WO 2012/ 120080PCT/ EP2012/ 054010 METHODS OF PREDI CTI NG THE POST- OPERATI VE
POSI TION OF AN | OL AND USES OF SUCH METHODS The invention relates to the
field of wphotral2ais6 systens and procedures. |n particul acr/Epbeziosoent i on
rel ates to the detwbrisratrestcotnd IreE pestr- opmratvy @oposofi on of an
intraocular 5 lens (terned "IOLJ% in an eye of a patient undergoing |ens
repl acenent surgery, PhiPEn™ T h {8 VEE® It Sﬁ?ﬁ‘ ,-Hl‘ﬂ‘go‘?%e position of the
existing crystalline lens in the pre-operative eye of the patient and using
that information and a single nunerical constant to predict the
post-operative intraocular |ens position. Related nmethods, and conputer

g - f 1 hod f. the | i I I d.
Do kSRR AR S 15 B SRRlmleERh! BBty Bl
crystall 'thegnI/eﬂﬁsn frelatesjttdat_he_e@ﬂgmml'iatiotnmdfm;n ?aésg-topgragm bbsﬁ'fmérﬁbf a‘::n;m;raoml wrar | ens
oL)., T u IS | a I . ul e.
(sore i meds BB L, oy, BB 80t ik Bioing o Ehlabe B ABRBMBE of ¢ e
Ibi ol ogi E:ﬁivollveﬂd_ewahijeirigah? pSitidkn of tﬂa eelé(istigg t:lysta;)intei(l)atﬁsilngm? Ereesaspde rl;dativ_pl mlt ;ge
ens w astic side .struts (cal. i Gcs . S
i thi -1 AEReft ey i FudrFtof aad MHpg uhBnes ro et o Moo of an
ihnf I faxi bblestrcxtgbmtiwalint(mulgr mEnmtl:smmt Iﬁgellat?dl hlaarl:mgdsiataad (:ahdwtt . )elr paigl\r)dt;)m?gdslroi hi s
arge een. supey s ) e use | exi hl e materi al s. s s
f?fted ?88%?/"5’?@"5(5’9%'@03%6%@%@8“ ?rgr?%é’s '??chs ed to distance vision, but
ot hernotypes are avail able, such as nmultifocal 10Ls (which provide
I tiplesf d visj t . f d di st . ti QL whi ch
R R L e S
]E:or recti ¢he éyerafrmsitripgam‘t\g an)atrtiﬁaﬁl h&a@cuia:mérmp(wb)nﬂypi:amenbe g?/ilsbmptaia'ée;dgr \Arrﬁ_dCh
or a nunber, of regsons. ract (a_cloudin €, Cr [
obst ruct 47 e paeEI5E St SRBlimtS e PHE! e YnbGa SEPLE i Bionlr < "one
of the | eardovaljoithe bimdogidal lehs neébtberiaé, and surgery to renove the cataract and
irrpla} t an intraocular lens is one of the nost conmonly- 30 performned

n
surgi Ral procedures worl d-w de. However, in recent years the overall
i mpr ovenmantlOLrussiallyetonsatedofed mealhplastid lehe mdth rpdasitia celeesttuts (catist fagtied) tohe

d I f desi. i ndi i for..l

sur gery o Re ARG TRet WO e XEPiroBi P Be A0S sy 1Rk el duiiefRbn <

wi th ref neiei ofearpinfiéstiislesndtetiad (syohpasapélpaeathyingitastyiate (P MMA)p elthaighothisa

e RIS Bedn FORBRR RS By SOBRRACI BB IRR IR G oA o0
i repl onefbca i ti deision, hitathegitypes lable, sduhcds

\allaf: gﬁseiﬁﬁﬁy?ﬁnl Cdﬁgsﬁﬁ?ji n?lstaig glssmgfucth ?gmﬁe agltggﬂiaolre. and

bost er | o BPTRAPLS i oy MuBleeEioest VEiba™ Bt Sle AR, et disBlifesice

cont r i butadaptivet i@ sd gfHiec pravideo fimited) visuahdcéonmadation) @hdatoric M@ge @hidhhe

retina Wigre  {odSi@Fhof ShigRthabage Fioures 1 and 2).5

25 Lens replacement surgery may be performed for a number of reasons.

Cataract (a clouding of the crystalline lens which obstructs the passage of light through
the eye and obscures vision) is one of the leading causes of blindness, and surgery to
remove the cataract and implant an intraocular lens is one of the most commonly-
30 performed surgical procedures world-wide. However, in recent years the overall
improvement in safety and efficacy of lens replacement surgery and the development of
new IOL designs has broadened the indication for lens surgery to encompass not only
patients with cataract, but also patients with refractive problems like myopia (near-
sightedness), hypermetropia (short-sightedness) and presbyopia (spectacle-dependence
35 inreading), and astigmatism (cylinder dependence of spectacle correction).



As the precise optical properties and di nmensions of the eye vary from
patient to patient, selection of an 1OL with suitable optical properties
(such as woaptwizeospower both spherical and cylindrical, pasmreoizosioyo as wel |
as higher order aberrations) is crucial if visionis to be clear in a given
eye. If the optical properties of the I1OL inplant match the optical 10
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patient, m,omn@q ?gﬁ%u@[_r}gthtahgyesteps of: (i) determning the position
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20 (ii) determning the thickness of the crystalline lens in the
pr e- oger %hh{;ﬁ asmaeﬁest Bﬁd RA4th&Rbticah Terniuidd hate %leﬁtdésanﬁ&ﬁm seéheiati ve

position of the intraocular lens relative to the
calculate the 10OL power to be used in surgery. However, because all of the presently
available formulae use simplified models for the optics of the eye they require a number
of empirically derived corrective terms and personalisation factors to be calculated in
retrospect from observed data in order to adjust the formula to real clinical life. Examples
35 of such “fudge” factors include the “A-constant” (SRK-formula), “Surgical Factor”
(Holladay) or “effective ELP or effective Anterior Chamber Depth (“ACD”) (Hoffer or

Binkhorst formula). Whilst those factors ensure that predictions with the particular
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25position of the crystalline lens in the pre-operative eye of the patient,
as a proportion of the thickness of the crystalline lens in the

pr e- oper avowel12¢eosof t he patient, wheceirr2aihes4uoporti on
is defined by a single nunerical constant (C) which 30is determ ned by the
intraocul ar lens type. As discussed in nore detail below and in the
acconpanyeiyl E@&?rﬁlcé‘ératec ethsr awesage icasRiheY foppvalways Rrovislee 28 AcGHAt®

met hod f q:rred?ét%l.ﬁmengd.wesén%@e SBh8Rsason tfmhep%&aps‘éyaaflcmemzethbms%e a
replacenent 10OL in an e a patient. 35 The invention is based on the
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within the post-operative eye when it has been inserted into the enpty
capsul e. That position can be described as a ratio of the thickness of the
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used {0 qf,g{gy@t the specific post-operative position that an inplanted | QL
wi |l occupy i'n the eye of that patient. 10 As explained in the acconpanying
Exanpl es, the inventor's discovery arose fromdetail ed anal yses of
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posi tion gk sieR8 of:Mpl anted I OL coul d be accurately predicted using that
formula along with the physical paranmeters taken fromthe eye before
surgery. Once the post-operative position of the 1OL has been predicted, an
accurate cal cypati Qﬁt&&mnﬁ fhe rWsﬁdh ot therkisfihg EMStaliRS lens APtHRPré JpEraBid | cal
properties of the Ia_ogsuc as |lens refractive power and other optical
properties) to be i9¥SIGAHMERALEDY i ng surgery can be nmade. Such cal cul ati ons
and pgedictions are made by nodelling the eye and the refraction of |ight
within it. Methods for providing a detailed and correct nodel of the eye
and an 1 OL i npfiant dete[mninieg thedhiclgiess of thecrysiglinetlens ipiheprerereratiyeieya of

nmeasur abl e physi calthgpatidhiramaet ers of the eye and the optical and physical
properties of the plurality of |nterfaces and surfaces in the eye. Such
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and exact ray (i.il;am&ed.mmgfmé%o@t%ﬁéemélpe@.qomsfmbmatra%maareﬁsaélgmek@%@ in
the art (as discussed, exa WD 2010/ 028654). 30 Thus, the
presefft invention d?qsft@F‘é’fmeo?W%?'lﬂﬁ '8!]% insthe EsrePerAtive,e¥enefdbe PatiIaAs @ (1) 1 n
the present 'nVent'&Bpoﬁn&?oﬂh@dh@Rﬂe@@ of)fhetcl,‘}?stélﬂe Iéﬂ§||r¥ tr@rpraiorpefanw@g@ry i's
separated fromthe optlcal formul a described in the prior art, and is

i nst ead based on a 2fthRP2YSAYsi cal | y- defi ned post-operative position of the
I OL (preferably using a 35post-operative anterior chamber depth

nmeasurenent), rather than a virtual post- operative position (such as a
virtual effective |'Whgfeindag progartigp is: ql_anpeg by 3/§ipgle numerical constant (C) which

30 is determined by the intraocular lens type.

As discussed in more detail below and in the accompanying Examples, the present
invention provides a more accurate method for predicting, before surgery, the post-
operative position of a replacement IOL in an eye of a patient.

35
The invention is based on the inventor's discovery that an I0L will locate itself at a
defined position within the post-operative eye when it has been inserted into the empty
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(2) I'n the present invention, the prediction of the post-operative position
of the 1OL can be nmade from an accurate neasurenent of the position and

t hi cknesswofotdeomsnyst al | i ne | ens of the patient beforeprPsumpesiz/osamd 5(3)
In the present invention, the physical prediction of the position of the
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the pre- Qpgitiah tha€ af Wepiaited IBL RtdcBOy iRaRe B sFkApAeRd in a nunber of ways,
based on one or nore nmeasurements taken fromthe pre-operative eye. For

exanpl e, the lens thickness can 20be determ ned by neasuring the relative
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ultrasound, laser interferonetry or |aser bione pre-operative eye
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phakIC OS -.0p eratlveee a patient" we include an eye
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| mpl ant atrbRRdOBndaNdNEd al BaGRisingly! SilpR! forluRAUEBE! deveRipRE foOesptess e eye as
a "pseudophakic" eye. 30 By.' crystal line |l ens" we include the natural

bi ol 0§i cdneasuiad paramatery 253 funglieiuefi gneangathel; c That @nalysis ggvealed hpt the pest-

crystal | igpradtig8 fbos.ﬁorn@t thlé YnpRAEGI 0L tddURKEE SScuRIély fw&ﬂ.@@d asihy B if6tnRila
bi convex shape, hi ckness of the crystalline I ens" we include the axial

di st ance %@Q%ﬂb‘ﬁ@ phyﬁécql PRE@MSsters tjsen)from himeys betors 808N surface to the
posterior surface of the crystalline lens when it is in a relaxed state.
The relaxed state is the non-accommodat i ng@ﬁ@ate when the eye is

di st ance-@rrebe Post-apsrRtlye Positipn of thedPh has Predicted 4%%9‘36’5%‘? calculgtiohe age
of thg pa(tah@ryred?a@ay%e the thaabiabplopriste @&réampﬂasaﬁ.ss ich tHE adua(ishem lagsknglur i ng

life;, for exanple, I1n hunmans fromthe age Iyears old and onwards, it
becorres velrgctiyagnowes g@d ibeToerticak pPiepiies 'ﬁ’eb? WPEEH’@gsd%Wgt%EQQ%r@“ %y

i ntraocuhzde.! eikh @iculdtichs 4R pradictisles are Alddef byt infddelifgané Qyel SR &k ation
'nto the refraction of light within it. Methods for providing a detailed and correct model of the eye
and an IOL implant require the correct interpretation of the various measurable physical
25  parameters of the eye and the optical and physical properties of the plurality of interfaces
and surfaces in the eye. Such methods involve both so-called ‘thick lens’ paraxial ray
tracing methods and exact ray tracing methods as described herein, and are also known

in the art (as discussed, for example, in WO 2010/028654).
30 Thus, the present invention differs from previous systems and methods in that:

(1) In the present invention, the prediction of the IOL position after surgery is
separated from the optical formula described in the prior art, and is instead based

on a true, physically-defined post-operative position of the IOL (preferably using a

35 post-operative anterior chamber depth measurement), rather than a virtual post-

operative position (such as a virtual effective lens position or “ELP”); and



capsular bag in the eye. 10Ls typically conprise a plastic lens with
plastic side struts (called haptics) to hold the lens in place wthin the
capsul ar wegoi2lebwomay be made of inflexible naterials esu@EP2a/0RNMA) or
flexible materials (such as silicone or acrylic). 10Ls vary in ternms of
their optical properties (such as their spherical and cylindrical 10

di optri c po(Redn thespresentdnygption,ihe predistion gfHe pestrpetative Pepilien &f thenlOL  and
the 10L may beaa pbinksdh #0HShUetlratePNgadurdhenesd tﬁ@p&gntﬁfnaé?ﬁ%%kﬁés%’&th@

mul tifocal |ens Q\Nhl ch provides multiple-focused vision at far and near

di stances); orcrystalingdens efdhe patient MPL%SWW@T@S limted visual
accommodation). 15 A key aspect of the present invention is the single
nunerical constant, termed "C'. The present invention is wdely applicable
and can be (Rdathg I?Tﬁs%i‘tﬁ%QEo'bﬁhQiP|P3fséiaéﬁ'ied|§§?“ ghthetppgitien of Fh?c'dgd? MgPeumans
(of all races ggd uPétrééii@f?& bétlc%ﬁﬁay%%nr@trh@deiW@ﬁB&Jr&e(ySfHﬁébt% 8pt¥8 Bile Of
agricultural or comrercial value, including horse, Cow, sheep, 20 dog,
cat, and rabbiey}.basedven [the, aneasres: aad dbe tHﬁ%ﬁ'Ct?ﬁed?ﬂ? nﬁhﬂ?'%ﬂ%ayam? Bost cal
characteri st GPpRiprigid dpYiBal\rddertiedof tRADIASE beFnplhRieltan BBimAe. t YPES, between
species and, in humans between nationalities and races. Accordingly, the
nunmeri cal constant (C) is determned not only by the 10OL type but also by
the pgti qmllltb\é%p%téé‘ﬁnaﬁ%r&%% Bﬁﬁ@ d’c?%télliﬁél ! mté% dl)%n'%é&&nﬁﬁé‘d 25
Preferably, the nunerical constant efines the rel ationship between the
post oper df PVRIMBes Pt ways, bpsaden enft ?"am@'i?l ragaguggiaents takg fropethgiresreerdtivarpr e
eye- oper aéxed Préfdfatiy lﬂﬁé §x.a|r;%s%hwﬁtﬁ@cxy&smﬁ@%ﬁsl iRheAPd-dpRrABRge dlind he
crystalline lens in the preoperative eye of the one or nore eye-operated

i ndi vi dudiagient3ig qﬂﬁ@"’pﬁdeﬁ@'%ﬁﬁ be WOHU?HE@F%PEUOH%@%NPF exymple) partell at ed
using dat@nefdhas %Qrférbmarywheﬁ SRR QPREAL ﬁgr eRathpied U§||n§ 4 Lepbram t hat

| OL type has been inplanted into e using the sane | nplantation

appr otch.LS99P by \he Ha%SHE'bP@EP%ﬁYe§th¥ﬁié"9he nunerical constant (C) should
be cal cul ated using data from eye-operated individuals that are appropriate

based on the particul ar_patient t%pe that is undergaing |ens replacenent
surgery. Hwillpalse be aparesiatrrthat e thickesssi fike srygtadipgileny inchg it regialiye cs of

an eye Wdk ¥ahy Dfkheedh dbfdtemied a&{urﬁaépezﬁ,wég@t PEEH SREIeCSr Aldfe | N

humans, beéetween races. For exanple, in humans, the eyes of Asian races have
a di ffer éﬁ?a%'f%m)'ﬁ% F%”B&W\H&P@Weéﬁ%’%ﬁﬂﬁr F&ﬁﬁxﬁm@ep%'éﬁ Hﬁc@éﬁ%ﬁ?ﬁ of

the ey ERtind Pof-AeasHINg e Telétmtpdsﬁlon%ﬂ|t£*?rbﬁtnarﬁiy@ac‘ﬁ‘slul'faé@mhlﬁ the
relatlvely shorter anterior 5 se nd | onger posterior segnent as

conpar ed &Y, @ EXARIS USRI ef@sowng, asghmt%ﬁerqm@igfeordaqerém%@s dat a obt ai ned
from appropriate eye-operated individuals should be used when cal cul ati ng

the nurerical constant (C). For exanple, where the patient is a dog, the
eye- oper dBePrRRREAlIYe Y8 Qi e gatient cWe dosiude: apHyenkafeie temovabat itamatura), (O

shoul d al 5iQoHeadREtaliRNEnd" Thaveah e afkt REqSHI réRE Sthh &RMs a WiRKR t he
patient is a humen, the eye-operated individuals used to cal cul ate the

nuner#ical€¥onstant (C) should preferably be of the sane race. Those skilled
inthe art will be aware of the relevant differences in eye dinension and
optical characteristics and will be able to sel ect appropriate eye-operated
i ndi vi dualBys “rest-ope/pbve 8Ye¢ 6h aobatieRt Weidrslydeapn @yaafightremeyal of the natural,

biological crystalline lens and after implantation of an IOL. Those in the art frequently
refer to such an eye as a “pseudophakic” eye.

30
By “crystalline lens” we include the natural biological crystalline lens found in the eye.

As is well known, the crystalline lens is not uniform in thickness but has an ellipsoid or
biconvex shape. By “thickness of the crystalline lens” we include the axial distance
35 (along the line of sight) from the anterior surface to the posterior surface of the crystaliine
lens when it is in a relaxed state. The relaxed state is the non-accommodating state

when the eye is distance-focused — however, that state becomes less important with the

5



15 As denonstrated in the acconpanyi ng exanpl es, data need only be obtained
fromvery few eye-operated patients in order to accurately calcul ate the
nuneri calwoaensetamisp C. Preferably, the nunber of eye-opecatrpdoiosiore dual s
fromwhomdata is obtained is: 2 or 3 or 4 or 50r 6 or 7 or 8 or 9 or 10
or 20 or 30 or 40 or 50 or 60 or 70 or 80 or 90 or 100 pr 20200 or nore
eye- oper agedf ithripaiian Mesauseotho abilibnta gecopmeodatanisr gradally desitduing (16 felef i nes
a fracti ‘éQarﬂ&Dt f?\ehﬁrhéﬁskf?&ﬁsth&fagé 16 46Ty6aEsP014 ARG dnRARIs, t Dell6mBE GeRPSHA! T Ve
eye of th or nore eye-operated i'ndividuals. 25l h one enbodinent, the
i nvent i o@nglcevn@@y‘luan%thnémcwsmf@ﬁ lense | OL type is adapted for
inplantation into the capsular bag in the eye. Such 10Ls are well known to
those in the art. Conpanies manufacturing 10Ls are well known and include
Al con5LalRyr Anteadcalar 1enghi rh19b" wen include uare sridisiay llens fan dmplastationointpaiee 10Ls
ternmed A%Mﬁﬁér m'?ﬁété%, léﬂ?%né&ll?%bﬁ%rns@éﬂ&é’hc'l&{sr ﬁfﬂ?%la@f&c LRRS@itd whi ch

manuf act ur es inplants termed Superflex and T-fl ex anong

ot hers); (Mlsdmpﬁgg te avld@ﬁ |ee§ in WHP% Withiprthe serswasPagc 1QLs mayhe pade ef
fol dabl e &%&pé%&br@.& %ﬁemlag (meA; Bhes@mae%tenaquua{ &3 sh{%ﬁé braaiyidoL,

ReZoon(r) focal Carl Zeiss Medit (whi ch manufactures a range
of 35nmondPbe Ry iuterms dééhe'bﬁﬂt'ﬁ%rﬂfmss(syél‘ @dthaly spheriqab andreylipgricgl
serieg); ﬁb\ﬁer%men&fyr aﬁ‘@loth er DRIFOHE aﬂarr@t.@ﬁsabéae thEheL Intdy be

|rrplante Into the capsular in the eye. is well known, the standard
appr oach & tredpapnefpedl d%j‘%h"@ﬁcw tgedligtanee v'éloabe%wﬁ@cahie@ﬁu (Whichpreviges t he
crystal | ij@ylieRzused vidloR bea:aaﬁ&ﬁéé‘r' aétsnse@?]l&cbn SRIPHVE IRt HBLiass
ensures a clrcular opening through which the lens matter is renoved and

t hr ough Wimited visnal accpmmedatigidy t ed. 5 The capsul e can be opened by different
techniques (by tearing, by cutting, by burning, by laser) but the preferred
pl acenment of the ICL is always in-the-ba The lens matter is often renoved
usi ng's® pHfakey aspariaf theprepet invgRtienis fagein e PEESEEA goRanti terme@ frat e and
aspirate the lens matter through a small incision; alternatively, the |lens

matter may be disintegrated manually or using a femo second | aser. Once
the | ens prepentdavasndian is| idebhapriigableand ean be uspgh Witht @ dander Bhé'ﬁe'feﬁé

openi ng igyitRerypes er .hand;ﬁgmma%sa(efi al 'r86R0add nhtithaMiBR) YanBadherTRiafnials t he
currently accepted method for performng |ens surgery throughout the world.

It will Heudpgseieared of agrcuitye!l ‘Efcfﬁ“im‘%fﬁ'ab‘fa“i%é‘cil@_n%@?ﬁ I$OWhRIg, sheep,

post ébpercgnb' V@atelé‘ﬁd(mltﬁenﬁevﬁiﬁ ben@ B%ﬁféoc%atcﬂ{&tomﬂénss&:)s Y Btical
i nfluenc by the geonmetry of th eICfthat |S|rTFtanted particularly
Y

because tdheraeristiescs’ anseyenuill yaEy hatwerhdifarenharpeal ypes wwqemesw&ww Ry

i nfluencgy 'wamaheeoén%eﬁ/wwétlonaﬁhee%tsergcésorA@Joehlﬁgly hAg umkrca ToRstaftid)tis of the
gradual contraction he cafsu e after surgery. However, as dem)nstrat ed

in the acteleruagd ey OEBh’d-Wﬁh%éo type kb alsathydhe Pﬁt'Qﬂﬁ@P@ and the apBtoarheigedisi ng

two diff gpeRblahiGhe #OL f4RE8yd S surprisingly small. Accordingly, the nethod
of the present invention nay be perforned using any | OL which is adapted

for i%#plantation into the capsular bag in the eye, and which is inplanted

into the %%?&anrmgaaumenmecoﬁxﬁm <C)T hRfingy e selafiorsh Béﬁs?‘e%ﬂt tHeNpg&tL i on
are not use 'antati on nmethods or |1 OL 25types that do not involve

i n-t he- ba@elraﬂyeamsatonoﬂf they ifrapeigiera lfngt iNothen@xen 9l PNEner Mare 18ygeaperaisd be

used whenn§iau4ieNfeIARESH! he! Sositdh arm }itkriabs ich tAe THMlline lehS i heusraed in
the acconpanying Exanples, in a preferred enbodiment the numerical constant

(O is c 0ReTAtie @ye P MRS L MarR aysieRerrted MA@ nore eye- oper at ed
i ndi vigdual s 30using the follow ng formul a:

More preferably, that numerical constant (C) is calculated using data obtained from two
or more eye-operated individuals to whom that 1OL type has been implanted into the eye
using the same implantation approach.

35 It will be appreciated that the numerical constant (C) should be calculated using data
from eye-operated individuals that are appropriate based on the particular patient type

that is undergoing lens replacement surgery. As discussed above, the dimensions and
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C = (10Lneasured - ACDpre )/ LT wherein: 3510Lneasured is the neasured
position of the intraocular lens in the eye of the eye- operated individual
af ter surweri2/mmseh may be defined, for exanple, by thecampresizossoahanber
depth of the eye of the eye-operated individual. In a preferred

enbodi ment, 10Lneasured is the nmeasured position to the centre of the

i nt r aoculoptical csharaclgrisies 1phyanH8Ye Yk YaBt PERENdifieTeRt @HIRA! H¥PeS: HREMWRRT ur ed

anteri or sﬁalaaab%hddrﬁmlkmﬁg bBfveRN Galds. apo.eaw@ratrﬁ%dn@dtﬁél &yeal ofahdig
surgery and half of the | OL t hi ckness. CDpre is the position of the

ant eri or r3eAstkave pfiffereet E’P?%'&P IbieP{\éeeI”éH§ af‘\'feé'ﬁ{ anbthegpasiaior segPaRtefithe t he

eye of tNRgeRUMpaRAISIRIcadiSHs\L thaisSabRsiah @ys WildRivi a relbdivelp SRortdr @htefidn be
det erm ne for exanple, by measuring the Anterior Chanber Depth of the eye

of thé eyﬁé‘gﬁ‘ﬁ@?%ﬂde'GnQ?FM‘ieﬂWa?eQH@PB?%C%‘UPﬂé?V £euEasianeyehe t hi ckness of
the crystalline lens in the eye of the eye-operated individual before
surgery. Thus, the nunerical constant éC can be cal culated by a nethod

conpri si "theogf"@ﬁg differences gata pbtaiged Honh gRpiopLiRe £Y8- qg?(%ﬁﬁ’lé’%‘"‘?}fa'st he

crystal | ighguliisusdd Whén em&nsﬁngtm rﬁrmémrarscdﬂafanv l(@)uaFér Sehpi& Wivee I gery;
measuring the position of the 1O or nore |ndividuals

aft er surRpliegt isja dog, dhe eysreperaied 'PWM'PV?'E d‘é?% )tQ ca'ﬁwa@aﬁhemugﬁ"ﬁa' ¢anstant
numer jgcal c§§ﬁ&3|@arso(b6)do$§ & ;SrBférefBN he SarflEsEedidrest db@ﬁVWh(efe Be th.ent is

(10Lmeasured AC 20 Preferably, nmeasurin osition of the
crystal | ilh&uMens "hen eYEhQP%?*@d dpdividualg vH§98 rtongaiciat, dg% T '§a'b@?fl§F3é“ dGe

surgery ishoDRI preferdsly BBast Uhé REmehacén ok skilbd i e B Rl befawdie ofige bef ore
surgery (i.e. the pre-operative ACD); and neasuri n% the intraocul ar |ens

posi ti on TElevantediicienegs imeye gimensionaand; optical \phatesterigigseand; will be able; to
per f or medsdpyet A5proBRste b éL8pdraRdANdIAGILS fdFdaelIatiorRsMAE nGheliddt constard{Cer

surgery (i.e. the post-operative ACD). Methods for maki ng such nmeasurenents
are kfown in the art and are described herein. As discussed above, the

pre- oper akd ¥&mbidRated iRt the assonfaRing @ikainbrRsdisth 86 ohlyWB stSinsd frepy gyl
surface of the eye to the anterior surface of the crystalline |ens. It will

be appr eciewt 8- QF?%&te‘E’ RatieRIs iR joFder dp Q%Hraé‘?'X/é‘?'&P'ﬂeng‘el RifRencal congiant.

det er m neglefdialily, 18E nURABES of@@é%ée@fedxhbﬁﬁuale%w WABH [dat0k obbierlyis: 2 m ch
woul d still allow the constant é %;Q)Br be cal cul ated. For exanpl e, the

posi ti on ¥4 @O 9ist af § PhR o EBer 3 et Qe 0 0 601 TNPr BORE 90197 0P Ipe

di st agre 3gdRhére e§elopertedSHdiliagais Of the eye to the posterior surface of
the 35 crystalline lens (i.e. the pre-operative ACD). Alternatively, the

position of the crystalline | ens could be determ ned by neasuring the

di stance ¢sRRhichfly," @i Maherkdr E@ﬁ&aﬁtoﬁd) heafiaBs &f Fraktidd of iR BRGkNess @F the!r f ace

of the crystalline |ens. As an_exa where t he
crystalline lens in the pre-operative eye of the two or more eye-operated individuals.

25 In one embodiment, the invention provides a method in which the IOL type is adapted for
implantation into the capsular bag in the eye. Such IOLs are well known to those in the
art.

Companies manufacturing 10Ls are well known and include Alcon Laboratories: (which
30 manufactures acrylic one-piece foldable IOLs termed Acrysof and Restor, among
others); Rayner Intraocular Lenses (which manufactures a range of foldable implants
termed Superflex and T-flex among others); Abbott Medical Optics (which manufactures
acrylic one-piece foldable 10Ls such as Tecnis® Aspheric IOL, Tecnis® Multifocal IOL,
ReZoom® Multifocal IOL); Carl Zeiss Meditec (which manufactures a range of
35 monofocal, multifocal and toric IOLs belonging to the Acri.Lisa series); Bausch & Lomb;

Comeal; Hoya; Topcon.



position of the crystalline lens is determ ned by nmeasuring the distance
fromthe retinal surface to the posterior surface of the crystalline |ens,
t he nunerwoabixospant (C) is cal cul ated using the foll ecrmp2dieossh@: 5C =
(LPant - 10Lpast) / LT wherein: LPant is the nmeasured distance fromthe

retina to the anterior surface of the cr¥stalllne | ens p05|t|on in the eye
bef or e siireferaply. fim [Pl isjimplantediplodhe capiiaibagde the eyYa t Ae isrwell kewn thee

centre Ofstafda@rd RbprRAGK fa pk@dtFing- Subts stRRn)t I eKkiopss tRé érm.o@rpéﬁ 3t khere | ens

in the eye before surgery. As discussed above, preferably the nuneri cal
const ant cxsfaling legs @EP%H'%BY t?s'ieﬁﬁn‘ﬂ%c?'lﬁdnﬁ?%‘w"’@ex's( ydishearswresia-cirggabpre )/

LT. Mejpe mag%irsn@bw.ch&menym&eﬁglrerﬁmaﬂfatth h Whichth@ ¥t AdRsdriede-
mean) val ue obtai ned fromthe calcul ations of the two or npre

eye- ofer dthecFapide ¢ar ba rrenpd byditferentigeRniauss dbitearna My quftiBaeby Rning, B a
(i.e. C 1as(el biraae Bwaérré@ﬁ%@r}meﬁt dithe 1006 BWAERS ir-the-BaRN ST lené GatfBRYs be

bet ween O. and 1. when expressed as a percentage, wll| be between
0% to 10(31%an repe¥ed IUP'ﬁ’ﬂt ‘Bhagocemyisiicatinn” which dises éﬁ"f%&t"i“bl*& disintegrate and | OL of

infinite ésbiréiléﬁﬁé%ﬁéff}hﬁﬁbrfthﬁbﬁ?h it §ﬁélf ineRfof; hIRENRAVER! Y IehaPsater nfy Bde
pOSt erior capsul e, respective W t hout CaUSI ng a secondar cont ract i on of

the ot ylisiaipgialed mAPENY Qi UGS fomiaIsPERNa R | QnenthG 1Pk BIYeE NaTREP®N . t he

met hog ofrefnlfed RS RO s'u'ﬂ)é@ﬁfeki(tﬁr wﬁw bitd é‘ﬁéan Iwé<arheﬁ&%9sulé awewaéeatm |
correctly describes the relations IOL with the anatom cal

st r uct ur dhefemniy bage. Thig indpg r‘iﬂ'i"ﬁﬁmy ac?etptﬁ% msthade far RerioAANg: I8BS SYMSFY cal
const ant t(fglighdut t¥ wérd.about: 0.1 or 0.2 or 0.3, or 0.4 or 0.5 or 0.6 or
0.7 or 0.8 or 0.9 or 1.0 (which, when expressed as a percentage is: 10% or
20% or 30% or 40% or 50% or 60% or 70% or 80% or 90% or 100% . 35 It is

par ticul gf i bléra%fp?érc'ia%B ﬂ]BﬁthethQItIGNBﬁhé ¢@i mmnsﬁ@aéstfo&\.ralt.se bpd %me rheﬂce? and

.6; for exanple, 0.3 0.4 or 0.5 0. 6. Even nore prefera
nuner15calth%d7%‘fedﬁﬁ' G@)St?"é Cormax bsb@ﬂ'eence%bwm Qﬁomﬁ]%r?fé?%r'%sgﬂt d% a

per cent aggpldnfed, %rticﬁlaﬁ@%'é&ausé% didrRéte£ ShEPE %nd@ﬁe@ﬁﬁwal br’b bﬂ:@s of the
acconpanyi n(tzl exanp he nunerical constant 79 .

5t will e %ﬁ'@ééﬂﬂ&?w hevsthelpé il ke pP?ﬁ_edcfég’Yagjﬂ or Qaﬂﬂ%ﬁ‘béﬂ aa{gs%t ‘Pfé%l t of

new deVe'g?thc%ntraé!Bhoéf frieeéhpgble ﬁtérrgdn.ﬁééryt A46WeveH €ad @emofBtratad iildnhe
i ntraocular lenses is changed, it hange t he average &Yﬁ’it operatlve

posi t i on PCOHRAMYIHI Eﬁa'ﬁﬂl%y@ea\‘ﬁf@f"“s'ﬂrtﬂ%rcy"al‘l“?l opined ysing o different IRl pe
necesxar ytyﬁ& il élﬁlyrlélrtwy Shalll GcoRiHghOMRe AetifodOIMPRT prederk iSvePREN @ﬁ@dbe

i ndi viduals in order to have a statlstlcall -reliable estimte of 'the
10aver agePariofpad eeing @ny 4Rk Whisdy igjagapted for imp antation into the capsular bag in the

eye, and which is implanted into the capsular bag in the eye.

The methods of the present invention are not used with implantation methods or 10L
25 types that do not involve in-the-bag implantation. Such implantation methods and IOL

types may be used when the lens capsule is not intact or is missing.

As discussed in the accompanying Examples, in a preferred embodiment the numerical
constant (C) is calculated from data obtained from two or more eye-operated individuals

30 using the following formula:
C = ('OLmeasured - ACDpre )/ LT

wherein:

35 IOLveasured i the measured position of the intraocular lens in the eye of the eye-
operated individual after surgery, which may be defined, for example, by the
anterior chamber depth of the eye of the eye-operated individual. In a preferred

8



In those instances, the nunerical constant (C) can be continuously adjusted
to reflect any changes in intraocular | ens design and/or surgical

t echni quewo 200mnesbhe preferred fornul a above (i.e. C =pCIfiPowassHoed
ACDpre) / LT. Wth a sufficient nunber of eye- 15 operated individuals, the

dj ust ed | f "C be det 1 ned with., suffi.ci ta_ b d
D bapect i vol y TPt Rlmprver RdDE MEPSPERPOIEN i e Gt W i Fivgptflar ® US€
t echni que. lensPwhick hedyl b}? cdidutatéd e addiog tagether desneahsmm}dmdeﬂdm:hambenst ep

i ri rjng t 20 Anterior. r,, Dept - rati
Gk of The: pacRERcn b &ief af SyeSpRiaal iRk dner idkaland B BE feoRS fL' V@

di st ance fromthitknee®r neal surface to the anterior surface of the |ens,
whet her a natural or an artificial intraocular |lens. As used herein, the
term'5ACDp,re" refers to the anterior chanber depth of a pre-operative 25
eye as defi ned\Qmyyf.eisrthe Wusitish df ithe tateriot AUBpcs bf thetastalline lehe fiam ¢d or

chanber depth of a, post-a ative e as defined herein. .Techni gue or
measuri ng ACDCQF\?ab\g‘I"facﬁn'ﬁ&he ieMet"lﬁ3‘3{%FYe‘Sﬁﬁfa}eﬁc'Pﬂ‘a@‘a'Frabseé?'ei%W%Q?Y’eﬁ?‘s try;
ul trasound A- position chh rkies detagniBed; cfan exataplay by eaegsufiig treaAntekiBt €bambe30 I n a
preferred enb(i.geip measuring the Ant.er.i.qr nber Depth of the
pre-operative g{E‘gf]Eth? fe® g{é{[‘?gﬂ?o%"a%'a vng%:ﬂgé%r? YBRY use of ultrasound.
What 4pos neasured by ultrasound is the transit tine for ultrasound to travel
fromthe corneagl. surface to.the anteripr surface the |en re the beam
< ref |'ect ed. Lde HE DigRess s Yo Iotafine Bas T BedE ofinelqiE-oasrard PoRGLRT

(di scussed belbevdre sbigesy. ar e sone di sadvant ages of this 35 technique,

i ncl udi ng the possible indentation of the cornea during neasurenent and

uncertainty regarding the velocity of ultrasound assuned for the conversion
of transiThusj the numedcaltcanstant (Cih cambé balculeted dgiamaethpd cemptising thet dtepsfoft er i or

Chanber Depth .of .the pre-o ative e of t tient _conprises the use of
an osti C6{1“%%‘8?,9,i“}ﬁjgogtéqne%'fiﬁ“#f‘g?ﬁ ?%@eg%%%ﬁbegﬁg? a1 |q$ge rE’Po#c@m)?'iI m%ﬁeg of :
Vi si bl e deqivibuare defore epe tsurgept, intedsudad) éreepasitionosfahe aPhyin the ayeof (vooet ry;
partial interfero rye. laow coherence in ferometry... el.npf | i,oagi ng;
| aser i ntrg?"]eef"gﬁléc{ar%gf; )éftgrs Prg&%ﬁé?'r %ye—&rﬁ&egl "{Jﬁi‘ﬁy%ugbgi ﬁ%?ﬂ%tzr% the
nmeasur enaiimedicalt doastahts(() lusind ¢ formfilatdescribet @bbee (leh@EdLasyseekChyp)t he
slit Ia%a comon tool to perform biom croscopy of the eye), and nore
recently asurenents using interferonetry (Haag-Streit LS900 Lenstar(c))

or Schei npflug i magi ng of the anterior segnent of the eye (exanple of
manuf act

. Pent by .Ocul I e Y, .Gal il ei Zi I nc,
Sai tzor | ATRIECRON PR T0 B RN, Grd P SIBELRL S Ve R M Bh N ac
mor e r el iiadiVidudld deforé eyasarged) Bspdrfoayed meastringethe ArdefiaruCianier Bypth ahd use
tical i nci pl f t he dj st ts. 15 St I f th
ot hod ofteae FefEdy SH9BbLE ol e oPFTLR For AP SR THaN akedechlf ¢ ne
crystal | i pwitioani the tehe ¢ theopge-apénatede jredividual heftepadurgery is opdréorohetiebyri ned,
ot er i AEPTLERS ToobigracCh At Paut of A Bl s ks postep8iERRE TNt
ACD). Methods for making such measurements are known in the art and are described

herein.

As discussed above, the pre-operative ACD is a measurement of the distance from the
30 corneal surface of the eye to the anterior surface of the crystalline lens. It will be
appreciated that the position of the crystalline lens could be determined in other ways,
based on other measurements of the eye, which would still allow the constant (C) to be
calculated. For example, the position of the crystalline lens could be determined by
measuring the distance from the corneal surface of the eye to the posterior surface of the
35 crystalline lens (i.e. the pre-operative ACD). Alternatively, the position of the crystalline
lens could be determined by measuring the distance from the retinal surface to the

anterior or the posterior surface of the crystalline lens. As an example, where the

9



Met hods for determning | ens thickness using ultrasound are well known to
those skilled in the art. Using that technique, what is neasured is the
transit twoeof2orowsbtrasound to travel fromthe front suprCacP2ab/osdveo ! ens to
t he posterior surface of the |ens. That techni que does have sone

| imtations and di sadvantages that need to be considered - 25 for exanple,
the cat aPastighef hery Sl Brs odelnmioedbY MmedsHynt BREbEAUEST OB AMBFRINahd. t he
occur renggride tdiHePpobSEdrSikiate OF ML SrysiNiRk| 18RS R aRinidriesl cBhétddt YC) e
signal fromthe posterior capsule of the |lens. Another uncertainty is

rel ated tcalchiatedusingba fllewigifeyua: ul t rasound used to convert transit time
to distance. 30In an alternative enbodi nent, the thickness of the
crystalline lens in the pre-operative eye of the patient in step (ii) is
det er & ned usi ng | &BfLRanrdPlesbitdiry or | aser bionetry. Recently, |aser
interferonetry has been used to neasure the thickness of the lens (for
exanpl e, using a Haag-Streit LS900 Lenstarqg. That techni que appears nuch
nore 35accur atef8i%n ul t rasound and seens to be |l ess prone to errors

arising from iL'P’;T R RO fRRYSreb edIStan@ fref: theVVRting 18 /the (PRIIBE ELFEED b2454010

It is particularly preferred that predicting the post-operative position of
t he intraocul &ystaline lens Resitionn the)eve Hefare $¥8ebhe use of the fornul a:
10Lpr,gdi ct edACDpre + C x LT 5 wherein: 10l -predicted is the predicted
post-operative position of the intragcular lens in the eye of the patient;
ACDpre is the IBkes dptiednparurethfisianse flomuisaetitefr Hegtentngenf dhe inffaopyar
patient; 10C ijghed nunerical constant, as di scussed above; and LT is the

t hi ckness of the crystalline lens in the pre-operative eye of the patient.
Thus, a particularly preferred enbodi nent of the nmethod of the first aspect

of the inventijqns @RMAICkSES of the'Bydafhd IBhs PItREegs board SiRgdgst - oper ati ve
position of a replacenent 151 0L 1n an eye of a patient, conprising the

st epst®of : (i )deternmining the position of the existing crystalline lens in
the pre- gpeyRtisdeasove! prdirabit iheNhumerical constant (C) is calculated using the

More preferably, the numerical constant (C) is an average (i.e. mean) value obtained
20 from the calculations of the two or more eye-operated individuals using the above

approach and preferred formula (i.e. C = (I0Lneasurea— ACDpre) / LT).

The numerical constant (C) may be between 0.0 and 1.0 (which, when expressed as a
percentage, will be between 0% to 100%). Those limits describe the extreme situations

25 with an IOL of infinite thickness which fixes itself onto the anterior capsule or the
posterior capsule, respectively, without causing a secondary contraction of the empty
capsule after surgery — whilst that is an unlikely situation, the method of the present
invention would still work because it would still correctly describes the relationship of the
IOL with the anatomical structure of the eye.

30
Accordingly, it is preferred that the numerical constant (C) is, or is about: 0.1 or 0.2 or
0.3, or 0.4 or 0.5 or 0.6 or 0.7 or 0.8 or 0.9 or 1.0 (which, when expressed as a
percentage is: 10% or 20% or 30% or 40% or 50% or 60% or 70% or 80% or 90% or
100%).

35

It is particularly preferred that the numerical constant (C) is between 0.3 and 0.6; for
example, 0.3 or 0.4 or 0.5 or 0.6. Even more preferably, the numerical constant (C) is, or

10



20(ii)determ ning the thickness of the crystalline lens in the
pre-operative eye of the patient; and (iii)predicting the post-operative
positi on wb 20tee12080 usi ng the formul a: 251 OLpr edi ct ed ACPOTAP201C/0Z40lL0T
wherein: 10Lpredicted is the predicted post-operative position of the ICQ
in the eye of the patient; ACDpre is the pre-operative Anterior Chanber
Dept h of 1& RBowy 8.4 fwhigh ‘ﬁ%‘?"l expreseed as £ REIFEPRES| ISc Ghdt ARPUL 49°R)i sEBSsed

above; a@séada&el as ishewh %n&éi:%m% n}iR§ ek&hsles Nthk MainfR¥iBalRpE@ht €€ nfyeeof the
pati ent eferred that -neasured is the position to the centre

b
of the ||9E333dt€n§r "%kns. In a second aspect, the invention provides a
nmet hod for selecting a replacenent |1QOL requi red to provide a desired
optical property in a post-operative eye of a patient, the 5 nmethod

conpr Bsi Mg Wihbesrpeciaied (hal Whesqathe: iQly desionpiss changedans & TRl ©f disvor a

repl acen%@beub;%ems hioewRe®the BgrgRal teRRhiqus W&Qw@la‘ﬁﬁﬁ@ﬂﬂra%@@lﬁf tinags i the
first aspect of the invention; (b) predicting the optical pro ertles of the

post - opelcRBNGRS, #ymay,change theraverade; W%P?fﬁt"@np‘?sdﬂP" fq{hl%n"‘p ye aHar

geomet Iy ghgyeRPSiid 3@ tnatand¥seitlintdyese inBcsdsaiy foagtudypié é&blcéﬁbtﬁt@émég)faeﬂ I QL
havi ng a power and geonetry re UI red to ga vi de the 15desired Ot%tl

pr oper t y Mumbenef ¢ygseregaied Hidividy 55/'@ offfer p Bave3 slatisticaliy-relighlp sstima é’f@&l red

out coge QveYR ifttHod@aYIehs pbsitigh. ovi de for the patient an aberration-free
optical system which gives the best focus with mininmal blur. 20 As is known

in the art, the magjority of "eye defects" that can be corrected by an I CL

i ncl ude tm%o%@hﬁétbﬁ@és ?r@n@n%éﬂdé@hbﬁéiéntd(mrébhltﬁ esneRtouly Adjestb@®io Wieeh is a
direct correl ate of erical and cylindrical correction used in

spect acl &Y baRIefINt 'PF%QFé.‘Fa'i‘ETLssdﬁﬁ'ﬂﬂ é”%"l purdicalptegniayes. 43R0 e REsfered at ed

to the ad&lnwmabvé)g\@erc ae(w@"gasu,eqr- REW,,.\Vi BT OMWith aeadidight ailber &' dye- 25
These basic dioptric eye defects are déscr i bed by the spheri cal

cylinri @&le’aé%d'ﬁ%l\’fﬁ‘éa'%omeeégl%tﬁd nER LTt & gFane Pendetsaat e@l‘g'ﬂhlsugﬁ’lﬁ”f y.

This exargcagabPo bs el Prbdpeetiv@KATErAé ineW iRBASIETBShDYesigh ARE/OE sBigical
optometrist or an eye doctor. The visual acuity refers to the highest

vi sual rd88MfAUYeon that can be perceived, that is 'the snmallest letters

Preferably, the invention provides a method wherein step (i) comprises measuring the
20 Anterior Chamber Depth of the pre-operative eye of the patient.

By “Anterior Chamber Depth” or “ACD” we include the distance from the corneal surface
to the anterior surface of the lens, whether a natural or an artificial intraocular lens. As
used herein, the term “ACD,," refers to the anterior chamber depth of a pre-operative
25 eye as defined herein; whilst the term “ACD," refers to the anterior chamber depth of a
post-operative eye as defined herein. Techniques for measuring ACD are well known in
the art and include: laser interferometry; ultrasound A-scan; ultrasound B-scan; X-ray

scan; CT-scan; MR-scan.

30 In a preferred embodiment, measuring the Anterior Chamber Depth of the pre-operative
eye of the patient is often done with the use of ultrasound. What is measured by
ultrasound is the transit time for ultrasound to travel from the corneal surface to the
anterior surface of the lens where the beam is reflected. As is the case for the
measurement of the axial length (discussed below) there are some disadvantages of this

35 technique, including the possible indentation of the cornea during measurement and
uncertainty regarding the velocity of ultrasound assumed for the conversion of transit

time to distance.
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30 discernible'. In physical optics this correlates to the 'point-spread
function' or 'nodul ation transfer function' that characterizes an optical

i nstrumernwo 2bbeizbdsy speaki ng, a point should be i naged asTEPp@i2s401bUt
often this is not the case and then there will be a certain spread around
the peak signal. 35 As is known in the art, the remaining optical "eye
defects" are ternmed "higher order aberrations"” such as: coma, tilt, Petzval

I i elt g C E rlh’ﬁhbt{)ﬁn enﬂiﬁédi@éﬁt:, méatamhgqhé Aﬁ%?ibﬁcmbérzbe%ﬁ)l:‘ﬂ ]9f tﬁélpg@_apériabféieyewf
eXT DOOKS 0on e ySi cal optl CS ucn as rn ; rin es O
oot 1 oo orihe cuplieRoFompIeg o U5 SR RalFaydrab S g ectag ish Tbg 1dEoup

Rabbet t s;cofbistiHgCaH co\»fhpﬁfléihg dPtisiBR, dept inebvwremBnt; lopickp Rdherahdwytoiitpariyi cal
nmodel s are available to gﬁgri be opti cal berrati.o%s [ n(il udg%gq.wa ef ront
SPIRRSTYn. SHEINP

t echnél odjterieramstke RASTR) L iprigramelty oW, colgrenge, Hig
pol ynon ghggiHgasetimessromene ibder bimetrydt 0 characterize the individual
"defects” o? the entire optical system The optical defects of the cornea

can be nmeasured by instrunents |ike coneal topography or tonography. The

optical dsitrRaftethnigis iBdlGdameasbMbat sfane DiBibREaSHh ©f tHeyarérionichaiber as
i nstrunents using wavefront aberropetry which will give nunbers for all of
the 10 hisgRBAN TSN BB (P ZOTHHD toek r BRI HOmIEOsSaPY P ibentyed| anst MSFher

nodel §.  TBEMIpt inssuftpiaittd Susihg t IitefetmeAn (HaghSipsiur ESO0TY seistar@yt bng t he
corneal defects fromthe tgtal e%f defects, In this wa i} i S PO sible to
measur e t3R0CENELRdMAERg rtheRoteTter spement of the 8%.(9’6%%6 & FErREl 85t i cal
property masadaff by dRilusllhe Gératy PRAlIIEIBtby Zembi Inkb BRitzdHahd @8 Wikusclby | ens
can be selected. It wll be ﬁﬁgreci at ege hat int I’_g}P—OCLtH ar {enses catg have a
range of (P@péaly; edesgmathofsiekube fraar C{ﬁ%ﬂ‘&&%""l‘ Ig than ytrasquig s ekt i ng
t he "di opdd hdt nBEIVRY fouéH thele§e BAY usByptNBhrincibtds for the@istattesméRlupdreents.o t he
t hi ckness, the refractive index and the curvatures of the central part of

the 1B8L. 20 As discussed above, the majority of eye defects that can be

correct edstay (Moflthd- motsdduckethe Miest aspedti of ahe mnentinl reqdirésCtk thickmissi of thower of
the IOL which is a direct corre{ﬂ%:e of #he srhgrig)al nd_\%in rical
correct i dHvsialing jefs JpdRe REg-arReravs: eyR, Pt fheorallent i eidplermingd |ang) seyefl an
‘add' powRethb&d RY B6ing 8o tafekrakdl ih ti@t. power needed for near vision
('reading addition'). 25 However, optical properties conprise nore than
just dioptric power of the paraxial region of the 10L. During the | ast

dgcad@i _ mﬁn??]elgélngoda?ﬁawt,gldgtérr?rnﬁgﬁmd hidkRess @OMpASES tmef gfseltdlsfeumrtaﬁwridca: t
aperrati on at IS oun I N e unman eye - nore speclitlca , rel at es
ot e ZMsthogs far SeterREEUPnt (NEBTS WRIRd Srasqmcae METKABNA t Hioskakled * The
armunlt Ofigttgﬁ‘ aﬂ% \Ggid et ketRnigBe OBt Ns ?ieaatsal@diig tig fr_émfm@sor(msouna%_ |
exanpl e, . P reterrin to vefront correctio or Iven u

S oar Theltaush R 1o HETHRITECE § ATVES 19 Die pare Gomeee & Radehbedha

manuf act ueBkhigue 868 havedhieeirhitalibhs @hd ditadviitages! thatoherki to e EdMeidersd on
whil e others seek onl gt to correct a nstrunments for performng

rt of it. | .
Wvef Zont 105 RETJRIP She GHtaparious & BappE e N acousticallyhomiegeasmediufand i | os
of the ey@eakcBuridics @Mmtraderitit@lapethoes IONRAL bp2MRBARET HIEPRR KidridbfrhGhd hus, a

particularly preferred odi npnt,. of the nmethod of the second aspect .of the
P Pvent | onPRSAEY CeBuIE &f FEINGY RO ameeRay ' rrad 4t Ao Atourad VAN cBa 1 o
provi de ayggesdungdsedio sorbverdiramstitinge fonditamuest - oper ati ve eye of a patient,
t he net hod conprising the steps of: 5

30 In an alternative embodiment, the thickness of the crystalline lens in the pre-operative

eye of the patient in step (i) is determined using laser interferometry or laser biometry.

Recently, laser interferometry has been used to measure the thickness of the lens (for
example, using a Haag-Streit LS900 Lenstar©). That technique appears much more
35 accurate than ultrasound and seems to be less prone to errors arising from in-

homogenous lens matter.
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(a)predicting the post-operative position of a replacenent 10L in the eye
of the patient by a nethod conprising the steps of: (i)determ ning the

posi ti on wb 2btee12e080st i ng crystalline lens in the pre- operatreave/osipao of the
patient; 10(ii)determ ning the thickness of the crystalline lens in the
pre- operative eye of the patient; and (iii)predicting the, ?ost -operative
posi t i on gs pamigulpdy Preésreg thafPredisting the Paghioprealye petiqrrgiitee intraoquiarienss
wher ei n: 4 gePr(iﬁ;@&ﬁ&geggqetm Pirdorhqg: post-operative position of the ICL
in the eye of the patient; ACDpre is the
pre-operative Anterior Chanber Depth of the eye of 20the patient; Cis a
nunerical constant, as doggyssed above= andAcb,). ¢ ¢ ReTt hi ckness of the
crystalline lens in the pre-operative eye of the patient; 25(b)predicting
the oftical properties of the post-operative eye of the patient in which an
| OL of known Raesin:and geonetry is positioned as predicted in step (a); and
(c)selecting an | OL hayi ng a power and geonetry required to provide the
30desi red opt ilChireage spErRyEqiIcied H@“rﬂ??[atgﬁ@PﬁP?'{%f thg intiaecyipeleps in BReye st ep
(b) of the netdpged mtiehtre second aspect of the invention conprises

predicting the optical progert_i ea of the rgost-o erative eye of the patient
in which an | ACHy ik ks e vpR@iventefedranRer DeppLithe eyroef the PA&i cted in

step {a). 35 Cis a numerical constant, as discussed above; and
LT is the thickness of the crystalline lens in the pre-operative eye of the patient.
Thus, a particularly preferred embodiment of the method of the first aspect of the
invention comprises: a method for predicting the post-operative position of a replacement

15  IOL in an eye of a patient, comprising the steps of:

(i) determining the position of the existing crystalline lens in the pre-operative
eye of the patient;

20 (i) determining the thickness of the crystalline lens in the pre-operative eye of

the patient; and
(iii) predicting the post-operative position of the IOL using the formula:

wherein:

IOLredicted 18 the predicted post-operative position of the IOL in the eye of

the patient;
30
ACD,. is the pre-operative Anterior Chamber Depth of the eye of the
patient;
C is a numerical constant, as discussed above; and
35

LT is the thickness of the lens in the pre-operative eye of the patient.
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Preferably, predicting the optical properties of the post-operative eye of
the patient conprises establishing an optical nodel of the post-operative
eye of thwopatzemsy Optical nodelling techni ques are kneam/Eprom2jossoast and
typically involve establishi ng a nodel of the eye of the patient based on
measurenents of its optical operties and di rrensr ons (which are,

conveni e *t'FP’ef?r%ﬁ'?ab'ﬂL@fmUte@) E‘?B‘éﬁ‘%" topgesYeL! M5 PR 18NS est abl i shi ng
and anal ysing such nodels are known in the art, as discussed in nore detail
below 5 1In a preferred enbodi nent, the o tlcal npdel of the

post - oper'&td %%3089938?°ttm§ ipugNtioR Prevides: p JBethad dor seleryng Rereplacement KL of t he
cornea ofregliRdMbProNEs at deshe@ptied prépRriyah iepdstoberatipx ap@bf a fitient, the
keratonmetry, top og hté or tonography, as discussed herein) and the axial

| engt § ofm?th%dmre r!ﬁ'!@’r gistresQie of the patient (for exanple, by ultrasound
or | aser 10bionetry, as discussed herein). Once a nodel for the eye of the
pati ent has been establjshed, the refractjon 2 ht W tg n that eye can
be anal ysed an®a PediFtngitBs pﬁﬁ‘a‘é’eﬁ?t"’PH@S@Bf‘lo & ’eB B%B?Tt S Ines exs 0
intraocul ar | ens ofth&psiht RSIMGE nRIRbDSBRifg/tol the M@ adpeensidhdVinvBhtibnt t . Such
nodel ling 15 and predictions allow an intraocular Iens to be sel ected which
has the necessary spherical and cylindrical dioptric power and other

opticgl properfy tpédicing tn@apmdaearobertr@é@méepdshepaaﬁver@é &Mhé @aherr@rroperty
in the post-operative eye of ‘; atient. di scussed,  above, when |ight
passes through the wirch ap 1Qleaf kN9 ?%”%@PF’@@PE@ %S B°52'(?”ﬁ9r?5é’r'e‘3?ted In
interfaces follow nged (ag gmaysi cal principles of refraction such as Snell's

| aw. However, in order to apply the physical principles correctly to the

bi ol ogi cal structure it is crucial that the clinical measurenents

accurately ref{ cﬁCt sbl&tr@hﬁ”@@hdﬂvlr@%%o%ﬁ aﬁ@%eb#ktr?&écﬁmﬁea tot pratidé e
perception of t related to t formation of the imge on

e image 1s. C

the rétina. 25 It %S ?%?@PPLU '”ttrPf’ep‘i’ﬁS(?B?raBYe?%Ofé%p@fe“f he pati ent
used in the nmethods of the invention (such as in steps (b) and (c) of the
met hod of the seco aspect of the invention) caontains at |east one of the
fol | owi ngPktAursse e ‘gﬁ? PO PUCAMNE Of SYXQ8UrgemRyds &h%fer'gsﬁwé%? RRiienk g pRRIEAtoNR o
post er i orfr&0dplied systehrARiich bikes Mathrei otud wits mikhbiasier. of the bi ol ogi cal 30

| ens; the posterior |lens surface of the biological lens; the IOL anterior
surface the 1OL posterior surface; the retina. Axial Iength As is well

knowngy a &g rkar&Jwrpwmaetne rthé ﬁ’faj@rty? of réetddiedie! thaf cahBe @¥Retted tl:l?earﬁl@@
| ength of 35 the eye. | ength needs to su ed with a
W

accur acy inclyge thersphegigal a[]g tcy'Td | PRI RPOWET ich dha ggggscqrr%[eée a 2.5

D error ig thé‘%pﬁér%t asd @yliﬁbﬁdﬁw cbﬂeétiaﬁ L@é@ﬁ@ﬂﬁe&é{cﬂes Y infutFocdl 1OLS #eréet hods
exi st for neasuri n% t he axial | eng such as uI trasound and parti al

coher enceVill RI%] P8/ qdypos'em"are I@nﬁ’@ha‘mﬁ@“? RAYET BRefed) fasaaresir ed by
uItrasoun@}eg&h?gdaﬁb@al led ' A-scan'. What is actually neasured is the
transit tinme uItrasound as it travels through the ocular nmedia and
refleéts at the jnternal egndarl es of the eye. Assum n%éa known vel ocity

of ul trasbiAsg HARCARPINR fyectalerts st feseriashipatne seherical apg Rdipdrical saeqtagle
chanber, {grstigNhesbéd a6 UGive ARP BdstBiubl dclity. S PIS SéXahfindtdnCRl aUtcatife t he
di stance fromthe cornea to the
examination performed by an optician, optometrist or an eye doctor. The visual acuity
refers to the highest visual resolution that can be perceived, that is ‘the smallest letters
30 discernible’. In physical optics this correlates to the ‘point-spread function’ or ‘modulation
transfer function’ that characterizes an optical instrument. ldeally speaking, a point
should be imaged as a point, but often this is not the case and then there will be a certain

spread around the peak signal.

35 As is known in the art, the remaining optical “eye defects” are termed “higher order
aberrations” such as: coma, tilt, Petzval field curvature, distortion and chromatic

aberration. As described in textbooks on the physical optics (such as Born & Wolf;
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(:)acoustically-reflecting nenbrane at the back of the eye. As is well
known, there are a nunber of uncertainties in the neasurenent of the axial
| engt h bywol2orzzieensnd. Firstly, all the velocity of ultrasomredoihasioto be
accurate for the different ocular nedia, which may not always be the case
consi dering the var 15 cataract density seen in clinical practice.

Second| y, Prngiglesuot '6%nc§3 t @dHeN. RRrgameR FIRR. iew i Yok of 980; eando BRRzetiSo

transm t gyRgetd: tE MRy \slaP dﬁi@s epatanerth hLéndmy ﬁ.aﬁysehédaékﬁjat aﬁddérs gfe t he
cornea durin rreasur enent and shortenl ng r eadi ng Third

ul t r asou@Mailables e edescrle AARdiEnakertaliophe "}c&dfrﬁc tW H§m chnelogy. %ﬁ@‘"ﬁ‘ac k

surface @hiyhbRiaRY and FoaseHRPsrhARN MephikabolyhdibisBe MRF SR cdeflRfdntd Ut i ng
t he boundary between the 20vitreous cavity and the nerve fibre layer of the

retinf), twpharactedzebe indidyal defeds, of e %Eﬁ RUGA YPehe | i ght - absor bi ng
retinal photoreceptors of the eye. The fact that there is an intrinsic
error of the ultrasound neasurenent due to the difference between point of

measur emdRe aplisat defastssiof i1BR cAneaCaBs b dPeareb Py insirdments: iikes comeal et i na
(= the PROIGBFATORErhbarals TS opRAY dbiRL GIARa! L3 ab &ViNAIS W ea6dthiéd ON

formulas to incorporate a corrective termcalled 'the retinal th| ckness'
typi call py&#'@eﬂm%r%ws'W%W?\%@Qt a%@ﬂnzetwtwmcn Wil e RumiRTS & allpf e

PI Olniet I Yhi 9d|hélr Ia&ie%bbrradsor@mmn@etol Ak ezefrﬂk@ FRIdel o36thet ﬁfoaeré "5 dptichr ex| er
et a

has significantly 1 nproved the accuracy by which the axi al

| ength calﬁfe& ofdhe lepg gan *Pﬂ@\eP@Pfef’@mHPkﬁ%@naHLe tEeenl Aalgs ééa%ﬁ\eép t2l eye
avai | abl gefsttd NethlshdvBiS lsGoSsible$s MeaBire thederRitiohsibl thé OB witMRdhd e¢d.C) . Jena,

Germany. The wavel ength of light is much shorter than that of sound which
greatly inproves the 35 physical resolution. While typical precision values

Wi th googidet 4 AsQHHopRASHOPEMNhSs BEEh Tdelifd h0a Paticht! Hisitsbld .rﬂmocmane

precision with PCl is stated to be approxinmately tenfold bhetter 6|
wi thits 0.lens ¢am bexsplested. ¥ wilhbe SepwEel edoﬁ'?a‘c Ria reRsies @phiRye @ ranee okt o/ .

2002; Fi nflgpetiie @'Mestmfacl'dﬁb@ produd8ddL s Kith s 18beldtating 208 iogta€ sewerebf al .
2002; Vogel et al. ?_ urthernmore, the fact that the retinal pi grrent

epi t hel i 4R 1QL-t tRY ‘@N%” Sett t’°’b¥h'$0f?ﬁt€%ﬁo FP@a@l?f"é‘?ﬁ?nfhermégt“’Pn'@ &ea8e tReent s

by the PEunlaBFBabrHe cemtdl pakbythenoe. correct (and | onger than that of
ultrasound). 5 However, just |ike nmeasurenents using ultrasound are

dependent on the assuned ultrasound velocity, optical bionetry is dependent

on thy asiBdisSEPHBovesiHearhjbitg of Bpé as@ctefthdtitan Fb@diéh@ct@ldfby ahheLiinslides used
by the Zeiss | O.MasterQ were estinated b Hal gi.s,, 2001), partly

based on tegsphgsisrhardicylingrcal R@pywmwea%if&ql%ww 1%3%9%9"6'?‘1%@‘ ithRiex

cal i br at i QReRfal bh® cRidakét cOYEtBR YisEE R pReiadiet MEdHMUIoBAINELS fHeseé GAledIéo
readi ngs between the pre-operative and the post-operative readings (0 sen

and Thor i&s@n ‘ag)ower FSPteQnt%H@uP%‘i'%OW%HtPQWEF é‘?é‘?‘?%FP'o'Pe%rh‘és'a&|(z£?a‘1"é91gt h
readi ng ofgqitiagyZei ss 1 OLivasterO it 15 should be realised that the output
reading of that instrunment is not the true optical path length of the eye -
that 4, it is not the true axial length. In order not to change the world

of A- congymver, %ﬂcé}tpmfenfe@roa%ﬁs@m MahJust a@gtrfcqfoméeaf the Wakaxiat régigisound,
t he readi n%s g?ven commercial version o he Zeiss | OLMaster0 were

cal i brat e lnspuf"l‘ﬁr@feé?%r?eﬁ?qer SBVAPLaNes? aisAPRBICERI PR FHIRHEN Pbr nul ae
(Hai gi s qhe @bhencgmrrat“@rh fHaBis found in the human eye - more specifically, this relates to

the Z(4) term of the Zernike polynomial, which is known in the art. The amount of the
30 correction is often stated in micrometres (um) — for example, 0.21um) referring to a
wavefront correction for a given pupil size. The amount of asphericity varies however.
Some IOLs have been manufactured to try to correct all of the natural spherical
aberration while others seek only to correct a part of it. Instruments for performing
‘Wavefront analysis’ of the eye to provide a Zernike analysis of the optics of the eye are

35 known in the art.
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202001): AxZeiss = ( OPL / 1,3549 - 1,3033 ) / 0,9571 wherein: 25AxZeiss is
the output reading of the Zeiss instrunent; and OPL is the optical path

| engt h mesieunedi2ngo PCl . Thus: OPL = (AxZeiss * 0,9571 +pCTa®3@2)ps401d, 3549
30 Assuming a refractive index of 1.3574 for the phakic eye (Haigis, 2001):
Axtrue = (AxZeiss * 0.9571 + 1.3033 )* 1.3549 / 1.3574 Accord| ng to
a sen (OTdes amartiHervpseferred @gwpdimant oftheapethnd ofihe seepnd ageerh oftherr t he
phaki ¢ eygeffioh %p@@est BemBfidl 169 0bIE&ing"s PEdIA@ImerRIOE rdhi Fe'& w ﬂ)rlovﬁéva?

consi stent pre- and postoperative readings nmay be to use gher 1 ndex
such as ﬂesle%optrpﬁbprppﬁa' @ Bpstrapgiative eye of enatiget; the me@aﬁi ﬁgﬂ@aﬁng g ef or e
be cal culsgfgdras: Axtrue = (AxZeiss * 0.9571 + 1.3033 )* 1.3549 / 1.3616 5
This conversion is preferably used in the nethods of the present invention.
(However, it is possible the the index calibration may be adjusting as we
gain nore eXpe("abe”‘b?ed?&unb%ﬁ@bo&L%tW)poB&lE’ﬁ of %ﬁ@ﬂh&emér\ﬁO@?h%e kgt h of
an eye i s neasured means of interferonetry, preferably by nmeans of a | ow
coherence i nterferé"r‘i%t’?tyﬁnf%?mﬁﬁ@ﬁcqu'ﬁ&‘ﬂtth%tﬁte%ﬁ%rence interferonetry
instrument (such agja C%ier%ﬁinrﬁfth%sft@ﬁ|o%§§|ﬁfnngry§fQ% igh§ & fhelpra00
Lenstar). 150ptical properties of the cornea The radius of the anterior
surface of the cornea |§PB?3§P%P)§?)PVh?r§amed by means of keratometry and/ or
by megns of cornealijt opegtéimihing lthe | thickdssNef RS &r@takHER ferlsh i tﬁ@ﬁpr@ad' us
of the posterior surface of the cornea is a fixed ratio of the radius of
the anterior surface of oPREti¥@eyRef thapatisnidAnds of the posterior surface of

the cornea is pref G{ﬁ;{'im Yredicting TSt lopefti®é pbditiBrsof theI S agNiAPthe forhifa:

anterior surface of the cornea.
IOL predicted = ACDp + Cx LT
15
wherein:
IOLpredicted 1S the predicted post-operative position of the IOL in the
eye of the patient;
ACDy is the pre-operative Anterior Chamber Depth of the eye of
20 the patient;
C is a numerical constant, as discussed above; and
LT is the thickness of the crystalline lens in the pre-operative eye
of the patient;

25 (b)  predicting the optical properties of the post-operative eye of the patient in
which an IOL of known power and geometry is positioned as predicted in
step (a); and

() selecting an IOL having a power and geometry required to provide the
30 desired optical property in the post-operative eye of the patient.
Step (b) of the method of the second aspect of the invention comprises predicting the
optical properties of the post-operative eye of the patient in which an IOL of known power
and geometry is positioned as predicted in step (a).

35

Preferably, predicting the optical properties of the post-operative eye of the patient
comprises establishing an optical model of the post-operative eye of the patient. Optical
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A correct nodel of the eye is only provided if the asphericity of the
corneal surfaces is also accounted for. The asphericity of the posterior
corneal swofare2isopreferably assuned to be |linearly depemdwrai2omotihe
anterior surface and the asphericity of the 25 posterior and the anterior

corneal surfaces are preferably assuned to be dependi n%bon_the age of the
pat i ent . MededingitpepPricyieai® Knowh inctheart and fypisatin invelyp gs lﬁ’\"iﬂ Bmade of

anterior tﬁ@éﬁ@@* theWdtiafteodsad nahessipénies o8 T8 dplical PRopertie dhdUsim@nélBiss ti mes
the age of the patient, and the asphericit posterior corneal

! . of the ]
surface i(Whigh @fecapyspiendik faken PP SBKQ‘?B’)-pX‘Hg‘eG?L@??PE‘?%BES fon estabpiing ci t y

of the a%ﬁ@nﬁ!&siﬁ?"sﬂ@:ﬂho&é&éE@i_@woWnrlH%éJarQQZ%isfchﬁ@% is Aidne der belowt he
patient. Spherical aberration is a phenonenon of nmany | enses including the

corned and non- aspheric 10Ls where peripheral rays are refracted

di fferenthyy prefiRedieahbRimemty the dhtalH¥BBI 6he Rst-8pdiaiedbye aMHenpatieht
positive spherical aberration which accounts for the 35'ni g{f@rrqyo ja' that

many peopPEPERPEMERIHIBIARE FILRIYIES of esarneghehthe BifaPRarahe 1etipi |

beconmes | @RampleNBY kErdkonidtRy, ketiogfiphy or ¢S REHIRG aS UiRBSEd hereinhiangheal | ed
Stiles-Crawmford effect, whereby the retinal @ernmtlwt I S degendl ng on the

angl e by a4 lanothef thg \pre-Aperativiaeysof the PatieRt (&ri9x@epls; A ruiFasourd QE12SEF edi ct s

the rgti dm&RNak distidsedtherdn®. at a maxi num for rays entering the pupil
centre and to be of less efficiency for rays entering the pupil edge. The

5consequence of the Stiles-Crawford effect is that it tends to correct for

the ef f eqhnaf a SRR idrathe Byer dfahé Qativhterbst bsenbesthblished ofe Srefradtdn dfQlghen
1993). Preferably, the 1OL power is corrected for spherical aberration,

pr ef er ablWithiythakayescasy be aralyser|and agpradicticnumasie gtihe opticl prepestieswhign an ywher e

Cis a NURPddcaRl ISHRNSTtIddIvnGitilveY an8 Jebfetrydé pbsificred’ withih ith esganinbgelfrig t he
pupil. Cis preferab . 108 when Iy Is neasured . in mlljnmetres gr?r%.ryThe
u

ferably 0.10¢ .
et r alét | VARCoBREICtiENS Ellew i bZopdar ians) 10, be  slrcteli WIE Bas 4he s
cur vat ur espRriddd @nél 'cgiidrisalr igtec @bweihand 6thee aptiial properpt tHatrans redalré@do t he
“keratoneter. \What IS ac,tuallg 15 neasured is th nification of the

convex miRrPYide e fesired erigalRIOPSY iameeﬁ"?sé'f’p?réfi‘fee%% %3’9% pRtieRte of the eye.

This is converted into radius assunmng the central portion of the cornea is
spherical . Wen the keratorrehggr reports the dioptri of the cornea

it does & BHCUssedARRYe.t Ween Ui aspes Hroyghy they r ’Q%F‘Figcgt\ggg??fﬁf’@dr%f? acting
sur f agge  HunfsRreit intérfaced Xollowing the physical principles of refraction such as Snell’'s law.
However, in order to apply the physical principles correctly to the biological structure it is
crucial that the clinical measurements accurately reflect the physical dimensions and
furthermore, that the perception of the image is closely related to the formation of the
image on the retina.
25
It is preferred that the model of the eye of the patient used in the methods of the
invention (such as in steps (b) and (c) of the method of the second aspect of the
invention) contains at least one of the following surfaces and/or interfaces: the anterior
cornea surface; the posterior cornea surface; the anterior lens surface of the biological
30 lens; the posterior lens surface of the biological lens; the IOL anterior surface; the IOL
posterior surface; the retina.

Axial length
As is well known, a crucial parameter for a correct model of the eye is the axial length of

35 the eye. Axial length needs to be measured with a high accuracy - an error of just 1 mm
in the axial length transposes into a 2.5 D error in the spectacle plane in the average

eye.
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F= wherein: F = refractive power of surface in dioptres; r = radius of

curvature in neters; nl = refractive index of first nmedia (air); and n2 =
ref ract i weoinxereoash second nedi a (cornea). The conventi ecalEPe@kiobsoad i on of
clinical keratoneters assunes the refractive index of the single-surfaced
cornea to be 1.3375, giving the equation: 30D= 337.5 /r wherein: D = power
of the cornea in dioptres; and r = radius of curvature in mllinmetres. 35

As shown \igRofd Sfifical H&AGds Xt forhicaslifing tHenabea 16dth P&hi & ulbsdundBdfd i s not
accurate froma nore physiological, '"thick lens' theory, which predicts the

corneal ot} cisEricednteBe®MeYer in the average case depending on the
corneal nodel. This "inborn error' of the comon keratoneter reading is
i mportant froma physical point of view because if not 5corrected for, it

wi |1 Bnddeel depadh (hge traditionplly been meastredaby Gitaspend using svaiedafMsgaR’equire

a correctwrst i@hctbily rduburdd WRidtrantitdiind dlultrRUNdRAS It GBFelP MRgH the Bdliar
Anot her problem deals w t e topographl cal variation in corneal radius

h.th .
t hat may "RAi3 apg fefiests %ﬁﬁ‘?"{t‘?{nﬁ'cﬂ"h‘ﬁ anes 9f dBR eyt ABYRAIRS 21NnpWnYelasithghs t hat

have had yprReLAdsh I difefert tdcuRr cerpanenSRiSorneASkkieribASRImBEI IgHshand | aser
abl ation procedures with the aimto correct the refractive error b

th ] :
changi ng \ireous sepRaiments 1t i @osgible tp GRlcylals Hhesfistapge digph theosemeady ﬁh% or neas
t he spapecsiisticAfy-RAb&ngMerfibiah@atthe batiabf the ege.spherical, and may need to be
eval uat ed usi ng coneal topography neasuring the curvature in nunmerous

points of the entire corneal surface. 15 In order to treat the cornea as a

"thick | egsis wdrekrioWn) @re tafd akiiasber andnédiRirtids inthe PefSuréMentdsTthe raixi
surface also need to be taken into consideration. |n npst corneal nodels

the post dength by Hitgasioupe Farsths Alintbg MelpcHe of uitiazeund: Bes tp B acRyalenfortheyr

cur vat ur ejigemtbéilarametian Gdich £ NeR| alvBgd ®e ther casBNyoréRIRFifg Lthe \&t&;a:ﬁgiar d
shape and hence the radi us of ?géftﬂgqposterl or surface was assuned to be as
;19

pr opoed ATl Jespity seen HLF) eFondlpmary ultragoynd feghnighes pse

recently ddpinati®i of tdesmes it/ diaRsmiaHe URFARBUAE o 8RS aié @fdi thisOmBR{idase Not
only on the curvatures of both surfaces of the cornea, but al so _gn EhEII’

aspher i cilfgeriationrRf the camea digae megsHisatenh And shprtening ghtherieadiBg nathirgly. o .
2006) . Thagssolihd tdagreb NS disBRES HEthelrBedting tHdmiaite HOthb Wabkl siMdce dfapé i Sti c
nodel s for the optics of the 25cornea and hence the eptire ocul ar optics.
eye (presumably the internal limiting membrane constituting the boundary between the
20 vitreous cavity and the nerve fibre layer of the retina), which is not identical to the

position of the light-absorbing retinal photoreceptors of the eye.

The fact that there is an intrinsic error of the ultrasound measurement due to the
difference between point of measurement and the position of the effective focal plane at

25 the retina (= the photoreceptors), has led many intraocular lens power calculation
formulas to incorporate a corrective term called ‘the retinal thickness’, typically around
0.25 mm.

in recent years, the introduction of laser biometry using partial coherence interferometry
30 (termed “PCI’) (Drexler et al., 1998) has significantly improved the accuracy by which the

axial length can be measured. The PCI technique has been made commercially

available as the IOLMaster© instrument made by Carl Zeiss Meditec©, Jena, Germany.

The wavelength of light is much shorter than that of sound which greatly improves the
35 physical resolution. While typical precision values with good ultrasound measurements
are stated to be within £0.1 mm, the precision with PCl is stated to be approximately ten-

fold better (i.e. within £0.01 mm) and it is independent on the observer (Connors, |l et
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The refractive index of the cornea is assuned to be a constant val ue of
1.376 and the thickness of the cornea is assuned to be a constant val ue of
0.5 nm TWe2ar¥eoisor curvature is assuned to be neasur e¢Cugirag2osmvent i onal
kerat ometry and/or by corneal 30 topography The radius reading is used
rather than the dioptre reading to avoid confusion fromthe keratonneter

i ndex pr @l 20R2; Findipgks!. 2RE3: Jiaigier7Q97: Kise whelr2008t Pasker ebfinL902sVeast! et

measur ed 4li beef)! YrurthBRndESThEITa@ thatUihE 36haP bighitdit epitidiami i§ te Bﬁé-%bin}’ oftSSumed
to be a fixed ratlo of the anterior surface. 35 According to the nodel

descr i be@PHal eAsEreraent (Malnseihrameasuements drother REL techpiage; Q,Pt'cﬂﬁ MOfe 84* R,

wher ei n: Bect (ardlion§erthaPhat 61 iipssobHay ace of the cornea; and Rl = radius of
anterior surface of 'the cornea. 5 Also fromthe work of Dubbel man

(Dubbél man et al., 2002) the asphericity of the corneal surfaces is assuned
to be depgngdiveg ,9& ﬁﬁlﬁnﬂé&@ur@heﬁ&euﬁﬁé'lﬂt?ésoéﬁ@cdré“d'%)eh@eﬁt% e lag¥vimey
equatlons Ka = 003* Age 0.76 + Ka. - 0072 * Age

wher ei n: Utgaseund p/ﬁE’Fl%l ?R"Cé‘f bPH’@t’é{n"? efqRspdentr e dle @psymed &?%&f’af@‘(@p

aspheri Cijhicdyf ofttlli@gf_ @fé OfheSiHAIESS @sedff byt the ZeRE NOEMaStBfd WER: éstiniitedPby t he
patient in years bbel man nodel used here Predlctlng t he osterlor

central d"Lﬁf'Q‘&t(h\a@'%fzqoﬂb pAPh LIS e exiarolnteq KatayniAs sBewn ub Bl ffers
somewgat Howaled B |ﬁ&&é/d:éh!é£at|@d lof mer;ﬂﬁd.cre%lr@awﬁeeaoa@s%znﬂo@m Risteped by

Osenin the original "thick lens' formula. If not for the as her|C|ty this
woul d nedAaqings MFW@&‘I t'ﬁﬁ)vﬁﬁ?‘@%’aﬂ\ée | e the HOSt-PRIAtIVGL $83AINGSs (HisEN RRfhever
when the Axph&dti ®okk).of the cornea is also taken into account (by exact
ray-tracing) the effective power of the cornea has been shown to be
sonmewhat hi gher than that predicted by the Gullstrand ratio (O sen, 2007).

For an accurate interpretation of the axial length reading of the Zeiss I0LMaster© it
15  should be realised that the output reading of that instrument is not the true optical path

length of the eye — that is, it is not the true axial length. In order not to change the world

of A-constants and other formula constants used for years with ultrasound, the readings

given by the commercial version of the Zeiss |IOLMaster© were calibrated against

immersion ultrasound according to the following formulae (Haigis et al., 2000; Haigis,
20 2001):

AxZeiss = (OPL/1,3549 - 1,3033 ) / 0,9571

wherein:
25 AxZeiss is the output reading of the Zeiss instrument; and
OPL is the optical path length measured by PCl.

Thus:
OPL = (AxZeiss * 0,9571 + 1,3033 ) * 1,3549
30
Assuming a refractive index of 1.3574 for the phakic eye (Haigis, 2001):
Axtrue = (AxZeiss * 0.9571 + 1.3033 ) * 1.3549/ 1.3574

According to Olsen (Olsen and Thorwest, 2005b) the refractive index of 1.3574

35 for the phakic eye may not be the best choice. A better value which will give
consistent pre- and postoperative readings may be to use a higher index such
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25 Methods for nmeasuring the Anterior Chanber Depth in a pre-operative and
a postoperative eye, and the thickness of natural, biological crystalline

| enses amstoantyf2oasnal | enses are di scussed above. 30Pr opemriEPes20840the
intraocular lens In order to predict the optical outcome of an intraocul ar
|l ens to be i 1$hd ruel O i t he

i ntraocul ar rg%gﬁgﬁ'raﬁhcéu g§ %@r@gr}%ﬁu@;ﬁ%%?rés&t ‘;%dé’g]%'gg?%f‘{ﬁ% 5(%efat a for
the refracti vealcudted ashd t he t hi ckness and the curvatures of the front and
back surfaces of the intraocular |ens, and the power and geonetry are
35preferably calculated fromthese data. The physical description of the

i ntraocul ar | dusug Elkeaiss T0.05& hd SOAPANYi3REO EX3RIP es was based on the
manuf acturer's data on the refractive index, the thickness and curvatures
of front and back surfaces of the intraocular |ens. The surface curvatures
vary accdhisi cagversiontie pfaieably afsed frethermethnads aidhe trregest inuertivsatowayepde

t abul ate s ; el J ; gyer . By
definiti gsn&?%&@?tﬁ g‘%d’é% ?é]i%ﬁﬁéeti‘éﬁargée{{if)ggﬁ %Sg\negr H%fwé aén)énﬁ1 ﬁ?rg?(?gllegér%feens
refers tdasehbiopwtniki al curvatures of the lens, its thickness and refractive
index. In the case of a spherical intraocular lens the curvature is
constant over the entire area. In the case of an 10Oaspheric intraocul ar

| ens 1ohe Reeferabiy the ddal denatneli angeysris measuregdhymeans\of interferemetsy, mrefgrabhhe
central s hinBCht pyegow LIRS inldBrdrilty instrunflr®! BE" pdrfal CYBhfgh&: t he

result of "a ray tracing analysis an 1erepy assess the optical properties
of an eydéntederometry instrvmepbisueh 8 aall ZQﬁsﬁ:Meélteql@LMa%elé?rama;g-%wbE$ &d and
15evaluaq%q§?b the retina of the eye and/or at the point of best focus. As
an exanple of ‘the nodelling that is possible using the nethods and

i nstrunentation di scussed above is shown in Figures 3 and 4. 20 Figure 3

shows1§an glqi@@gérgeé;{ie%&tpg%rﬁgé scan of a phakic eye perforned using the

Haag- Str merer, which denonstrates its accuracy in

det er ni niThg radius cishe antariet svrdacsf oftthe qofnea is REgierabhn Bieaavrrg ByeMmsarhPtkness

(point | NG RAGHSI Gndiblbl MeandoHEbhyalGosdradty. Rl RASHAGERALELE talpen, each
ng the 1ntraocular d ht

one show i mensi ons frrom left to right in the Figure)

of the caadinabf therpastarior Burtacecaf dhg carpea i§ f fixedratioql thy radiyseofAbe gntesier or
chanber LD i eJf, i el sl i gure)
and the %’ gjﬁg{% g];(lﬁgl C‘?rg?\%thﬁ e'(:fa%tﬂs ?fnth%: @S{Sﬁgﬁrs%'l)fg&gf etf'ﬁe&lgo;gt gnﬁn gfcePforl]J;

Fi gur2e i sasstoes ta 84 imep e radiug of theantarios sifase\alf thesgoreaadi ngs. Because of
the interferonetry techni que used, the standard deviation is generally very
| ow meani ng a hi gh precision of the nmeasurenents. 30 Figure 4 shows an
exanpl e ok carrentsnodspef tieiaye is oaly ripviderkif dhmasphescihefine icareap swréaces ivne day

after surgerye Jhfed3bM Ble SEptRTak f[oﬂ%é EBbst i%rF %grgé%l (GBS QS R¥refdbly

i ntraocular l'ens positioned wthin e capsul a The position of” the
i nt raoculassumeddoihke bfeagy deperdany opcthe canderion sdrfaes and dhe @sphasiciy iohdheands

in fi 2ur eadste%%r and the anterior corneal surfaces are preferably assumed to be depending on
the age of the patient. According to Dubbelman et al., 2006 the asphericity of the
anterior corneal surface is preferably assumed to be 0.76 plus 0.003 times the age of the
patient, and the asphericity of the posterior corneal surface is preferably assumed to be
0.76 plus 0.325 times the asphericity of the anterior corneal surface minus 0.0072 times

30 the age of the patient.

Spherical aberration is a phenomenon of many lenses including the cornea and non-
aspheric I0Ls where peripheral rays are refracted differently from central rays. The
human eye has a certain amount of positive spherical aberration which accounts for the
35  ‘night myopia’ that many people experience at mesopic (dim light) conditions where the

pupil becomes large.
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It wll be appreciated that, in order to select an appropriate ICL for

inplantation into the eye of a patient, a realistic optical nodel of that
eye i s nexdeadiz/Ro@her abl y, the second aspect of the inveoriErroipnswides a
met hod wherein establishing an optical nodel of the post-operative eye of
the patient conprises measuring one or nore property of the pre-operative

eye of t [&phefeal Fbefrgtion iy icarected ggomeamdgt iy othet sxcajleguptilss-Grawferd gieds : t he
optics ofyHeR&yaRE RRal éé?ﬁ.t.w @% e %Hﬁ thd é}ﬂglé Sf'%f&h(?ﬁe Hyg hﬁxﬁe rdting. aX:Vgll

| engt h; the anterlor hamber e crystalline | ens thickness.

pr ef er abiie Stigs- ﬁSﬁV\é@rdl effest ﬁr%"fc"?t H’LB @}'Ea'aﬁﬁﬂ‘slt'wy toubg &t aragmuphior 4avser i or

surface %tetnhs tlﬁ‘é) iphccenfre bhe t@b!@ oﬂé@s ERaEHESr ral8 %ﬁfénﬁgftrﬂe .gwa dge dTHeor
input into the Fower io calculation fornulas which are known in the
R

art. Bt \ﬁPF$eCI5‘én%ﬁ3 &he atilesrGraviord efleddaehatail é@QSttOn%gfreﬁbf%ébéﬁ%Py Of 0
apply f uishbRésicaPRisratibs when ieishpilldaBorhes R (idaPrgsfor exanple, if a

pati ent has undergone LASIK surgery prior to lens surgery, the anterior
surface of this patient is changed which disrupts the standard 15 nodels to

cal cul at earéda%mgprtﬁhem BOWE .sfdoﬁeb@atf@rr $pHerigaldbaAaticH pRefernbly- by ﬂebh@%ﬁ
i nstances i1t may be necessary ure t he pOSt erior curvature of the

cornea adheStiles zﬁﬁ@l‘”flom gffechh= He‘”&%ﬁeY dsvhRye folger Rumerial astant @y 18 éhdhni ng

t echnipQuefistance orRftRE @Bhtte of it pL. Qf is! prfdrabIp @h 08 whie ysiecRBssAsPact of
the invention further 20conprises analysing the optical properties of the

opt| cal roligetrgs (PR post - operative eye of the patient. For many years,
"the d sen Fornmula' has been used, which has been a so-called 'thick- |ens'

| OL power_formula using the well _known theory from Gaussian Qptics which is
so- 25 calhedafradivaprwer ?féDePPré'@?r'lﬁusuﬂ'{ép%!ﬂ&ﬁtbé(d@e%ﬁ"‘ﬂ%p}?gc%"at?’ﬁlQfll ¢ ens'

model i s fdhpbuiticerbt RSOt Byoa HfstiuRntl tAleANBE Sketdtohlater’. ¥t he aBRAMT ed
assum ng no higher-order _aberrations. That is in contrast to a thin-I|ens'

nodel 1whdReasurRsl isftihe BAODIECItIOROT they prrwey mrifpor canstituiagt Rtherasterior 451850 pl anes

cl ose, bufyfaed of daNtj& athis i cbhRrteB ass  radiud HRSumPgRAE eddhntril @ma@rof: the
sophi sti cated nodel usi ng exact ray tracing has been described n O

2010/ 02865?!1')eaa'ﬁchf‘ﬂ'&fia' niyhen theakerplomelen/ERETEY i Haptric (Payes sofdhe Wea it

assunpt i Qfresas b?%‘é&krhihﬁ ti6brida i8lal ‘PFIeRO Wit sihdle fsfactifg SiafRBIRE peWerf r om t he
physical world fo the human eye. Using that approach, it is possible to

anal yse hi gher-order aberrations (li ke spherical aberration) and ot her
properties that are not handled by a 'thick-lens' nodel. 35 In a

particularly preferred éhbdldi nent, anal ysing the optical properties of the
opti cal 7

20
wherein:
F = refractive power of surface in dioptres;
r = radius of curvature in meters;
n; = refractive index of first media (air); and

25 n, = refractive index of second media (cornea).

The conventional calibration of clinical keratometers assumes the refractive index of the
single-surfaced cornea to be 1.3375, giving the equation:

30 D=3375/r

wherein:
D = power of the cornea in dioptres; and
r = radius of curvature in millimetres.

35
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nodel of the post-operative eye of the patient conprises the use of exact
ray tracing analysis. Such approaches are discussed herein and in are known
in the arwo(ar/didmoussed, for exanple, in WO 2010/ 028652 T/HPR012/054010
alternative enbodi rrent, anal ysi ng the optical properties of the optical

del of the 5 ti t th
par axi al ASEioN R Pl a TOHRs e 1S lgrive s sauatorsriel ot 2R COL AR ¥ Phnd | n
are knows oret mSi@rdgndaaSthriksmssﬁedry, vpichepradipts ehe cormneé) ;ﬂiwb@/aaa&aias D
Ray tracing is well known t he. a s a nethod for_simylatin t@? opti cal
propert | dWesn the ?H%raﬂﬁgas%\ﬂ?e?{‘di'”é’ o dECP R fregel-s Thig, e gfrgr’ %Han

fSi n% = n%ofnrribh N StoRietsr ré?cﬂﬂg:% ifpgttantofrorh RCpleleivakb peiit d)mambegath%glhh]?t
i rst nmedi e of refracte in = refractive
| ndex Sof CPiTFREd fRtak W B A &ih ol st behaletkaleUitons BB averstiy re5ie,
brief, by donediidioatithe esditowadridiresn infracatdr lens ponee f@muta. gi ven optical system
it is possible to sinmulate the imagery by 'firing' a nunber of rays through
the system and observe the distribution of the rays at the image plane. For

the pur p@ﬁr@ﬂwe@fpréﬂlanmeé&ewtth itme/mvogmphncnhmrhtmyn bbmbhljadamaﬂh}as Rayi ke used
it assunes rotational %’U % t he i ndi vi.dual sur‘}) ﬁs and ,assunes the
flago Y

rays are f‘é‘éﬂ?af‘? Y opfy Jf 9%sr bpt, gseacilly df omeas QY Had PIRYIPYR o The

mat hegat irgFadtivy elnger (IPlRKt, hasnausewanmgommbsml@bmgyn procetired withaaaiht om
opti cal ?%I neerijn

t d
ect | ons 19 BERER the G IvaGT Y GEendits U ARy 3 F ahaisrayael 0 SBahf or mec
I s descrigetl ASIK Jsaneés:memmpeng thex 2o suddet |sWaf lfrobeSmHmelc iaatiaday hat

t he i nprove redi c n post erative | C]_ 0 rovi ded by the
present ﬂ?@gﬁg RLES Hibo FaeahBeodianG misas i e AEYAHE! MGRSTTRHS | o
W th sui tp@mtgonnéeam{eqar@p%anaes is not available. In those cases, such
patients would require an IOL to be customdesigned and made with optical
propePties suitable for their eyes. 35 WD 2012/ 120080PCT/ EP2012/ 054010
Accor di nghYrder fo Reathhe coraspash thick ens e sbineal tpmmsdesdahmrtmref afithe

O O kB hSRETeRlo R B ERen RSt GRS B RlrdR Pefien e
conpri si nepstenier stwptaredfs: assumed to be a fixed ratio of the anterior curvature assuming a
standard corneal shape. For many years the standard shape and hence the radius of
20 the posterior surface was assumed to be as proposed by Gullstrand (Gullstrand, 1924).
However, it is not until recently that more modern studies have provided detailed
information not only on the curvatures of both surfaces of the cornea, but also on their
asphericity (Dunne et al., 1992; Dubbelman et al., 2002; Dubbelman et al., 2006). These
findings have improved the conditions to build more realistic models for the optics of the

25 cornea and hence the entire ocular optics.

The refractive index of the cornea is assumed to be a constant value of 1.376 and the
thickness of the cornea is assumed to be a constant value of 0.5 mm. The anterior
curvature is assumed to be measured using conventional keratometry and/or by corneal

30 topography. The radius reading is used rather than the dioptre reading to avoid confusion
from the keratometer index problem.

When the posterior curvature of the cornea is not measured directly, the posterior
surface of the cornea is generally assumed to be a fixed ratio of the anterior surface.

35  According to the model described by Dubbelman (Dubbelman et al., 2002) this ratio is:

R, = 0.84'R;
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5(al )predicting the post-operative position of a replacenent intraocul ar
lens in the eye of the patient using a nethod according to the first aspect
of the i nweri2npospbl) predi cting the optical properti esPofi/EpP2@2/054010
post-operative eye of the patient in iowhich an intraocular |ens of known
power and geonetry is positioned as predicted in step (a); (cl)designing an
I ntraocul ar | ens having a power and geonetry required to

provi de the desiregpdihcal property in the post-operative eye of the
15patient; (dl)optionally, manufacturing the intraocular |ens designed in
step (cl). Thus, a FedriadRisichPrsternrsrErceef tRABIBEHA of the method of the

third aspect of the,20rddénbhteRoCuiate sAhe carm@at hod for designing a
repl acenent intraocular lens required to provide a desired optical property

in thé post-operative eye of the patient, the method conprising the steps
of 1 (al) pusslirshitREwbikeof MbbeRRA @BubbSimBA S b, A0S the dspRérRaf BEINe doftdaRocul ar
|l ens in 25the eye of the patient using a nethod conprising the steps of:
(i) det ersrwfﬁFﬁ?ﬁgstaﬁ%“%Mt?eoﬁ’PP@Pd'Pﬂé’“é'g‘? 29¢ Aighe Palignd prearding & theifRllqvipg
preoper atdqgtighee of the patient; (ii) determ ning the thickness of the
crystalline lens in the preoperative eye of the patient; and
30(iii)predicting the post-operative position of the IOL using the formula:

10Lprgdi ct edACDpr e g b ¥6 k D.0ds2Age.n: 3510Lpredicted is the predicted

post-operative position_of the intraocular lens in the eye of the patient;
K, =0.76 + 0.325 * K, - 0.0072 * Age

wherein: _
K, = asphericity of the anterior surface of the cornea;
15 K, = asphericity of the posterior surface of the comea; and

Age = age of the patient in years.

The Dubbelman model used here predicting the posterior central curvature of the cornea
to be 84% of the anterior curvature differs somewhat from the previous Gullstrand ratio of
20 6.8/7.7 (88.3%) used by Olsen in the original ‘thick lens’ formula. If not for the
asphericity this would mean the corneal power to be lower than previously assumed.
However, when the asphericity of the cornea is also taken into account (by exact ray-
tracing) the effective power of the cornea has been shown to be somewhat higher than
that predicted by the Gullstrand ratio (Olsen, 2007).
25
Methods for measuring the Anterior Chamber Depth in a pre-operative and a post-
operative eye, and the thickness of natural, biological crystalline lenses and artificial

lenses are discussed above.

30 Properties of the intraccular lens

In order to predict the optical outcome of an in\traocular lens to be implanted, it is crucial

to know the power and geometry of the intraocular lens. Intraocular lens manufacturers

typically provide data for the refractive index and the thickness and the curvatures of the

front and back surfaces of the intraocular lens, and the power and geometry are
35 preferably calculated from these data.
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ACDpre is the pre-operative Anterior Chanber Depth of the eye of the
patient; Cis a nunerical constant, as di scussed above; and

LT is thewohoknemss of the crystalline lens in the pre- epemztinesaye 5Sof
the patient; (bl)predi cti ng the optical properties of the post-operative
eye of the patient in which an intraocular |ens of known power_and geonetry
i s posit |T(’6‘ﬁéﬁ‘¥§'§a'p¢%ﬁf'@t°§o°f the intrggeylar lens pyudied Td@% PEFRTRATY NG RrEMRIe | ar

| ens havigg BadkBh medmamﬁaawe)fsramwdre%é PefPdcBve dl%éthhélQﬁﬂckl%%somd cal
property in the post-operative eye of the patient; Tg? tlonal
(CF)>

I
manuf act FHMaehH 8f frabt st Backy syridges 98 g?eg H‘@'&O?‘Harslﬁ% u P%FBYVQB{?/S step

(bl') of t4apR sRbRAh Bfthé Pewéeruftkk Ak ko AfwdshRcksssppid we thbuletvaresdr as
di scussed above in relation to the second aspect of the invention. 20Thus,

pr ef eBablte B?Bésﬁ?a{ﬁ?t?aé@rfﬁ??t'gﬁg@?%ﬁﬂﬁ%ﬂrﬂg an optical nodel of the
post-operative eye of the patient. Optical nodelling techniques are known
in the art and _typically involve establishi (% a nodel of the Fye of the
patient Hsaef '@W”n@éﬁlﬁiﬁﬂgﬁ@ Be 'F"P%"e&p'?‘?"&%{l ph piaerder leng rafereiQititfhs

(whi ch C3araxif BUPRILGES |of .thd derisalte thigkheds drd FeffagiVey IndefNaA tﬁeraydeloffa)r t he
eye of the patient has been established, the refraction of ght 25 within

that eye SPhANGREINYAFYIAdENsIAG CUVaiuERIsGonsiantRYes therentirarsat |"b"o'1‘F’ G3FBPEM i es

when @n Id%bﬁémcm{radscdwnénmekdﬂuﬂmw@quaép@mhgg@en%t a3pheficifyOsrid vaeedrom t hi n
it. Such nodelling gr edi cti ons allow an intraocular lens to be sel ected

whi ch hasth?ﬁ%ntf?&%@@&’?? RSHPRME LGt ry that are required to prow de the
desired optical property in the postoperative eye of the patient.

Preferably, establishin cal nodel of the post-operative e e of t he
patient dBripferdeLvAlalsy PHSS‘B'E@J B FHRENG PO ETE ?"‘gﬁh‘%’ﬁ*éyﬁ?@%ﬁ'é‘? Qg iRk eye

of the eygopdriddref aatéyenfat lezet 0Aé §irlt 'spraddRinBichiR SreRFalsy icaguRted bhe
optics of the cornea; . f%tgorneal radi.us; the |length of the eye; the axial

| engt ¥; tEPYéUé‘Fﬂdeﬁtlﬂéﬁ’e@ﬂ%\ ?eM%af'Wor?tHBeeP%?feHEﬁ EY35] ens t hi ckness.
Conveniently, step (bl) further conprises analysing the optical properties
of the optical nodel of th ost-operatjve eye of the patient - preferably,
such analAspR exyRpleicfdre F‘ﬂge'[)!&ath@f sehossle; ‘éﬁ}XQ P"&c’?‘ﬁtﬁo‘é%ﬁP?ér]Sg“B’Pﬁﬁﬁﬁ?%X| al
ray tracidiguased Msdve.is Shiwh inPRjupachand ar e di scussed above in relation to

t he second aspect of the |nvent|on 5 Met hods for designing and

manuf acturing 10Ls are well known to those in the art, and are di scussed,
for exanptiguens BRoWs &n\ilample' bBf aRWpt&isscah &P bRskic e§é fbeﬂ‘dtrﬁéd)ﬂsmlj’%élamn

Press, New York, 1980) and Bennett & Rabbetts (Cinical Visual Optics,
But t er worli#ag- \S_Qg@mbﬁl)st r biometer, which demonstrates its accuracy in determining various
parameters of the phakic eye, including lens thickness (pointing hands in Figure).

Usually a series of measurements is taken, each one showing the intraocular dimensions

(from left to right in the Figure) of the central corneal thickness (*CCT” in the Figure), the

25 anterior chamber depth (“AD” in the Figure), the lens thickness (“LT” in the Figure) and

the total axial length (AL” in the Figure). At the bottom of the Figure is shown the

variation between the individual readings. Because of the interferometry technique used,

the standard deviation is generally very low meaning a high precision of the

measurements.

30
Figure 4 shows an example of a post-operative scan of the same eye shown in Figure 3,
one day after surgery. The natural crystalline lens has been replaced by an intraocular
lens positioned within the capsular bag. The position of the intraocular lens is often
readily detected and measurable (pointing hands in figure).

35

It will be appreciated that, in order to select an appropriate IOL for implantation into the
eye of a patient, a realistic optical model of that eye is needed.
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10 10Ls are manufactured from material s that have been proven over many
years to be tolerated by the eye, and are made according to current optical
manuf act uworgizsiersdar ds (within certain tol erances). Thece/FRea 2580
standards on the accepted tol erances on power. In the industry, optical
properties of 10Ls are often determ ned on an "optical 15 bench" to neasure
back focal length and the so-called point-spread function or the so-called

nmodul at | PrefbradRs tigy sémataspact(dvrfﬁé inveRtionDprovidks @NEEtA6E Whegkin éswbﬁhhhng used
software pro a\ %? I}EI\/#\X can gerformde alled tical SIS of
oo oo ¥ aBiohbpal Topde! B ther DpAR RS &Y B\ 11, PR CREPHRSMES R GGt | o
20Pr ef er aiyry prddéﬂy @GMeQﬂ@lbpbfatlﬁé epe ofcthy e@é@f e mamﬁ éélétté@ﬁ'oh‘ﬂth&tge@p( dl) is

adapted for ation tothec sul a of a

Fea ubes corsRBI b optc e chiBaa hE Bomaraie oe Jenranint pufh the eal he
capsul ar diagh; tiid gnteiicGranameer édpiv.ehangstaline l@‘rhé\tmckriésﬁ he art. 25In a fourth
aspect, the invention provides a nmethod for inplanting a replacenent
intraocular lens into an eye of a patient, the nmethod conprising the steps
of : ( afdst Pfe&@ﬁabwi fhe e 1B oDeredtiang thesuiviatue of tHehantérin | sasface bf

I nt raocul ar t he eye of the atlen usi d|n to the

TSt as gk £orTPS o Be-gyerATb asHEes, s Pl o Tordhenh g 10mIOERPEET ng

cryst@gl | icaRula86% formhars Whichrire kagwn mtthe arteye of the patient; 35(c2)providing
an intraocular lens; (d2)inplanting the intraocular |ens into the eye of
the patient. WD 2012/ 120080PCT/ EP2012/ 054010 Thus, a particularly

preferredg \ﬁim@@pﬁwgtatéﬂ thtahml $orhd1 0abesfit hinebé Aeddsbarg3p apply RirtHehanalpsietd i on

co r ses. r antin re cement, 1ntr ens. | tO an
cye of & Shebith omep TR nber SaME: S Atenc By Bperagne LASHK SirosRaaicE M ng t he
post - opengis sirgdr9stheianteriof stffscer sfthia pati@ittis blﬁﬁrfgéd(‘wﬂlc&f diseipts the stakmia&ye of
the patient, usin od co |S|n the Sﬁ? (d)gdete g

posi t1on B eb’shéo SoftulBe, 0. OTR] 1ROWE" ot AIeTBR Sopes BlReRN vah ARt ¢ ne
patient; ifdthnced et mayrbsinagessasy tbhheé@maesmeq:iostémr curyatued bf the doaiea aswélhe
preoperative

post t1 on 24 s Br ope e ESpin i getniion SBafing lechfabet” POSt-operative

_ Preferably, step (b) of the method of the second aspect of the invention further
20 comprises analysing the optical properties of the optical model of the post-operative eye
of the patient.

For many years, ‘the Olsen Formula’ has been used, which has been a so-called ‘thick-
lens’ I0L power formula using the well-known theory from Gaussian Optics which is so-
25 called paraxial ray tracing. The advantage of using a ‘thick-lens’ model is that it allows
you to use the distances as they can be measured assuming no higher-order
aberrations. That is in contrast to a ‘thin-lens’ model where the effective lens planes

(ELP) are reduced to imaginary planes close, but not identical, to the measured ones.

30 Recently, a more sophisticated model using exact ray tracing has been described (in
WO 2010/028654) and that model has the advantage that it uses as few assumptions as
possible and it allows optical theory to be applied from the physical world to the human
eye. Using that approach, it is possible to analyse higher-order aberrations (like
spherical aberration) and other properties that are not handled by a ‘thick-lens’ model.

35
In a particularly preferred embodiment, analysing the optical properties of the optical

model of the post-operative eye of the patient comprises the use of exact ray tracing
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10Lpredi ct edACDpre + C x LT 15 wherein: 10Lpredicted is the predicted
post - operative position of the intraocular lens in the eye of the patient;
ACDpr e i swohe1pnessoper ati ve Anterior Chanber Depth of treTapeoiafos4ade he
patient; Cis a nunerical constant, as discussed above; and LT is the

t hi ckness of the crystalline lens in the pre-operative eye of the patient;
25(b2) o@nﬂbﬁal | $uch apprpRAles: REe disgatsar| hetein| /KL IF pEmkpen 4 dbe 5t 425 ve eye

of the paidcEided fof ékth gl,ﬁlwgzmoﬁoggg@gcul ar lens; 30(d2)inplanting the
intraocular Tens into the eye of the patient. It will be appreci ated t hat

renoving the crystalline lens fromthe pre-operative eye of the patient in

step (b2),uh 'ahemaﬁveb&nas&,ﬁéﬁtaauawst.ng e difu&:ﬁtp%ﬁérﬁ& df%obtﬁ;aﬂﬂbd&rcﬁ%%“ (for
exanpl e, due to bei ng damaged destroyed by di sease or disor er? In

one efbodosEeRerativeeeyenpt H@cmt@nt cemgrigasotiiedese Phpaiekl! [2iragig @ra Yﬁ'ét hod of
the four tslhcﬁsa%%acﬁés bréed.séué@@& ihareir %ma% afd %wrﬁinn@eaampésfmgbﬁgw rfgi ng to

t he second aspect of the invention. 5ln an alternative enbodi ment, the

i nt r aoculexpmp ng‘\ﬂpo?mﬁmaﬁw)step (02) of the nmethod of the fourth aspect

of the invention is designed, and optionally manufactur ed u3| ng a met hod

accor di n%to the third aspect of the invention. Prefera ,

provi ded Ray téﬁcélg 'Fd’ﬂ%" H@Wad'aﬁﬂ%a"\aéra 'i“ﬁﬁ‘loﬁﬁ?ra?t"inéﬁt'i‘glﬂ'@ ‘?M@%%fﬁ@%ﬂ“ﬂ? ofJag 10

of thg eYfe 8fe Whdlis Bded SN SHNARN Y retfa@fior: d2) conprises inplanting the
intraocular 1ens into the capsular bag in the eye of the patient. Methods

suitable for inplanting an intraocular lens into an eye of a patient are
wel | known in the &g, 3Rthead=en,d@gcri bed herein. 151t will be appreciated
that the nmethods of the present invention may be used when

wherein:

15 8, = angle of incidence of incoming light in first media;
8, = angle of refracted light in second media;
n, = refractive index of first media; and

n, = refractive index of second media.

20 In brief, by knowing the curvatures of each surface of a given optical system it is possible
to simulate the imagery by ‘firing’ a number of rays through the system and observe the
distribution of the rays at the image plane. For the purposes of the present invention,
where ray tracing analysis is used it assumes rotational symmetry of the individual
surfaces and assumes the rays are equally distributed over the area of the entrance

25 aperture. The mathematics involved in the ray tracing methodology are well known from
optical engineering and involves the description of ellipses and conicoid sections (Baker,
1943). An illustration of how ray tracing can be performed is described in the
accompanying Examples.

30 It will be appreciated that the improved predictions of post-operative I0OL position
provided by the present invention mean that patients could be identified for whom an IOL
with suitable optical properties is not available. In those cases, such patients would
require an IOL to be custom-designed and made with optical properties suitable for their
eyes.

35
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inplanting an IOL into the eye of a patient that is suffering froma

di sorder and/or disease of the eye, and that inplantation of the |ICL
resul ts iwotzhe/f2oaat nent and/ or preventi on and/ or reduc®PCorEPROI20BAN0 di Sease
or disorder. 20Thus, in a fifth aspect, the invention provides a nethod for
treating and/or preventing and/or reducing a di sease or disorder in the eye
of a pat iASRPdingie iReBni¥dcasRsch sihgg NvRRIAE: RRYides: @ method) fa5, deRigING A t he

post - operablhdndt ShitddeliaPlend regiltedCEMRBVidé Bt deaREd bpticd Prspetty iR Hid1gogtye of
the patient using a nmethod according to the first aspect of the invention;

: t ho I he
(b3) opt iBREANG eYe et iBe PAtEntHEe MEthad GoRispgthg stPREOF ens from the
pre-operative eye of the patient; 30 (c3) providing an intraocul ar | ens;
(d3) inplanti nq the intragcular lens into the eye of the patient., 35/t wll

be apfreci at e hattrediFhrgithe) PPstoPerafive RPfifioR: of %%@'?qeﬁ?ﬁ”tt Eragrulabisas 4t i ve

eye of the patient thdlefd 6Pthelpatient dsing'® mdifodSORMR 16 the fkrieaspestsifahd i ne
l ens is not present (for exanple, due to being damaged or destroyed by

di sease or di sor defVeni@h: 2012/ 120080PCT/ EP2012/ 054010 Thus, a particuiarly
preferred enbodi nent of the nethod of the fifth aspect of the invention
conprises: a nethod for treating and/ or preventi nggand/ or reducin

A a
di sease or di &0 dePredictingdhe peticst PropgHies ohthe RastobrratiseXerfiPe Satitihe
stepsieof : 5 (a3) prafidrchn Mrabf@aeasd oPR&SWA poveerlaili ddorietgiis posibOharrasrent
intraocular lens in the eye of the patient using a nethod conprising the
steps of: (1)deter MeAHgI iEeRRI tion of the existing crystalline lens in
the pre- operative eye of the patient; 10(ii)determ ning the thickness of
the crystalline lens jn the pr erative eye of the gati ent; apd

(iii)predictifg)t h&epigaing e ér?é rJ8e% PAYRAI G PAWRE anA 9eRIMSY taRIred ol a:

provide the desired optical property in the post-operative eye of the
15 patient;

(d1)  optionally, manufacturing the intraocular lens designed in step (c1).

Thus, a particularly preferred embodiment of the method of the third aspect of the

20 invention comprises: a method for designing a replacement intraocular lens required to
provide a desired optical property in the post-operative eye of the patient, the method
comprising the steps of:

(a1)  predicting the post-operative position of a replacement intraocular lens in
25 the eye of the patient using a method comprising the steps of:
@i determining the position of the existing crystalline lens in the pre-
operative eye of the patient;
(i) determining the thickness of the crystalline lens in the pre-

operative eye of the patient; and

30 (iii) predicting the post-operative position of the IOL using the formula:
wherein:
35 IOL,redictea i the predicted post-operative position of the intraocular

lens in the eye of the patient;
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| CLpredictedACDpre + C x LT 15 wherein: | OLpredicted is the predicted
post - operative position of the intraocular lens in the eye of the patient;
ACDpr e i swoheiypnessoper ati ve Anterior Chanber Depth of tireTapeoiainsaie he
patient; Cis a nunerical constant, as discussed above; and LT is the

thickness of the crystahdmeid m@ﬁoréiatp &%v@rqﬁreﬂeﬁcasmsr Qa;ﬂh%fftﬁéwsyé)aﬁlent
25(b3) optionally, removin *the crystalline lens fromthe pre-operative eye

of the patient; (c3)proteRatignn intraocular |ens; 30(d3)inplanting the

intraocular lens into t @s%%ﬁm@nc&l%n%ﬁﬂ SE‘ErscuéseWabbvé?%néppr eci ated that
renoving the crystalline lens fromthe gre operative ege of the patient in

step (b3) will not be nbdds e thickpessief the gaystalling dens igrtBe pee-pRAratiMecR¥eNt (f or
exanmpke, due to being d@mgeigt,gﬁ destroyed by di sease or disorder). 35 1In
one enbodi nent, the intraocular lens provided in step (c3) of the nethod of
the fifth aspect of the invention is selected using a nethod according to

the second asgﬁyt afeoﬁdﬁﬁ ﬁws&khp&op@nes 6f‘th€|do§f &@érbtm e%tlﬂ@héTFéﬁent fhe

i nt raocul ar S prOV|de In step hod of th aspect of
the invention is dé@ic@r@umtrawiam?n%ﬁalmoymnwa@fime@metrw RESitONest3fod
according to the thidfasineedp @)t he invention. Preferably, the IO
provided in step (C3) IS adapt ed ‘for inplantation into the capsul ar bag 10
of tHé eye of a patient. Preferably, step (d3) conprises inplanting the

i ntraocul ar | chgl | QbSighiig ma&%&ﬂarha& hé\nﬁ&% sower Yndt dedridly RQLiredViy hods

suitable for anting an intraocular lens into an eye of a patlent are
wel | known in the &Ffavidentheadesitass epiiqtProrartyi v, thes ppitiopeeativg evenhef #iesease
or disorder in thegygiof the patient is selected fromthe group

15 (d1)  optionally, manufacturing the intraocular lens designed in step (c1).

Preferably, step (b1) of the method of the third aspect of the invention is performed as
discussed above in relation to the second aspect of the invention.

20 Thus, preferably step (b1) comprises establishing an optical model of the post-operative
eye of the patient. Optical modelling techniques are known in the art and typically
involve establishing a model of the eye of the patient based on measurements of its
optical properties and dimensions (which can, conveniently, be taken prior to surgery).
Once a model for the eye of the patient has been established, the refraction of light

25  within that eye can be analysed and a prediction made of the optical properties when an
intraocular lens of known power and geometry is positioned within it. Such modelling
and predictions allow an intraocular lens to be selected which has the necessary power
and geometry that are required to provide the desired optical property in the post-
operative eye of the patient.

30
Preferably, establishing an optical model of the post-operative eye of the patient
comprises measuring one or more property of the pre-operative eye of the eye of the
patient, selected from the group consisting of: the optics of the cornea; the corneal
radius; the length of the eye; the axial length; the anterior chamber depth; the crystalline

35 lens thickness.
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consisting of: Myopia (L e. near-sightedness); Hyperopia (i.e

| ong- si ght edness); Presbyopia; Astignmatism Refractive errors; Cataract;
Opaci ti eswoBnizesasence (i.e. clouding of the | ens). SuclrcCtirre@zmsioand

di sorders are well known, and those skilled in the art will be aware of how
to identify such di seases and disorders. 20 Preferably the patient in the
met hod ofCanvenientlys steps(pdl further cararisas anelysing deipelical H@P%'@ér?aﬂ??sﬁlét@@' of the

i nventi 0r?nc?dé‘i‘()plrhetdbgt-éﬁlérétﬂ/eae?ﬂ%tthe%atfe'ﬂ? 'p?éf@l’éb!yoguéﬂﬂ"{éN&st EfingrRes tukb as ]pect

of the invention and/or the fth aspect of the’invention is a mamral
exanpl e a‘sﬁmﬁﬁﬁa%ﬂahtrﬁﬁﬁﬂrﬁr‘a'ﬁ's 8f pArayRt Ay dracilg anahsisr cPuah W%h%ﬁfﬁ as a

manmal S Ret&d Ho08H fRfutidR I MEReESHFaspbd t invéiRiohe; cow, pig; sheep;
dog; cat; rabbit. In a preferred enbodiment, the patient is a human. In a

Si xth5aspect the invention provides a corrput er programfor instructing a

conput er pGnody fo?'bl@lslbﬁﬁg ERH hﬁ’éhuﬁé‘&ﬁfn@' l@ﬁlsta@e W%ﬂ kfnb\Fvﬁtto A5d28Gh te afthand
I nvention and/ or the second 30aspect of the invention q,pd/or the third

aspect ofare Hiscusseentor §%amRg/ D |B°f’h§ Welti (' Princiri ot Oticst 12 edilixm tesermen/ or

the fourthlegs st Yofk, 11980) BN@ HehAs &TREBbetisNEIiRcESPRLall OMRAL iBRfleRhesses
the probl ens of the prior art, and provides an inproved met hod for the

predi cti d#®N8PMt he post - operative position of an intraocular |ens in 35the
eye of, a patient. As discussed above, the present invention is particularly
advant ageous because it provides a prediction nmethod which is based on a
true, pHPLE @ IW@‘#%@‘H f'}%’s matﬁé'é‘sath?'ﬂlﬁa\f?og‘?‘%ﬂ BIOVER oveleMP2RY YEB®UIoPe | ens

posi tion (pREdEd by fHalbyd, ¥hd hrddhadkOsdcoriny @tduvr@npmicaw Ranufactuddy s8ksargsed for

predicting the position of an intraocular lens prior to Sur?fée and/or 5
cal cul at .(wghmrﬂerta@ctaleaanqe%s%fme AN stapdards, 9adhe @ceanied frleraacas) ‘Hbrrent

of the prgqRRt 1h W@ﬂfdh@tﬂ/ Fphicall propts oD’ @Vre RificAl deddrminERf B9 AR “bptide ai m

of any intraocular |ens power calculation fornula is to control the optical

out cotfe. crenERT BRASYER hach 1062k IRAGtH PR AR Se-calCoRoInirSPrFRCt féeaefmnaw the$e- Many

for mul as hHpueneaBticeesiddechdien pareyl lﬁb@tnédﬂ%n@»ﬁéérﬁgcﬁ -08K5d SuiRre t O be
used I n cataract surgery (for a review, see O sen t he section
"Early f RrAgIBRSiS @{l&owmch can perform detailed optical analysis of any optical structure

(including the eye) given the physical information.

20 Preferably, the designed in step (c1) and/or manufactured in step (d1) is adapted for
implantation into the capsular bag of the eye of a patient. Features of such IOLs, and
methods for performing implantation into the capsular bag, are discussed above and are
known in the art.

25 In a fourth aspect, the invention provides a method for implanting a replacement

intraocular lens into an eye of a patient, the method comprising the steps of:
(a2) predicting the post-operative position of the replacement intraocular lens
in the eye of the patient using a method according to the first aspect of the

30 invention;

(b2) optionally, removing the existing crystalline lens from the pre-operative
eye of the patient;

35 (c2) providing an intraocular lens;

(d2) implanting the intraocular lens into the eye of the patient.
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15 Most of these fornulas have been derived in the foll owi ng way: based on
a sinple "thin lens' nodel of the optics of the eye, a |arge series of

pati ent s Waveieearsoanal ysed for the eventual refractiveprouterone/osand the
formul a back-solved for the effective |l ens plane (ELP) in the individual
case. 20 The ELP can be regarded as a virtual distance which - when used in
the particular formula he rreasure at aset i | oduce, t
observedTF‘E‘Fr%t(P@ft\‘/’é'aS!utRE?f eégywl{og!{p% htg MP%@% g"‘ﬁhnﬁs@re bppﬁ’fses
aver age FkvBniidH cotiprides.0d fielitld foniniglantihtle @pRERERYintrsoctiRir lsrsdntdesceyebi ng

t he avera?e value in the “E&;J atlon for A given intraocul ar lens type. 25
Because & PpaV%géH?nzﬁt'Mq BRoiths HEPRS" use very sinplified models for the
opticg of the eye they require a nunber of corrective terns to be
calculated in retrospect from qgbserved ; ip ordeh to vpr{; aceu rately.
Exanpl es of th(égb PrEsifyRg “F%\Ef’ﬁrqfefaﬂ'(‘f? RAgion, g thg replRGEARL Infrageular JehR,| 3) |

' Surgi cal Factor’ (H’i‘hé'e@é@Vﬂ'lleatlelﬁflfsﬁ@ta MethEHBomr)ris‘}@he(slﬂqfsfdfT 30 or

Bi nkhorst fornula). The { gﬁl gtg & fﬁ,ens res t t t e pr di ctions
with the particul affor Ggieqm & RePHPR of Fre; §Estng Srstplinesns n the plas ot
ensure, however, that thpeftiasens ofans patiehtaccurate in the individual case.

Lot o e sbove ) SR o Tkl 1RCH

2012/ 120080PCT/ EP2012/ O%f6rkiivé dye dﬁqh@bgﬁmﬁ I‘aj\d( K-readi ng) of the cornea
which is essenti al I a measur errent(eﬁ(iﬁ ? Rﬂﬂ Lgrvalg]j re.of tE ?r nea;
and (2) The |engt h tWéeOE%}'@g the pRRIPE@ Y%Bos gt ek YPINRHPE FOT W g as ur ed

by ultrasound or | aser interferonetry 5 Fromthese two vari abl es, the
formul a i ncorporates a nat herT(S i cal nodel for thigﬁ;‘fecté Xri i ntraocul ar

| ens position (ELP). The exad vyt he K-reading tre i ial length are
transfsornmed into an individual ELP is enbedded in the fornmula and differs
fromformula to fornula, however. 10 Conventional |CL power cal cul ation
formulae The first inp™§fe%ion of an artificial |ens was perforned by
Harold Ridley in 1949. HDMM&B is thie pine@nd@dtpoampdrattvb@o&ﬂaﬁ'ostHehatracbder

i npl antation of artificial sescﬁ n%.cgmmn clinical practice and from
that time several met hod%nsHa e RRRMEMbed to 15cal culate the dioptric
power of the intraocul aragmpss nﬁﬁ)br@m;@ﬁbt:vghmtérlorﬂhambtehoésthmfede epé ot al
formul ae known fromthe optical -physical theory of '"thin |lenses'. These
met hot¥s were sinple for Ba%9sed on t he assunptions that: 20( 1)the cor nea
was a "thin lens' the pawra mfmdbfva[l&brﬁml Gs s cossitbede; and (2) the

intraocul ar | ens was al a. 'thi ens! . of kngwn effec 3) the
position of the intraocﬁﬁa‘? ﬂi‘%ﬂ‘%‘gﬂﬂﬁ%s ﬁfs@ﬁr?@(ftéhg‘eﬂﬁnﬁ Ny 8pr%ﬁﬂera “’e( gygthe
di stance fromthe surfacstiefpdtieat eye (the cornea) to the back surface of

the eye (the retina) was a distance that could be neasured by clinical
25nmet hods.

25 (b2) optionally, removing the crystalline lens from the pre-operative eye of the

patient;
(c2) providing an intraocular lens;
30 (d2) implanting the intraocular lens into the eye of the patient.
It will be appreciated that removing the crystalline lens from the pre-operative eye of the
patient in step (b2) will not be necessary if the crystalline lens is not present (for

example, due to being damaged or destroyed by disease or disorder).

35
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Wth sone variation, the format of these early "thin lens' intraocular |ens
power cal culation formulas can be described as (A sen, 2007): =1 2 O (Ax
d)1 K nl wbereynoosk = power of the cornea in dioptres; @®CEERRGRAMIE from

cornea to the lens plane of the intraocular lens (sonetines referred to as

the Anterior Chanmber Depth ("ACD') but nore correctly referred to as
ef f ect i vdn pepgmbpdiment. '*'E?_P"rﬁoﬁé%’dﬂ?ﬁeprﬂﬁ'éed Actep 42 P&%{‘PW‘%‘B%RT thg feurth he

di stance aTsBeét fb?trfénﬁ@édt.eﬁ isssdldAtusihg b RfetheSccditing 1ol the BESINI 4 Pe&Qﬂshen ot
exist in a "thin lens' approach); 5ni = refractive index for the aqueous

hurmour (t"l'i@nﬂ@fD), Ax = axial length of the eye (distance from cornea
surface to retina); n2 = ref ractive i ndex of medi um behind the intraocular
| ens (the vitreous cavity); and 10PO = power in dioptres of the intraocul ar

| ens Aeedean@8epatinembedinent His 'Q"‘(’Qﬁﬁ‘éﬂrd%f& RIPYdethinesten (52) R therpethod of gery.

Exanpl es 1qd dlih ad f\o#%mvéﬁkrdﬁuisa&g. udgd:op @&m?bﬁamﬂ@étw@@oh@m rander,
1973), Fyodorov ( %%gorov et al Bi nkhorst ( Bi nkhorst, 197

Bi nkhor stmethegyageording todhe ihird @Pﬁ@t°fthP99YBnt'°Pioffer (Hoffer, 1993a; Hof f er ,
2000); Holladay (Holladay etal., 1988). Behind the sinple format of the
above-nentioned "thin lens' intraocular |ens power calcul ation equat I on

t here ar &raferbheth %@enrawd%wr%%@ ﬁadaeﬂ?&iwdm@n&é!awntwfﬁmpﬁu lBrRg to
wor K fon Clritihid ed ofPh Patibrie- Pr&é%npfstédﬁfm cSrj(ﬂEﬁQéM"iﬁwpld?ﬁhQ‘@fé mhsmére:éﬁ@ct ive
cul

i ndex 20 to use, how to accurat el he corneal power,
accur acy e thacansylar bpg iy dhe ﬁﬁ%% teenpatient. \Wgthods suiiakle 6?’n1"&ﬁ'§‘it%i'ﬂc%“

measur emgitkgocLidk ferdPiict ah |e¥ e B aNpatEnt lardWell AR6RA iRAke BAVarIakeddscribéd
hi gher - order aberrations. The nost inportant unknown is however the exact

val ue of hegein(ELP) which is not a fixed value, as the formula assumes, but
subject to a large individual variation. For the formula to work in aII

cases, the ) ) )
15 It will be appreciated that the methods of the present invention may be used when

implanting an IOL into the eye of a patient that is suffering from a disorder and/or disease
of the eye, and that implantation of the IOL results in the treatment and/or prevention
and/or reduction in that disease or disorder.

20 Thus, in a fifth aspect, the invention provides a method for treating and/or preventing
and/or reducing a disease or disorder in the eye of a patient, the method comprising the

steps of:

(a3) predicting the post-operative position of a replacement intraocular lens in
25 the eye of the patient using a method according to the first aspect of the

invention;

(b3) optionally, removing the existing crystalline lens from the pre-operative
eye of the patient;
30
(c3) providing an intraocular lens;

(d3) implanting the intraocular lens into the eye of the patient.

35 It will be appreciated that removing the crystalline lens from the pre-operative eye of the
patient in step (b3) will not be necessary if the crystalline lens is not present (for
example, due to being damaged or destroyed by disease or disorder).

31



25i ndi vi dual ELP therefore needs to be predicted in each case. Because of
the great nunber of unknowns, all of these available fornulas require the
use of cowoeotzmeosber s and personalization factors to adfrEpeomiostfior mul a
toreal clinical life. 30 The enpirical fornmulae Soon after the
introduction of the early theoretical fornulas the clinical experience
showed however the accuracy of these fornulas to be inferior to the

accuracy 19fst eraﬁﬁcuxé}ﬁyl .%@Jerre%:nembb&meni Of ThE @Sethod! BE thaliktR adpREITEl &% Used a
statistical (I'inear i pl e 35 regression) approach to describe a |linear

rel ati onmeﬁt'%f?%@ﬁ'ﬁ%hé ”E'ﬁth?ﬁ toatrepting ardioreRieeriing anaeEr fedistng 2 dissarg  of
the i ntrapgidbaer ifRE epssﬂsgaﬁéwt tREARIHORARIomhpribiAG RcREss 40 characterize and
eye that does not need spectacles for distance vision). The nost inportant
exanpbe of the regression nethods is the so-called SRK (Sanders-

Ret z| af f - Kr af f 3§ O;p%ﬂuﬁﬁnf; (tﬁ@géétfafpferahil@%gsnl&ﬂﬂﬂﬁ"réplﬁien@nt intrh8&diar IeAYGEr s et

al ., 1988; Retzlaff et a anders et al 0), which were based
on the statistical theysefitee Ba‘tlﬂ"t using, 2 ethasgeomerisinathe slePsPt h pre- operati ve

measurements of t hgj cor RREmpREhe( mon%Ktrfeeaﬁgtmg)o% stdlfhehdtlin tiengteh of
the eye as determ ned by ultrasound (the 'A-scan) e actual inplant power

and the observed refractoPefftive A¥e efjBePaiant correction). The ori gi nal
SRK I4pf ormul a was  gjjsi mdefénhmfg’:\rmé QficRIfess5 0Bf W%’i’ys@élhr(eR@ér%' m‘fthe 1%80) as
10f ol I ows: Po= A - 0.9K- 2. wher ei n; Po = power of

i npl ant for unai ded di st%’ﬁ@é’v‘?/ﬁﬁ efithe paligRktaNdpi a) : 15K = dioptric reading
of keratometer (usigg 'W&iictﬂagiiﬁg Eést-oﬁéraﬁv@ﬁbs’&ion'&'ﬂﬁg IOLOGsid e SihuAs

measur ed by uItrasound and A A-constant' depending on the type of
the intraocular |ens and the surgical technique. 20 The idea of the
"A-constant’ was that this cqoefanl acted a=bl aciadmx'+ ¢enstant capabl e of
absorbing any off-set errors in the system including differences in
intratcul ar |l ens type, surgical and neasuring techni ques and placenent in
the eye. To overcome sysiHp@hi cal off-set errors it was recommended to

‘personalize' the 'A-constant' ) . N .
IOLpreqicted is the predicted post-operative position of the intraocular

lens in the eye of the patient;

ACDy is the pre-operative Anterior Chamber Depth of the eye of
20 the patient;

C is a numerical constant, as discussed above; and

LT is the thickness of the crystalline lens in the pre-operative eye

of the patient;

25 (b3) optionally, removing the crystalline lens from the pre-operative eye of the
patient;

(c3) providing an intraocular lens;
30 (d3) implanting the intraocular lens into the eye of the patient.
It will be appreciated that removing the crystalline lens from the pre-operative eye of the
patient in step (b3) will not be necessary if the crystalline lens is not present (for

example, due to being damaged or destroyed by disease or disorder).
35
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25 according to the surgeon's own technique. The success of the original
SRK I -fornmula and the later versions (SRK Il, SRK /T) was due to fact that
it was baseadormzecspi ri cal data and therefore coul d be mrde/mPeor2msdoin t hout
systematical errors in the average case. However, because the fornula was

30 based on statistical analysis the predictive ue _has been_shown to be
of | over aNgEMUPdmaNE e '@9%’5“'?[ fgé‘slﬁg?l‘@éjeéﬁﬁ “é%@g 8{5‘3‘?,"1 @88\)3‘:?'?? ep or
flat corngpsctamthd iRvaition ivédidctedBéingBintethéd actordidPBibe setarnspédofithe O sen
et al., 1990h; Osen et al., 1991). Furthernore, because it was purely

dependentM$ft®he enpirical data including the neasuring technique it was
not easy to use in different clinical environnent with 35differences (and

possi bl e i nprovenents) in surgical or asurenent . t echni_qu first of all
Phe reacUP Shate Ve apomEH e PeaseHE o ROVEED KLalSh Gl BbierPefbd 7

mat hemat itRé fifthasPecesf thé invbrtionas tesigned, Bhd optismally nahifactatddansihg asngthoder

cal cul ation fornmulas, the e t#' tion of the ELP is based on the K-reading
and the %%d'ﬂgéﬂgi%thﬁﬂﬁwﬁa BEYVEAEY- i n the fornula not readily visible
to the user. 5 Early theoretical fornulae At the tinme of the early
theoretical formulas very little . kno bout the actugl position of the
ot et dreEeRBIOL TolEet SRR BP RO R B HIOR Gt e CRPBHAK AT ot
1979) 1ous et the b ofla\paticist. (Fretehgbifldfer @3 comprises irplaiing the Intrapadart leas of
the inplant in each case.. oday t?ﬁhe ig cc | at i ng e‘vi der‘%ﬁ tthat t he ELP
(or the Ap®)thescapsiar bag i dhs sve &t jie P3 ffgnd eBieds RUMRRIGAS RIS #he eye.
Aong t hanfrassulir Jerdy Bitd BR a9 af aP patiint \eee el ginbwa fin tthe aetysnd 4ve) deddibed
preoperative anterior chanber depth (ACDpre), the lens thickness and the

corneal r%0s. 15 Fi gure 5 shows the ocul ar conponents of the eye before
surgery ('phakic eye' - upper part) and after surgery ('pseudo-phakic eye'

- lower par W th ipportant variables us in the prediction of the
bos 1 Toon BElaaRly e dRRese Shgisoe i e érdiine Paihiy sdieuS O fie. 9P aco
Zol 2 g;p t hédhisiRBSS , of: Oiyopia f (i@nt néércﬁiglﬁedﬂ;?s@)or ngerobiﬁi' (i§. (r:\ wn_ges@glhtétgiegb)t -

' ost' = post-gperativ nterior chapber depth...Spherical aberration
o e PresRubE LANBRIAISE; TRATGE TP NG SR g DA Iee, BTUSocate Ut o of
t he eyg hﬁ&udﬂﬁfdlf tHe $es). bedcragiseasty sinardiirdere ake welllkhavis @hdanske skilledsn been
assuned that a

| rays are of egu significance for the 25 inage to the
pi cked upthB@rtlpe @%('F??ac.’f?’?mtg "%@@H SHBI?QEE*‘???@”@ 299 wever . Due to the
exi stgnce of the so-called Stiles-Crawford effect (Stiles & Crawford, 1933)
the retinal sensitivity is dependi on the angle by which the rays hit the
retina. Tﬁ"é’f%?lir’]y H’se-@“&aff '8?'3? @Eﬁ"@gﬁ?ﬁ}ee%?@s?e&fg ﬂ?%'f‘?"rfﬁ'f’”?é‘ﬂ%’f ﬁ?e\ﬁ’ Ond o be
at a maxi z@pEct 6iithd mysntiAtadtion the! thizd BsEck ofBB lifventisraridlonire fdurthespect of
effici enct¥] for rays éant ri-ﬂﬂ t he pym . ednq_e. .The effec{,s
e invention and/or the fifth aspect of the invention is a mammal, for example a human
or a mammal of agricultural or commercial value, such as a mammal selected from the
25  group consisting of: horse; cow; pig; sheep; dog; cat; rabbit. In a preferred embodiment,

the patient is a human.

In a sixth aspect, the invention provides a computer program for instructing a computer
to perform the method according to the first aspect of the invention and/or the second

30 aspect of the invention and/or the third aspect of the invention and/or the fourth aspect of
the invention and/or the fourth aspect of the invention.

Thus, the present invention addresses the problems of the prior art, and provides an
improved method for the prediction of the post-operative position of an intraocular lens in
35 the eye of a patient. As discussed above, the present invention is particularly

advantageous because it provides a prediction method which is based on a true,
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30follow a mathematical formula: | = 10 exp(-0.108*112) wherein: 35y =

di stance fromthe centre of the pupil in mm Figure 6 illustrates the
Stiles- Gvawbowidowhf ect showi ng the retinal sensitivitypra3/ER261anst01@n of
the distance fromthe central axis (x-axis in this figure but y-axis in the
ray traci Sehene T . : i ; e
percei veh H%ﬁ%gg %lg?%% g?;{:&?e%fg{']% g’[’?'g‘f’% tgf ?hee ?th h%%?ﬂaﬂ}%ﬁ%? ?%(':?I ](;)q?ﬁé;srptﬁgrr‘ itagal
aber r at i gintuahpost-operatingopdsitiobcones | arge (A sen, 1993). Spherical aberration
is a phenonmenon of many | enses including the cornea and nonaspheric 10Ls,
where peripheral rays are refracted nore and brought to a focus at a

short er Methds| usedtfar predictiog the positicayef. arThérasgiiarr lees prieibler suigergnangd/on he

human_eye_j . C t t [Nl I~ar opl e
expor ? on e TpH ARt derR AR, fal BErellaB bBlolt o Rl Pmehl i g BISeRET D Ge.
Spher i calinvabtior areidissussedrsiow:aken i nto account when the optics are

descri bed according to '"thin lenses' or '"thick lenses' but is readily
denonstrated using ray tracing. Another 15 advantage of ray tracing is that
the Stil #sioCamtwmethwdsf f ect can al so be accounted for by giving each ray a
wei ght according to the Stiles-Crawmford function. Recent devel opnents

One of the nost inportant conponents of any optical fornula relating to

i nt raoculTae aiensf 20y ripirageular lers phwei galicviation formulalisc t¢ eanissl theeopissl t i on

(Q son, DBisHte iérRsurdfspGiy g irblanketn S AP PpBRIA P 027 115617 sen
and Co,rydon, EL993; dsen ana G nbel , 1993; a sen: 2004) all thé currént
| Nt a0culily ERRACNEe eh cibaitnllo bAEMMeAR: HFaBOS I3EpRhd 1 8L 2ad fiPde! S

0 he 1 ntraocul ar

for the posrtion _ ens after sur_geg, ere the position
of the i watonast suegery orsa irevievs sseei Qlsen 2007 and thepssetipe dtarlyrfermulasithelowdi st ance

but rat Ngg % ﬁ"esg fférﬁ-ﬁﬁds"t?avh%'%?n RErvdd ?mhe %ﬁk@)ngcw%)} 'Bﬁgedaén tart‘?mﬂfesfh ce
fromtThe corneal surrace to effective [ens plane of the iIntraocul ar |ens,
assum ng lenshimodeleidhe eptice of theiayasa lapga-sarieswh patiants kavetheeglapalysedforthen has
been the f - i 4 BiC \ 1 : t he
cor nea aﬁ&@{\%gl %\%&é%c%{ﬁgé}g?’gﬁls& %rigrr#@g?iagggppggq% th%f?%'%ﬁg % finite
t hi cknesdEWP} ih thexindividwekeaset i on of princi pal planes. The idea of a 'thick

| ens' cal culation, as first advocated by O sen (O sen, 1987a), was that the

position of the intraocular Iens was defined as a ﬁhysi cal neasurabl e
di st aasce, ThehELh candret tegardedcasiladvidgal slistergsl Whish -byhen uged an theepRBigelar Many

| mpr ovengaiud MithThé HGILRY ddiike DUPbrodibs HPbBRRA RIGLIR dREmd 6y
nproved algorithnms for the predictioh of the postoperative Anterior
Chanber Dekitd thet average of ZOmpakarof casdiss en avarage ELPHol aadsgongtantin the SRK
approach) is derived describing the average value in the population for a given
intraocular lens type.
25
Because all presently available formulas use very simplified models for the optics of the
eye they require a number of corrective terms to be calculated in retrospect from
observed data in order to work accurately. Examples of these ‘fudge’ factors include the
‘A-constant’ (SRK-formula), ‘Surgical Factor’ (Holladay) or ‘effective ELP or ACD’ (Hoffer
30 or Binkhorst formula). The ‘fudging’ procedure ensures that the predictions with the
particular formula are accurate in the average case. It does not ensure, however, that the

predictions are accurate in the individual case.

Most of the above-mentioned formulae have used only two important input parameters
35 as measured before the operation:
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1988; O sen et al., 1990a; O sen et al., 1992; Hoffer, 1993b; O sen et al.,
1995; Haigis, 2004; d sen, 2006). However, although a 'thick lens' nodel is
superi or wo?ai2/2sn | ens' nodel with a nore 5 reali stiCPC@mPememsmﬁ on of
the position of the intraocular lens in the eye the '"thick | ens' nodel

still assunes spherical surfaces of the optical system Because neither the
cornea nor théli nt Kestemalry | é‘ﬁsfeafﬂ'eg)ne‘éfestgar icPIpeapdtsit als, esspatiallyr aodel

m ght be based on %hrern@ﬁtbﬂﬁsmgtcmt% F e pndRERat 0 work on any
surface type. 10 The listin i scussion in this specification of an

apparent |y prl(@r-lebpll%fPﬂé‘élogﬁ‘@LﬁV@m kmﬁﬁthﬂ)@x'ﬂé@'ﬁéa\{hﬂqwslﬁ%eatsélkeé'nbYas an
acknow edgement t hajfirdsBEndGOHEE MeksrorRty of the state of the art or is
common general know edge. 15Preferred, non-limting exanpl es which enbody
certaPn aspects of the invention will now be described, with reference to
the fol | GpbROihEES HESvarfab@Y! thel forriMe Mororsted aﬁatﬁéméth:a: hhGERD 16 Ehe | N

whi ch the vari ous anatom cal Eorts and_structures are indicated. 20 Figure

2 - Model effectivg istjaociasipngy Pesiton &LRict Tidh esact \wayhthedfieadingyand dhergkiabn. The
refracti qhgi alré GhhstoM Bt BRdNIGuE B ESisPerAc&Ided ih 16 §lRAakd bifkRg t he
lens (2) 1n order to focus Iight at the retina (3) at the back of the eye.

| f t her e fiogn fermuiafafosmela. BRWeWeEn any of the ocul ar conponents, the eye will
25nee@] spectacle-correction to see clearly. Figure 3 -An exanple of an
optical scan of a nor mal , phak| c eye perforned by the

Haag- Str PR b caleulationfoppdlae | on of the normal, crystalline lens
30i s i ndigat feh 'i?MplQﬁ’thﬂSd B¢ ahaé}qﬁclalﬁbﬁé”vﬁas‘lperﬁﬂmgﬂ Hardd F@dl@?% faer ative

scan of the sane eyesovvnln 72) one week after sur h an QL in
s B

pl ace. THéowsysr.tit was drot whlll the 1978’s tat tha weplantatins af Al C'ﬂla'ﬁaﬁes became

common clinical practice and from that time several methods have been described to

15  calculate the dioptric power of the intraocular lens implanted.

The first methods used optical formulae known from the optical-physical theory of ‘thin
lenses’. These methods were simple formulas based on the assumptions that:

20 @) the cornea was a ‘thin lens’ the power of which could be measured;
(2) the intraocular lens was also a ‘thin lens’ of known effective power,;
(3) the position of the intraocular lens was assumed to be fixed; and
4) the distance from the surface of the eye (the cornea) to the back surface
of the eye (the retina) was a distance that could be measured by clinical
25 methods.

With some variation, the format of these early ‘thin lens’ intraocular lens power

calculation formulas can be described as (Olsen, 2007):

n, 1

3° P():(Ax—d)—(l_dj

K n

wherein:
K = power of the cornea in dioptres;
35
= distance from cornea to the lens plane of the intraocular lens (sometimes

referred to as ‘the Anterior Chamber Depth (“ACD”) but more correctly referred to

35



35 Figure 5 -Illustration of the ocular conponents of the eye before and
after surgery. WD 2012/ 120080PCT/ EP2012/ 054010 Figure 6 -Illustration of
the Stil ewoCGoeh2ersd ef fect. Figure 7 -An exanpl e of a ragTinrawe/ 08010

@l | strand exact schematic eye. S5Figure 8 -Distribution of the x-axis ray

i ntersecti ons ggnHakectile léﬁk*/%laﬁelﬁﬂgg?”) fheEadseethGUACEY rsivitlly yealdag ity a
pupil of 3 fmm It is noted that all rays are brought to a focus behind the
retina at 24. disaRcetadhe aateriar syfiacaoht ?P?‘@'?f’ltp'slg‘l?ﬁﬁ'g'i‘ GRER A BYP i c) .
10Fi gure 9 -1 lthiasésabpsdadH); t he point spread function of the Gul!strand eye
at the retina (dark colums) and at the best focus 0.194 mm behind the
retina (light columms). Figure 10 - Illustration of the effect of

pupi | ssi ze on o beefradtivaiideR forAte duons himbuatHdmopyal eye of average

dimension with a spherical_ intraocular Jens Inplant Figure 11 - The
measured int rfé‘c’u?’g?' '?m%‘bgﬁy? o M§9r“ggﬁﬁg?vé°?%'"ﬁbsi tion of
anterior (trigne REhctdedndnsdfahediomabiid tae (ttrzaoad ehs fihetvittebusgavinnt t he
axial length (x-axis). 20 Figure 12 - The intraocul ar |ens position

expressed as fA"dction of |ens thickness pl otted agai nst the axial |ength.
Figure 13 - The intraocular |ens position expressed as fraction of |ens

t hi ckness 25pl otted agai nst the_corneal power b eratonetry. Fiqure 14 -
The o%servedprp& T RO r‘n"Hfotmr?%(?fé'@)%?W@PC‘BWe'eaiﬁéEé%‘{j?c( BF%‘HF%P@HS‘&F@I@ action

for two nmet hoqgndiddddistatédvisiBasafteedurgenyd ' ACD predicted' values for the
position of the intraocular lens inplant. 30 Figure 15 - The nean absol ute
error of three intraocul ar | ens power cal cul ati on nethods for the

CaLClﬂ at id%n?ﬂest be tiRx At RAsT Rirhakki ithI]:JdEd'I:ggblénﬂrﬁnderp(@déﬁﬁréMr,eI‘IQIII),
(observed B e Ay oroy BMS: G898 Ertknbrat (BSkASD 1878 Bidindtht, 1979); Germet

15 (Gernet, 1990); Hoffer (Hoffer, 1993a; Hoffer, 2000); Holladay (Holladay et al., 1988).

Behind the simple format of the above-mentioned ‘thin lens’ intraocular lens power
calculation equation there are however several unknowns that should be dealt with in
order to work in clinical practice. Some of these unknowns include which refractive index
20 to use, how to accurately calculate the corneal power, the accuracy of the axial length
‘measurements, how to transform distance measurements into optically meaningful
distances and how to deal with higher-order aberrations. The most important unknown is
however the exact value of ‘d’ (ELP) which is not a fixed value, as the formula assumes,
but subject to a large individual variation. For the formula to work in all cases, the
25 individual ELP therefore needs to be predicted in each case.

Because of the great number of unknowns, all of these available formulas require the
use of corrective terms and personalization factors to adjust the formula to real clinical
life.

30
The empirical formulae

Soon after the introduction of the early theoretical formulas the clinical experience
showed however the accuracy of these formulas to be inferior to the accuracy of the so-
called ‘empirical formulas’. The latter formulas used a statistical (linear multiple
35 regression) approach to describe a linear relationship between the clinical
measurements and the dioptric power of the intraocular lens needed for emmetropia

(term used to characterize and eye that does not need spectacles for distance vision).
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35 to the SRKTT formula plotted against the anterior segnent size (anterior
chanber depth + lens thickness = position of posterior surface of the
crystal | iwe 20ende80A si gni fi cant bias was observed (r =pQT32201p/034000 0001) .
5 Figure 17 - Prediction error (observed refraction m nus expected
refraction) according to the fornula of the present invention plotted

agai nst the anterior segnent size (anterior chanber depth + | ens thickness

= positi %e%oa%gsr&érarexgﬁbie_a&eth@iegtr&%i&{aséﬁhaaé "Rl lsBlled SRROBAGAL f i cant
correlation was observed indicatin bi Fi gure 18

no as (r = 0.001, p> 0.5).
- Mean prRagief-Keaf) derraylag dB@@Wedgg@f %mqrwg rAlnd98Ex saederd qled/n atd88on)
subdi vi deghehii 8 bEMRIOBS ShitieTs 874, 1900), WHidSwdrB baséd bh tRE selisticalahdlydidie 10
SRK/'T and the formrmula of the present 1nvention, respectively. The Trean

predi 6t i W adpragrnufrler jof sasesaviEh preronerRtive gpeasuranRils phthe comsal paweidvg bot h
femal es apdedEMPS thy a i%e@?%tfmt efPhd Bb’Ahingd _-b%/'%lt?dsgﬂhé '(tﬁé”A—sEérﬁ% thd t h
gender is seen Wth the SRK/'T nmet hod but not with the present nethod (p

<0. 05). Rgtual implant powesandhing chserved refiacign (thesspectaglecorigctiongopar i son of t he
C-constant with the A-constant WD 2012/ 120080PCT/ EP2012/ 054010 EXAMPLES
Exanpl e 1- Ray tracing analysis of GuHstrand eye The exact schematic eye of
aul | st rariﬁ‘e(@ﬂ'ﬂ%ﬁ%gfow%g’!’%ﬁ [SipRie finear regression sauation (Retziafth9%8Quap! e of
the ray thffsngd analysis. For many years the exact schematic eye of

@l 'strand has been used to sinmulate the optical properties of the human
eye. Apart from t hdodtf et &eMand the i mage plane the structure of the
schematic eye is a six surface nodel as shown in Table 1. Surface Nane

x-Posi tion Radi us )
wherein:

P, = power of implant for unaided distance vision (‘emmetropia’);
15 K = dioptric reading of keratometer (using index 1.3375);

Ax = axial length of the eye as measured by ultrasound; and

A = the ‘A-constant’ depending on the type of the intraocular lens and the
surgical technique.
20
The idea of the ‘A-constant’ was that this constant acted a ‘black-box’ constant capable
of absorbing any off-set errors in the system, including differences in intraocular lens
type, surgical and measuring techniques and placement in the eye. To overcome
systematical off-set errors it was recommended to ‘personalize’ the ‘A-constant’

25 according to the surgeon’s own technique.

The success of the original SRK | -formula and the later versions (SRK II, SRK /T) was
due to fact that it was based on empirical data and therefore could be made to work
without systematical errors in the average case. However, because the formula was
30 based on statistical analysis the predictive value has been shown to be of lower value in
unusual eyes like long and short eyes, eye with steep or flat corneas and in eyes with
ametropia (Olsen, 1987¢c; Olsen, 1987b; Olsen et al, 1990b; Olsen et al., 1991).
Furthermore, because it was purely dependent on the empirical data including the
measuring technique it was not easy to use in different clinical environment with
35 differences (and possible improvements) in surgical or measurement technique, first of

all the measurement of axial length.

37



Conic index GObject -30 10000 000000001 Cornea front 0 7,7
Cornea back 0,5 6,8 1,34

10

15

20

25

30

35

WO 2012/120080 PCT/EP2012/054010

Furthermore, as can be seen from the mathematics involved in the various ‘thin lens’
intraocular lens power calculation formulas, the estimation of the ELP is based on the K-
reading and the axial length only and embedded in the formula not readily visible to the
user.

Early theoretical formulae

At the time of the early theoretical formulas very little was known about the actual
position of the implant after surgery.

For example the Binkhorst | formula (Binkhorst, 1979) used a fixed value of the ELP to
predict the effective position of the implant in each case. Today there is accumulating
evidence that the ELP (or the ACD) is not a fixed value but depends on the dimensions
of the eye. Among the factors are the pre-operative length of the eye (Ax), the pre-
operative anterior chamber depth (ACDpre), the lens thickness and the corneal radius.

Figure 5 shows the ocular components of the eye before surgery (‘phakic eye’ — upper
part) and after surgery (‘pseudo-phakic eye’ — lower part) with important variables used
in the prediction of the position of the implant. ‘AxX’ = axial length, ‘ACDpre’ = pre-
operative ACD, ‘LT’ = lens thickness, ‘CR’ = front radius of cornea, ‘H’ = corneal height,.
‘ACDpost’ = post-operative anterior chamber depth.

Spherical aberration and the Stiles-Crawford correction

In the foregoing section, the optics of the eye has been described as a system of
combined lenses and it has been assumed that all rays are of equal significance for the
image to the picked up by the retina. This need not be the case, however. Due to the
existence of the so-called Stiles-Crawford effect (Stiles & Crawford, 1933) the retinal
sensitivity is depending on the angle by which the rays hit the retina. The Stiles-
Crawford effect predicts the retinal sensitivity to be at a maximum for rays entering the
pupil centre and to be of less efficiency for rays entering the pupil edge. The effects
follow a mathematical formula:

I = loexp(-0.108* y?)

wherein:

y = distance from the centre of the pupil in mm.

38
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Figure 6 illustrates the Stiles- Crawford effect showing the retinal sensitivity as a function
of the distance from the central axis (x-axis in this figure but y-axis in the ray tracing

scheme).

5 The effect of the Stiles-Crawford effect on the perceived image is that is tends to correct
for the effect of spherical aberration when the pupil becomes large (Olsen, 1993).
Spherical aberration is a phenomenon of many lenses including the cornea and non-
aspheric 10Ls, where peripheral rays are refracted more and brought to a focus at a
shorter focal length than central rays. The spherical aberration of the human eye is real

10  and accounts for the ‘night myopia’ that many people experience at mesopic (dim light)
conditions where the pupil becomes large.

Spherical aberration is not taken into account when the optics are described according to
‘thin lenses’ or ‘thick lenses’ but is readily demonstrated using ray tracing. Another

15  advantage of ray tracing is that the Stiles-Crawford effect can also be accounted for by
giving each ray a weight according to the Stiles-Crawford function.

Recent developments
One of the most important components of any optical formula relating to intraocular lens
20 implants, is the individual prediction of the position of the implant after surgery.

With the exception of the Olsen formula (Olsen, 1987a; Olsen, 1987c; Olsen et al,
1990b; Olsen et al., 1991; Olsen and Corydon, 1993; Olsen and Gimbel, 1993; Olsen,
2004) all the current intraocular lens power calculation formulas methods use virtual
25 models for the position of the intraocular lens after surgery, where the position of the
intraocular lens is described not as a physical, measurable distance but rather as a
‘effective lens position’ (ELP) defined as the distance from the corneal surface to

effective lens plane of the intraocular lens, assuming ‘thin lens’ calculations.

30 For many years the Olsen formula has been the only formula using a ‘thick lens’
approach, which means that the cornea and the intraocular lens were treated like a ‘thick
lens’ of finite thickness with exact correction of principal planes. The idea of a ‘thick lens’
calculation, as first advocated by Olsen (Olsen, 1987a), was that the position of the
intraocular lens was defined as a physical measurable distance, which eventually could

35 be verified by clinical methods. Many improvements in intraocular lens power
calculations formula deal with improved algorithms for the prediction of the post-
operative Anterior Chamber Depth (termed “ACDg.y‘) (Olsen, 1986b; Holladay et al.,
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exact schematic eye of Qullstrand. Each surface is given nunber fromleft
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(positive nmeans anterior convex and negative neans anterior concave), a

coni ¢ cogbss.chiean ef 2Er®90ar Okbh Bt ay 198 dBbiferandosb; éarasitdly @ 905 deaigis, | n t he
Qul I strand eye the axial length of the eye is assuned to be 24. 00 mm which
is the | 808 QRO retina where the i mage i s perceived. An exanple of a
ray trace of this eye, the structure of which is listed in Table 1, is

shown in Figure 7 for an ,entrance peam 20 wi dth of nmm wi t h i mted
nunber otHoweyemiathousy & th.gg '?%@@chgﬁs%ﬁeé'oﬁg% @nﬁw feé‘somoa?'nw 3 MP&ity
an?_ |b€It Egeéliﬁ{ié ae.fﬁﬁ@séneétioﬁaﬁ lthes pbéit?&eotamf@qmead@glat GenSnialthe eyé ave ahick &fnsact i on
unt i e t the '

rr¥odell still assur?ngg tsgrgelri?:gl ssul#acgscgf the oét?c%l se)ys?eng.t eeca[)seé henlﬁ?ei' the cornea

nor the intraocular lens are necessarily spherical, a better model might be based on

exact ray tracing, which can be made to work on any surface type.

10
The listing or discussion in this specification of an apparently prior-published document

should not necessarily be taken as an acknowledgement that the document is part of the

state of the art or is common general knowledge.

15 Preferred, non-limiting examples which embody certain aspects of the invention will now

be described, with reference to the following figures:

Figure 1 - Schematic diagram of the human eye, in which the various anatomical
parts and structures are indicated.
20
Figure 2 - Model of an eye showing the refraction of light and image formation. The
refraction of light through the eye takes place in the cornea (1) and the
lens (2) in order to focus light at the retina (3) at the back of the eye. If
there is an imbalance between any of the ocular components, the eye will

25 need spectacle-correction to see clearly.

Figure 3 - An example of an optical scan of a normal, phakic eye performed by the
Haag-Streit Lenstar biometer. The position of the normal, crystalline lens
30 is indicated by pointing hands.

Figure 4 - An example of a post-operative scan of the same eye shown in fig 3 one
week after surgery with an IOL in place. The position of the IOL is
indicated by pointing hands

35
Figure 5 - Hlustration of the ocular components of the eye before and after surgery.
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When using a sufficient nunber of rays (>1000 or nore) the distribution of
the ray 25 intersections on the x-axis can be studied to give an estimte
of the efWweabiwveodsocus al ong the visual axis. Likew se trhe/reeeRos4uei on of
the ray intersections with the retina (which can be regarded as a slightly
curved y-axis) can also be studied. The latter distribution is known in
optical  tFigyre 6xs t Mlispation of dhe Blles-Crandpidsitect pSF' ), which is a neasure of
the image quality. As a rreasure of the spread it |s comon practice to

cal cul at e_t he root nean-square ( of the distances fromthe axial
focus. | Figyrgdre M%@@ﬁ@hﬁ&%@va?g% Pf Buistrand sxaqt sehematicieyer ay
intersections (number of rays 5 1000) for the Gullstrand eye assumng a
pupil of 3 mm It is noted that all rays are brought to a focus behind the
retind atFigured® nm Digiebwlion of &he xaxia 3¢ 'é‘teﬁ%%iﬂ’ﬂ% SPU%t?ﬁbgf (L e‘dw(oﬂi/f?ér“?f‘pi c).

The analysis of thesueiraid Ry agslmhing & | p@;m 6M3 e, W-igidoksd thHab anasyapyi ded
at two planes: 10 1) at the retipa and at the best focus, which was

found by conputer ¥ydht foa foeus behipd t%b?}t"'aoatl@ﬁp MMbERE $Ye tih dhereloraa.
Figure 9 ill ustrat egghtheonRidghte ifynction of the Gullstrand eye at the
retina (dark col urms(); Qndﬁgtght ti(ﬁg%:tdpf)lcj)cus 0.194 mm behind the retina
(l'ight colums). The corresponding RM5 was found to be 0.256 and 0. 109 at

the rgti magaed at tnstragst offtﬁélp%mt e@%a@%dc\t&t )tSf tthGuletra@cmewet% refifl S
experinment has shown that the qualit ﬁ%{gl ving the | east blur

woul d be enhanced |($‘art(tﬁ9'l’é'mséla”fjé=hd'ﬂ%b8?t fPﬁ‘ésQ hekind errgiinafighbnger
or, alternatively, dofunthsymal | spectacle correctl on with a power of about +
0.5 D (equi val ent value of shift in axial |ength) had been placed in front
the eye. 20 Exanple 2- Ray tracing analysis of eye with IOL inplant The

fol I ow n@.?aeé 10 2CiIMBtraticHTBl thes BAVE GFNpMesifd oAVRE deRadioepdRiedMdr a @
spherical TOL inpl antedkﬁté’gS’?l ve goqQd uncorrected vision at a negligible

pupi 1'5si ze. The ef fNOENR 8Y§rade figIenRIQe With & SRBgrica) intraopulahieny ter of
the pupil with and without correction for the Stiles-Crawford effect
Figure 10 illustrates the effect of 'pupll sj.ze on the refraction gscted
for a norr!ﬁ!"ee‘!ﬂe of The\BFaRHEed iIHEASyIah IERF tRPSEoR pakares]| relagye ftonprsi " Ohs the

pupi | w dens, the eferlf¢PBRGes)t HY Sokitérior Tapsule SdibinoAds) SAGRID &@dinst the

aberration. The effect is co ensat ed for by the Stiles-
axial length (x-a

20

Figure 12- The intraocular lens position expressed as fraction of lens thickness
plotted against the axial length.

Figure 13- The intraocular lens position expressed as fraction of lens thickness

25 plotted against the corneal power by keratometry.

Figure 14 - The observed refraction plotted against the expected (predicted) refraction
for two methods using ‘ACD measured’ and ‘ACD predicted’ values for the
position of the intraocular lens implant.

30

Figure 15- The mean absolute error of three intraocular lens power calculation
methods for the calculation of the expected refraction.

Figure 16 -  Prediction error (observed refraction minus expected refraction) according

35 to the SRK/T formula plotted against the anterior segment size (anterior

chamber depth + lens thickness = position of posterior surface of the

crystalline lens). A significant bias was observed (r = 0.32, p < 0.0001).

41



Crawford effect ('SC). Two observations can be drawn from Fi gure 10:

15(1) The effective refraction is dependent on the pupil size also within

t he nor mawvoraregeoqghess than 3-4 nm), and (2) The Stil es- EcamProsid/iosfofiect
conpensates for the spherical aberration at |arger pupil sizes. 20 IOL data
The assuned physical characteristics of the 10OL (thi ckness, refractive

i ndex, front and back curvature were obtained fromthe "cutting chart’

provi ded Fiy,r8l1§an) PrédictRnadiir fotibniel feffatiibh Rinsd @ipkcted r&ké(ﬁan)l sbchrihg 20 25
SA6OAT & SN6OAT Diopter Range Anterior Radii. Posterior dii
to the formula of the present invention plotted agamst the anterior
segment size (anterior chamber depth + lens thickness = position of
5 posterior surface of the crystalline lens). A non-significant correlation was

observed indicating no bias (r = 0.001, p > 0.5).

Figure 18 - Mean prediction error (observed refraction minus expected refraction)
subdivided into females (n = 274) and males (n = 181) according to the
10 SRK/T and the formula of the present invention, respectively. The mean
prediction error was kept zero for the total group (n = 455) including both
females and males by IOL constant optimization. A significant bias with
gender is seen with the SRK/T method but not with the present method (p
< 0.05). Bars indicate standard error (SE).
15
Figure 19 - Comparison of the C-constant with the A-constant
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6.0 - 9.5 D 10.0- 15.5 D 16.0 - 25.0 D 25.5 -30.0 D31.0 - 40.0 D 35 - 81
mm 22 - 52 Mm 13.4 -29.9 mMm 12.6- 16.9 M 6.9- 9.8 mMm 75.0 mMm 37.7 nm 25.1
mm 17. 48 won2BB/12oosm Tabl e 2:' Cutting' chart provided fromERR@QO54010
Laboratories showing the radii of the anterior and posterior surface of the
I OL accor%wﬁékpomer. The refractive index is 1.5542 (\Wavel ength 550 nm
and the I'ckness is 0.8 nmfor a nornmal power of about 23.0 D. (Data
provi ded Examplle 6 - Raybtracing @nalysis of Gullsgganaiegte def i nition, the power of an

| OL can be calculated as the "thick lens' paraxial 5 power: D12 ID, - (T /

n) Di D2 wherein: D12 = total dioptric power of the lens; 10D = dioptric
power of Themxactsaghemetic eye of Gullstrand (Gullstrand, 1909,Gullstrand, 1924) was used as

5 an example of the ray tracing analysis. For many years the exact schematic eye of
Gullstrand has been used to simulate the optical properties of the human eye. Apart from
the object plane and the image plane the structure of the schematic eye is a six surface
model as shown in Table 1.

Surface Name x-Position | Radius | Conic | index
0 Object -30 10000 0 1
1 Cornea front 0 7.7 0 1,38
2 Cornea back 0.5 6,8 0 1,34
3 Lens front 3,6 10 0 1,39
4 Nucleus front 4,15 7,91 0 1,41
5 Nucleus back 6,57 -5,76 0 1,39
6 Lens back 72 -6 0 1,34
7 Retina (image) 24 -13 0 0
10
Table 1. Surfaces of the exact schematic eye of Gullstrand. Each surface is
given number from left to right, a name, an axis location (x-
Position), a radius of curvature (positive means anterior convex
and negative means anterior concave), a conic coefficient (zero for
15 this eye model) and a refractive index.

In the Gullstrand eye the axial length of the eye is assumed to be 24.00 mm, which is the
location of the retina where the image is perceived. An example of a ray trace of this
eye, the structure of which is listed in Table 1, is shown in Figure 7 for an entrance beam

20 width of 3 mm with a limited number of incoming parallel rays. Rays are assumed to
origin at infinity and being refracted at each surface according to Snell's law of refraction
until they hit the posterior surface of the eye (the retina).

When using a sufficient number of rays (>1000 or more) the distribution of the ray
25 intersections on the x-axis can be studied to give an estimate of the effective focus along
the visual axis. Likewise the distribution of the ray intersections with the retina (which
can be regarded as a slightly curved y-axis) can also be studied. The latter distribution is

known in optical terms as the point-spread function (‘PSF’), which is a measure of the
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D2 = dioptric power of back surface; T = thickness of lens (in neters); and

n = refractive index. 15 Di and D2 can be found as: Dl1= (n - 1.336) / rl

and D2= (wo282/r008) / r2 20 wherein: ri = radius of curwatrmpeoiafosfonont

surface (m; r2= radius of curvature of back surface (with sign

convention); and n = refractive index of the lens. 25 |n this \S/E% t he exact
[

cur vat ur 483g8 aufity- A9 2 EasHEe PIINRBPISAINT isrROMERNRE Prashes, eAcUlRie dPEeRY t o t he
schenme i mekabiare (‘ANISS Q1 e IRANTRBEDNHIRE Akidl 0ed)10 Exanpl e 3- Cini cal

data: identifying the constant, C Sunmary 5 As discussed in the
acconpanyi ng description, the invention is based on the inventor's

di scover ¥n tFiire t8hie dhwh-the isdibutien P hd keRisOby amelsBtiioheCHLmbel BNFays S
related to certain defined anatom.cal angsqr}zraym cal, char a‘ﬁne“l?iltl cs of the
pr e- ofer d0PQkTos e Gullsrand eye-asyming APYPE 19 BIN-adlaiStiited Mt idlda¥s &fe t he
nor mal , Wr&UghBite a4 .fofusy Bemhdithe el dtn24.0empy eopRr ajé VS tAyefaé dikaatly
patient. Thus, in Ii%ht, of the inventor's discovery, the neasurenent 10 of

certain ;B?n%igbqu(ﬁm fRflers in the eye of a patient prior to surgery (in
particular, the crystalline |l ens position and thickness)can be used to

predi ct the specific post-operative position that an i nted intraocul ar
e i | IThecRiaps of i @Ol Sbapa T nation e it rechon wa BOVHeB 8 BRI e f -om
]E hlel sfoudifg st die&@ﬂrséimb %ﬁétQMé bést fbédsiE!Which s dosrid s @@T@mar?tefﬁfbn]gtstlmte
ol | owi ng st eps; the statisti analysis of a plurality of patients
hovi oo | heuShas hh bebind T HiRen S iaue B IRalas e Red Seread eSigala 45 or & of
the eye dulltiendayd 8Nthe retina (dark columns) and at the best focus 0.194 mm behind the
retina (light columns). The corresponding RMS was found to be 0.256 and 0.109 at the

retina and at the best focus, respectively.

15
In conclusion, this experiment has shown that the quality of the image giving the least
blur would be enhanced if the axial length of the eye had been 0.194 mm longer or,
alternatively, if a small spectacle correction with a power of about + 0.5 D (equivalent
value of shift in axial length) had been placed in front the eye.

20
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20t he corneal radius, the axial length, the preoperative anterior chanber
depth and the crystalline |l ens thickness; (3) neasuring the follow ng
post oper avovel1p2o@net ers of the eye: the final refracti enT(erpaciamhe
correction) and the position of the I10L; 25 (4) denonstrating that the
nmeasured position of the IOL can be used in the optical nodel of the
pseudophdi¥ample 8- Ray kacipg anglysis of ewegwith ik fmplantgl v sinpl e fornul a
predicting the post-operative 30position of the ICL based on a constant

fraction of the biological crystalline | ens thickness, depending on the |ICL
nodel andheUpliawing rayEasingeemnlmeews PR expgf AKRrAGR dimension “E"Eh asPherioabo

cases (25@Lrﬁ%b%te@"!€ ?ém&‘ﬁreb@dtmoraaea rnaamblatbup%z&em efflRéive 70. 1
years, were included he st ud Th ri sed a consecutive series of

pati efts rpf@@w@smﬁee@sawa@he fa"%ﬁt%fa‘?f the B‘t’%’ vathy ek without eqreectipn {sthg t v Eye
dinic, AgjidsusraigsiBictiatt With unconplicated inplantation of an | OL of

simlar design (Al con Acrysof SA6QAT) into the capsul ar bag. Before surgery
the anterior corneal radius was neasured in two neridians by an auto- 5

ker at o- rﬁédr@@b@lmsffﬁlbﬂhé é’@g Q@pud’\"sﬁi@lﬁ)n thk Féttazhibn pré@lé@@foﬁ@ﬂoﬁﬁtﬁ BRf

readi ngs averaged, whi procedure when dealing wt

spheri caIaVSEﬁﬂe\Fh’I”é'ﬁﬁ'%“ W*F'Pné %F‘P%\‘Fa' I'th’(‘ﬂ'a%ésﬁﬁ%gﬁﬁ" byidges.ige GM‘F bgggmes

i nt erfper Q@;prdaé debsiit drQphasdaP bbdritionS THRMiteeCis cdfipRnsdted FBRY)the BiiRs-

Ant eri or Depth (termed "ACDpre") and the crystalline | ens thickness
(termed "Grawjordefieid'Strle- operative eye of the patients were neasured
10using optical interferonetry (Haag-Streit LS900 Lenstar). Excl usion
criteria were eyes with conplications during surgery, IO inplantation

out si de tH¥ %’%ﬁ%‘(ﬂ“ﬁ?s sApe 9!?@’!‘6‘29&1 Bgurectfses, previous anterior (Le. LASIK),
or posterior segment surgery, negative |ICL power and pre-operative or

post -operative astigmatismlarger than 15 4 D. For the present stud only
cases™vith a d&t oﬁ@r gffechye 5@8@“'@%‘? sependent §Gatlhea‘lﬂﬁ’i"tiiz%1a'3204"§ﬂ” 6%9 nor e

were included in orfghalrandiéssanaeBuahmg pat i mate of the final spectacle
correction (the refraction The post-operative followup tinme was set from
1 week to 3 nonths. At that time the 20 visual acuity and the refraction

were recorded.2fhe 1esttileCralfore effétt onfensdtas e theespnlricdl esusadtioi@bpost ")

was neasured uslng ot%lé}gl?g'lsllzrétserferonetry (Haag-Streit LS900 Lenstar).

20
IOL data
The assumed physical characteristics of the IOL (thickness, refractive index, front and
back curvature were obtained from the ‘cutting chart’ provided by Alcon). An example of
the cutting chart is given in Table 2:
25
SAGOAT & SN6OAT
Diopter Range | Anterior Radii | Posterior Radii
6.0-95D 35-81 mm 75.0 mm
10.0-155D 22 - 52 mm 37.7 mm
16.0-25.0D | 13.4-29.9 mm 25.1 mm
255-30.0D 12.6 —16.9 mm 17.48 mm
31.0-40.0D 6.9-9.8 mm 25.1 mm
Table 2: ‘Cutting’ chart provided from Alcon Laboratories showing the radii

of the anterior and posterior surface of the IOL according to power.
The refractive index is 1.5542 (Wavelength 550 nm) and the
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A summary of the clinical data is shown in Table 3. 25 Data Age (years)

Keratometry (D) Axial Length (mm Preop ACD (mm) Preop LT (nm | OL power
(D) Mean WO 2012/120080 PCT/EP2012/054010

5

10

15

20

25

thickness is 0.8 mm for a normal power of about 23.0 D. (Data
provided by Alcon Laboratories).

By ANSI definition, the power of an IOL can be calculated as the ‘thick lens’ paraxial
power:
Do = D1—(T/n) D, D,

wherein:

D12 = total dioptric power of the lens;
D1= dioptric power of front surface;
D2 = dioptric power of back surface;
T = thickness of lens (in meters); and

n = refractive index.

D1and D2 can be found as:

D, = (n - 1336) / Iy
and
D2= (1.336-n)/r;

wherein:
r1 = radius of curvature of front surface (m);
rz = radius of curvature of back surface (with sign convention); and

n = refractive index of the lens.

In this way the exact curvatures of the IOL can be found from the labelled power

according to the scheme in Table 2
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70.1 43.6 23.70 3.13 4.59 20.81 (+ SD) (+ 13.1) (+ 1.45) (+ 1.52) (+ 0.42)
(+ 0.47) (+ 4.24) Range 20 - 94 39.2- 20.10- 2.01- 2.97- 4.0 - 34.0
WO 2012/120080 PCT/EP2012/054010

Example 3 — Clinical data: identifying the constant, C

Summary

5 As discussed in the accompanying description, the invention is based on the inventor’s
discovery that the post-operative position of an intraocular lens is related to certain
defined anatomical and physical characteristics of the pre-operative eye — in particular,
the position and the thickness of the normal, biological, crystalline lens in the pre-
operative eye of the patient. Thus, in light of the inventor’s discovery, the measurement

10 of certain physical parameters in the eye of a patient prior to surgery (in particular, the
crystalline lens position and thickness)can be used to predict the specific post-operative
position that an implanted intraocular lens will occupy in the eye of that patient.

That discovery arose from the studies discussed below. In brief, those studies involved
15  the following steps:

)] the statistical analysis of a plurality of patients having lens surgery,
(2) measuring the following preoperative parameters of the eye of the patient:
20 the corneal radius, the axial length, the preoperative anterior chamber

depth and the crystalline lens thickness;

3 measuring the following postoperative parameters of the eye: the final
refraction (spectacle correction) and the position of the 10L;

25
4 demonstrating that the measured position of the I0OL can be used in the
optical model of the pseudophakic (IOL) eye;
5 generating a surprisingly simple formula predicting the post-operative
30 position of the IOL based on a constant fraction of the biological

crystalline lens thickness, depending on the IOL model and surgical
technique.

Materials and methods

35 A total of 590 cases (250 males and 340 females in the age range 20 — 94 years, mean
70.1 years, were included in the study. They comprised a consecutive series of patients

referred for cataract or clear- lens surgery at the University Eye Clinic, Aarhus Hospital
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47.8 29.39 4.40 5.93 WD 2012/ 120080PCT/ EP2012/ 054010 Table 3.d i ni cal
data of 590 cases with a known IOL inplant. The axial |ength, the

pr e- oper avowee12AGmsand t he crystalline | ens thickness wepeTmPasianediby | aser
interferonetry. Mean values (+ SD, standard deviation) and ranges are shown
5 Results Measurepent of the post-operative Anterior Chanber h io The
nmean posivithgncgmpligated @mﬁ¢@'°&r°f@ﬁé$L|°®E'nan gdesign, AjeanA %@fﬁ@ﬁbﬂ”@ 0.35
(+ SD) (nRdespsdlapBag. S- 78 nm) . This was defined as the neasured anterior
chanber depth + haa? of the known thickness of the 10L. Wen plotted

agai nst the axial length and the preoperative position of the biological

cr ys: al It IBf&orle?ﬁ Ugery %Ke?ﬁwtb?or&fbﬁﬁhal rdtiis wae niRRSUedan b n’lié?ﬂldngt-byvﬁﬁaﬁto- )
const an racti on o e ic e Cr ine |ens si ze

(Fi gufe 15%7te- refragipeietey @%ﬁ@eﬁf@c{ﬂ' h'm? %ﬁba%‘& heitwprre €r39¢ckness
the IOL p@dH 5somes&mmdn PrededuizOwhén \dealiryy With %Tph@rrbav\ﬂebblvélbﬁtsaxﬂ'ﬁé akingt h,
whi ch was barely | ficant shown

in Fi gur dengih "t"'ﬁe’“ urﬁesﬁ'st'%??%%\)\%ta?f%mﬁ@m s%ﬁ?f'&%@o&?@?gvﬁgwcw th

the keratiBt G¥rmidnyF Grr@%nt&?or%ﬁémbeﬂmmer(ﬁénw&mm@mpraqnarﬁi el dristamte
correlation with axial g'; Pd keratorretrg/ ﬁ
lens thickness (termed T") o e pre-operative eye of the patients were measured

10  using optical interferometry (Haag-Streit LS900 Lenstar).

Exclusion criteria were eyes with complications during surgery, IOL implantation outside
the capsular bag, dislocated lenses, previous anterior (i.e. LASIK), or posterior segment
surgery, negative IOL power and pre-operative or post-operative astigmatism larger than

15 4 D. For the present study, only cases with a post-operative best corrected visual acuity
of 20/50 or more were included in order to have a reliable estimate of the final spectacle
correction (the refraction).

The post-operative follow-up time was set from 1 week to 3 months. At that time the

20 visual acuity and the refraction were recorded. The post-operative Anterior Chamber
Depth (termed “ACDpost’) was measured using optical interferometry (Haag-Streit
LS900 Lenstar).

A summary of the clinical data is shown in Table 3.

25
Data Age Keratom Axial Preop Preop LT IOL
(vears) etry Length ACD (mm) power
(D) (mm) (mm) (D)
Mean 70.1 436 23.70 3.13 4.59 20.81

(+ SD) (+131) | (+145) |(+152) |(+042) |(+047) |(+4.24)

Range 20-94 39.2 -120.10 -|201 -1297 - 14.0-34.0
47.8 29.39 4.40 5.93
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25 inportant observation, as this neans the prediction of the ICL position
can be nmade i ndependently fromboth the K-reading and the axial |ength,
contrary wo 2eteai20088 assuned in all existing fornul as toaay/EPE@rosdoa0 t o
predict the position of the 1OL 30Based on the observation that the

position of the IQL is g constant fraction aof the crystallin ens .
t hi ckness t he e8lEIHwi ng%"ﬁ&cﬁhfj?}ac‘&ﬁ trRses WithLP i KORWR @ﬁ-e'mp&'\?njéh‘? R¥al o
position in the indivi dysigtsase prd-opsratvl ACEBNand M prystattin€ lérks Biicknbsy ei n:

10Lpredicted is the expected post-operative (central osition of e | QO
ACDpre is the pre-operatfe ’BE?%W‘@B’VC %é’?té'g%B?‘ﬁ?ry'?_ 620 Yqlues SLIS%EI li ne

|l ens thickness; Cis a rumaaidcddvigtionsiritangds)areehaied to the 1Ol type (=
38. 7% in current dataset). Results of 1OL power calculation To verify the

hypot Resis that this method can be used in the calculation of the | OL power
I n the individual case several experinments were perfornmed: Using the
observed (neasured) ACD, the expected post-operative refraction was

cal cul at ng ray tracing formula as described in the preceding
sections. This experiment is to be regarded as the experinment show ng the

ultimte accuracy resulti from erfect nmeifhod show ng no error
predi ct i d‘@e%%qé‘*"i'%ﬂfog@@ippﬁ' ) r‘i?fﬁ’l‘er‘é”t%?éq%@wbﬁbéeﬁatgr mul a (Le. 10Lpredicted =
ACDpr g ; The’mbdn podifith fﬁﬁeq&mepﬁ&he)qmlr)ﬁér _\serge%f wasuigwgnmas o3 Euspy ed
using the ray tracin or. a as scribed in the precedi ections. As a
r ef er encdr@ngRe-$r %&/\E‘l’“)ﬁés sc‘?ﬂ%ﬁ?%da% Hﬂe?%ée‘gﬁrﬁﬁ?%frcr}% dgRHbd
whi ch i s Haref ée Knid@nmisknesd REtHaNOL Ghpe pitted absainbtahé axialmeidin dnd teestet oday .

operative position of the biological crystalline lens it can be seen, that the position of the

IOL was a constant fraction of the thickness of the crystalline lens (‘bag size’) (Figure

15  11).

Expressed as the fraction of the crystalline lens thickness the IOL position showed small
positive correlation with the axial length, which was barely significant (r = 0.13, p < 0.01,
Figure 12).

20
As shown in Figure 13, the IOL position showed a non-significant correlation with the
keratometry (r = 0.04, p > 0.2).

The very weak or non-significant correlation with axial length and keratometry is an

25 important observation, as this means the prediction of the IOL position can be made
independently from both the K-reading and the axial length, contrary to what is assumed
in all existing formulas today.

Formula to predict the position of the IOL
30 Based on the observation that the position of the IOL is a constant fraction of the
crystalline lens thickness the following formula could be established predicting the IOL

position in the individual case:

IOLpredicted = ACDpre + C - LT
35
wherein:

I0Lredicted IS the expected post-operative (central) position of the IOL;
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In all these experinments, the predictions were anal ysed for nean nuneri cal
error, 25 standard deviation and range of error. In case of the SRK/T
formul a, wbeorredseti ons were optim zed as recommended BYTIHPR012054000 S SO
that the A-constant used was accurate in the average case. As is the case
when eval uating fo nical 10OL power

cal cul ation, all n@\ gagsak&éﬁre-g% Jfltﬂ‘%ezare;l‘? rIo'r‘EﬁQn % a%g - set errolros adj usting
the nureri cal neanLé‘nsmedrystallarredendﬂniaknessg this, it is possible to evaluate
30 fornula perfor viiat .o § or, or
alternatively - as 8 SR PR G e BRICHR BT Y |- Tl h¥onSHE

cal cul ati on st udi edlatasbty. conparing the absolute error for each nethod.

In Table 4 is shown the results of the three experinments. As can be seen
the | 8west 35 error (I owest standard deviation, |owest nmean absolute error,
smal | est ResulgeadeLemmrealoW@OlZ/ 120080PCT/ EP2012/ 054010 and t he hi ghest

bbsor ved eneuuiREByebast, B il fetbo VR ok YRl hp dalciBdR AR O Bt 1° 0

pr edi ct euh fEEInhd’vnﬂMrcam severd] B)(pemnﬁmvt@wéﬁ gerfoom&D (D) 0.494 0.536 0.580
Range (D)

10  Experiment 1: Using the observed (measured) ACD, the expected post-operative
refraction was calculated using ray tracing formula as described in
the preceding sections. This experiment is to be regarded as the
experiment showing the ultimate accuracy resulting from a perfect

method showing no error predicting the IOL position.

15
Experiment 2: Using the new ACD formula (i.e. 10Lyedictea = ACDpre + C X LT), the
expected post-operative refraction was calculated using the ray
tracing formula as described in the preceding sections.
20 Experiment 3: As a reference, the IOL power was calculated using the popular

SRK/T method which is one of the most popular IOL power
calculation methods used today.

In all these experiments, the predictions were analysed for mean numerical error,
25 standard deviation and range of error. In case of the SRK/T formula, the predictions
were optimized as recommended by the authors so that the A-constant used was
accurate in the average case. As is the case when evaluating formula accuracy in the
field of clinical IOL power calculation, all methods were optimized for small off-set errors
adjusting the numerical mean error to zero. In doing this, it is possible to evaluate
30 formula performance by comparing the standard deviation of the error, or alternatively -
as is usually the case in the field of IOL power calculation studies - by comparing the

absolute error for each method.

In Table 4 is shown the results of the three experiments. As can be seen the lowest

35 error (lowest standard deviation, lowest mean absolute error, smallest range of errors
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-1.48-+1.45 -1, 55-
<+ 0.5 (% 70.4 67.1 60.7 Error
1.5 (% IWO202/0®8.7 Error >= + 1.5 (%

Error

10

15

20

25

+1.58 -1.75- +1.53 Mean abs error 0.385 0.413 0.459
<+ 1.0 (% 95.6 93.2 91.8 Error

PCT/EP2012/054010

and the highest percentage of cases within + 1.0 D) was found with the method using the

observed (measured) ACD post-operatively.

IOL calc method | ACD measured | ACD predicted SRK/T
Mean error (D) 0.00 0.00 0.00

SD (D) 0.494 0.536 0.580
Range (D) -1.48 - +1.45 -1.55-+1.58 -1.75-+1.53
Mean abs error 0.385 0.413 0.459
Error <+ 0.5 (%) 70.4 67.1 60.7
Error <+ 1.0 (%) 95.6 93.2 91.8
Error <+ 1.5 (%) 100 99.1 98.7
Error >= + 1.5 (%) 0 0.9 1.3

Table 4. Error of 3 methods to calculate the refractive outcome after IOL
implantation. Method ‘ACD measured’ is based on the optical
model of the pseudophakic eye using ray tracing and the actual
(measured) position of the I0L. Method ‘ACD predicted’ is based
on the same optical model but using a predicted (calculated)
position of the IOL according to Eq 1. Method ‘SRK/T’ is based on
the current Sanders-Retzlaff-Kraff (‘theoretic’) formula which is one
of the most widely used formula for IOL power calculation today.
The error is stated as the difference between the observed and
expected refraction (spherical equivalent) in the spectacle plane

expressed and Dioptres (observed minus expected).

Comparison of Experiments 1 and 2

These two experiments were in close agreement, at can be seen in Figure 14 showing
the observed refraction plotted against the expected (predicted) refraction for the two
methods. Correlation coefficients were 0.88 and 0.82 for experiment 1 and 2 respectively
(p < 0.001).

The overall error of the 3 experiments

In Figure 15 is the graphic comparison of the mean absolute error of the 3 methods.
There was a statistically significant difference in accuracy between all 3 methods (p <
0.05).
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00.913 5Table 4. 10 15 Error of 3 nmethods to calculate the refractive
outcone after ICL inplantation. Method “ACD neasured' is based on the

opti cal mwdebiwhoishe pseudophaki c eye using ray traci ngpramapreéie/osmiual
(measured) position of the 10L. Method "ACD predicted is based on the sane
opti cal | FRdhhes e eah&EM ndtssHs position of the 1CQL

accor di ngﬁﬁgérégy%{s%?ﬁ’ggmBSRKIT (?/s basred on thse current

Sanders-Retzl af f-Kraff (Theoretic') forrmula which is one of the nost w dely
used formla, BAWeht Gl cul ation today. The error is stated as the

di fferencﬁli&!:g%hﬂpémérgfs served and expected refraction (spherical

equi val eds)despriheddn é’pﬁaﬁ@f‘%ﬁ@!r@ sechons, enp pbieagvamaoes of fhe eesepiyBvantien isyi nus
expeciedyy, @qm%érfhéoar O%peﬁamerémen&ﬁ cﬂarﬁm} ae&hem D G HiEHFRYE Sagher e i n
cl ose agreerrent at can be seen in Figure 14 show ng the observed

refract i oreditorstfetitheqesiion of the Ol eFhieis ipprostipettte @fher dPL pevebRAlFdatiahe t wo
20met hodsg, r\?ngPJ ﬂ-}néﬁ hQé‘trfeO}Q-frééngeQﬁcﬁth‘é@.{x@al Rrifh ﬁ:?%ll@al%@laﬁ&{s :ﬁ&ﬂ&ih? BRtH 1 and

2 respectl The overal |l error of 3 experinents In
Fi gure 1%hé¢ thm@aﬁ%ﬁhéa%%ﬁe@@wwﬂﬂ%@'—nﬁ‘éﬂ"’ﬁbsol ute error of the 3
met hods. 25There was a statistically significant difference in accuracy
between all 3 nethods (p < 0.05).

10  The fact that the IOL position is depending on the preoperative anterior chamber depth

and the lens thickness as shown in the present invention leads to the hypothesis that
other IOL power calculation formulas like the most popular SRK/T formula may show a
bias with the anterior segment size (Anterior segment size = anterior chamber depth +

lens thickness).

15
As shown in Figure 16, this was actually the case in a series of 455 cases when the
prediction error of the SRK/T formula was plotted against the pre-operative anterior
segment size (r = 0,32, p < 0.001). The bias, which is undesirable, was not seen with the
present approach (Figure 17).

20

Bias with gender
Another improvement is found with gender bias. It is well known from population studies

that female and male eyes differ slightly in many ways. Examples are the corneal radius,
the anterior chamber depth and the axial length which are smaller in females than in
25 males. Also the average IOL position differs slightly, as can be demonstrated in a
sufficiently large sample (unpublished observations by the author). This would pose a

problem if one would like to use the same IOL constants for both females and males.

However, due to concept of the ‘C’ constant in the present invention which predicts the
30 IOL position relative to the individual anatomy of the crystaliine lens, it may be
hypothesized that this method is not as prone to gender bias as the A-constant method
of the SRK method which is based on the average 10L power valid for a case mix of both

females and males.

35 As shown in Figure 18 this was actually found to be the case when the total series was
subdivided according to gender. The total series comprised 455 individuals (274 females

and 181 males) where the refractive predictions have been corrected for average off-set
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Further results show ng i nprovenent over current nethods Bias with anterior
segnent size As described in the foregoing sections, one of the advantages
of the prweent2izmsention is 5 that it uses the pre-oper CITEP2@R0S401@OF

chanber depth and the | ens thickness as predictors for the position of the

10L. This is in contrast to other power cal cul ation fornoyl whi ch use
the K- r e&HORyPWARIMIERI 3G E&ﬁ- ‘F°é‘ﬁj‘r"h‘l°r PP g3 e °é&-i\6’r'fg ‘ﬁ‘%\%%@fﬁ’&“w@t h the
?Et It c ?lh Ca;’hldafi/@h’gtei ;{?é&ctﬁﬁﬁb_ rzd”li@)f m;i mibcanha{mhw DR fb@kdt PaBé fdntidles A fﬂﬁﬁesf act

a e yositiaon is dependi ng ( reoperative anterior chanmper
dept h andesRestiyebn whieh &?ﬁe%ﬁg"fg??”gﬁHﬁﬁrqnﬁ?ﬁoﬁbzﬁge&’eﬁta(ﬁv%ﬂt{‘d’ﬁe IPE2RFS t o t he
gxlg E'(I)'EI' h]gesirﬁetlh&ﬁtth@tabﬁfagbcar%@amrerﬁlw‘aﬁl fat:iu?tb _b@r-mmhansahdtt ko.06I® ineshalgopul ar

ormul a may show i as W e anteri se nt size erjor

Sogmeft  Arddnalon earedr St man gt AoRTEaT TR ERere ol AT BhoRe | n
Fi gure 16reddit mewdd thsrefond Shovid v Isias®ith Gedeser i es of 455 cases when the
prediction error of the SRKTT formula was plotted against the pre-operative
anterior segnent size (r = 0,32, p < 0.001). The bias, which is
undesi r aldgncispsnot seen with the present approach (Figure 17). 20 Bias
wi th gender Another inprovenent is found with gender bias. It is well known
from popul ation studies that female and nale eyes differ slightly in many
ways. 1oExafIpl esrhar eurtdhe inventihaprediemi the ,pobikien antiey IGY infdkait&e in thepddpsalad t he
axial length which are smaller .in femal es thﬁ in 25 malcﬁ:z Alsooihe
average | OL pc&Pt RTINS 1% ACCUERP JReqsprements of the: Padiiishapd dhigpesy of the
sufficiently |matgal srpst@lie lebipubl i shed observations by the author). This
woul d pose a problemif one would like to use the same I CL constants for
both fenmal es and nal es. However, due to concept of the "C constant in the
present inventiHanfoniiiaprediedité Tehtre oBthd AL ROBE ta Edhstart Haktich (@ dfliee

i ndi vi dual anatony _of the. crystalline,lens, |t hypot hesi zed . t hat
Lhi's Thet hod | STYRAINEIe DIRNES e Iofeendoo b b VAN BESHEIEDS t he
gRKhrr]?t hold V\hitédfhriirﬁJlebEGrﬁjéS e é\}‘dﬁagﬁlﬁbﬁﬂnﬁx bﬂthep@%ﬁrha&abééh Béferr&inléldsiﬁféﬁ xdof
ot emal es and males. 35 _As shgwn . jn Figure 18 this was actually found to
be the case \/\/rﬁ-ff%‘cler‘i‘éni"ﬂp%{l°f§@??se§‘evxﬁs"a§%gq’\ﬁeo‘iﬂ'vﬁ &gt ﬂ@}%?‘ﬂar er. The
total series conprised 455 individuals (274 femal es and 181 mal es) where
the refractive_predictio hgve been corrected for average off-set rrors
by opti m i ng THePTPeEtartede L pesians niads idapendeniii Y e NpesreEnte k) T
fornuga, an avpe aemell et (KaBadihd Pandthe aRial RnGhawdich Gradifiohhiyatavé deedl i n
the fenmal es and g%gﬁé[ espectively, which was significantly different from

zero (p < 0.089¢ ENYfesent nethod the average prediction error was
found to be -0.04 D and +0.05 D in femal es 5and nmal es, respectively, which

as not o} ont Thcant iy, AT The [LOMES B (R 5rdeR®hoprolth RLSSALe TBL o0

information from measurements of the IOL position (as well as predicted values)

25 to make accurate predictions

5. The resulting accuracy of the IOL power calculation is higher than with current
methods like the SRK/T formula and the predictions show no bias with axial

length, anterior segment size and gender.

30
6. Because the method relates specifically to the anatomy of the lens to be operated
on, the method should work in any type of eye, including eyes that have
undergone changes of the corneal anatomy, like post-refractive surgery (LASIK,
LASEK, PRK, RK etc) patients having had corneal surgery for refractive errors.
35
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Concl usions The current invention predicts the position of the IO
inplanted in the capsul ar bag according to accurate neasurenents of the
posi ti on woaottizedsness of the natural crystalline | ens Phe/Hroomiobaipr edi cts
the centre of the 1COL to be a constant fraction 'C of the crystalline |ens
t hi ckness_ (' bag si ze'(’_i%', dependi n(g] on the 10L style and the surgical

t echni quéEXampie 4rnarigfandgdhe cGans@ntor the |1 O has been determined in a
sufficient nunber of cases, the 'C value can be derived for the particular
10L. The prediction of the | OL position is nmade independently of th

Teas ur emdePasHion b thed QoM BRROPETAAVF 4R (#115 Nenshdd RUMSRERLEOTRARlt §) whi ch
tradi ti ongdy be MBKENJREDY the GEoratnPbitas 1OD tHat istimplahis, Pakticalatly BoeiRise @he t he
eye used in the greselg appr oach can, Uti‘liél;% the i nfqrmation frqgl_ .
measuPenelArgetst, spaRe arq Meaniqabpropgdieqof the epfirsanpy: induencg houstred Gl wilk
accur at e Qarehed foPRardididatiefdait tas ResICoitAs Yradlialt ddbtradton P WRY capaliewitat i on i s
hi gher than with current nethods |ike the SMJUT fornula and the predictions

show no Ui t h axial length, anterior segnent size and gender. Because
the nethod relates specifically to the anatony of the I ens to be operated

on, the nethod shoyld wo in any type of eye, including eyes that have
nder gond RATIAG S SRS Belpe e A i G kalhd Gblinatiuid bie Ity
(LASI s, LOBEpeshR¥urpiingly €thalat i ents having had corneal surgery for

refractive errors. Exanple 4- Variation in the C constant The position of
the IOL within post-operative eye (and hence the nunerical constant, C nmay

Ee infl uembﬂéih 55 gpfoWéwatﬁQib@rﬁh dayfréth é\l'vbeifﬂﬁféqtﬂdmi?é whigh ihBé amb@falu gﬁ&h%ﬂrﬁﬁrﬁc&” y
ecause the, i ameter, shape and nec C properties o e haptics may
't UenccRiSR 1 Ao PELDYoen e GoRSaTt ditets Y BPVLaRR ReMEensths MOSRS. of |t he
gradual comkespsridirgto@hiytdI2o MmaPassuminf Ariadeléyeatafa. However ,

di scu155tsed below, the variation in the C value obtained using two different
10l O™ ypes—is—surprisingly—smgll . _Table 5 shows data obhtained fromtwo

di fferent | 10Ls whi ch ha\/gb'éffferen’(’e‘ij'eomatrysynd desi @ﬁf’ As| caM3e sleen the

C-constant/ali ffers by owiwdalsOg b€tvaten the two 10|sC valuer espCrvimeg it 0 only
0.29 mm assum ng avernage eye data. 15 101_ No. of |ndividual s Mean

Alcon SA60AT 100 0.38 0.04 0.31 0.58
AMO

24 0.44 0.05 0.33 0.57
ZCBoo
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C value SD M n C value Max C val ue Al con SA60AT 100 0.38 0.04 0.31 0.58 AMO
ZCBOO 24 0.44 0.05 0.33 0.57 Exanple 5- Conparison of the C constant with
t he A- corsDant2/120080 PCT/EP2012/054010

Example 5 - Comparison of the C constant with the A-constant

The method of the present invention is performed using the numerical constant, C, which
defines the relationship between the post-operative position of the IOL in the eye of two
5 or more eye-operated individuals, relative to the thickness of the crystalline lens in the

pre-operative eye of the two or more eye-operated individuals.

The constant C can be determined using data obtained from a relatively small number of
eye-operated patients, rendering it advantageous over previous methods (such as those

10  using the A-constant) which require data from larger data sets.

The minimum number of eye-operated patients needed can be derived from the
statistical analysis of data that has already been obtained using the present invention.
For example, a typical finding is a mean value of C=39% with a standard deviation of
15 only 4%. The small standard deviation means that very few cases are required to obtain

a statistically-meaningful estimate of the constant, C.

This is in contrast to (all) other formulas using “fudged” constants (i.e. the A-constant)
derived from the observed final spectacle correction.
20
Figure 16 provides a numerical example illustrating the favourable benefit of the C-
constant as compared to the A-constant in the analysis of aggregated data. Figure 16
has been constructed from a random sample of clinical data by calculating the observed
mean value of the new C-constant as compared to the old A-constant, and transforming
25 the deviation from the final mean into error in the spectacle correction (Rx). As can be
seen, the C-constant rapidly reaches a reasonable accuracy within 0.1 D whereas the

curve for the A-constant takes at least 25 cases to do so.

Figure 19 provides a numerical example illustrating the favourable benefit of the C-
30 constant as compared to the A-constant in the analysis of aggregated data. Figure 16
has been constructed from a random sample of clinical data by calculating the observed
mean value of the new C-constant as compared to the old A-constant, and transforming
the deviation from the final mean into error in the spectacle correction (Rx). As can be
seen, the C-constant rapidly reaches a reasonable accuracy (within 0.1 D) within the first
35 25 cases whereas the curve for the A-constant takes at least 50 to 100 cases to stabilize.
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The nethod of the present invention is perfornmed using the nunerical
constant, C, which defines the relationship between the post-operative
posi ti on wO 20te120082 i n the eye of two 50r nore eye-oper acedpreodiosiodual s,
relative to the thickness of the crystalline Iens in the pre-operative eye
of the t\e%Fg RENUES eye-operated individuals. The constant C can be
determ ned using data obtained froma relatively small nunber of
eye-operated patients, rendering it advantageous over previous nethods
(such asghlgse vLORS)- ﬂ&nﬁé‘%oﬁgt?‘ﬁ@ﬁ%ﬁﬂér)cal"@brﬁbe&eﬁHicrIﬂhyiﬁ!aﬂs%qub doggr data
sets. The m ni mim nunber of eye-operated patients needed can be derived
fromt he(#a381s864al anal ysis of data that has al ready been obtai ned using
the pgesent invention. For exanple, a typical finding is a mean val ue of
C=39% wi th a standard deviation of 15 only 4% The snmall standard devi ation
means t h&inkpersy R @vab@é)@BC%dés'ﬂEcﬂu"?t@?CF'éf I8 dnplaptss Cphthalmie 3yrg 192ani ngf ul
estimate @fﬁz@q& constant, C. This is in contrast to (all) other fornulas
usi ng "fl& ged” constants (i.e. the A-constant) derived fromthe observed
final spectacle correction. 20 Figure 16 provides a nunerical exanple

|11 ust r algifi@olf R bambamreneh%sw cAEUISIR. frt SEHAALI B ¢9’T§35{ﬁ@)d 28p- the
A-constant I n the analysis of aggregated data. Figure 16 has been
consttPuctZéd- from a random sanpl e of clinical data by cal culating the
observed nmean val ue of the new C-constant as conpared to the old
A-constant, and transform ng 25 the deviation fromthe final nmean into
error i nGornbsansiet Mt Ce C@!ﬁ“h%@'t‘ iohthg payer ofsanciin e lenseler distant wisiom fHraht

rapi dly W &qgccuracy within 0.1 D whereas the curve for

t he A-const ant ?ggzgagj?p?ggstg% cases to do so. Figure 19 provides a
nunerical exanple illustrating the favourable benefit of the C 30 constant
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(i1) determning the thickness of the crystalline lens in the pre-operative
eye of iothe patient; and (iii) predicting the post-operative position of
the intrawoubmrizbmns rel ative to the position of the crystraipéompsdoans in
the pre-operative eye of the patient, as a proportion of the thickness of

t he crys%ﬁlﬁllbge lens in the pre-operative eye 150f the patient, wherein the
proporti defined by a single nunerical constant (C) which is

determ ned by the intraocular |lens type. The nmethod according to Claiml

wherein step (i onprises,. determ ning the axi.al sition of the

Crystall ine | Enineftiariat PiaRisto B, besyenetalve, posiien L restdcemtant ifferyar
according to @raiimah e9e oba phiart,the hriethodluveiprisia tisostepsot (C) is further
deternm ned by the patient type. The nethod according to any of Clains 1-3
wher ePn the nunerical constant (C) is further determined by the approach
used to inplany theletgrinimartikositiensf the ekistingegrgstaliheleneimibd prs-opedtiveg t o
any of Clainms 1-4 wherejn the nunerical constant (C) defines the

rel ati onship bet me@%etoﬁg'erﬁ?g?moperati ve position of the intraocular lens in
the eye of one or nore eye-operated individuals, relative to the position

and thickness Qf the crystalline lens .in th re-operative eye. of the one
or more. eye- o at SESTIN W ANSNeSE Ofhe histabs s faf HE BTN 3¢ OB ai ms
1-5 wherein the nunee¢ patint;aadst ant (C) is cal cul ated using data obtai ned
fromthe two or nore eye-operated individual to whomthat intraocular |ens
type has been inplanted into the eye using that inplantation approach. 7The

met hod accordi@ip t erédistingfth&pastropeiatiGe pbsitien of thb éintracowlar leas relativettantie ( C)
5defines a fraction of. thf t hi cl§ SS, of.ttge crgsta{.l i ne ISns itn tthe

pre-operative eye &PSHRROf NS 5ysiaifielens in the prePRY NG A G A dRT B F$ et hod
accordi ng to any ofprépariorsoflthe thitiaiees bf theecrystallireolens ar thegme-obgiative eyedapt ed

for |1rgpl antation i notf%‘et‘g]aieﬁgpsul ar bag in the eye.

wherein the proportion is defined by a single numerical constant (C) which
is determined by the intraocular lens type.

20 2. The method according to Claim 1 wherein step (i) comprises determining the
axial position of the crystalline lens in the pre-operative eye of the patient.

3. The method according to Claim 1 or 2 wherein the numerical constant (C) is
further determined by the patient type.
25
4 The method according to any of Claims 1-3 wherein the numerical constant (C) is
further determined by the approach used to implant the intraocular lens in the

eye.

30 5. The method according to any of Claims 1-4 wherein the numerical constant (C)
defines the relationship between the post-operative position of the intraocular
lens in the eye of one or more eye-operated individuals, relative to the position
and thickness of the crystalline lens in the pre-operative eye of the one or more
eye-operated individuals.

35

6. The method according to any of Claims 1-5 wherein the numerical constant (C) is

calculated using data obtained from the two or more eye-operated individual to
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10 9. The nmethod according to any of Clains 1-8 wherein the inplantation
approach is inplantation of the intraocular lens into the capsular bag in
t he eye. WO0.20ibheorset hod according to any of Cains 1-9 wROEmPRe2005®10

nunerical constant (C) is 15cal cul ated from data obtained fromthe two or

nore eye-operated individuals using the follow ng for a: C= (10 asured
T com ) 1 L PBGAE diAoLE T Bbechas, been ToBdierchfybE eféusbe THE

i ntraocul ar | gRplahfatibiapgeschoper at ed i ndividual after surgery; ACDpre is
the position of the crystalline lens in the eye of the eye-operated

I ndi vi dual before surgery; and 25LT is the thickness of the crystalline
l ens in the eymedhethbg acy®dingas ahgdf Criing 168 dheled theenuindrigal gonstaht (CThe

met hod accor di to L m erein 10l measured is determ ned neasuring
The Adt or i or Gt el o tRe Tetefh SbRe he e s bE are-Ris olte Bre

30af ter sur gergy theltdo of itoréeydroperaedadivitgals.0 C ai m 10 wherein ACDpre is
determ ned by neasuring the Anterior Chanber Depth in the eye of the
eye-operat ed individual before surgery. 35 13. The method according to any

of d ai nm.10- hewhethod Rctdrding Uodhy ©aICIalas SitAnhele® tHeSintioque Nargetypalisie
obt ai ned fromthe t r.e le{xe-operat erg)i ndivi duals. WO

2012/ 120080 PCAORPSE 19 DBIRS EYOR e T Saee i GIPNGENy to any of Clains 1-13

wher ejon t he nunerical constant (O

9. The method according to any of Claims 1-8 wherein the implantation approach is
implantation of the intraocular lens into the capsular bag in the eye.

10. The method according to any of Claims 1-9 wherein the numerical constant (C) is
15 calculated from data obtained from the two or more eye-operated individuals

using the following formula:
C = (lOLmeasured - ACDpre) / LT

20 wherein:
IOLmeasured 1S the measured position of the intraocular lens in the eye-operated
individual after surgery;
ACD,. is the position of the crystalline lens in the eye of the eye-operated
individual before surgery; and A
25 LT is the thickness of the crystalline lens in the eye of the eye-operated individual
before surgery.

11. The method according to Claim 10 wherein 10Leasues iS determined by
measuring the Anterior Chamber Depth in the eye of the eye-operated individual
30 after surgery.

12.  The method according to Claim 10 wherein ACDy. is determined by measuring
the Anterior Chamber Depth in the eye of the eye-operated individual before
surgery.

35
13. The method according to any of Claims 10-12 wherein the numerical constant (C)

is an average value obtained from the two or more eye-operated individuals.
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I's between about 0.0 and about 1.0; for exanple, wherein the nunerical
constant (C) is, or is about: 0.1 or 0.2 or 0.3, or 0.4 or 0.5 or 0.6 or
0.7 or 0.80an12028080r 1.0. 5 15. The net hod accordi ng t oramgEPed12QE@ins 1- 14
wherein the nunerical constant (C) is typically about 0.4, for exanple,
0.387. 16. The nethod according to any of Clains 1-15 wherein step (i)
conprises ioneasuring the Anterior Chanber Depth of the pre-operative eye
of the paui enttheldethddaceBriingth ancor Ciamgs 1-03Ghve e miBsMancomstaritCpg t he

Anterior Chamber Depth of the pre-qperative eye of the patient conpr|ses
the e of i i3 betrera aoas GG and abar T F aeuple nGerel BedmeTBe\Grarerh
measuring the (@niseor io ab&iitadh ex 0Regt0B, @r Ot s 005 or P ©F 617 ord.Eye0.Ofor tfoe
patient conprises the use of an optical technique selected fromthe group

consi Sting of: visible depth nmeasurenent; interferonetry; partial
i nt er f er amet r Yihel rogthe® hecading to aheof Clamne 14 ;wheedie itvehlmgridalregnstarit (Cpser

interferonetry; laser big ry. 20 19, nmet hod according to any of C ains
1- 18 wherein d%tt‘t‘ﬂ‘?ﬁ?'ﬁiaﬁﬁmtﬁ%f rmxgmp&esgjgé?. the crystalline lens in the
pre-operative eye of the patient in step (ii) conprises the use of

ul trasound. 25 20.The net hod. accordin .any ainms 1-18 wherein

et orm iy ¢ e Meb 6ogng & By PR 125 ohatelinsh: D) SHEERYe oye
of thg pati entmédsusihghe(Aritericr @ManibeeBeptht thel pré-opértiosTeye of the phtiar

bi onetry. 21. The nmethod according to any of Clainms 1-20 wherein predicting

t he post- 30operative position of the intraocular lens in step (iii)
conpri sesi7t he Theemethodhscchalingta ClaiL1s athendie disaoniig theCAxteridr Shahmeei n:

10Lpredi ot ed i LS, B ool ched BOSL PR Sk iocRRkbd B 2L o DRrakirocyl &

15 18. The method according to Claim 16 wherein measuring the Anterior Chamber
Depth of the pre-operative eye of the patient comprises the use of an optical
technique selected from the group consisting of. visible depth measurement;
interferometry; partial interferometry; low coherence interferometry; Scheimpflug
imaging; laser interferometry; laser biometry.

20

19. The method according to any of Claims 1-18 wherein determining the thickness
of the crystalline lens in the pre-operative eye of the patient in step (ii) comprises
the use of ultrasound.

25  20. The method according to any of Claims 1-18 wherein determining the thickness
of the crystalline lens in the pre-operative eye of the patient in step (ii) comprises

laser interferometry or laser biometry.

21. The method according to any of Claims 1-20 wherein predicting the post-

30 operative position of the intraocular lens in step (iii) comprises the use of the
formula:
35 wherein:

I0Lpredictea is the predicted post-operative position of the intraocular lens in the eye
of the patient;

63



ACDpre is the pre-operative Anterior Chanber Depth of the eye of the
patient; Cis a nunerical constant, as discussed above; and LT is the
t hi cknesswofotdeomsnystalline lens in the pre-operative ege/RpRoiiosiopat i ent .
522. A net hod for seI ecting a repl acenent intraocular lens required to

Phe. mothod comtiesimieriobr ape ayiehier Chdiiie LR e By pgpatrd™ ' o

post - operati ves @(asmjmmwéonatalhembaﬁsenﬁe‘d dbiove; mul ar 10lens in the eye of
the patient u

e o hETS it ARk el Gt 1els filte Bles el et Fipatnt pat | ont

I n which an |ntraocular | ens of knomn power and geonetry 15i s positioned as

pr edi ct |n ste ct i ng,an int cul ar a power
hd- oo & TroPKlecio o Teacerid Be R 6t BhauirEl o VR S

post oper at i ve daymed)foptnbw papedyntin 2 OpcdBopdrativeralyboof ac patieht, ngmet oneéthed m 22
wherein step ( r| s S esft abl i shing an optical nodel of the

post - operatlvé3 85'8 e‘f)a‘?lent 24. The nmethod according to C aim 23
wher ei n establ i shing an optlcal nodel of the 25post- oper ative eye of the

patient conprises asurin oper perative eye
of the eye of the gg)t | erﬂre 3&? 885?) fﬁﬂfvﬁé’oa%uﬁ 86?\@?‘2 ?{8 ’Ee}fa“k"
optice of the cornea; thenscnortlmeye bﬁtﬂ\emnenﬂmndgemgtdmaﬂas definedan ahhef axi al
| ength; the anterior ch er de% the crystalline lens thickness. 30

25. The net hod according 23 or 24 wherein step (b) further

conpri ses anal ysing the opt | cal properties of the optical nodel of the
post-operative eye (8f t hpef\ecP g[lng tﬂte'opticat properties of the post-operative eye of the
patient in which an intraocular lens of known power and geometry

15 is positioned as predicted in step (a); and

(c) selecting an intraocular lens having a power and geometry
required to provide the desired optical property in the post-
operative eye of the patient.

20
23. The method according to Claim 22 wherein step (b) comprises establishing an
optical model of the post-operative eye of the patient.
24, The method according to Claim 23 wherein establishing an optical model of the
25 post-operative eye of the patient comprises measuring one or more property of

the pre-operative eye of the eye of the patient, selected from the group consisting
of: the optics of the cornea; the corneal radius; the length of the eye; the axial
length; the anterior chamber depth; the crystalline lens thickness.

30 25. The method according to Claim 23 or 24 wherein step (b) further comprises
analysing the optical properties of the optical model of the post-operative eye of
the patient.

26. The method according to Claim 25 wherein analysing the optical properties of the

35 optical model of the post-operative eye of the patient comprises the use of exact

ray tracing analysis.
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26. The nmet hod according to C aim25 wherein anal ysing the opti cal
properties of the 35optical nodel of the post-operative eye of the patient
conpri seswoheiuaosof exact ray tracing analysis. WD  PCT/EP2012/054010

2012/ 120080PCT/ EP2012/ 054010 27. The nmethod according to C aim 25 wherein

anal ysing_the optical properties of .fthe optical .nodel of the post-operative
aye of LHZ: paiinB b Bes Breeaat forGiai 25 gheflh afdliaing B arfeal PP e 5
28. A net hod f @pticksigdélng ther pt-aperatvd ey@ tof ahe Latient edsrapriseguineedsd of

provi de a desi re%&?gptitcal. s£ro erty in the post-operative eye of the
patient, the Ml Vo ?’Wg'sishe steps of: (al) predicting the

post -operative position of an intraocular lens in the 10eye of the patient
using a nethod as defined in.any of Clains. 1 to 21 . predi,cting the
opt1 21 pBoport PN I el sBpate DN tadsbiar fens, st PRSP an

i ntraocul ar | ersired oticavprosenyr inathe pestopémativel Bys gfdhe tpationt] the npstlol ct ed
in step (a); Sccl desi nig@s‘afn I ntraocul ar | ens having a power and geonetry
required to prgUiPHRNg I ¢ ed optical property in the postoperative eye
of the patient; 20 (dl)optionally, manufacturing the intraocular |ens
designed in step (cl). 29..The thod according to . Cl ai,m 28 erein step
(12 SCompr i ses- bst 4B s mrssicttg 198 pEStoriraifh poPfigh 3f pb Hletigh EPain o eyt of
the patient. 30. The netdyedf degeatidhngsiigoa Glethod aOdefined & anest @bimshitong an
optical nodel of the poszt1¢ operative eye of the patient conprises neasuring
one or nore property of <%

(b1) predicting the optical properties of the post-operative eye of the
patient in which an intraocular lens of known power and geometry

15 is positioned as predicted in step (a);

(c1) designing an intraocular lens having a power and geometry
required to provide the desired optical property in the post-
operative eye of the patient;

20

(d1) optionally, manufacturing the intraocular lens designed in step

(c?).

29. The method according to Claim 28 wherein step (b1) comprises establishing an
25 optical model of the post-operative eye of the patient.

30. The method according to Claim 29 wherein establishing an optical model of the
post-operative eye of the patient comprises measuring one or more property of
the pre-operative eye of the eye of the patient, selected from the group consisting

30 of: the optics of the cornea; the corneal radius; the length of the eye; the axial
length; the anterior chamber depth; the crystalline lens thickness.

31. The method according to Claim 29 or 30 wherein step (b1) further comprises

analysing the optical properties of the optical model of the post-operative eye of
35 the patient.
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the pre-operative eye of the eye of the patient, selected fromthe group
consisting 30of: the optics of the cornea; the corneal radius; the length
of the eywp2wtewi2en8val | ength; the anterior chanber dept RrCTiEPROIRNOYBU@I | | Ne
| ens thickness 31. The net hod according to Claim29 or 30 wherein step

(1A furt npr i an n tical erties of th i.cal

model  of 3@&"‘%@%‘? acqqéx%b) (9!8 %%y\{ﬁ\gr%?n%fﬁn g the op?caq properties otfthe
W012/ 1200808@&&9%26&5«4%& Spardilve eyetdfdiit patient comgrises tig asetofSdxasher ei n
anal ysing the o t| cal properties of the optical nodel of the post-operative
eye of the pat’? 't'i‘[’ %ﬂ%"fsgses the use of exact ray tracing analysis. 5

33. The rret hod according to Caim 32 wherein analysing the optical

properti he tical nod ost erat of t.he tient
b Psed he THSIRod,AFierfies 3 GBm pasrRETLASARL e St ehinetish e

i mpl anting a I‘o@ﬂd:aiQﬁmtofl mérmcubaatnweeeyelcﬁtme gratiente carhprisepatheeude, ofLlOt he
nmet hod conpri si agqtl ste (a2)predicting the post-operative position
of the intraoddf& faé/rgaq ?']‘? Sye of the patient using a nethod as defined
in any of d ai rrs 1 to 21; (b2) optionally, renmoving the crystalline |ens

fromthe pre-og tlvee f the patient. rowdn an i tra Iar

| ens: | (a5 o Brartina L GrERerBRL e Dle o 8% aF paiPent

The met hod aCQI@édieﬂ@dtdonﬁhemthstuﬂsﬂsfel n the |ntraocul ar |ens prow ded |n
step (c2) is selected using a nethod as defined in any of Cains 22-27. 25
36. The nethod according to Caim34 wherein the intraocular |ens provided
in step (c2) is degapnedredictihgdhe postadpeyativapositon of the, intrsdcnlar éenseh itieel as

defined in any of d ai ms 2 & of ﬁwe patient using a method as defined in any of Claims 1 to

21;
15
(b2) optionally, removing the crystalline lens from the pre-operative eye
of the patient;
(c2) providing an intraocular lens;
20
(d2) implanting the intraocular lens into the eye of the patient.
35. The method according to Claim 34 wherein the intraocular lens provided in step
(c2) is selected using a method as defined in any of Claims 22-27.
25

36. The method according to Claim 34 wherein the intraocular lens provided in step
(c2) is designed, and optionally manufactured, using a method as defined in any
of Claims 28-33.

30 37 The method according to Claim any of Claims 34-36 wherein implanting the
intraocular lens into the eye of the patient in step (d2) comprises implanting the

intraocular lens into the capsular bag in the eye of the patient.

38. A method for treating and/or preventing and/or reducing a disease or disorder in

35 the eye of a patient, the method comprising the steps of:
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30 37.The nethod according to Claimany of Cains 34-36 wherein inplanting
the intraocular lens into the eye of the patient in step (d2) conprises

I mpl ant i gotzhe/i2odsnaocul ar | ens into the capsul ar bag i rCcThEP2@pes®iot he
patient. 38.A nethod for treating and/or preventing and/or reducing a

di sease or di sorder,4n 16 i i t: =S} t he
(ﬁéﬁoogﬁcﬁ%n XRe ?é?tgbﬁﬁétl\/@ bsitib'6f {Fe ﬂ%c?%gﬁgdsﬁh%

steps of: WO 2012/ OPCT/ EP20 010 (a3)predicting

post - operati ve positi on ey¢ of e patientusing am 5 ¢efippd incgy off Claims b i ent
using a nethod as defined.in any of Clains 1 to 21; 5(b3) optionally,
removing the crystalline lens fromthe pre-operative eye of the patient;
(c3)providing an intraocular lens; 10(d3)inplanting the intraocul ar |ens

into the eye of the,pat iofaﬂ&na|@,%IJ&%W&(;%?S@%@iéi'{g%rﬁ he(rélopevarbgd ei n

the intraocular |ens ‘provided in step ( I's selected using a nethod as
defined in any of C ai m®fth@-paient]5 40. The nethod according to O aim 38
wherein the intraocular lens provided in step (c3) is designed, and
optionally manufactured, using a nmethod as defined in any of Cainms 28-33.
41. The nethod accd€di n@revidinggn biracsWar8nNy8- 40 wherein i npl anting the

I ntraocul ar 20lens into the eye of the patient in step (d3) conprises
implanting the intraocular lens into the capsular bag in the eye of the
patiewt. 42. The md€®od imelesting the inteaogwior lsps ntaiheeysof the Ratiedtei n t he

di sease or disorder in

39. The method according to Claim 38 wherein the intraocular lens provided in step
(c3) is selected using a method as defined in any of Claims 20-25.

15 40. The method according to Claim 38 wherein the intraocular lens provided in step
(c3) is designed, and optionally manufactured, using a method as defined in any
of Claims 28-33.

41. The method according to any of Claims 38-40 wherein implanting the intraocular
20 lens into the eye of the patient in step (d3) comprises implanting the intraocular
lens into the capsular bag in the eye of the patient.

42. The method according to any of Claims 38-41 wherein the disease or disorder in
the eye of the patient is selected from the group consisting of: Myopia; Hyperopia;
25 Presbyopia; Astigmatism; Refractive errors; Cataract; Opacities; Brunescence.

43. A computer program for instructing a computer to perform the method defined

any of Claims 1 to 42.

30 44 A method for predicting the post-operative position of a replacement intraocular
lens in an eye of a patient, substantially as described herein, with reference to the
accompanying description and drawings.

45. A method for selecting a replacement intraocular lens required to provide a

35 desired optical property in a post-operative eye of a patient substantially as

described herein, with reference to the accompanying description and drawings.
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the eye of the patient is selected fromthe group consisting of: Mopia;
Hyperopi a; 25Presbyopi a; Astigmatism Refractive errors; Cataract;

Opaci ti eswoBnimiesasence. 43. A conputer program for i nstPOTiEPRY2A5MONPUL 1
to performthe met hod defined any of Clains 1 to 42. 3044. A nethod for

predicti tive 05|t on of a.re errent | ens in
P eye ofita pi Pfod B L &latiheb R ebaléndy Fradllidp ey feaiBbiBrEPYBE et o

t he accorrpany|deg|reifepﬁdapprooart3alrdthér;mm -npevyativibeys memlaqﬂt»éntrsmtamallyr@ a

repl acenent in vide a 35

property in a 8%rf &%E%?lv\')gl rgf?ge gt%0?£8ﬁpam?§ ig‘%ﬁr%”dd és)g‘ﬂgégrl bed

herein, with reference to the acconpanying description and draw ngs. WO

20121 B200R07CH R RoP8 0 s hedi BRI B 5GBSR

post - oper at i veubstantm’llyiabe!eperﬂuedmbresmbvsmaatarmdeyoﬂna atesmpaingog descmpnon W th
reference to th F:lefole anyl ng description and drawings. 5 47. A nethod for
i nplanting a PEBI %‘%Pr% intraocular lens into an eye of a patient
substantially as descri bed herein, with reference to the accorrpanyi ng

ﬂi?éfhpt'va%? 08 R eE o 0 BB RS BB, 0 Ao £ o

accompanying description and drawings.
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