while the coefficients
et of LR R SrPOgRAtioR iSRG BY Aol At Sallow g Sl an
in colum 2 of Table 5. Note that the Z11 coe$icient (all) of the average
old cornea alone is 0.000220 nm while the Z11 of this eye 25 inplanted
with a 911 would be 0.000345 nm %)r’ '

10 z= +adr® +aer®

1+ Jl —,(—11-2—)2 (cc +Dr?

wherein,
(i) the conical constant cc has a value ranging between —1 and 0
(i) R isthe central lens radius and
(iii) adand ae are aspheric polynomial coefficients additional to the conical constant.

15 In these studies the conic constant of the prolate surface ranges between about —
0.05 for an aperture size (pupillary diameter) of 4 mm to about ~0.18 for an aperture size
of 7 mm. Accordingly an ophthalmic lens suitable to improve visual quality by reducing
at least spherical aberration for a cataract patient based on an average corneal value will
have a prolate surface following the formula above. Since cornea generally produces a

20  positive spherical aberration to a wavefront in the eye, an ophthalmic lens for
implantation into the eye will have negative spherical aberration terms while following
the mentioned prolate curve. As will discussed in more detail in the exemplifying part of
the specification, it has been found that an intraocular lens that can correct for 100% of a
mean spherical abertation has a conical constant (cc) with a value of less than 0

25  (representing a modified conoid surface), with an exact value dependent on the design
pupillary diameter and the selected refractive power. For example, a2 6 mm diameter
aperture will provide a 22 diopter lens with conical constant value of about— 1.03.
In this embodiment, the ophthalmic lens is designed to balance the spherical aberration of
a cornea that has a Zernike polynomial coefficient representing spherical aberration of the




2 Novenber 2004 10 Average CorneaAver age :
Cornea+911a10. 0004320. 000670a20. 00. 0a30. 00. 0a40. 0006500. 00101a50. 00. 0a60. 00
. 0a70. 00. 0a80. 00. 0a90. 00. 0a100. 00. 0a110. 0002200. 0D0345a120, 00. 0a130. 00. 0al14
0.0 ~0al150.00.0 Table 5: Zerni ke coefficients in nmof the average cornea
and the starting point for design (Averagg cornea + 911) 15 ' The averaged

| ens was optimzed to mnim ze spherical aberration, while rr%é{]t ai Qi %0?
22D focal power. The lens material remained the sane as in t ¥R Y ens
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resulting design for an equiconvex lens-s e average ens was o zed
to m ni m ze3mphepartak radias, 000086 mhitd 8.000448 minnforg 2mAvEpdragataddeyer . The
|l ens nmaterjal remained the sane as, 2o_in the 22D 911 lens (HRL silicone,

the refradl-QX 0pRdnm:tn §.0006558 samdor 2 3. mRt 8§ and 000184 sm o
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| ndexObj ecsﬁft‘aéﬁfcc(meamfwc)oi-n&% Weith tﬂlﬂhﬂéﬁ yehra88v& ﬂ?dl&% Egéld(ﬁe?med. 'ﬁhe lower

1)-1. 805e-(QS1. 45775 ens 2).1. 336 e 6. Sur,face dat or the startin
pZ)i nt of tA¥EAR g‘@g“rl"&ﬁ ?E)‘il’r’"{%b Shersured srerage valye far that spopii < v'vgre
combi ngd i ] . adaked | enses.
The rreigul ﬂ ng Fg?%‘?’?g‘é%?ﬁf coe~c?§ﬁ%€bﬂé:r§e?%%lﬁﬁimﬂo Fig. 1. ff&s

denonst r ameasuied aRexage valueforeach specific aperture dins plus thiee stapdardideviatiots.
and Foz ndde YRS afer Yol AL finderd FEVIRE st Rl ISR FEeRb . Tt gi 1
Wi th, therdagbmiforaittectinginlgalinus one SD ( = Standard Deviation) while selecting plus three
SD is that in this embodiment it is convenient to only compensate for positive corneal
15  spherical aberration and more than minus one SD added to the average value would give
anegative corneal spherical aberration.
According to one embodiment of the invention the method further comprises the
steps of measuring the af least one wavefront aberration term of one specific patient’s
cornea and determining if the selected group corresponding to this patient is
20 representative for this specific patient. If this is the case the selected lens is implanted and

if this is not the case a lens from another group is implanted or an individual lens for this
patient is designed using this patients corneal description as a design cornea. These -
method steps are preferred since then patients with extreme aberration values of their
cornea can be given special treatments. |

25 According to another embodiment, the present invention is directed to the
selection of an intraocular lens of refractive power, suitable for the desired optical
correction that the patient needs, from a pluraﬁty of lenses having the same power but
different aberrations. The selection method is similarly conducted to what has been
described with the design method and involves the characterizing of at least one corneal

30 surface with a mathematical model by means of which the aberrations of the corneal
surface is calculated. The optical system of the selected lens and the corneal model is




aberration is overcorrected in these two cases. As a result, the sign of
the total spherical aberration is noticeably reversed in these two cases,
and the amount of spherical is aberration is still significant. In every

ot her case, the spherical aberration of the total eye would be essentially
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nodel andy, FM Si.t s L“E] V\g n this is done andthet

procedure for ca il ﬂﬁh&fe t“yﬁe gpe W@W@@fﬁm&nﬂg 6 are

obt ai ned. mﬂdﬂbforrth@npﬁantsyaamﬁiﬁ&ﬂgeﬁhs ﬁﬂré&ﬁéﬂu\ﬁb«ﬁﬂa%wg%#i p}l%g“fw see
ocus

that, in.all cases, after correction for astigmatism a

real i ¥% vﬁﬁ?’&‘%%% srrpkeseneslicienteai, eande einni:auy eliminatpelcr Ibengsher oduces
a hi gher fesd; 1 |l ens. of the sane

di optre. %fﬁl ﬂ% gﬁ%%ﬂ%ﬁgr%g@gﬁgﬁpﬂtﬁg L"i"ﬁﬂ?@ Lenses: As
a pot ent isaffi¢ientlheeducay \sphmnalaimmﬁohe)f&eé &ﬁ @R | s', an

i ndi vi duaeﬂ 8 ns il Itﬁg es ra?) de3| nejggf o? eacﬁ(’%fﬁe%%)&r&g%%j ect
corneas € *g’%%’g"% 375‘??0\3@ @%sﬂ’é Abegaen byn Exanpl e 2.
The | ndi otisidbridg aﬂﬁimed&aﬁi&eﬁﬁzﬁuﬁm%mé%%coeh%g Ag,dgns bal ances

the zZ11 ,%Igﬂtéﬂgqé]ndl vi dual cones The total -eye or the 111
| ens astigmatisny cpmatasg digher order aberrattons Also higher order aberrations

Subj ect 9 0Q1 10 00Q004FCZ0. 000I05 0. 0001
00- 0. oooéﬂé@ﬁﬁgﬂg%g%ﬁ%‘g@b%&% 5%&%&%’ %@@9@ elovisd iboppat®iTabl e
7: The Zlthd modelifg,iinwlbch casem 1ois dahberge tedQﬁé? i 1&-9&“% Gl 111

| enses 10, with th corrq,spondl ng coefficie~s gl?l toEgc’Qll ]fé 1fléﬂe1 averaged

| enses. B‘?’EM@“ Q48R of the 911, Zz11 (averaged), and |11
(individual) |ghg CUSS and the

t hr ough focus MTF‘?%tngggﬁn’%ﬁEBr sugjlec ’Qgé%l%ﬁ%é’nﬁ%g?@bwﬂ‘feé\ﬁe lsnses ang
8. FBbm Hom a kitayfdesses having lemsenwithat rahgreoffidwertandQ FlafRPhf BYSS vitlghant ed
with the ZI [11 1Ihgmses ]bS hj heiﬂthan the MIF 'of tHe sane eyes

i npl ant-ef % ﬂ]"’éﬂ Y abgrratiolls. \y as syamplasihedenses withirt ¢acb pgiwet ocus
MIF of all of the lenses is satisfactory. The ZI | has as nmuch depth of
focus as the 911. However, it is also interesting to note that the Il |
does not provide a significant inprovenent in either MIF or through focus
MIF, relative to the Z11 lens. The visual acuities of the subjects with

i ndi vidualized | enses have al so been cal culated. 20 Fig. 9 conpares these
acuities with the visual acuity calculated for the 91 I and Z11 | enses.

FromFig. 9, we see that for all 4 subjects, visual acuity is better for
both the ZI | and I11




| enses than it is for the 911 lens. W also see that the results with the
ZI 1 and 111 | enses 27 2 Novenber 2004 do not differ significantly - the
average cornea is relatively accurate for each of the 4 test subjects.

Exanpl e 4 The design of an ophthalmc Iens, which is adapted to reduce the
spherical aberration of an average corneggbtained froma group of people

wi |l be described in detail here below. The lens will be cal %
| ens because it conpensates for the normalized 11th Zerni ke %gfrar‘rﬁ&gggc |6i ng

spheri cal g%g%r Is . [%q.@qt 0 o use opul ati on
of potentia r%@%ﬂé%‘sﬁa‘%{&?ﬁg ﬂséirl\?sﬂ&%g&rr% y cg“rgf%lé{“g i‘%ﬁ?g.&

Descri pt i oexhibit shifidentubdiidtion in dGeriEtionpapeipréssedin felabléKbrrike ¢obMHoitihs,
patients fromSt. Erik's eye hospital in Stockholm _ Sweden. These patients

were of ag@sn RARYY K@sof tie Snenowes, Bie ayith p diffesent sprince (asphezicOREponEh® is

average a At i 7 . nistogr of ..t he age of
the. popul SEiated dhefBReBh ultian 1Pnboel LS isRuVE b BHERRA SuiinEbed sy o
measur &d  ds fogndwe Betysedied (beffatibe kermSairé redactdbdlo®id SnifeMitHRdIRS ¢ARe] S @
scanning slit -based, corneal and anterior segnment topographer that

measur es e ged fromyihe|comneal examination will bedigedtly f ace
and the i rjs,; | of el evat.i.qQn,
el nat i Goteingd B9 BLLPREALAE Rupborf GEPHP KL S FTM oA euly S B compared
el evat i on th&hgivn Derhike(tehies 62thé bakesinl the kiti Prom s ¢@ix Aihd he e of
t he corne f.or the;ran erjor_surf aie s obt ai ned usi%&ﬁ?he begt?glrili%ggnd
used as rawSdBthe Kicap wadqnd imp ?“H\éﬁ'ﬁhﬁrﬁ@'@&:i%m sentbesondicted e
corne T i %a%ﬁﬁﬁﬁﬁ fei LS. .represe din
Fi gurgollwf&ggg%}a&ve%ﬁ&%ﬁaéﬁe @@esi an co-ornd% natgéa}%égﬁ%t he
el evat i on fergimgduction ef an indjviduallydadlentdtlenspol ar co-ordinates (x,y, z-r,o0,z).
In order to desgribe the surfage, thig data is then fit to.a series of
pol ynonual s as es%rref?}gdnﬁ?%@a BRI ﬁ@%?&ﬁ@ﬂ?&@gﬁ eagjone
wei ght i ngnbaspherisal siRface 2eFkbROHIRARTeing bovSRieatRavatk Pikséd BurbidH tRY

e

procedure resulting in a conplete description of the Surface.
pol ynoni af¥nes of thegye mwwmwwwmfﬁ@wmﬁﬂmmﬁm@ﬁ

=~a~Zys (| el Arrola) B4 . re.. .
or t hotor ng%e ég\?é?iléa}-e%lgﬁyts’?%ﬁ%g uni ?%%Pgﬁlﬁﬁﬂ;eh%h ﬁg&w)‘ig M‘W
descri be wamsfexpressebir rokitionally symmberid Zehikedérmonty wshe Gartleaddet. opogr apher s
nmeasure the elevation heights at a. di scrgete,nu r of points.. The Zerni ke
pol ynoni al s ar Z“ﬁ‘a?mg??‘f?o‘g’@hﬁ? %‘Pﬂapa‘*fgﬁfﬁ‘éﬁ@gg@?% myegtiongrlgosto
appl yi ng mmwmiw&%wmﬁmwmn@@ﬁséawﬂﬁe% .

o be fit in

orthogonalization, to the 15, hejght data, al | ows e data t

terms of 9embinptonef¢smikepal tarms aemmalized Soyist, that listahogonal
fit. 53 Xt¥eoak of L1 Ci ; . . f bt - | ght. dat.a.provi ded
by i 1 G gt I8P Ckt B BT Sl Bl ar icicd G tfhcilr e s

pr ocedur epositires suwdi texm aif theempiver, | toi dbfainshiffician neduetiap pf thei sphesichlf r om t he
Zer ni ke c%’e~pi.efq§9%lég%}1§;&e?ns %Bta%%.ﬁlbgnea”d trg) thclggllng g.one"sntt’aﬂnl;t3 of _th

surface i

coefficient a;; of the lens is determined so as to compensate for an average value resulting
from a sufficient number of estimations of the Zernike coefficient a;; in several corneas.
25  Inanother aspect, the Zemike coefficient aj; is determined to compensate for the
individual corneal coefficient of one patient. The lens can accordingly be tailored for an
individual with high precision.
The invention further relates to another method of providing a patient with an
intraocular lens, which at least partly compensates for the aberrations of the eye. This
30  method comprises removing the natural lens from the eye. Surgically removing the
impaired lens can be performed by using a conventional phacoemulsification method.




20 (fromthis we know that for a sphere KZ =1). The fitting procedure is
wel | described in a nunber of references. Four different articles are
refereed to here: "Wavefront fitting with discrete orthogonal polynom als
inaunit radius circle", Daniel Ml acara, Optical Engineering, June 1990,
Vol . 29 No. 6, "Representation of videokeyzatoscopic height data with Zem ke

pol ynom al s", J. Schw egerling, J.Geivenkanp and J.MIler, A
Qct ober 1995, Vol. 12 No. 10, "Wavefront interpretation wt hQ%’YF@%g%M

pol ynom al gy c}ﬁéﬂﬂﬂﬁ ' a‘é@n’nﬁ;ﬁﬁl' ) i 1980, Vol . 19,
No. 9 and ’f%%}]r}]e\é\g wavepg?fg 'Fsaeisi%géh ro -wdé’g%ﬁ%ﬁastoggt?% : %\%3660?18 y and
limtati Onsorﬁf)risiih/g alens; dgukig, a vitediond sénsof, Shitable riahods R NaveffoPt Soc Am
A Opt Image Sci Mi's Jun 2000, Vol. 17(6):955-65. 30 2 R 2(2a4-~an) 2b

29 2 NovenB&psuremgnts are found imhOpL.ggeA9n) 19%4,6@1ch1(ai,ip@|(nl 9-5& by fLiiang et. al.

Aberrati ong ] D . terd al surfac xni ke
coeffici emuslﬁ 256 ?ﬁ%gié%&szﬂol}@ec%gg naslsg%l@#ygfgg%gg% %ﬁgnﬁeg a&&?%&’ﬁ{ fﬁ;gea(shgaruy
wavef r gnt @lmq_ﬁema_hﬂeﬁ forcthe mdabm’_éé dbdryatichis and Qn?lahfiﬁg Saitl $HRGnfd tha & A9R kit
procedure. This is descrjbed in for exanple "Corneal wave aberration from

vi deoker atfdensss pomprises leagesof dififerent pawe nad differnet aberratidng wid finding tieo

Grirao a Al - Sck Vis J 2000

Vol . 17(ti) &%%%b&%%sm&%&%?ﬁ v%%g%#e%b%@ﬁc&ﬁed' Plrnﬁ‘g?'%lﬁ’ Thd

]:c,h ape: 6Th dnditridutalbly mganh nensé?pﬂha phtichticah ibg dbﬁg?aﬂbdsﬁd ba tt)_ﬂ@ﬁaﬁ{réﬂ&ﬂﬂ aBkI¥S

or a 6 nm.aperture. wavefront aperration of each subject was

det er mi ned)fiﬁﬁr gphakiq ?srenfg)rm'aseg% Hflpge@@rlem masthord spdyaitageanspsingam al s.
Fi gurgq12 {27 [P AV A<\ = TaT=N r g at rgg% ke rm
(nor ngloi zé for El??.mThe error a?gﬁ?%grag%%ﬁit/ﬁlgwfﬁ&% a ?ﬂé@%&ﬁ%ﬁ&&here
ar e t hr ee ant back surdaces; isatomaticallyyporisidered.l y different from zero on average

I n our popul atign., These are astjgmatism (A [of0) A9). and _ spheri cal
aberration (All@e%%rqcmﬁ%ﬂ’eﬁmi ‘g‘?q%)@hmgg%ﬂ“ﬁ%mﬁfll thrmetri c
aber r at i 0gonvetionsl inktHods. Jang eAfhoaliRéritahéyoite llale RN sOR, x%@iﬂxbﬁt:ﬁﬁénm',t h a

rotationally symmetric |OL. Figure 13 shows a scatter plot of the value of

t he Zer ni R& fenesor bydmgelsy Ies pEpchgenterisly suitable fordbldable r ati on for
a1 £ o fmblub ReEd re60E o 08 pAAE No? A8 16 ol BPUSHAS NG S4B IO, |

m ddl e represents average sp erratron,
r epr esent Manufamhaing ofinclzsphierital siliconslenSadrotiterifoldhble lértses vai be perfniddar d

3 o 2 B¥arailth DbaR Nb 1 B Alfndifiery, e folses s200rd0ty o the preoent
invention can be made of a more rigid material, such as poly(methylymethacrylate. The
skilled person can readily identify alternative materials and manufacturing methods,

20  which will be suitable to employ to produce the inventive aberration reducing lenses.




aberration and root mean square error. 30 2 Novenber 2004 Average

Val ueSt andard Devi ati onMaxi mumM ni nunR

(rmm) 7. 5750. 3338. 7107. 072Ksq0. 9270. 4072. 5630. 0152SA coefficient OSLO for nat
(in mm D. 0006040. 0004480. 002003- 0. 000616RVSE 0. 000055

~0. 000004820. 0000690. 000045 Tabl e 8: the aver age, standard devi ati on,

maxi mum and m ni mum val ues for the radi ué, aspheric const antz,Ng\%g;e;igng
aberration and root mean square error for a 6nm aperture. Tables 9, and
11 bel ow show the corresponding results for aperture sizes of 4,5 and 7 mMm
respect i valsfaileqd dasqription o thednvertii ( he corresponding scatter plots.

Aver age Val ueSt andard Devi ati onMaxi numM ni munR Ksqg7. 56292 0. 9882080320526
0.4374298. 688542 2.335017.067694 -0.051091SA (A1l in

mm) 0. 000139%.1 GBOWE 3ot oD i (IWSEY) Bermilesebbffivtend vANOS SetOl DaHPRss if0 15
Tabl e 9: The_average, standard deviatjon, maxinmm anar(g'kftmim val ues for
the radi uimplaatedewith Casa®Al1 leasrsanddhp mysafiveayesiee dteRean square

o1 ror 41ST Rk 3N ARR hidhlefl VANR &hithh of tHtestihibjectlwith CRUGHBY1130hks 4G URP°
Devi at i onifaentive i eiagedRZ1352RAEs3204478. 7147047, 09099Ksq0. 9456930. 3640662.

0454120. 044609SA (A1l | . . .

mm) 0. 0003Ei&MES@SW@%&@WMWW@%%%%%@@%OW

Tabl e 10:4Jhe, &’*ﬂ:%%verﬁfv@r&@@fage&iﬁ‘z'ﬁt”b RgedTBXI MUM and m ni num val ues for
spher

t he radi us,” aspheric constant, | cal aberration and root nean square
error usi Pig. dshapartisuat achinplvtied af a Sunntion Af thecastigvatisre of thellensks according

ge\éggi(gZ??l\@é;&%w@IWﬁ%ﬁg%g&eagggn%O% 67971 27. 040997Ksqo. 8983440. 41680§
mm) 0. 0010£30 1983340 863 30rie Sl ViRAPRME AviBiDHE Hivédtike Hp8e)001120. 000057
Fig. 7 and 8 show modulation transfer functions of an individual with an individually
designed lens.
Fig. 9 shows the best corrected visual acuity with individually designed lenses according
15 to the invention. '
Fig. 10 shows the age distribution of 71 patients used in a study described below in the
example part.
Fig. 11 shows a height map given by an Orbscan® true height datafile.
Fig. 12 shows average corneal wavefront aberration coefficients.
20  Fig. 13 shows a scatter plot of the spherical aberration of 71 subjects for a 6 mm diameter

aperture.
Fig. 14 shows a scatter plot of the spherical aberration of 71 subjects for a 4 mm diameter

aperture.
Fig. 15 shows a scatter plot of the spherical aberration of 71 subjects for a 5 mm diameter

25  aperture.
Fig. 16 shows a scatter plot of the spherical aberration of 71 subjects for a 7 mm diameter

aperture.

30



‘Table 11: The average, standard deviation, maxi nrum and m ni num val ues for
t he radi us, aspheric constant, spherical aberration and nbt nean square
error using au aperture dianmeter of 7 mm 10 Design Cornea: One node
cornea was designed and each Z11 | ens power was designed using this cornea.
The cornea was designed so that it had a 8pherical abeaation that is the
same as 15 the average calcul ated for the popul ati on. The desygientsernees
radii and aspheric constants are listed in Table 12 for different aperture
sizes. In Exanghdase the radius of curvature was taken to be the average

vari ed unt 1|t ha SR reaR 1ereen peiecr Ao fRBIRYE SesbREL e "Gy
to the aVWdr fifdls. O %da%of’ﬁla'éﬁnﬁeﬁ whi \@ctBRRinka b ?th@l%al height?

Novenber di us , _Coni ¢ Constant (OSLO val ue,
K2-1) Z11 Giwth fieahesd w1th a Hum hrey Atlas corneal topographer. The corneal topographer

(nmm 47.563- 0. 05050. 000 1034 31267..575- 1350. 0006047. 55- 0.
18100. 6010BeasPsasi the hot P BPte T‘.ﬁea‘%’iﬁ‘ﬁ%ﬁﬁ“{g% ‘g‘ E’ef or

aperture dl URRBLE 5 QFxnéar c%mb@natf’dhdoﬂthgmst&s ks pSBAoRAAY (AtRkdribedig 6 MM

aperture er values are used for the design ctones. This choice enables
us to desr@quzmhﬁ 1ZaBdve) ewhered; tirthe ith Zéraikerpolmnomial andl a; ibeveighding( when
neasured in a systenrwnt this cornga aver 1. mm | r

U face. | [ weRReRpr tepoyaonial; ThE ZEmEbooainibioHt p FPlaf (RS o dts
refractivey g&?’rﬁm&f ddARACRAESnit SirdlBeTIRE pbREBIniAls hdHstsd of TAbI8I Hbovd GndThese
val ues were talculated for a nodel cornea havrng a single surface with a IS
r ef r acioi vethemmghmfg adefficients () ak calcpbiegl from the tilap using idf y
equi val ent del ornats of. th fo of
Lhe 1 nventSrBIESRZEOR pePdyiry (THEZLR: 32%@%%@&3%2%%*@29@?%%@9%

di fferent Hﬁﬁgﬁngﬂ@guﬂﬂmﬁes coul d be used. Surface #Radi us (mm Thi ckness
(mm) Aperture Radius (mr) Conic Constant (cc)Refractive

i ndex(bj ect--1. 0000e+201. 0000e+14--1.01

(cornea) 7. S750003. 6000003. 000003-0. 1413S01. 33752(pupr|)----2 640233--1. 3375
3--0.9000002. 64023--1. 33754 -25.519494 . -2.550292

---1.337552. 2444e-05--1. 3375

20

25

30




Table 13: OSLO surface listing for the Z1

2 Novenber 2004 Each ZI
CeeOn EdgeC~ 911 lens described in U S. 5,444,106 of the same power,
nodi fi ed edge and center thickness.
surface.

t he anter

i or

cor neal
surface is not that critical

desig

n cones.

: 33 Lens Design:
| Iens was designed to bal ance the spherical
aberration of the design cornea. The starting point for design was the

with

The kens was then placed 4.5 mmfrom
The di stance fromthe anterion qeépaak 2004
and could be varied within reasonabl e

limts.

The surf aceTTiggRaTT O AGN ThHe JIGBR I Ng [eNRit eyeFomdel §&CM he 27 HA ens
desi gn prigEeESY 1571338790 L16068a84 14023536 anoendiof -A001666 ¢ oT.3236241[enZ.008E3
descri bed 30 §.6602791 TULROG0IDSM 0/00IIB6H0A00DHID (1. 0.000428 4r -ab0GHS4 d c-0.000236
and ae Wergs TTOGT §.oG47E0 M-01000002 | -D@0GEITgr 0OADIIRDE FI.G0USe | T0e00rdb| albl0ge454
are det er[fggneq T mp73309 4peri.0838781{26.007963. |1 00A8 HAfd| t(h@s0d drt | ace07&89 | 0.079987
ext rapol qizgd 1T ofioddsace va0.0my58¢ 00001ISt|i 68B03MTelr tLOM 187 e d3.0028h -0166071
resul ti nd 282D[ZT0.60%68¢ | nodebo04d 11]i-61080148r] D&B03ILE| |5. 0.8 14ant 0.pHI668yr f 8H80¢H
t hi s 22D [Tegns | hakodea6a | nodiotaoeds il n0900295d R&003244t -G.00916h he r-9.8¢0058 e OO0 145h
of the sysBem| ( copoveasi| ensd).00043Rgw0.080HGHr oR PERKB| \0-QAPI4T | t o0.00008Hg -0.000076
wave$ont [a8er | ath.o00086¢~c reoGD 188 | 10801104t §.08 L €9-90981 he -@RRANG4 F§LH00043
91122D | grdGeYe -85 and Q09139 D -0.08013215-0&X Qﬂ .0002234 | | <9.800288 || 0 §.000244
Tabl e 16. a%6t ¢ tfh@ﬂﬂoggh cﬁ.ﬁg?gg =ng§g 'gg ;ﬂp s D{EZ_ _a%ﬁgoﬁé ilo -Opgg;g
t he startlialgd poirtheo 819) q 074 A0 - : t”g%
pl aced at| alRe|cdhe00048h; | £0.930032 3,00 .L:%i%nro-qﬂ %m %1
desi gned erfk000967 4, 14 ; a2 oD QO0TIg T o 0. Cig D00
for a 22mbalBng 0POOARH | o70. P399 d :\? a-IT"9 P .u..yol 061 et ':O:Zo—zgl—
(~) +adr+aer6 (4) I+ 1-(R (cc+1)rz 25 34 2 Novenber 2004 Surface #Radi us
() Thi cKNEsSs™ Pper T WJAE Radi us] fBHM) Conifc Constant (cc) Refractive
i ndexCbj dGH-- T. PUPBE4Z0] . 00BORAMET- - 5,890056 | _
(cornea)T. . G0.00055. [0000.089%141/4 1-9900 8752
(pupi | ) - {432, 640 DIL0347_[33680002450/000MH0FRE]23- - 1. 3364
(l ens) 11. @231. 13@%3%%91-_&356388 J:g%gg 1.04317.15122. 42D989--1. 336
\ - _ 38 | 8.

6(1mge) %60 0 19—0.00(‘.!48 rmt).ml‘i(aaa 0.007492

a7 0.00014 0.000104 | -0.000227

a8 -0.00025 -0.000173 | -D.000116

ad §,000092 [ -0.000023 | -0.000109

all -8.2E-05 -0.000004 0.000065

a1l 0.000308 0.000309 0.0004

al2 -2E-08 -0.000115 -0.00011

al3 0.000101 -(0.000042 | -0.000052

ald -1.8E-05 -0.000068 0.00001

ald 0.000022 -0.000013 | -0.000048

10

Table 2: The Zemike coefficients for the 10 individual corneal surfaces in mm.

These wavefront aberration coefficients can be calculated using optical design
software such as OSLO (Sinclair Optics). Table 3 shows the results of calculating the
wavefront aberration for subject FCM. (N.B. The normalization factor for the
polynomials used in OSLO is different from those shown in Table 3. This difference has

been incorporated into the coefficient values.)




Tabl e 14: Surface data for. the starting point averaged eye nodel and a 22D
| ens 20 35 2 Novenber 2004 Surface #Radius (nmm) Thi ckness (mm Aperture
Radi us (mm) Coni ¢ Constant (cc)4th Order aspheric

Const ant Cbj ect--1. 0e+201. 00e+14--1 (cornea)7.5753. 603. 00- 0. 141352
(pupil)_--2.64__3--0.902.64--4(lens)11.0931. 1642. S5- 1. 036Z3- D. 0009445

(lens)- 11.04317.1S122.42--6(i mage)----1."59e-05---- surface G6¥enBed 2004
aspheric constant Refractive indexChjectl.01 (cornea)l.337S2
(pupil)1.33631.3364 (lens)-1.37e-0S1.45S5 (lens)1.3366 (inage)---- Table
15: Surface¢ data fDpr Abheatiawedefigied fe\BEM(OHS ahd the final 22D Z11 |l ens 10
36 2 Noventer AP004i Coeffj ci ent¥PM2Hhge cornea+] 22D 911Average cornea + 22D
Z11lal - 0. 00096 A11_8k6e- 06220 nhgg%‘;%g?ga_gaa,z._szole- OS- 3. 9504e- 06a50. 00. 0a60.
00. 0a70. 0 AZ s
-0. 0a80. 00 [6adl-60165-4—3399e20RsAbO—66—0att6] 00. 0a120. 00. 0a130. 00. 0a140. 00

A4 0.
. 0a150. 00. 0—733 0.000182

AG 3.7296¢-05

A7 <3.52860-035

A8 0.000116

A9 -0.000217

A10 -0.000147

ATY 3.8151e-05

At2 6.1808¢-05

A13 -3.3056e-07

Ala 4.8880-07

A15 -1.8642¢-06

A16 -0.000115

A17 -0.000127

Table 3: The corneal aberration coefficients in mm calculated for subject FCM using
OSLO( N.B. OSLO numbering order)

Example 2
An averaged design embodiment of the inventive lenses has been calculated

using the average “old” cornea information provided by Pablo Artal, Murcia, Spain. This

5  data was taken from a population sample of 16 old corneas in which all of the subjects
had a visual acuity of 20/30 or better. The corneal surfaces were described using Zernike
polynomials for an aperture of 2.0 mm radius (r,). The polynomial coefficients were then
used to determine the radius and asphericity values using Equations 2 and 3.

10
R= A @
2(2-\/§a4 - 6\Ea{u)
3
K?= Sﬁ 6434, | @)
15 °

Note that the asphericity constant, K, describes the surface’s variation from a
sphere (K2=1- ?). (i.e. Forasphere K =1 and for a parabola K = 0). (cc = K-1, wherein
cc is the conical constant)
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Table 4: Surface data for the starting point of the averaged (“Z11”) design

* This conic constant for the “average™ cornea is taken from the published

Guirao and Artal

works of

The wavefront aberration coefficients in mm for the average cornea are shown in

column 1 of Table 5, while the coefficients in mm of the combination of the average
cornea and the 911 lens are shown in column 2 of Table 5. Note that the Z11 coefficient
(all) of the average old cornea alone is 0.000220 mm, while the Z11 of this eye
implanted with a 911 would be 0.000345 mm.



4. A method according to claim1 wherein said corneal surfaces) is(are)
characterized in terns of polynomals. A nethod according to claim4,
wherein said corneal surfaces) is(are) characterized in terns of a linear
conbi nati on of polynomals. 6. A nethod according to claim1, wherein said
optical system further conprises conplenmestary neans for optical
correction, such as spectacles or an ophthalmc correction leQsyembes 2084
Novenber 2004 7. A-nmethod according to claim1, wherein estimtions of
corneal refractive pawatige@othesixl al eye | e dafidagRBl € T he del ection of

| ens optical apower . | &000432ret hod accor di n.atosml ai m 4, wnereirf an opti cal
system conpl&a3i ng _sabd corneal nodel and ®del ed intraocul ar ]l ens provi des
for a wavefyaht subs@éntially reduced friohd aberrations as expressed by at
| east one ofakaid pod.gwwésd als. 9. A net hood@lcording to claiml, wherein
nmodel i ng thead ntraoc®Par | ens includes gelecting the anteriof radius and
surface of f#fe |ens.0.6he posterior radiudbnd surface of theflens, lens

t hi ckness Pdve index of the I 10 A nethod according to claim
9, wherein [t asphe®®c conponent of thaeOhterior surface is}sel ected while
t he nodel | has |it-&det ermi ned central{%adii | ens thickne$s and
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nbi | ud
2o et LAt pobypor] Siend i ity O SREELe %%%%%ﬁ%?%&%%ﬁwgﬁérﬁg' "
aver age cor#ﬁ? @beeﬁ%et?&ﬂ%a o? ;gl d popul ati on as a conbi nati on of

pol ynom als. 14. A nmethod according to claim 13, wherein said aberrations
are expressed as a |inear conbination of polynorri als. 15. A method

22\(32{ g? ngf t ?hghg%?gré#‘ ﬁgﬁﬁ%eéﬂgﬁg%r vat ur e, g?)he posterior "radi ugn:ngr
surface, mainainiig32Bsfopalpovests Bt lenemiategiek repainddethe sarme as in the 22D 911
lens (HRI silicone, the refractive index of which is 1.45 in77 at 37°C . The resulting
design for an equiconvex lens is The averaged lens was optimized to minimize spherical
aberration, while maintaining a 22D focal power.. The lens material remained the same as
20  in the 22D 911 lens (HRI silicone, the refractive The resulting design for an equiconvex
lens is provided in Table 6. The total-eye Z11 coefficient of the average cornea combined

with this lens is —2.42x 10”7 mm(versus 0.000345 mm for the comea plus 911 lens).
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The corneas of the 10 test subjects were combined in an optical system with both
the 911 and the averaged lenses. The resulting total-eye Z11 coefficients are shown in
Fig. 1. As demonstrated, in Fig. 1, in each case, the absolute value of the Z11 coefﬁéient
was less when the Z11 lens was implanted. Because subjects CGR and FCZ have

relatively low levels of corneal spherical aberration to begin with, the total-eye spherical
aberration is overcorrected in these two cases. As a result, the sign of the total spherical

aberration is noticeably reversed in these two cases, and the amount of spherical
aberration is still significant. In every other case, the spherical aberration of the total eye
would be essentially 0 after the implantation of a Z11 lens. The visual acuity of each of
the 10 test subjects were calculated according to standard methods described in “Visual
acuity modeling using optical raytracing of schematic eyes”, Greivenkamp et al.,
American journal of ophthalmology, 120(2), 227-240, (1995), for the implantation of
both a 22D 911 lens and a 22D averaged “Z11” lens. The square wave responses were
calculated using OSLO™ and a software module was wriiten in Matlab™ to calculate the
visual acuity following the above method. The resulting visual acuifies are shown in Fig.




25. A nethod according to claim 24, obtaining a reduction in higher
aberration terns. 26. A nethod according to claim8 conprising: (i)
characterizing corneal surfaces of a selected popul ati on and expressi ng
each cornea as a linear conbination of pg%ynonials; (ii) conparing

pol ynom al coefficients between individual corneas; (iii) selecting one
nom nal coefficient value froman individual cornea; (iv) rnyk%Jé%%egz&&ps

such t hat 0 ' | Vi optical system COMpriSi ng
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of a wavewiththe “averagedTZ FIr lenseamnd (leeOal® 2)ist msel Matihtivel Behder Fengioand
cor neal X i) determning . jf said,selected intraocul ar | ens has

provi ded%?#%% ‘i‘f&a;‘ﬂ el&ﬁcﬁ%:lg?qﬁ{eh?ﬁs‘” %i%a'a' hﬁ(&iﬂe‘% \E g ﬁ“&k ¥ ving from
sai d Optlmou%%ﬁﬂm%@%%ﬂﬁﬂmdd&ﬁ&g%ﬁcﬁm £fdotscar

sel ecting at ast one new | ens having the sane . A nethod according to
cl ai m 29, 5Qehmm.iinibeth gases withrd Igmuvwilrase ghawm ip thisdiig. anshBigod, respedtivelyneal

&
our ) o Tl A OB AR PR DR R B S 501 12
of a conoirfitsdf améaurofor tB2depth offdens and saqiapr bothdbmics) Phs MtFeagve sai d
corneal sy lASTH shokinFor vatge 2] £ fistsid ks abnom diirabion [iotiied and is better
than that for CeeOn 911A lenses. .
The astigmatism of the cornea and the defocus of the system can be corrected by
20  adjusting the Zernike coefficients of the comea model and the focal position of the
system. When this is done and the procedure for calculating visual acuity is repeated the
results in Fig. 6 are obtained. They represent a modeled best corrected visual acuity, We
now see that, in all cases, after correction for astigmatism and defocus (as in reality
would be done with spectacles) the inventive averaged lens produces a higher best
25 corrected visual acuity than the 911 lens of the same dioptre.
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33. A nethod according to claim 32, wherein said corneal surfaces) is(are)
characterized in terns of a |inear, conbination of polynomals. 34. A nethod .
according to claim 33, wherein said optical systemfurther conprises

conpl ementary neans for optical correction, such as spectacles or an
ophthal mc correction lens. 35. A nethod according to claim29, wherein
corneal refractive power and axial eye |l edgth estimations d

sel ection of lens optical power. 43 2 Novenber 2004 36. Aé%%?ﬁ§@§EEBS4
according to claim32 or 33, wherein an optical system conprising said

cor neal nokdedmpled sel ected i ntraocul ar kens provides for a wavefront
substantially reduced from aberrations as expressed by at '1€ast one of said
polynon1als 37. A nethod according to claim?29 including characteri zing
the front g‘%]gslg gﬁalgéntgg) i ndi vi dual by neans of topographi cal
neasurenents an Xpressin € corneal aberrations as a conbination of

pol ynom als. 38. A nethod accordlng to claim 37 including characterizing

front and rear corneal surfaces of an individual by neans of topographical
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44 2 Novenber 2004 44. A method according to a| m 9 , mg)ltﬁ‘lg

determ ni ng Zerni ke polynomals up to

10 with the corresponding coefficients for the 911 and the averaged lenses. Furthermore, for
each of the 911, Z11 (averaged), and I11 (individual) lenses, the MTF curve at best
focussed at 50 ¢/mm and the through focus MTF at 50c/mom for subject JAE are plotted
below in Fig. 7 and 8. From Fig. 7 and 8, it is seen that the MTF at 50 o/mm of eyes
implanted with the Z11 and I11 lenses is higher than the MTF of the same eyes implanted

15 with 911 lenses. It can also be seen that the through focus MTF of all of the lenses is
satisfactory. The Z11 has as much depth of focus as the 911. However, it is also
interesting to note that the I11 does not provide a significant improvement in either MTF
or through focus MTF, relative to the Z11 lens.

The visual acuities of the subjects with individualized lenses have also been calculated.
20 Fig. 9 compares these acuities with the visual acmty calculated for the 911 and Z11

lenses.

From Fig. 9, we see that for all 4 subjects, visual acuity is betier for both the Z11 and 111

lenses than it is for the 911 lens. We also see that the results with the Z11 and 111 lenses




the 4th order. 45. A nethod according to claima44 conprising sufficiently
reduci ng Zerni ke coefficients referring to spherical aberration. 46. A
nmet hod according to claim45 conprising sufficiently reducing Zem ke
coefficients above the fourth order. 47. A nethod according to claim46
conprising sufficiently reducing the 11th,Zerni ke coefficient of a
wavefront front froman optical systemc ri sing nodel cor andlés g
sel ected intraocular lens, so as to obtain an eye sufficient YR er?k) ‘rln

spheri cal gber Lon, 48. A hod accordi ng to.clai m 38 risi

s6l'ect | ng 80 0Pt it dignticantlns tar YFroRRGOmAR 1 pRiPUSAL BOTRIR IO s ikt bt o

i ntraocul ag,i&s and cornea provi des reduction of spherical aberration
terms as expressed in Seidel or Zem ke polynomals in a wave front having
passed t hrough the system 49. A method according to claim38) wherein
reducti on ign hi gh r aberration terns is acconplished. 50. A nmethod

accordi ng SANPEG T 29 characteri zed by selecting an intraocular lens froma
kit comprising |enses with a suitable power range and within each power

range a plurality of |enses having different aberrations. 51. A nethod
accordi ng to cl Zhededgn nfen ephthabmig lensewhinhi is adapigdtosishues Bglsphdsioat at i ons.

52. A nethqd_according to claim . i .d 4e S W 1.hi . power
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45 2 Novr~ber 2004 5d. A nethod of desi gnl_ng an intraqcular lens suitable

for inpl aritesmalired bt oZespike cECIiping berration of the Gospeasolt wWage eye
follomna v ye . ! ) )
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aberrati orpatiantsi ving from the cornea characterized by the steps of -
selecting a representative group of patients; - collecting corneal

t opogr aphi ¢ data for each subject in the group; - transferring said data to
terns reppseRiptin dfitfie POputRiomUr f ace shape of each subject for a preset
aperture size; - calculating a nmean value of at |east one corneal surface
shape term of said group, so as to obtain at |east one nean corneal surface

shape .t.er m and/ {4 a0 ¥?k . | gagl: t fe-cornea
corresl%)ondi ng c'gtgenéogiu(iéi\%o\q}e#l?gﬁ?dggerra Ig%@fg%&me%blﬁgﬁgﬁ%e ront
aber r at i orStbekhialheSwedeah Thiesepatiznts weres o agesdanging tfiom 36 Ho Gdryee|(assof Apik
shape terns; .- fr said at |east one nean c al surface shap ermo
From sai d 12 2000 Hie sierhad nec OF Gl oDRiAR PR S Bl orery | b BePARIE ARG an
average cqpdgGhulaRitis shebmlinFigieup, of people fromthe cal culated at |east

one nean cornheal surface shape termor fromthe at |east one mean corneal
wavef ront aber rEhe esmeasrafithe 71 subjects were measured using an Orbscan® (Orbtek, Salt

20  Lake City) device. Orbscan® is a scanning slit -based, corneal and anterior segment

topographer that measures both surfaces of the cornea, as well as the anterior lens surface
and the iris. Each surface can be displayed as maps of elevation, inclination, curvature,

and power.
25  Fitting Algorithm:

The corneal elevation height data (the Cartesian locations of points on the surface
of the cornea) for the anterior surface was obtained using the Orbscan®, and used as raw
data for the determination of the optical properties of the cornea. The height data from an

30  example Orbscan® file is represented in Figure 11.




- designing an ophthalmc I'ens capable of reducing said at | east one nean
wavefront aberration termof the optical system conprising the corneal

nodel and | ens and - checking that the designed ophthal mc | ens conpensates
correctly for the at | east one mean aberration term by nmeasuring these
specific-aberration terns of a wavefront having travelled through the nodel
average cornea and the |lens and redesigni28g the lens if sai t e
aberration termnot has been sufficiently reduced in the m%ﬁ%vﬁﬁﬂézoﬂﬂ
wavefront. 55. Method according to claimb54, characterized by cal cul ating
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spheri cal pahgdedby thie Oisean® software. A Matlab™ algorithm was used in the fitting
procedure. The radius and asphericity value can be approximated from the Zernike
coefficients (Equations 2b and 3b) and the conic constant of the surface is simply K1
20  (from this we know that for a sphere K? = 1). The fitting procedure is well described in a
number of references. Four different articles are refereed to here: “Wavefront fitting with

discrete orthogonal polynomials in a unit radius circle”, Daniel Malacara, Optical
Engineering, June 1990, Vol. 29 No. 6, “Representation of ﬁdeokeratoséopic height data
with Zernike polynomials”, J. Schwiegerling, J.Greivenkamp and J.Miller, JOSA A,

25 October 1995, Vol. 12 No. 10, “Wavefront interpretation with Zemike polynomials”
J.W.Wang and D.E. Silva, Applied Optics, May 1980, Vol. 19, No. 9 and “Corneal wave
aberration from videokeratography: accuracy and limitations of the procedure", Antonio
Guirao and Pablo Artal, J Opt Soc Am A Opt Image Sci Vis Jun 2000, Vol. 17(6):955-65.
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64. Method according to any one of the clainms 54-63; characterized by
providing the lens with at | east one nonspheric surface that reduces at

| east one term of a Zem ke pol ynomi al representing the aberration of an

i ncom ng nonspheric wavefront. 47 2 Novenber 2004 65. Method according to
claim 64, characterized by providing the ¥ens with at | east one nonspheric
surface that reduces the 11"' nornalized Zernike termrepre i t
spherical aberration of an incom ng nonspheric wavefront. 6§fﬁ§&%§?ﬂg®04
according to any of clainms 54-65 characterized by designing a lens to
reduce spherical aberration in a @avefront arriving froman average corneal
surface having the 1 rZ fo%?uLgﬂﬂt irg~ ) + adr + aﬁ@@ 1+ 1-(R) Z(cc+l)rz
wherein the conical constants cc é‘g Val ue ranging ?meen -1 and 0, Ris
the central lens radius and ad afd ae are aspheric constants. 67. A nethod
according to claim66, wherein the conical constant (cc) ranges from about
0.05 for an aperture size (pupillary dianmeter) of 4 mmto about -0.18 for
an aperiure size of 7 68. Method according to claim66, characterized by
provi di ng Cadedlation of WavefeantfAberrationy i bed by a nodified conoid having a
coni cal constant (cc) less than 0. 69. Method according to any one of the

clainms 54-69, characterized b rovidin ens W th.a, faot.the. patjent,
sui tabl e ref rac%ﬁr\?@%\{,}gsﬁmpﬁ%gﬂ&d 3Y | r%?%&%ﬁﬂﬁg#ﬁ%wtgﬁm‘fngﬂﬁcﬁbﬂ
Met hod accgdlieng als), ieisAiodsible tocddradhe theaafeiynidtenation Gobtiuled by thit
bal ance the spherical aberration of a cornea that has a _Zerni ke pol ynom al

coef fi ¥ enturfaspusing i a - ‘Hiys is deseriheddn ferexample iGomneak eve at i on

2 fo [Cmn
with a val I+ oier i ARk W%%n
aperture ra |usgh??’%vﬁg'§%gtr§%%ﬁ)gxpres ed in %ng%r : : K@Pﬁ%ﬁp
accor di ng Gairad andPéisfo Axitaly 5 Cipt Sioz édn By Opwiaga iSeh Vishun 2000, Vol 13(G95s-65e
spherical aberration of a cornea that has a Zenuke pol ynom al coefficient
representing spherical aberration of the wavefront aberration with a val ue
in the intgrval from0.000036 nmto 0.000448 mmfor a 2 nm aperture radius
usi ng pol 151 s expressed in OSLO format. 48 2 Novenber 2004 72. Met hod
accordi,ng to claimé64, characterized by designing the |ens to balance the
spherical aberration of a cornea that has a Zem ke pol ynom al coefficient
repr esent i Agerage ortaahl Spleeriaili AbereatiohandB8lgpe:ont aberration with a val ue
in the interval from 0.0001039 nmto 0.0009359 nmfor. a 2,5 nm aperture
radi us using polynom als expressed in OSLO format. 73. Method according to

cl ai m 64, char erj zed desi gni na,the l.ens..to bal anc he heri cal
Charation or atherhEEipH s Vel bae M St dRoRRET abdfesra S

repr esent i perteR) The SRlveABAL dlirtRonQf chdisubReEwaodétehiied aficPAttilike a val ue
in the interval from0.000194 nmto 0.00365 mmfor a 3,5 nmaperture radius

usi ng ol auekrre Flsvation witheZernike pg dtigurg 42 shaws thatayetags and
desi gned b : ' - . t
oo Oned RleEp RO 2o L Tofif AR T1d St B S 9

desi gned fdewiatiansThéralarethrepabeartaitions thetiatde significaatlyalifferent froar zery bmavdragen an
optical system conpti Si sai d nodel. carnea an id.lens, obtain

SCbst ant | 4RIOpE PAGHIEGCE ATs H9 G GHERAAr b FPBBJAD] b4 sPEetical HiFation (AD- o

| east one gypasEAIAbEAatioh {266 onidt&tionailf sphmbeRHbe ARG oA ORAIRAR it tBe Sy ace
provides to a passing wavefront at |east one wavefront aberration térm

havi n@5subbematomibai cammbe semectedwilh aygtatignally yppeeiticdi.gn to a nean val ue

of the sanme abegrati i r ur n
sel ected gr oup%e@;?%%g%n@tﬁ%ggf%%%@? 32?%‘! Zs‘é%gfee%ooﬁczlé%,(ggbg1 that a
wave&ont  afofrhit Rgpréseating ephartyal eertdtionlfor gaoh bethe A aitfedddbéfoftScatardctduct i on

in said at | east_one_aberratjon term provided by the _cornea after passing
said | ens .sumry-/&theeﬁ%ldal@@dp&ilﬁ priddiesenrpsents the gyrEags sphescal absrrakien, whdledhe

| nel udes oy A9ReSABHRN 1 she L TRAkieRafty. T4HI 8 MRLARL Slldbd\diahdfdaV! dua
corneas and expressrng themin nmathematical terns sO as to obtadin

i ndi visdualdegixtivhahbximire amd minfifivmAvaless forcthe eadikisn gsiilericl constadts sphekiedlei n
said aberration ter is a |linear conbination of Zernike polynomals. 77. A
| ens accordfefgtieomand tpoLIAsT SARAIG| T8  educi ng aberration terms expressed
in Zerni ke pol ynom als of said corneal nodel, such that a wavefront
arriving froman optical system conprising said nodel cornea and said |ens
obtains substantially reduced spherical aberration. 78. A lens according to
claim 77 capable of reducing the 11th Zernike termof the 4th order.




49 2 Novenber 2004 79. A lens according to claim 74, characterized in that
the surface of the lens is designed to reduce at | east one positive '
aberration termof a passing waveftont. 80. A lens according to claim 79,
characterized in that the at | east one waveftont aberration term provided
to the passing wavefront by the lens is 3, spherical aberration term such
that a wavefront arnving fromthe cornea 3t he patient’s eyﬁNB@élﬂbé}?OM
reduction in said spherical aberration termprovided by the cornea after
passing said lens. 81. A lens according to clainms 79-80, characterized in
that the at | east one wavefront aberrati-on term prow ded to the passing
wavef ront [By € rens | Tt
representing the wavefron gbe ration § t he c%’rlﬁﬁeaa ) eng acc&lrnai n
to claim B8R (nohpracteri zed i n #5vat th(, at | 6388 one aved.Ttnt BRDERFAERT ON
term provfed—t-a_t—h‘e_passm_\mmeirnn by the lens id the 11thl nornalizef
Zerni ke tERERof a wavefrdnt al¥éfation of tAé4%€ornea.| 82588 | ehs GeHBr di hg
to any on ar s 79§ Faraptet WW' ected S=ou
of peopl e |S§c§cc ourg of peopl eO%GOI onglng to a specifilc ag DI nt erPQPO 84.1 A
| ens accof O8hQ foemangnong of the claifrs 79-83, charagterized ijn that the
lens is ap'; ed to be usqgd by a patient that has undeé¢rgone corjneal surgery

[

v

and in th ald sel ect ed group of pebple is a group|of people who have
under goneRpPISEEal surgery: Oﬁ)ooqﬁ Eens mbmaé oAy GRE +he-clal
79-84, characterized in tflhat said seliected group of )eopPe I'sja g 035 of
peopl e who will undergo a cataract surgical operation. 86. A Tens accordi ng

to clai maf iegg.htgcterlzed int t .the nonspheric surface is a nodified
conoi d sur¥ad Wﬁ"@“a&e%@ﬁb@ﬁi{ %%%mwmémmmfomemuans
accor di ng asph | a%[’Flhl% SRR ating
or substantl aI 'y reduc?ﬁg spher ca n%&%ﬁ%ﬁé&% a mvﬁ#%n%w%e or
in an éye nodel arriving froma prolate surface having the fornul a: 50 1
rz z= (~) +adr b 7 12 Novenb 2004 t he coni ca] copstant
cc has a val ueﬁg’#&&g"%‘ﬁﬁi’ﬁf *]“%ﬂm %%WF%% 4.8nd
ad and ae agd 9 meRBEFctivelFIBiguRé $4 18%&%%%&&%&&&%@@9 of the

clainms 79-87, characterized In that the lens is provi ded

Average Value | Standard Deviation Maximum Minimum
R 7.56292 0320526 8.688542 7067694
Ksq 0988208 0.437429 2.33501 -0.051091
SA (A1l 0.000139 0.000103 0.00041 -0.000141 .
in mm) '
RMSE 4.52E-05 4E-06 0.000054 0.000036
10
Table 9: The average, standard deviation, maximum and minimum values for the radius,
aspheric constant, spherical aberration and root mean square error using an aperture
diameter of 4 mm. '
15
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with a, for the patient, suitable refractive power |ess than or equal to 30
diopters. 89. A lens according to any one of the clains 79-88,
characterized in that one of the at | east one nonspheric surface of the
lens is the anterior surface. 90. A lens according to any one of the clains
79-89, characterized in that one of the g |east one nonspheric surface of
the lens is the posterior surface. 91. A lens according to any %egﬁoéﬁtw
clainms 79-90, characterized in that the lens is nade froma so?

A

bi oconpat lluL era——92 ' T on =yt
bi oconpali bt e"matert R A SR DSV [ wmw,tr% g

! . o 755 . 1 04 M 109059 7
| ens accaqrding ()_(‘I_a charact 1n h:a'r the licone naterial” i.s

char act erli zed ¥4 _a refractq%é533ndex La.ra@r36f‘ﬂ§ﬁ or ~aue? 043412 43 510044609
wavel engtlh of $46 nm| anO0d0934E8% on|of a.008268 350 % HBOYWIPSi |  sthUOA%Eh
of at |eas{ABPéthmst) apd a shore hardgness of about 3) as neasured with a
Shore Type /-\RMSErreter. 944.713\,05ens accor digE-6® any one).@i00iIe ql anmwsoo37
79-91, charactertzed T tiat—the tens 15 made of Nydroger. 95 A TEens

according to any ne of the cl ai 79-91, characterjzed in th he Iens IS
made of aTeblg 19 Bk CHRIIEE St deyinion, Hedman BIBRT Teer the

accor di ng I8 Poot L AGhAE!FRA usihptdApetthr ' s

desi gned P%)%Deﬁpanc%tﬁ%p %gir:%ﬂ?a aéerra‘ﬁ on of a cor nea itﬁﬁat %ﬁgs ae Zem ke
pol ynom aliagsetérfofd . repr esenting spherical aberration of the wavefront
aberration wwth a value in the interval from0.000156 mmto 0.001948 nm f or
a3 nmsaperture radi us using polynom als expressed in OSLO format. 97. A

l ens accq 'Cﬁiﬁhmoncnar%cﬁﬁhﬁlea i@ 1) 1 S
desi gned ' dUbldB“ﬂll of - copglEE Tat T hagggorce ke
pOl ynom At ||g S 5 0"1 & } i 'nt
aberrati { terv SR+0- o—0-6a04 A for
a2 mm anertu?“% r adi 8poI ynom a wms@)z(‘pressed I E forrr:g{om%%. A

| ens acchbfMlbhip ®&hanhy one of thelclaing 79- 95, _characterized fn that it] is
desi gned|t o RMBEnce|t he 798E®P i call abed/BEh of la cIMMOLZ hat| h%89%5%erni ke

pol ynom al coefficient representing spherical aberration of the wavefront
aber  at | O 11, Py B ii8gl itdrdfrd BvEEIKH il A SERRRHIVel s To O 9, M
for a 2.5 nm aperture di us usi ng pol ynom als expressed in OSLO fornat.
99 A | enssphetiocohstapt] spherigalabermation negmwmnﬁmm@hmm@wu n that
i s designe ?7ba ance the spherical aberration of a cornea that has a
Zem ke poﬁ%?ﬁ‘ dB%ficient representing spherical aberration of the
wavef gpnt aberration with a value in the interval from0.000194 mmto -
0.00365 mm for a 3.5 nmaperture radius using polynom als expressed in osLO
format. 1DesigmGoarmeappt ai ned by any of nethods according to clains 1-53
which at |east partially restores the capacity of the young crystalline
| ens to conpensate for aberrations arriving fromthe cornea characterized
in that it hasoak nh&ddcolies viatiesipaed aid efZ Hceny\powér whedesiprRiesigdhis a
| i near conbi nati on of polynomal ternms representing its aherrations is
capabl e otforpesd JaE sgrsaivasdesigned Saﬂlé#trlhhqdcﬂﬂsﬁhéﬂﬁ%l orethat if the EmR RS ont

havi ng. p ﬁﬁkﬁ(ﬂ om
aberrati g%%%’g?[% &%@Pj@%@@‘&% In g??nﬂ%g&)ﬁ%er el n s'%? anoén({sng eH cal
Isur face i agtlis&dant[aible)lz ﬁ:rrcﬁﬁ'emnbﬁpetrtme bigess In ever cﬁsd,\lthﬂamﬂ?m oI@Mamri;Q. A
ens according to claimlOO, 1N sal non rigcal..sur e i§ the

post eri or Wat epa&q “6? Eqné’ﬁ l%’ﬂ’g‘ défaamfﬁélmﬁei ng an
'ntraoculﬁfns{aﬁﬂ%as% &s Maﬂ%&an%me@fm@mou@w&h&m élual to

pol ynom al terns are ern e polynomals. 105. A lens according to claim

100 capabiheaséragedphnnuglpﬁryatMNWEHEt@rﬂmmﬂé@entl ng spherical aberrations
and aggl gmatism




106. A lens according to claim2104, capable of reducing the 11th Zerni ke
polynom al termof the 4th order. 107. A lens according to claim 100 nade
froma soft bioconpatible material. 108. A lens according to claim 107 nade
of silicone. 109. A lens according to claim 107 nmade of hydrogel. 110. A

| ens according to cl a| m 100 nmade of a ri %zd bi oconpati bl e materi al .
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H@x %4 098 & rlaced! ATt Bidin TheSintgrior<ormeal surface. The distance from the anterior comeal
surface is not that critical and could be varied within reasonable limits. The surface
information for the starting point eye model for the 22 D lens design process is listed in
Table 14. The anterior surface of the lens was described using the formula shown in
10  Equation 4. The variables ec, ad and ae were modified to minimize the spherical
aberration. The variables are determined for an aperture size of 5.1 mm and the surface is
extrapolated from these values to the optical aperture size of 6 mm. The resulting 22D
Z11 eye model is listed in Table 15. The anterior surface of this 22D lens has been
. modified in such a way that the spherical aberration of the system (corneatlens) is now
15  approximately equal to 0. The wavefront aberration coefficients as calculated by OSLO
for the CeeOn Edge 911 22D lens eye model and the 22D Z11 lens eye model are listed
below in Table 16. Note that the coefficient representing spherical abetration for the
starting point eye model is 0.001005 mm for 2 6mm diameter aperture placed at the
comea, while the same coefficient for the eye model with the designed Z11 lens is -
20 1.3399¢-06 mm. The same process as described above for a 22D lens can similarly be
performed for any other lens power.
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Table 16: Zernike coefficients (OSLO format) for the average cotnea and a 22D 911 lens

and the average cornea and the 22D Z11 lens

The optical form chosen for the new Z11 design is an equiconvex lens made from
a silicone with refractive index of 1.458. The spherical aberration of an average cornea is
balanced by the Z11 lens yielding a system without spherical aberration. The front
surface of the lens is modified such that the optical path lengths of all on-axis rays within
10 the design aperture are the same producing a point focus. This feature can be achieved
with many lens forms. The Z11 lens could therefore be designed on a convex-plano,
plano-convex, non-equiconvex lens or any other design yielding a positive lens. The Z11
concept could also be extended in order to encompass a negative lens used to correct the
refractive errors of the eye. The front surface or back surface could also be modified to
15  produce the needed change in optical path difference that neutralizes the spherical
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aberration. There are therefore many possible designs that would achieve the goals of the

Z11 lens design.
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CLAIMS

1. A method of designing an intraocular lens capable of reducing the aberrations of the eye
following its implantation in a manner that it, at least partially, restores the capacity of the
young crystalline lens to compensate for aberrations arriving from the cornea comprising the
steps of:

(1) characterizing at least one corneal surface as a mathematical model;

(ii)  calculating the resulting aberrations of said comeal surface(s) by employing

said mathematical model;

(i)  selecting the optical power of the intraocular lens;

modeling an intraocular lens such that a wavefront arriving from an optical system

comprising said lens and corneal model obtains reduced aberrations;

(iv) calculating the aberrations resulting from an optical system comprising said

modeled intraocular lens and cornea;

{v) determining if the modeled intraocular lens has provided sufficient reduction in

aberrations; and optionally re-modeling the intraocular lens until a sufficient

reduction is obtained.

2. A method according to claim 1, comprising determining the resulting aberrations of said

corneal surface(s) in a wavefront having passed said cornea.

3. A method according to claim 1, wherein said corheal surface(s) is(are) characterized in

terms of a conoid of rotation.

4. A method according to claim 1 wherein said comeal surface(s) is(are) characterized in

terms of polynomials.

5. A method according to claim 4, wherein said corneal surface(s) is(are) characterized in

terms of a linear combination of polynomials.

6. A method according to claim 1, wherein said optical system further comprises
complementary means for optical correction, such as spectacles or an ophthalmic correction

iens.
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7. A method according to claim 1, wherein estimations of corneal refractive power and axial

eye length designate the selection of lens optical power.

8. A method according to claim 4, wherein an optical system comprising said corneal model
and modeled intraocular lens provides for a wavefront substantially reduced from aberrations

as expressed by at least one of said polynomials.

9. A method according to claim 1, wherein modeling the intraocular lens includes selecting
the anterior radius and surface of the lens, the posterior radius and surface of the lens, lens

thickness and refractive index of the lens.

10. A method according to claim 9, wherein the aspheric component of the anterior surface is
selected while the model lens has predetermined central radii, lens thickness and refractive

index.

11. A method according to claim 1 including characterizing the front corneal surface of an
individual by means of topographical measurements and expressing the corneal aberrations as

a combination of polynomials.

12. A method according to claim 11 including characterizing front and rear corneal surfaces
of an individual by means of topographical measurements and expressing the total corneal

aberrations as a combination of polynomials.

13. A method according to claim 1, including characterizing corneal surfaces of a selected
population and expressing average corneal aberrations of said population as a combination of

polynomials.

14. A method according to claim 13, wherein said aberrations are expressed as a linear

combination of polynomials.

15. A method according to claim 14, wherein the re-modeling includes modifying one or
several of the anterior surface and curvature, the posterior radius and surface, lens thickness

and refractive index of the lens.
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Zernike coefficients; and optionally re-modeling said lens until a sufficient

reduction is said coefficients are obtained.

19. A method according to claim 18, comprising sufficiently reducing Zernike coefficients

referring to spherical aberration.

20. A method according to claim 18 comprising sufficiently reducing Zernike coefficients

referring to aberrations above the fourth order.

21. A method according to claim 20 comprising sufficiently reducing the 11th Zernike
coefficient of a wavefront front from an optical system comprising cornea and said modeled

intraocular lens, so as to obtain an eye sufficiently free from spherical aberration.

22, A method according to claim 20, wherein the re-modeling includes modifying one or

several of the anterior radius and surface, the posterior radius and surface, lens thickness and

refractive index of the lens.
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24. A method according to claim 23, comprising modeling a lens such that an optical system
comprising said model of intraocular lens and cornea provides reduction of spherical and
cylindrical aberration terms as expressed in Seidel or Zernike polynomials in a wave front

having passed through the system.
25. A method according to claim 24, obtaining a reduction in higher aberration terms.
26. A method according to claim 8 comprising:

() characterizing corneal surfaces of a selected population and expressing each cornea as
a linear combination of polynomials;

(ii)  comparing polynomial coefficients between individual corneas;

(iii)  selecting one nominal coefficient value from an individual cornea;

(iv)  modeling a lens such that a wavefront resulting arriving from an optical system
comprising said lens and individual cornea sufficiently reduces said nominal

coefficient value.

27. A method according to claim 26, wherein said polynomial coefficient refers to the Zernike

aberration term expressing spherical aberration.

28. A method according to claim 27, wherein said nominal coefficient value is the lowest

within the selected population.

29. A method of selecting an intraocular lens capable of reducing the aberrations of the eye
following its implantation in a manner that it, at least partially, restores the capacity of the
young crystalline lens to compensate for aberrations arriving from the cornea comprising the

steps of:

(i) characterizing at least one corneal surface as a mathematical model;
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32. A method according to claim 29, wherein said corneal surface(s) is(are) characterized in

terms of polynomials.

33. A method according to claim 32, wherein said corneal surface(s) is(are) characterized in

terms of a linear combination of polynomials.
34. A method according to claim 33, wherein said optical system further comprises
complementary means for optical correction, such as spectacles or an ophthalmic correction

lens.

35. A method according to claim 29, wherein corneal refractive power and axial eye length

estimations designate the selection of lens optical power.
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a combination of polynomials.

38. A method according to claim 37 including characterizing front and rear comeal surfaces
of an individual by means of topographical measurements and expressing the total corneal

aberrations as a combination of polynomials.

39. A method according to claim 29, including characterizing corneal surfaces of a selected
population and expressing average corneal aberrations of said population as a combination of

polynomials.

41. A method according to claim 37, wherein said polynomials are Seidel or Zernike

polynomials.
42. A method according to claim 41, comprising the steps of:

(i) expressing the corneal aberrations as a linear combination of Zernike polynomials;
(ii)  determining the corneal Zernike coefficients;
(iii)  selecting the intraocular lens such that an optical system comprising said lens and

cornea provides a wavefront having a sufficient reduction in Zemike coefficients.
43. A method according to claim 42, further comprising the steps of :

(iv)  calculating the Zernike coefficients resulting from an optical system comprising the
modeled intraocular lens and comea;
) determining if said intraocular lens has provided a reduction of Zernike coefficients;

and optionally selecting a new lens until a sufficient reduction is said coefficients is

obtained.
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48. A method according to claim 38 comprising selecting an intraocular lens such that an
optical system comprising said intraocular lens and cornea provides reduction of spherical
aberration terms as expressed in Seidel or Zernike polynomials in a wave front having passed

through the system.

49. A method according to claim 38, wherein reduction in higher aberration terms is

accomplished.

50. A method according to claim 29 characterized by selecting an intraocular lens from a kit
comprising lenses with a suitable power range and within each power range a plurality of
lenses having different aberrations.

51. A method according to claim 50, wherein said aberrations are spherical aberrations.

52. A method according to claim 50, wherein said lenses within each power range have

surfaces with different aspheric components.

53. A method according to claim 52, wherein said surfaces are the anterior surfaces.
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least one to the cornea corresponding corneal wavefront aberration term, each corneal

wavefront aberration term being obtained by transformation through corneal surface shape
terms;

- from said at least one mean corneal surface shape term or from said at least one mean
corneal wavefront aberration term designing an average corneal model for the group of
people from the calculated at least one mean corneal surface shape term or from the at
least one mean corneal wavefront aberration term;

- designing an ophthalmic lens capable of reducing said at least one mean wavefront
aberration term of the optical system comprising the corneal model and lens and

- checking that the designed ophthalmic lens compensates correctly for the at least one
mean aberration term by measuring these specific aberration terms of a wavefront having
travelled through the model average cornea and the lens and redesigning the lens if said at

least one aberration term not has been sufficiently reduced in the measured wavefront.
55. Method according to claim 54, characterized by calculating surface descriptive constant
for the lens to be designed from the mean corneal surface shape terms or from the mean

corneal wavefront aberration terms for a predetermined radius.

56. Method according to any one of the claims 54-55, characterized by sele_cting peoplein a

specific age interval to constitute the group of people.
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58. Method according to any one of the claims 54-57, characterized by designing the lens
specifically for a patient that has undergone corneal surgery and therefore selecting people

who have undergone corneal surgery to constitute the group of people.

59. Method according to any one of the claims 54-57, characterized by selecting people who

have a specific ocular disease to constitute the group of people.

60. Method according to any one of the claims 54-57, characterized by selecting people who

have a specific ocular optical defect to constitute the group of people.

61. Method according to any one of the claims 54-60, characterized in that it further

comprises the steps of:

- measuring the at least one wavefront aberration term of one specific patient’s comea;

- determining if the selected group corresponding to this patient is representative for this
specific patient and if this is the case implant the lens designed from these average values
and if this not is the case implant a lens designed from average values from another group

or design an individual lens for this patient.

62. Method according to any one of the claims 54-61, characterized by providing the lens with
at least one nonspheric surface that reduces at least one aberration term of an incoming

nonspheric wavefront.

63. Method according to claim 62, characterized in that said aberration term is a positive

spherical aberration term.

64. Method according to any one of the claims 54-63, characterized by providing the lens with

at least one nonspheric surface that reduces at least one term of a Zernike polynomial

representing the aberration of an incoming nonspheric wavefront.
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66. A method according to any of claims 54-65 characterized by designing a lens to reduce

spherical aberration in a wavefront arriving from an average corneal surface having the

(Vo

+ \/1 - (%)z(cc +Dr?

formula: z = +adr* + aer®

wherein the conical constant cc has a value ranging between —1 and 0, R is the central lens

radius and ad and ae are aspheric constants,

67. A method according to claim 66, wherein the conical constant (¢c) ranges from about —
0.05 for an aperture size (pupillary diameter) of 4 mm to about —0.18 for an aperture size of 7

mm.

68. Method according to claim 66, characterized by providing the lens with a surface

described by a modified conoid having a conical constant (c¢c) less than 0.

69. Method according to any one of the claims 54-69, characterized by providing the lens with

a, for the patient, suitable refractive power, this determining the radius of the lens.

70. Method according to claim 64, characterized by designing the lens to balance the spherical
aberration of a cornea that has a Zernike polynomial coefficient representing spherical
aberration of the wavefront aberration with a value in the interval from 0.000156 mm to

- 0.001948 mm for a 3 mm aperture radius using polynomials expressed in OSLO format.

71. Method according to claim 64, characterized by designing the lens to balance the spherical
aberration of a cornea that has a Zernike polynomial coefficient representing spherical

aberration of the wavefront aberration with a value in the interval from 0.000036 mm to

0.000448 mm for a 2 mm aperture radius using polynomials expressed in OSLO format.
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0.0009359 mm for a 2,5 mm aperture radius using polynomials expressed in OSLO format.

73. Method according to claim 64, characterized by designing the lens to balance the spherical
aberration of a comea that has a Zemike polynomial coefficient representing spherical
aberration of the wavefront aberration with a value in the interval from 0.000194 mm to

0.00365 mm for a 3,5 mm aperture radius using polynomials expressed in OSLO format.

74. An intraocular lens designed by the methods of claims 54-73 adapted to replace the
natural lens, capable of compensating for the aberrations of a corneal model designed from a
suitable population, such that a wavefront arﬁving from an optical system comprising said
model cornea and said lens obtains substantially reduced aberrations characterized in that,
said lens has at least one nonspheric surface, while said at least one nonspheric surface
provides to a passing wavefront at least one wavefront aberration term having substantially
the same value but with opposite sign to a mean value of the same aberration term obtained
from corneal measurements of a selected group of people, to which said patient is categorized,
such that a wavefront arriving from the cornea of the patient’s eye obtains a reduction in said

at least one aberration term provided by the cornea after passing said lens.

75. A lens according to claim 74, wherein said corneal model includes average aberration
terms calculated from characterizing individual corneas and expressing them in mathematical

terms so as to obtain individnal aberration terms..

76. A lens according to claim 75, wherein said aberration terms is a linear combination of

Zernike polynomials.
77. A lens according to claim 76 capable of reducing aberration terms expressed in Zernike
polynomials of said corneal model, such that a wavefront arriving from an optical system

comprising said model comea and said lens obtains substantially reduced spherical aberration.

78. A lens according to claim 77 capable of reducing the 11™ Zernike term of the 4™ order.
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term provided to the passing wavefront by the lens is a spherical aberration term, such that a
wavefront arriving from the cornea of the patient’s eye obtains a reduction in said spherical

aberration term provided by the cornea after passing said lens.

81. A lens according to claims 79-80, characterized in that the at least one wavefront
aberration term provided to the passing wavefront by the lens is at least one term of a Zernike

polynoniial representing the wavefront aberration of the cornea.

82. A lens according to claim 81, characterized in that the at least one wavefront aberration -
term provided to the passing wavefront by the lens is the 11th normalized Zernike term of a

wavefront aberration of the comea.

83. A lens according to any one of the claims 79-82, characterized in that said selected group
of people is a group of people belonging to a specific age interval.

84. A lens according to any one of the claims 79-83, characterized in that the lens is adapted
to be used by a patient that has undergone corneal surgery and in that said selected group of

people is a group of people who have undergone corneal surgery.

85. A lens according to any one of the claims 79-84, characterized in that said selected group

of people is a group of people who will undergo a cataract surgical operation.

86. A lens according to claim 85 characterized in that the nonspheric surface is a modified

conoid surface having a conical constant (cc) less than zero.

87. A lens according to claim 86 characterized in that that is capable of eliminating or

substantially reducing spherical aberration of a wavefront in the eye or in an eye model

arriving from a prolate surface having the formula:
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the conical constant cc has a value ranging between —1 and 0, R is the central lens radius and

ad and ae are aspheric constants.

88. A lens according to any one of the claims 79-87, characterized in that the lens is provided

with a, for the patient, suitable refractive power less than or equal to 30 diopters.

89. A lens according to any one of the claims 79-88, characterized in that one of the at least

one nonspheric surface of the lens is the anterior surface.

90. A lens according to any one of the claims 79-89, characterized in that one of the at least

one nonspheric surface of the lens is the posterior surface.

~ 91. A lens according to any one of the claims 79-90, characterized in that the lens is made

from a soft biocompatible material.

92. A lens according to any one of the claims 79-91, characterized in that the lens is made of a

silicone material.

93. A lens according to claim 92, characterized in that the silicone material is characterized by
a refractive index larger than or equal to 1.43 at a wavelength of 546 nm, an elongation of at
least 350 %, a tensile strength of at least 300 psi and a shore hardness of about 30 as measured

with a Shore Type A Durometer.

94. A lens according to any one of the claims 79-91, characterized in that the lens is made of
hydrogel.

95. A lens according to any one of the claims 79-91, characterized in that the lens is made of a

rigid biocompatible material.
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representing spherical aberration of the wavefront aberration with a value in the interval from
0.000194 mm to 0.00365 mm for a 3.5 mm aperture radius using polynomials expressed in
OSLO format.

100. A lens obtained by any of methods according to claims 1-53 which at least partially
restores the capacity of the young crystalline lens to compensate for aberrations arriving from
the cornea characterized in that it has at least one nonspherical surface which when expressed
as a linear combination of polynomial terms representing its aberrations is capable of reducing
similar such aberration terms obtained in a wavefront having passed the cornea, thereby

obtaining an eye sufficiently free from aberrations.

101. A lens according to claim 100, wherein said nonspherical surface is the anterior surface

of the lens.
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