Dl FFRACTI VE MULTI FOCAL | NTRAOCULAR LENS W TH MODI FI ED CENTRAL DI STANCE ZONE
BACKGROUND The present invention relates generally to nultifocal ophthalmc
| enses, awo,20mmse7eéparticularly, to nultifocal intraocul acTlisa@eseiohat can
provide refractive and diffractive optical focusing powers. Intraocular

| enses (10Ls) are routinely inplanted in patients' eyes during cataract
surgery to rBfFRACIIVEMULTIFOGALINTRAOCULAR BENS WITH MADIGIERI f fracti ve
structures to provide a pat IGENTRALIDISTANGEYZ@NEar - f ocus power but also a
near-focus power. In other words, such I1O.s provide the patient with a
degree of accommopdation (sonetinmes referred to as "pseudoaccommodati on").
The di w sion of energy between tigAGRGRO®IND and the near-focus | ens powers
can be adjusted by nodifying the “step heights"” of the diffractive
structure, and Bye presenti@ventien cféamesgenerailmtacmmIti@catopiethaMt: lensasct s | i ght

solely to a le foc An | ease, of ne focus generally
couses o rabetgpasiEliny. &f nlfeRaGiARe ARCkHte! it tan daiRed  mmae

cont r ast fr@frabtr@aﬁd)aﬂﬁactw%w}%él fdcosiag powdrsast is al so affected by other
factors, such as imaging aberrations, and the characteristics of the

dlffractlve structure. Accordingly, there is a need for diffractive

mul tifocal |en ) | 0 oth the
far- fo@us and tﬁ fg&?%g?ﬂ hggé (Igﬁ@k/ﬁ%}w Ne spec ?nﬁbﬁg&f}%e‘%}é i nvention
provi des afuringtdataaidt siirgeent fepldde a watuehl argstallinedsnsainSopie OLkavi ng an

anterior surface nd a posterior surface, where the optic includes a
central reRIGY| aP‘é‘@ GteresiPRIPHAR @ ratiest ?"%it@t'?QI@”%%u%"rfﬁﬁuﬁower A
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patient with a degree of accommodation (sometimes referred to as

15 “pseudoaccommodation”). The division of energy between the far-focus and
the near-focus lens powers can be adjusted by modifying the “step heights” of
the diffractive structure, and by the use of a central “refractive” zone that
directs light solely to a single focus. An increase of energy to one focus
generally causes a reduction of energy to the other focus, which reduces

20 image contrast for that focus. However, image contrast is also affected by
other factors, such as imaging aberrations, and the characteristics of the

diffractive structure.

Accordingly, there is a need for diffractive multifocal lens designs that

25  will enhance image contrast for both the far-focus and the near-focus.



surfaces for providing a near and far diffractive focusing power. In sone
cases, the refractive and diffractive far focusing powers are substantially
equal . Thwoaptoosede4pr operties of |ight passing through trhe/usesmneio4szone can
be adjusted to optim ze overall inmage contrast for both powers. In a

rel ated aspect, in the above IOL, one of the surfaces (e.g., the anterior
surface) includes a central refracSUMMARY on that is surrounded by a
diffractive region, which is in turn syrrounded br¥ an ou tive

region. In so N @REAsPechdhe BrRSEAT MVEntiarR Pk Setel] BW%%H’ q{al%%s &Oi“ ameter in
f t f t
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central ep, .and/or t ature of ce tra usted to
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For exanple, the steps can be apodized such that their heights decrease as

a functi orfases, theretiactivg araudéﬂraqilvgtfahf@@usmgmoaverémr@ﬁubqstanhellxbpt ic.
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can increase froman inner radial boundary of the diffractive region to an
i nterrddi ate location in that region foll owed by a decrease to the region's

outer radial Myt i focal
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some cases, the central refractive region can have a diameter in a range of

15 about 0.5 mm to about 2 mm.

In another aspect, the diffractive region includes a plurality of diffractive
zones (e.g., 2 to 20 zones) that are separated from one another by a plurality
of steps. The height of the central step, and/or the curvature of the central

20  zone, are adjusted to optimize image contrast. While in some cases the other
steps exhibit substantially uniform heights, in others their heights can be non-
uniform. For example, the steps can be apodized such that their heights
decrease as a function of increasing radial distance from a center of the optic.
Alternatively, the apodized steps can exhibit increasing heights as a function

25 of increasing radial distance from the center of the optic — that is the steps can
be “reverse apodized.” In another case, the step heights can increase from
an inner radial boundary of the diffractive region to an intermediate location in
that region followed by a decrease to the region’s outer radial boundary, and
vice versa.

30

In another aspect, a multifocal ophthalmic lens (e.g., an IOL) is
disclosed, which includes an optic having an anterior surface and a posterior

surface configured such that the optic includes a central refractive and an



one of the surfaces to provide two diffractive focusing powers. In sone
cases, in the above ophthalmc lens, the central and the outer refractive
regi ons pwoenoasdichf erent refractive powers, e.g., the eemusadoonepson can
provi de a far-focusing power and the outer refractive region can provide a
near-focusi ng power. The diffractive region can, in turn, provide

di ffracti vutee@frastive fegio.ofruadditiomavndiffsactive regiparislidisposedtdmeatrieastact i ve

near and far focusin ower s ovi ded by the central and the outer regions.
In each of°W§Beé§ng$%to PWP{%WQ‘E'%@%‘V?Q@NW PRYPGh of the embodi nents
of the ophthalmc I ens of the present invention conprises a central

di stance zone, and the diffractive region can have reduced step heights,
bot h cooper at i g sbme casesadetherabavemnpithalie leasgthedterdral addttbe ohiterdi st ance

f the 1.OL optic whil i nt ai ni table Level of.
hear f ocusiAEABBREOIGES RIUAS ATiRrRDE AT BPRELS s 118 FERVR 1810Pn
i nventi on Gapreidely rirteelidhyg Fﬁ\fvtél;] 8AE e Bufeh feffadtiveViegidnt@indbiof’de a

description in conjunction wtt e associ ated drawi ngs, which are
di scussed neardéecusing:poweBRI I diffrgciierreg@n @, THRIMRAMVINEiATast®E 1 is a

i oo 2a o8t ot sielegheBolio s Bl PG IAg o Mt BEt ¢ Belbri Ko one.
embodi Wentfo@isiﬁ@ﬁoi'v@bs%ﬁﬁdvﬁj@d Eé}ﬁé%rﬁlﬁl bAd #he obwmaégionsi de view of a the
mul tifocal 1OL shown in FI GURE 2A having a central distance zone with an

adj ustl®d central zone phase and approxi mately the same curvature as the
' shown | FITGRESOS Ry SRt pPipa e g Bt B anerior
embodiments of the ophthalmic lens of the present invention comprises a
central distance zone, and the diffractive region can have reduced step
heights, both cooperating to increase the amount of energy directed to the
15 distance power of the IOL optic while maintaining an acceptable level of near-

focusing power.

Further understanding of various aspects of the invention can be
obtained by reference to the following detailed description in conjunction with

20  the associated drawings, which are discussed briefly below.



surface has been subtracted; FIGURE 3 is a schematic side view of a
multifocal 1OL in accordance with one enbodi nent of the present invention
havi ng a werrealssmwisst ance zone with an adj usted central Peoris2@has®4and
central zone slope; FIGURE 4 is a series of graphs illustrating the optical
properties as a function of off-axis distance squared of enbodi nents of the
present invention havi BRIEF DESCRIPTION OF THEDRAWINGSNd central zone
curvature conbinations; FIGURE 5 is a series of graphs illustrating changes
in the Mddul ati on Transfer Function for enbodi nents of an I OL of the
present inventi I t F Alis a
schematic side P\?/lpwdr@%fﬂg adé(ﬁeﬁéﬁ’%aﬁ@?%%%fﬁ @?)fa 2 gev&meghdl?régﬁve%bodl ment
havi ng a rraeukifcoal Kplod i zed diffractive region; Fl GURE 6B is a radial
profile;j of the anterior surface (mnus the base profile of the surface) of
the 10O shown in FIGURE 6A; FIGURE 6C is a schematic side view of a

nul tifocal | O RGURERRGsOscHen RS VW oPh rhllgfocBY RNt hedordiigddRE 6D is a
radial profile of the anterior surface (m nus the surface base profile) of
the 1 QL ofore emopediggntioftiectivention,hat t he steps separating different
diffractive zones of a diffractive region disposed on the surface exhibit
an increase in heights followed by a decrease as a function of increasing

radi al di st ance|GURE 2Beis laestheptaticsside FieWbita Gie isiltfocaldOalshiomwef inl e of a
surface (mnus the surface base profile) of an I CL accordi ng to an

enmbodi WentFIGYRI2Ehavig siceplrakdistanseizonedvitlt an adiusied centralizpeezones of a
diffracti \t;oehars‘égﬂn%na rBQH?‘aQQIXQﬁ%%gﬁeZ%Urg?ﬁ?e Sé@ﬁ@bésé‘cg rease in heights

fol | oned an 1 ncrease as I ncreasing ra di stance from
the | ens center;

FIGURE 2C shows a radial profile of the anterior surface of the IOL
shown in FIGUREs 2Aand 2B from which the base profile of the anterior

15 surface has been subtracted;

FIGURE 3 is a schematic side view of a multifocal IOL in accordance
with one embodiment of the present invention having a central distance zone

with an adjusted central zone phase and central zone slope;

20
FIGURE 4 is a series of graphs illustrating the optical properties as a
function of off-axis distance squared of embodiments of the present invention
having different central zone phase and central zone curvature combinations;
25 FIGURE 5 is a series of graphs illustrating changes in the Modulation

Transfer Function for embodiments of an |IOL of the present invention having

different central phase values;

FIGURE 6A is a schematic side view of a multifocal IOL in accordance

30  with one embodiment having a reverse-apodized diffractive region;

FIGURE 6B is a radial profile of the anterior surface (minus the base
profile of the surface) of the I0L shown in FIGURE 6A;



FIGURE 7 is a radial profile of a surface (mnus the surface base profile)
of an 1 OL according to an enbodi nent in which the steps separating

di f f er entwoizbfowmsetsve zones of a diffractive region di sposas2am/o63ve surface
exhi bit substantially uniformheights; FIGURE 8 is a schematic side view of
an | OL according to an enbodi ment of the invention in which a diffractive

regi on di sposedIGURE60 iBrsschemidtty $i0e viaw bbs endtifoeadi©Lt acddrdingedi phery of
the lens; and FIGURE 9 is a schematic side view of an I OL according to an

enbodi msnta’b‘Fmpﬁ@'mQ{V@Mh%WVﬁQW%g a central refractive region and an outer
refractive region, which provide different refractive focusing

power s. DETAI LED DESCRI PTI ON The present invention generally provides

mul tifocal ophtM&URE 6Deissemdia pgofile wiithe antedbr surfaceo(ninas thessdace t hat

I f t f f : d
i1 P aseaplies e o aADER G omdiertadh el e Seps SPBetirB powers.
In sonme cafgsrehh8ifff &itivBLonks Jf %%ﬁﬂa’&ﬂvé’?é@ﬁén BispBsE§ dnthe hifrakeNS

corresponds to a far-focus optical power i's substantially equal to one
of the di fefnhdntan/mcreaaﬁsmr@lgiméolk)md byatdesressiecas dif@ifctmotifve power

corresponds to a near-focu | power. As such, in sone cases, the
focusi ng dP%Jﬁé?‘{‘Sééggl d&sf@ 3E gﬁ% Scﬁﬁﬂt?{at ed by their farfocus ability,

especially for small pupil sizes. In the enbodinents that follow the
salient features of various aspects of the invention are discussed in

connedti on wit WIGMR%sEuS@rrarial.@é@fﬂQ 9@§)Jrfa¢ﬁérmrwcthersgl§fa§e base i nvention
can al so be.ap Bfﬁrﬁjlél‘_’aegﬁrgnq f%héﬁggHFoﬁu{wémﬁ ﬁ%&% gbﬁf‘e&mbenses The

term"int aocu I ens’ reviation are ere
i nt er changtiffdrewt diffrabtiverzobes lof adiffractivd regien digposead e thetsurfabe interior of
the eye to either replace th tural] lens or to ot herw se augnent
vision re ﬁ ta degjease in heights %ﬁoweg%y an increase as a function of
increasing radial distance from the lens center;
15
FIGURE 7 is a radial profile of a surface (minus the surface base
profile) of an IOL according to an embodiment in which the steps separating
different diffractive zones of a diffractive region disposed on the surface
exhibit substantially uniform heights;
20
FIGURE 8 is a schematic side view of an IOL according to an
embodiment of the invention in which a diffractive region disposed on the

lens’s anterior surface extends to the periphery of the lens; and

25 FIGURE 9 is a schematic side view of an IOL according to an
embodiment of the invention having a central refractive region and an outer

refractive region, which provide different refractive focusing powers.



whet her or not the natural lens is renoved | ntracorneal |enses and phakic
I ntraocul ar | enses are exanples of lenses that may be inplanted into the
eye wit howo 20ew39mh of the natural |ens. FIGURE 1 scheneCiramsbéog/ocidpd cts a
prior art apodized diffractive nmultifocal I10OL | ens surface, where the
curvature of the central zone is broadly simlar to the curvature of the
adj acent annul ar zone. FI GURBERMLEDBDESCRIETIONeatically depict a
mul ti focal intraocular lens (IOL) 10 according to one enbodi ment of the
present invention that includes an optic 12 having an anterior surface 14

and a posterior i | FRRses i CRhsdxi s OA. As
di scussed in mxh(?]iéi';et%gﬁ I%gg?t\(‘)% 5%]?1%%%} 10 proaﬁggiglgﬁpgr aﬁsccl\%els?éﬁas a near
f ocusi ng pogemulifocalentraociiasleasbsdhatemployterdf@ctivasegiobifeoprogiding of i | e

(each qf the_an .er'%or and goster'or. urtf.aces.ha a_canvex rofileg, in
ot her enbdUiHEAH'ES IAREMIROWERA 9@'@39 "6t FRAHOTS (AN PABY'IRING YIS PO g.

convex- confifiéRtivi fRiMgpers. Gh Gomecase@Rhe MfradtRRLfAEUSIAG poWee optic 12
can have a maximumradius (R) fromthe optical axis OA in a range of about

2 nm to atwavided by thadgnsecorresponds teadfatiaruataptical paweni®at igr ger . Todi r ect
more | ghtsutbgptntﬁgIlgkzéﬁ%qg%nfegﬁgﬁe dﬁf%%tﬁ{ég@hgngﬂom&rgﬁrﬁlgqﬂe Raghts of the

diffractive Steps educe npar e or a exanple in Fl GURE

1. Thi s hatfiffiabtvepbwet cofresharesttoroneartfeclis gpticdl powee. disssuhcéen f ocus and
less light to the near focus. In addition to changes in the diffractive
step Héi grome eares hefacysingiprepedies Af ithe: langes aze em'm%t?d'brvég%é@rrve"
region 18 LG, i . Yol syuauliafn gl >t ' 0, and an
out er ref rfg% |vglmyéé?%%gléIWngﬁ?é)@ntraI' Iﬁég?%h{m%gﬁqgﬁﬁrtﬁ?g@?%e" f ocus
t hat corr éb@asalinttfeatuhes dvarpuseaspelcts dfdhé émsgntivheme aliktiussedal | i ght i s

et ract i vaonBgRian W dFpdrs Ense QLS FEY FRacaidRt b imeEgp e
also be applied to other ophthalmic lenses, such as contact lenses. The term
15 ‘“intraocular lens” and its abbreviation “IOL” are used herein interchangeably
to describe lenses that are implanted into the interior of the eye to either
replace the eye’s natural lens or to otherwise augment vision regardless of
whether or not the natural lens is removed. Intracorneal lenses and phakic
intraocular lenses are examples of lenses that may be implanted into the eye

20  without removal of the natural lens.

FIGURE 1 schematically depicts a prior art apodized diffractive
multifocal IOL lens surface, where the curvature of the central zone is broadly
similar to the curvature of the adjacent annular zone. FIGUREs 2A, 2B and

25  2C schematically depict a multifocal intraocular lens (IOL) 10 according to one
embodiment of the present invention that includes an optic 12 having an
anterior surface 14 and a posterior surface 16, which are disposed about an
optical axis OA. As discussed in more detail below, the IOL 10 provides a far
as well as a near focusing power. While in this embodiment, the IOL has a bi-

30  convex profile (each of the anterior and posterior surfaces has a convex
profile), in other embodiments, the IOL can have any other suitable profile,
e.g., convex-concave, plano-convex, etc. In some implementations, the optic
12 can have a maximum radius (R) from the optical axis OA in a range of

about 2 mm to about 4 mm, while in other embodiments it can be larger. To



axis CAin a range of about 0.25 mmto about 1 nmm - though other radii can
al so be enployed. In this exenplary enbodi nent, the posterior surface 16
does not wocbhuwdsomay diffractive structures, though in eChas2@gbedunents it
can include such structures. As discussed further below, the central
refractive region 18 of the anterior surface contributes to the focusing
power of tdiecbptdre lighhiocthe distarsefouds, fon exhimples ratidtie rebep heightshef theL' s

o <1 ance. T AeRS oA rSyOR PSSR0 (he PHOt SYAFBIPIS B5FISURELlS. and

nore typi CRis Nak theeffRa drecR® Hiorf lihRt RRAETIsIAnES RIS 186s lighta range of
about 18 to about 26 Diopters. Tn the exanple of FI GURES 2A-2C, "t he base

profiles dbthenratfesuanteri or surface 14 and the posterior surface 16 are
substantially spherical with curvatures that are chosen, together with the
I ndex of refraction of the material formng the optic to provide a |ens

with the dist aﬂﬁ%dﬂﬂmrto%bhgeé fh ﬂié&jiﬂlka%ﬁ{?@@te@f héi@ﬁt_sdﬂfé ér@t@'ﬁbwe structure.
However, the axial location of the central zone reégion is adjusted so that

it does ncwriagedd inpladpaaccantiel efraplive’irggiansi®, whdeitigtseuraupderd oy ght

separ at i O,[br@ﬁ%’?ﬁ@ﬂ'raép\z% f’e@&é %pl A0E AR Y8 r@ﬁ'g{:tﬁ]{feésrce'gmrf b YRR LEentddll S

adj ust nmen cal “phase o ral” zone, conpared to

t he rest atgiohehdseangefraativdidocisethat comespaidsi tode farqyawersdf thelerxot h | ens
powers songwhat .jndependent|ly fromthe division of ener to the two foci.

Simildfyt %@dewpoak'ml%@r%y%d;t,%ma&_ SoROWsfe I BIAWAMPIIRENEHANSI so be
adj ust ed, gé tcaﬁfran%ﬂaeﬁge régfaowalcanﬁwtdverﬁ]w& JrastvdIRl Mg Gickhe

diffractive step, in order to optimze the I mage contrast.|n sone ot her
i npl enent &xiDO4, inennge dablout 8:/25 et fosateut danmex tidiigh athpheadicedn base

Rl N e e B
optic havigasaidt atledd any aifrd@fie stNRkt@EeBORbaHh M ofidr ledfodiments it can
15 include such structures. As discussed further below, the central refractive
region 18 of the anterior surface contributes to the focusing power of the optic,
which corresponds in this embodiment to the IOL’s far-focus optical power.
By way of example, in some cases, the optic’s distance power can be in a
range of about —5 to about +55 Diopters and more typically in a range of

20 about 6 to about 34 Diopters, or in a range of about 18 to about 26 Diopters.

In the example of FIGUREs 2A-2C, the base profiles of both the
anterior surface 14 and the posterior surface 16 are substantially spherical
with curvatures that are chosen, together with the index of refraction of the

25  material forming the optic to provide a lens with the distance power only, in
the absence of the diffractive structure. However, the axial location of the
central zone region is adjusted so that it does not match the base curve. This
is also indicated by the height separation between the central and outer
regions in FIGURE 2C. This adjustment of the relative optical phase of the

30  central zone, compared to the rest of the lens, can be used to adjust image
contrast for both lens powers somewhat independently from the division of
energy to the two foci. Similarly, the curvature of the surface of the central
zone can also be adjusted, either alone or in conjunction with a phase delay

at the diffractive step, in order to optimize the image contrast.



The anterior surface can include a refractive central region that

generates, in cooperation with the posterior surface, a refractive opti cal
power . SiwDl2aro/ase76he previ ous enbodi ment, a diffracti vecraszaa/ 069
surround the refractive central region. The diffractive region can, in
turn, be surrounded by a refractive outer region. In such an enbodi nent,
the anterior surface has an aspheric base profile. In other words, the base

rofile of the anterior surface differs from utative spherical profile.
Igor exanpl e, t HB SQEPHEEE MBREAGHRYGNSe OB O P@%@Péﬁu&m@wa@éﬁ% be

charact er iéﬁﬂeﬁ%al%d&%@biiﬁg {déﬂé‘d @Mt@bbe@?ii&% GRA iRFes&d @%ﬁ@ based on

the refractive power o that control's aberration effects. By way
of exanpl egontiast. Eynivay obaxampte, @aarlObaniaccardanngavithf sudioan enb®diroeatout

-1000 (e.q.,. -27)._ Thou in this enbodi nment, the bas rofile of the

post er or el igRrise 8 dAte By hian SRR fikice 3T s PRSP BBy PRent s, ¢ he
base profiftwe Qrﬁte?ibﬁs@@&éeeéarﬁrncﬁmef@%‘ré&iﬂe@bﬁﬁaleﬁé?_idh thaBlgepérge£an degr ee of
asphericity such that the conbined aspherical profiles of the two surfaces

woul d f acidgopgfasionuithytiieepesteder Bfages prgiractiverortical pewebcaiNilyf tehe central
por 1 on Ofthég)ﬁe\}i&ﬁ‘éﬁﬂb%dﬁﬁ?ﬁtfa'JﬁPﬂagﬁFé‘{e@ﬁé%én s@ﬁ?uﬁcﬁ”ﬂ’ié Rlrdcplactive zone
prori cilrtare

can have a sphérica e'rn order a he” generation of a

si ngl e refgemtial KgyidrocTihe diffractivér@gidrnears un tiraebdaarreanaédeyw se aspheric
base profil ﬁ Ref erri ng_argai n to FIGURES 2A, 2B and 2C, the optic 12 can be
f or medVof HFCUME QUBI EFUIPTH Bhigh & embedipent thesanteriak aupaeashas a8uch

materials 4qg N—:'Hgg s ?(Fﬁ?é'.t In Bmetrza\;cjr&’&’thé%fatse%%fﬂé I thegéhfte?igpg faydr ogel or
ot her bi ocofpat | Fe 80 yneric materials having a requisite m%ex of
refract i ordiffers feonparputaiiveasphepival patfieonFof examepleetie. adphemarbase _
Lgﬁl ggepaa&ébﬁgfpaéﬁ%gngggigﬁéu%é g%rq %%tclhgpac érizteréieb);rgtn%rgla |l/e fch“rg ng the optic

constant, which can be selected based on the refractive power of the lens,

15 that controls aberration effects. By way of example, the conic constant can be
in a range of about —10 to about —1000 (e.g., -27). Though in this
embodiment, the base profile of the posterior surface is substantially
spherical, in other embodiments, the base profile of the posterior surface can
also exhibit a selected degree of asphericity such that the combined

20 aspherical profiles of the two surfaces would facilitate the generation of a
single refractive focus by the central portion of the lens. In other
implementations, the central refractive zone can have a spherical profile in
order to facilitate the generation of a single refractive focus, even when the
surface has an otherwise aspheric base profile.

25

Referring again to FIGURESs 2A, 2B and 2C, the optic 12 can be

formed of any suitable biocompatible material. Some examples of such
materials include, without limitation, soft acrylic, silicone, hydrogel or other
biocompatible polymeric materials having a requisite index of refraction for a

30 particular application of the lens. In many implementations, the index of
refraction of the material forming the optic can be in a range of about 1.4 to
about 1.6 (e.g., the optic can be formed of a lens material commonly known
as Acrysof® (a cross-linked copolymer of 2-phenylethyl acrylate and 2-
phenylethyl methacrylate) having an index of refraction of 1.55)



about 1.6 (e.g., the optic can be fornmed of a lens material comonly known
as Acrysof(r) (a cross-linked copolyner of 2-phenylethyl acrylate and 2-
phenyl et b 20mtdsamnyl at ) havi ng an i ndex of refractionpoff/uB2&5)0d3ve9
exenplary 1OL 10 also includes a plurality of fixation nenbers (e.g.,
haptics) 11 that facilitate placenent of the IOL in a patient's eye. The
fixation nmenbers 11 can al so be forrred of suitable polyneric materials,

such as pol rret | met hacr i ke. As noted above,
The opti b 12 a4 premaabLIdL pefsebEldRs A eboe! MataieEbaL posed on
Its anterl(gzﬂ’ Sﬁglﬁt%aﬂﬁhattfgeigﬁ?%b%c@ 'Eof"fﬁéol@L”WH Paflént GAdyderil sposed on

t he posteri ce or on surfaces. The diffractive Tegion 20 forns
an annul arfixatgn orersbensolincamglsbhe fmnneda:lf suéablacptqlwnem@mabenala safcht he

optic's anterior surfa n,_thi exe mant the diffractive
r egi on%ZO I RRIGE y(lj{npti}ac%% sP @P ﬁ‘}bl as a near-focus power.
In this exanple, the far-focus opti cal povver provi ded by the diffractive

structure is substantially simlar to the refractive focusi ng power
provi ded by theAd mpted aboner tie opicr Bt alsodncledesa difffactiveeragiornéls opt i cal

25t o R st b Rbbert g ta Heulfyn ufbreh PodtaldOR © oot
i mpl enent &ianqmduspbeedibﬁftm@pbsmor sgifadce @0ore bothaurtaceswiThediffrdctive a range

of about 0.5 mmto about 2 t hough ot her values can al so be en&oyed In
ot her 8nbdagiverakiorme a anm&%rt fegion %gr%mdmg %ﬁqma} refeaddivedegiopc\fs opti cal

oV 210 ke SR UOHEE Ul S B A0

diffractive on can ext optic 12, in
this enbodegvantzo progideisfd famddcuseopteml powesas weriicaﬂadealvmwssq@smrf ilcal | Y,

Fegi on 16 BREAIBIBUTEF BHSERE Ral gogsa gyine amagive structdrd 711 Ve

is substantially similar to the refractive focusing power provided by the IOL's

15  central refractive region. The near-focus optical power provided by the
diffractive region can be, e.g., in a range of about 1 D to about 4 D, though
other values can also be used. In some implementations, the diffractive
region 20 can have a width (w) in a range of about 0.5 mm to about 2 mm,
though other values can also be employed. In other embodiments the

20  diffractive region 20 can provide a far-focus optical power and not a near-

focus power.

Although in some embodiments the diffractive region can extend to the

outer boundary of the optic 12, in this embodiment, the diffractive region is

25 truncated. More specifically, the diffractive region is disposed between the
lens’s central refractive region 18 and its outer refractive region 22. Similar to
the refractive central region, the outer refractive region provides a single
refractive focusing power, which in this case is substantially equal to the
refractive power provided by the central region. In other words, the IOL’s

30  central and the outer refractive regions contribute only to the lens’s far-focus
power, while the diffractive region (herein also referred to as the zonal
diffractive region) directs light energy incident thereon into both the far and
near foci of the lens. As will be described herein, the energy directed to the

far-focus power can be increased by reducing the diffractive region step



the refractive central region, the outer refractive region provides a
single refractive focusing power, which in this case is substantially equal
to the reWoaoctuoserepower provi ded by the central regi on. PCm/uskéveneina? ds, the
| OL's central and the outer refractive regions contribute only to the
| ens's far-focus power, while the diffractive region (herein also referred

to as the pgigiats adidripcadjvstingetiecdurvaturest thel depittal paTRIdive idistafent t her eon
into both the far and near foci of the lens. As will be descri bed herein,

t he ener gy?€ ected to the far-focus power can be increased by reducing the
diffractive region stepheights and/or by adjusting the curvature of the
central refractive distance zone. As shown schematically in FI GURE 2C,
which is a surfm&ehqnmmfsblhemeficallye'nzErthJREaQCsunhfcﬁmie ansurfemet profile dfetbe profile

f th f t hi he diff t 20
D or o Sof "artSer SuAcH WK 11s Bete BT ALES Cgp@%&r%cf?réﬁeaaﬁg'r Poing
base cur vesfbodibnanhedifacil fcfich 36 is @Fﬁeﬂ%@%luﬁﬁchtﬁ bedifiddivact i ve zones

can be in a range of about 2 to about 20, thou ot her nunbers can al so be
enpl oyed. Zpnes@4fdispesdd/en aom@eﬂwnarhasgemveao weramml@rn@uréawt‘n%r by a

G ope. o6 ofte RRBESmpliadhie EYEET ot ke B BBE R EbER AT BoSRAY 2 o 1"

hei ght s depbegts 6thas n@nfbmbaﬁralsv‘be@ﬁfmdngmb aiffeastvelZop@s 24cqet er of the
anterior surface S{the i ntersection of the optical axis OA with the anterior

sur f add) . sepagtadfroRbPas aneker Hyepplusaliy Qbéprﬁé’@ tlp thigiaxeMplawcr easi ng
hei ght s aamz)(lz%@é;@% ion tﬂg hle g?g’ﬂ*{%setﬁggv%lafg' hau'mﬁ)rH é’ue | ens' s optical

axi s. i n nore in ot er enbo rrents the step

hei ght s capeeifidaldy, tin this exatnpies she stepoeightisfdecredse aoa falh(ttwnrtﬁft ively, they
can be uniform_ The schematic radi aI rofile de |ct§d n FI GURE 2C al so
shows t hatin¢'Rasipgdisiaiee ot a crptar of the artgripgsu hye dntersection of

the optical axis OA with the anterior surface). In other words, the steps are

15 apodized to exhibit decreasing heights as a function of increasing radial
distance from the lens'’s optical axis. As discussed in more detail below, in
other embodiments, the step heights can exhibit other types of non-uniformity,
or alternatively, they can be uniform. The schematic radial profile depicted in
FIGURE 2C also shows that the curvatures of the IOL’s central and outer

20 refractive regions correspond to the base curvature of the anterior surface
(hence these regions are shown as flat in the figure), though a phase shift is
given to the central zone. Other configurations, as described below, can also
be used to divert more energy to the far-focus power of the embodiments of

the present invention.

25
The steps are positioned at the radial boundaries of the diffractive
zones. In this exemplary embodiment, the radial location of a zone boundary
can be determined in accordance with the following relation:
rP=r +2Af Equation (1),
30 wherein

i denotes the zone number

r,denotes the radius of the central refractive zone,

A denotes the design wavelength, and

10



refractive regions correspond to the base curvature of the anterior surface
(hence these regions are shown as flat in the figure), though a phase shift
i s given wo2otwsematral zone. Ot her configurations, as @esascmemcingd ow, can
al so be used to divert nore energy to the far-focus power of the

enbodi nents of the present invention. The steps are positioned at the
radi al boundari gdenbtesstefodiaf lengttt oftbezmaesocusn t hi s exenpl ary enbodi nent,
the radial |ocation of a zone boundary can be determ ned in accordance with
the foll ovmrs@meeembpdmnemts—thleoie;s!gmwaveleequhaﬂuIér@‘hp&?n tehed®0mm denotes the

{he-dost oro'ae0 I0angine cafie 0 uBlal BEeGFY cRindiferathe Hiektifa el 1 0°

some enboq g%%ﬁ J}eefgeibgfpb&@% oegggﬁzl i's chosen to be 550 nm green
se.

i ght at t & ‘cent e visual res In sone cases, the radius of
the central zone ( rO ) can be set toe |If . Wth conti nued reference to
FI GURE 2C, in sone cases, the step hei ght between adjacent zones, or the
vertical height of each diffractive elenent at a zone boundary, can be

defi ned accord he ol.l owi n St apOze
Fauat i on (2 Widp eBniiiet s R S ERQREZG MR cpseq the Sigp Ty
height between adjacent zones, or the vertical height of each diffractive
element at a zone boundary, can be defined according to the following

10 relation:

A

apodize Equation (2),
> (o a @

Step height =

wherein
A denotes the design wavelength (e.g., 550 nm),
15 n, denotes the refractive index of the material from which the lens is
formed,
ns denotes the refractive index of a medium in which the lens is placed,

and faaize represents a scaling function whose value decreases as a

function of increasing radial distance from the intersection of the optical axis

20  with the anterior surface of the lens. For example, the scaling function can be
defined by the following relation:

Fin)

e =1 - ()

(o — rm)}ex",rm <7i £ Fou Equation (3),
wherein
r; denotes the radial distance of the i'" zone,
25 In denotes the inner boundary of the diffractive region as depicted
schematically in FIGURE 2C,
rout denotes the outer boundary of the diffractive region as depicted
schematically in FIGURE 2C, and
exp is a value chosen based on the relative location of the apodization
30 zone and a desired reduction in diffractive element step height. The exponent

exp can be selected based on a desired degree of change in diffraction

11



r i 2 denotes the refractive index of the material fromwhich the lens is
formed, n-i denotes the refractive index of a nediumin which the lens is
pl aced, amO2bBpBEI®4represents a scaling functi on whose varus2@ens®ases as a
function of increasing radial distance fromthe intersection of the optical
axis wth the anterior surface of the lens. For exanple, the scaling
function cefficibrcyatioss dhdiershsurfacke! Fur egampletaxprcan take Yafugzanze = 1- {- -
} eXP,rm Vi < T Uthg UatJOn_ (3), wherein r , denotes the radial distance
of the itHaE‘Sﬁé’,fagﬂ“ ﬂb?@%“ttme i nner boundary of the diffractive region as
depicted schematically in FIGURE 2C, r o ut denotes the outer boundary of
the diffractive region as depicted schematically in FIGURE 2C, and exp is a
val ue chosen badsanathet bxampleathiesecalingdunctionodan be defioed bathen zone and a
desi reg rgdhlct.i on fﬁ diffractive el enent step height. The exponent exp can
be sel ect d0"PHEEIEEHOY: desir ed degree of change in diffractionefficiency
across the lens surface. For exanple, exp can take values in a range of
about 2 to about 6 . As another fe%farﬂil—e(,—t)ﬁe scal i ngagatit (49n can be
defined by the following relation: fapoZ™ 1- (- )3 Equation (4), wherein n
denot es t hghdragh al di stance of the ith zone, and rout denotes the radius of

t he apodi zati on zone. o h
r; denotes the radial distance of the i"' zone, and

rout denotes the radius of the apodization zone.
10
Referring again to FIGURE 2C, in this exemplary embodiment, each
step at a zone boundary is centered about the base profile with half of its
height above the base profile and the other half below the profile, apart from
the central step. Further details regarding selection of the step heights, other
15 than the height of the central step, can be found in U.S. Patent No. 5,699,142

which is herein incorporated by reference in its entirety.

In use, the central refractive region provides a single far focus

refractive power such that the IOL 10 effectively functions as a monofocal

20  refractive lens for small pupil sizes, that is the pupil sizes less than or equal to
the radial size of the central refractive region. For larger pupil sizes, while the
central region continues to provide a single far-focus optical power, the
diffractive region begins to contribute to the IOL’s focusing power by providing
two diffractive focusing powers: one substantially equal to the refractive far-

25 focus power of the central region and the other corresponding to a near-focus
power. As the pupil size increases further, the outer refractive region 22 can
also contribute — refractively — to the far-focus power of the lens. The fraction
of the light energy distributed to the near focus relative to the far focus can be
adjusted, e.g., via the sizes of the central and outer refractive regions as well

30  asthe parameters (e.g., step heights) associated with the diffractive region.
Further, in cases in which the step heights are apodized, this fraction can
change as a function of the pupil size. For example, the decrease in the step

heights of the diffractive structure results in an increase in the fraction of the

12



Referring again to FIGURE 2C, in this exenplary enbodi nent, each step at a
zone boundary is centered about the base profile with half of its height
above t hewbasw/sewhi |l e and the other half bel ow t he profchrais2@pmasio4d rom t he
central step. Further details regarding selection of the step heights,

ot her than the height of the central step, can be found in U S. Patent No.
5, 699, 142 Iight ehergy thatsenitted e tepfar fd@d tytheafiffraetice straciure aerthe paply. 1 n
use, the central refractive region provides a single far focus refractive
power such¥hBICTq3%€S| OL 10 effectively functions as a nonofocal refractive
|l ens for small pupil sizes, that is the pupil sizes less than or equal to
the radial size of the central refractive region. For larger pupil sizes,
whi | e t he cent ridie emggynirected toube farsfopuspoder af thengmbotlmmerts ofitheopt i cal

, the diffracti, ' begi t tri.b t,o t | ' f [
Pouet £ N LA RS AR R bR SRR B Beien, | VS
to the refﬁeﬁ@ﬁté\r@tr{@amﬁene@%h Hlaiétsy §<ﬁn§tg?d t_hlreeﬁrﬁfal antarkdiezaidier

corresponding to a near-focus power. As the pupil size increases further,
t he out er qusyatars.i Vke cegiralzore eauid have theosame isurvaturer ag thechaseely - to the

to the nedtnBuiEorbRIAL Bsuiin'd S8 altaldlSanbdabugr BLEN TR L5 The
sizes of tdithanesd @ infrdveiizpfot @ patdrinemcedy IRinga diffélentsethgl par aneters
(e.g., step heights) associated with the diffractive region. Further, in

gl
cases lin AONEIPU¥RIUER. ehor@XaimRle. BIRUBRER shaws enichemaiia $id vieynothange as a
function C{Pe%\ﬂtifBHQf lo1SbZEIGURE ﬁrﬁﬁ%ﬁa ée'h?raﬁ’ﬁféia%%?zdr{éh\?vﬂtﬁ ant €p hei ghts
of the diffractive structure results Inh an I ncrease In e fraction of
t hel i ght eadjusigd tentnalddriegphdse aritcappnoxineately thy saimee durvbturetasvtbest ruct ur e

as the pupil size ipcreases. .The eper directed to.the far-focus power of
the enbod BASRIQUNG (THDISSEBRAIMEN, e Ea 20 RNSH IS FAILPEIA by T educi ng

the di ffragfiistBgSt&Rucing) the height of the first diffractive step (the step closest to
15 the central zone) and thereby changing the phase delay of the central zone.
In another embodiment, such as shown in FIGURE 3, a multifocal IOL in
accordance with the present invention is depicted having a central distance
zone with an adjusted central zone phase and a central zone curvature
adjusted to differ from that of the |OL base curve to control the image quality

20  for both lens powers.

As can be seen from FIGUREs 2B and 3, and other FIGURESs herein,
different lens parameters can be used alone or in combination to increase the
energy distributed to the far-focus power of the embodiments of the present

25 invention, and to control the image contrast. A central diffractive step
adjustment can thus be combined with a change in central zone curvature, for
example. The shape of the central zone can also be adjusted, and can be
spherical or aspheric and differ from that of the base curve. Further, the
adjustments to the central zone phase and curvature described herein can

30 likewise be used to increase the energy distributed to the near-focus power in
some embodiments as opposed to the far-focus power. Thus, the
embodiments of the present invention can quite effectively be used to direct
more energy to a first (far-focus) lens power or to a second (near-focus) lens

power, while controlling image quality.

13



hei ghts in the diffractive region and/or by adjusting the central distance
zone curvature. The central zone could have the sanme curvature as the base
cur vat ur ewvof20tos9@., resulting in a sinple central disramas2@oneso4or coul d
be enhanced for inproved far-focus performance by having a different
central zone curvature. For exanple, FIGURE 2B shows a schematic side view
of the multifocal 1OL of FIGURE 2A having a central distance zone with an
adj usted central zone phase and approximtely the sanmge curvature as the

base curve. | n RkIGURREADS@ sasies, ofidiaprheiustsatirigihe qmiicabpriopeslifsas 8d by
adj usting gf, 61*19‘?@%«@%&5&18@5895@5% efnﬁlfi?tlm@hfsféﬁ bip¥ sé%t‘?rﬁ\/ﬁ(rﬁllaﬁ step

closest to't central zone t hereby changi ng t ase ay of the
central zd1mnng differestt tentrahtmd pleade arsdicénteal zxahe\m:rvaturé CMRElr@Iloas

I tif I d th th t d h
2 cont Roi. FIRURIGS 2o dhar b needis Seatioeaim Som MM e a8 et 1 ol
zone Curqul}Hcﬁoﬁ(éNHfFl)?& érﬂbgd‘hféﬁtsf)f aMIOh 3 Y pidagnt ﬂvehﬁér@hﬁ%h eto

control the Iimage quality for both | ens powers. As can be seen from FI GURES
2B and 3, differeot h@?trailp@aRESlah@rSelThesﬁlgrﬁeh%ﬂmsiréiﬁsemldﬁétférs can be used

pover of IS iRl rE b orRbanE R b el O the i mmge
contrast. tﬁe¢©Dtré@|hsdlehfelyétébiéé@nﬁﬂ%%ﬂ%bﬂﬁﬁé@@eléﬁ@ttHB@uHﬁ@ceC@ﬁhE*HGd with a
change in central zone curvature, for exanple. The pe of the central

zone ddn desyahzongipnd alse thermhysical waxqmrpﬁwf tbe '@épﬁé'ﬁr FleMREDPf fer from
that of the ba ﬁw‘éﬂﬁﬁx&o %Eﬁférm hiRc E'JpBWnggtaS sde%fié‘&xé%ﬁ '@ zOne phase

and curvature escri hergis 'Can eW| S€ ol nc €ase the energy
di stri but gutior arttibrs degignfrenigg peimplei centrahdistamcediomerdomparedgpa@ned to t he
Far-focus é)rr?t\),\(l)e lmemo an SE of the present invention having a phase delay of 0.5 at

the central diffractive step. In addition, this example shows increased energy
15 to the far-focus power as compared to the prior art lens by reducing all of the

diffractive region step heights. In this example, the MTF contrast increases

for the near power with the introduction of the central zone phase delay,

compared to a similar lens where there is no phase delay for the central zone.

20
The apodization of the diffractive region of the embodiments of this

invention is not limited to the one discussed above. In fact, a variety of types
of apodization of the step heights can be employed. By way of example, with
reference to FIGUREs 6A and 6B, in some embodiments, an IOL 30 can

25 include an anterior surface 32 and a posterior surface 34, where the anterior
surface is characterized by a central refractive region 36, an annular
diffractive region 38 that surrounds the central refractive region 34, and an
outer refractive region 40. The annular diffractive region is formed by a
plurality of diffractive zones 38a that are separated from one another by a

30  plurality of steps 38b, where the steps exhibit increasing heights from an inner

boundary A of the diffractive region to an outer boundary B thereof.

Such an apodization of the step heights is herein referred to as

‘reverse apodization.” Similar to the previous embodiment, the diffractive
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enbodi nents of the present invention can quite effectively be used to
direct nore energy to a first (far-focus) |ens power or to a second
(near - f ocwe)2010ai3s76power, while controlling i mage qual it PCEIUS2RE/04504s a
series of graphs illustrating the optical properties as a function of

of f-axi s di stance squared of enbodi ments of the present invention having

di fferent regidhrcntisuiés nbﬁsnle]/aadhe: HDIL’s #r-foens opticalgiower oo tatitsons.
FIGURE 5 is a series of graP s illustrating changes in the Mdul ation
Transfer FAFETPSHS POWEN siGr themrAlTREWE BOWET éan bein girapge ohAB_ht 19 nvent i on

having di fgb%u?ﬂ:%.C%We@ler,m?ﬁiﬁg tr‘f%(l;lﬁﬁ%tfs-r@rﬁﬁgdgi&g,h%gir#érﬂéﬁt'ég%%fwrrpl es of

adj ustnents to e centrdl zone ofte ctron the square of
t he | OL rddcident I enesgyr tesresmbittet dydpe idifrbcileaegiatetcatpedar fdeassur f ace of

th t d also the physical surface profile of the QL optic.
FI CURE 5 d9cS9es, SRR ETRATES (P Fa s BRIRASgdnaPe sleRhes: T o

exanpl e ofasg ﬂfﬂc‘%n%Ffﬁndr@é’sﬁnﬁ'?é&igpdi@l%\‘\b@gro?n fHaptefanisyal di stance zone
conpared to an enbodi nent of "an I OL of the present invention having a phase

delay of 0.5 at the central diffractive step. In addition, this exanple

ens by reduci 13 U Sipo e FhacRBRETh AR e ERERRRGRElN ot R o 7

exanpl e, tingrebBé& froantheasigions ne@s 8suh@dryttb eedcha ni@W@UMWalDetatan
i ntroduction of the central zone phase delay, conpared to a simlar |ens

wher e [Oherigtergerigtelpeatonitin that regien &lloweg) by adecrease tagbare@ieNsn of the
Che oo SHGRRRGR], B GRERL ERURE &g WRUERL AR el TSt [
st ep hei gitavingean bptieAp lcbpeatterizediay anantermmsugaceMbrandced postecier t o FI GURES
32 and a 1SRRI, SUNPALLITSATeNRus STIITERS (155 286 PASHIPSS Bhar act er | zed
by a cent rigdju§& baehirdfrei@etifd rétfion 80, M BHhaGr diffractive region 52 that
15 surrounds the refractive region, and an outer refractive region 54 that in turn
surrounds the diffractive region. With reference to the radial profile of the
anterior surface presented in FIGURE 6D, the annular diffractive region
includes a plurality of diffractive zones 56 separated from another by a
plurality of steps 58, where the step heights exhibit an increase followed by a
20  decrease as a function of increasing radial distance from the center of the
lens. Alternatively, in another embodiment shown schematically in FIGURE
6E, the step heights show a decrease followed by an increase as a function of

increasing distance from the lens center.

25 In yet other embodiments, the step heights separating different zones
of the diffractive region can be substantially uniform (e.g., within
manufacturing tolerances). By way of illustration, FIGURE 7 schematically
depicts a radial profile of a surface of such a lens (e.g., the anterior surface of
the lens) from which the underlying base profile has been subtracted. The

30 radial surface profile indicates that the surface includes a central refractive
region A (with a curvature that is substantially equal to the base curvature of
the surface, but with an additional phase delay), a diffractive region B and an

outer refractive region C. The diffractive region B is characterized by a

15



diffractive region 38 that surrounds the central refractive region 34, and
an outer refractive region 40. The annular diffractive region is forned by
a plural iwg 20fo/ddfefir acti ve zones 38a that are separat edpCrarsc@nmc®adt her by
a plurality of steps 38b, where the steps exhibit increasing heights from

an inner boundary A of the diffractive region to an outer boundary B

t her eof . Splofalignofajifficictiee zone 60 thet Bt apphritegihfrom endanetherbgferred to as

"reverse apodization." Siglar tog t revi qus enbodj nent, the

i 1 raci JMGDGH b Zbhedaiits GhiE F6Ps AS 2BEBSI B LSSt i cal pover
but also to its near-focus power, e.g., the near-focus power can be in a
range of about 1 to about 4 D. However, unlike the previous enbodi nent, the
percent age of tBwewayof ésampld, ghsomedmplennentations oban WYLthawingiafracti ve
region_to the far focus decreases as.the pupil_ size increas ue to the

| ner ease iatPtaTape fHSD REDHRGT. i voidBr 2 SHBEEUHIERBRIMLAT i <t ance
from the aRichG@ineddundan), Ih@T&dA| I068SH o E6ne bbengagtanadeht s in the
diffractive region can increase fromthe region's inner boundary to reach a
maxi mum vaaiernined in aecasdaner with aqyetien dninpeme sasastthedgdivs of dhe owed by a

decrease to the region's outer boun Yy y of exanple, FIGURE 6C

depi ot s sUCRIERZING (7bcAmbEIREt IbB e o TR teD PEE Beteeeant er i or
surface 46 and osterior rface 48. Siml o.the previous enbodi nents,
The ant er 13558 708S 580 rcfatned 5 ageorenfe pahhe e B Ba RS0 an annul ar
diffrggti ve region 52 that surrounds the refractive region, and an outer
refractive region 54 that in turn surrggnds the diffractive region. Wth
reference to the radial prgfil.e.of thebanteri face presented in Fl GURE
6D, the annular diffracti v%tfebeigel'@ﬁ 1 r@gzlu,q?s a(%q'ﬁggl ity of diffractive
zones 56 separated fromanother by a plurality of steps 58, where the step

hei ghts exhibit an increase foll owed by a decrease as a function of

i ncreasi n%vr{eargfnal di stance fromthe center of the

A denotes the design wavelength (e.g., 550 nm),
15 ny denotes the refractive index of the material from which the lens is
formed,
ns denotes the refractive index of the medium in which the lens is
placed, and
b is a fraction, e.g., 0.5 0r 0.7.
20
In some embodiments, the diffractive region can extend from the outer
boundary of the central refractive region to the outer boundary of the optic.
By way of example, FIGURE 8 schematically depicts such an IOL 64 that
includes an anterior surface 66 and a posterior surface 68. The anterior
25 surface includes a central refractive region 70 that, in cooperation with the
refractive posterior surface, imparts to the optic a refractive far- focus power.
The central zone has an adjustment in step height and/or curvature. A
diffractive region 72 disposed on the anterior surface extends from the outer
boundary of the central refractive region to the outer boundary of the optic,
30  and provides a diffractive near-focus and a diffractive far-focus optical power.
In this exemplary implementation, the diffractive far-focus power is

substantially equal to the refractive far-focus power provided by the optic’s
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l ens. Alternatively, in another enbodi mrent shown schematically in Fl GURE
6E, the step heights show a decrease foll owed by an increase as a function
of i ncreasongiodissteance fromthe | ens center. In yet othecTarsbadion®ns s, the
step heights separating different zones of the diffractive region can be
substantially uniform(e.g., within manufacturing tol erances). By way of

i | | ustr at irefractle@dritral régibemalitheagh yn thipexdraple thedifflaciivefedien &f a surface
of such a | ens he anterior surface of the Ienj% from which the

e.g., t _
under | yi ngfoﬁﬁ%g]élad?ﬂﬂaé'%@%d'ﬁ?é?ﬁw%GBE‘?%é?%@[ateﬂ’@Y siehsatavdng f ace profile
I ndi cat es ; ' P - : td ' (with a
curvat ur o Hhateriafy SHfoRE Rolghfs, 4185 B il B e B Cur T ace,
but wi th de eodubifonnale.ghdlsey dah bg)apodizédj.f racti ve regi on B and an outer
refractive region C. The diffractive region B is characterized by

apl ur abi ty of diffractive zones 60 that are separated from one another by a

plurality of stgRenfZothEPEntt@dinEstsOhin IOE caheRAuée adcptiay Rstauhveal |y
uniform By way of exanple, in some i|nplenmentations of an I CL having a

subst ant i aegipnuan aonpias diffrapiivegtegjoniisposest on iadusfagedbewsf canpddse shift at

each zone ndary,. the.radj I ' z be

determ ne(:i)tq?‘?l‘:r " irg%p\gaahe(gé&\%vyfﬂérgdﬁ%t%%hﬁglla%q ﬁesogﬂrgr %g%gg% ﬁégﬁ%di us of the
central zgpevifle diereanredicted fdoushyy pdwersFaHehsintral Rensthap adrei ght bet ween
adj acent zones can_be defined in accordance with the follow ng relation:

Step Héi gradiustmentty step)height and/qricuryatireer By way of @xamde t3feshadn gn

pave! endt AcheriicalPi BURE?, ARAEPifRUE oI5 1908 IFLURK o I0LNGo ™ o1

can contribute to the IOL’s far-focus optical power (corresponding to far focus
A) while an outer refractive region 90b of the IOL contributes — refractively —
to the I0OL’s near-focus optical power (corresponding to near focus B). A

15 diffractive region 90c, in turn, contributes —diffractively — to both the near and
the far focusing powers of the IOL. Such a difference in the refractive
focusing properties of the central and outer regions can be achieved, e.g., by
configuring the outer region of one or both of the lens surfaces to have a
different surface curvature (surface profile) than that of the respective central

20  region.

In some cases, the base profile of at least one of the lens surfaces can
exhibit a selected degree of asphericity to control aberrations, such as to
control depth-of-focus. For example, the anterior surface on which a

25  diffractive region is disposed can exhibit a spherical profile while the posterior
surface exhibits a certain degree of asphericity. By way of example, further
teachings regarding configuring one or more of the lens surfaces to have
aspherical profiles can be found in pending U.S. patent application entitled
“Intraocular Lens” having a serial number 11/397332, filed on April 4, 20086,

30  which is herein incorporated by reference.

In other cases, at least one of the lens surfaces can have a toric base
profile (a profile characterized by two different curvatures along two

orthogonal directions of the surface) to help correct astigmatism.
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ni denotes the refractive index of the mediumin which the lens is placed,
and b is a fraction, e.g., 0.5 or 0.7. In sone enbodi nents, the diffractive
regi on cawmoertoasozéhir om t he outer boundary of the centralPCrafSe@otsings r egi on
to the outer boundary of the optic. By way of exanple, FIGURE 8
schematically depicts such an I1CL 64 that includes an anterior surface 66
and a posterior surface 68. The anterior surface includes a central
refractive reglon 70 th ration with the refractlvF posteri or

t, in o
surface, inpar tQspg& ‘W@% gPiments, &@%‘W%'W%POEVWWB %e central
zone has t@cBaHséfTﬁﬁ;reHHat%H%eh@r' @BFe ?y”éy QlicHthaY Hellefs cérr]mgirf)\f/lHéCt Ive

regi on 72 I spose e anterior surface extends fromt out er boundary
of the cersoms de@bealftfllteeng@@bme Iigdnttserrtmemmpleemxﬂaugzhdyeslaee optic, and

d di ff t f f t I
Pover . i n RAVESRREHES ek esrerelratenlied FonmBoemye YRibh B8 “Dover i s
subst ant i Add/TRSIHsellR Gmﬂhélﬁiué @@hsw?}fsmm 992%@@% ‘FRIAMEARbhIOY the
optic'srefractive central region ough his exanple the diffractive

region is \fQilpMﬂblaymAadﬂ'hﬂraUWV" @phmaimlcalcﬁﬂs@é )z 6rids, B¥ptanditled by st eps

et gnt's. caboBBiBRblY P AEPES R ileiy Uagih S BRIC TERSED, 888 ve "ot her
enmbodi nent5662am07 @Gntita “R@&Jm@ﬁzaaal@vetldswlwe@mrﬁwhw UsedhaDphtaalindignul ar
dlffractlve re on di sposed on a surface thereof, and an outer refractive

regi orl? 1all ok i amenhereReingairoratediyLefereace egi ons provi de
di fferent refractl ve focusing powers. The central zone has an adjustnent in
step hei ght and/or curvature. By way of exanple, as shown schematically in
FIGURE 9, a cenﬁtvazietyefkacWhmamﬁgbtuﬁnQ@ecmﬁqmd:arabe Ieﬁtpl@;@ad:tmfouuntri but e
totheIO_'sfaH']-focsotical BE (C respo g, to far ?cus

an ophthalmic lens (e.g., an | |n accordance WI eachlngs of th

invention. For example, such techniques can be employed to initially form a

15 refractive optic and subsequently generate an annular diffractive region on
one of the surfaces of the optic such that the diffractive region would surround

a central refractive region of the surface.
Those having ordinary skill in the art will appreciate the certain

20  modifications can be made to the above embodiments without departing from

the scope of the invention.
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A) while an outer refractive region 90b of the IO contributes -
refractively - to the |OL's near-focus optical power (corresponding to near
focus B).wodioidsemeti ve regi on 90c, in turn, contribute®cTdistdoomeciouvel y -
to both the near and the far focusing powers of the ICOL. Such a difference
in the refractive focusing properties of the central and outer regions can
be achieved, e.g., by configuring t CGAIMS:r region of one or both of the

| ens surfaces to have a different surface curvature (surface profile) than
that of the respective central region. In sone cases, the base profile of
at | east op@apPk dhmdees surfaces can exhibit a sel ected degree of
asphericity to control aberrations, such as to control depth-of-focus. For
exanple, the anterior surface on which a diffractive region is disposed can
exhibit a spherical profile while the posterior surface exhibits a certain
degr ee 50f hsphekn mittapcuBly levesy(IOL), exoanpising f urt her teachi ngs regardi ng
configuring one or nore of the | ens surfaces to have aspherical profiles
can be found i marpestit Mgving an apéitsuriaee iabatd posternbr sliksee, lsald @stiul ar Lens”
having a serial nunber 11/397332, filed on April 4 , 2006, which is herein
i ncor por ath@Ying,a cepialieiactiveregionfor paeddingang refactivn focysinghroweins
surfaces have a toric base profile (a profile characterized by two

di fferent curvatures along two orthogonal directions of the surface) to

mator ol of - the SRRV B ER R G Bl Seig U fipPe SRR kR The ©
| ens can preaviadd ssfamdifftactivecfoelisihydowarsgviedreln the diffedttive w?lanexarrpl es of

such dyes are provided in U S. Patent Nos. 5,528,322 (entitled
" Pol yner | Z2PIREISe8|a Riratfesf difftactiveizenes separatgmhiraeal ane apethesdyya 5, 470, 932

(entitled r%t'?r%ht){/ﬁ(ras'tfﬁsbéﬁd VR OW thY Gt SRgb Jiﬁgrlé'in%‘?gﬁtr?ro%%@%gar?d Lenses"),

5,543,504 (entt
step so as to alter the phase of the central refractive region to provide

increased light to the refractive focusing power.

15

2. The IOL of claim 1, wherein each of said anterior and posterior

surfaces includes a central refractive region.

3. The IOL of claim 2, wherein said central refractive region of any of the
20  anterior and the posterior surface has a diameter in a range of about 0.5 mm

to about 2 mm.

4. The I0L of claim 2, wherein said central refractive region of each of

said anterior and the posterior surface has a substantially spherical profile.

25

5. The |OL of claim 4, wherein said diffractive region outside of said

central refractive region has a substantially aspheric base profile.

6. The IOL of claim 2, wherein the diffractive region at least partially

30  surrounds the central refractive region of the surface on which it is disposed.
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"Pol ynmeri zabl e Yell ow Dyes And Their Use In Ophthal mc Lenses), and
5,662,707 (entitled "Polynerizable Yell ow Dyes And Their Use In Qphthal mc
Lenses), wbl20mfoswtsisch are herein incorporated by referemrce/ustomasioasy of
known manufacturing techni ques can be enployed to forman ophthalmc |ens
(e.g., an 1AL) in accordance wth the teachings of the invention. For
exanpl e, such techniques can be enployed to initially forma refractive
optic and subsequently generate an annular diffractive region on one of the

surfaces of, therpior oﬁéﬁhnﬁhaﬁwe?éiﬁ sAid far #6dUsyRy pOWEPH theWiffragtivé ound a

central refractive region of the surface. Thos€ having ordinary skill in
the art wilegicpgarespengdsisibstastialy to saidir¢fraciivedoeusing pbwemptevided bhe above

enbodi nentﬁ‘ﬁgptﬁ?%u%ﬁqf%ﬁf%fﬁl%cgig?Eqéé)'%t he scope of the invention. CLAI M5 Wat

is clained ns (IQL), conprising an optic having an
anterigr surface and a posterior surface, said optic having a central
refractive region for providing one refractive focusing power, and a
diffractive region di sposed on one of said surfaces so as to provide a near
and a far &iffrH&|Qeot galBilnYhsewBSSId Rl GMPHIRS A PHIeAdeIrIeMeegi on
conprises @qgRurality of diffractive zones separated from one another by a
plurality o? steps and wherein the first step differs in height fromthe
second step so as to alter the phase of the central refractive region to
provide increased light to the refractive focusing power. 2. The IOL of

claim1, erein each pf, sai.d anteri or, and sterior surfaces includes a
central retr actﬂf‘e@eﬁfﬁlﬂlm 8, wherein said omﬂer Pec%rac ive region provuges a

10  focusing power substantially equal to the refractive focusing power provided

by the central region.

10. The IOL of claim 1, wherein at least one of said surfaces exhibits an

aspheric base profile adapted to control aberrations of the lens.
15

11.  The IOL of claim 1, wherein said central refractive region has a

substantially spherical profile.

12.  The IOL of claim 11, wherein said diffractive region outside of said

20  central refractive region has a substantially aspheric base profile.

20



3. The 1OL of claim2 , wherein said central refractive region of any of
the anterior and the posterior surface has a dianeter in a range of about
0.5 nm t ovakowios27eam 4 . The 1 CL of claim 2, wherein sacu/useomwneioss
refractive region of each of said anterior and the posterior surface has a
substantially spherical profile. 5. The 10OL of claim4 , wherein said

di ffracti vis.r egh aretiood of derredtingavisionecamptisingf racti ve regi on has a
substantially aspheric base profile. 6. The 1OL of claim2 , wherein the
diffractive regrevidig areaptic Ravihg Anl ahtetior SURRS dritPa peslarial suFasact i ve
region of the surface on which it is disposed.7 . The ICL of claim1,
wher ei n saaid paYC hawngi ng power of the diffractive region corresponds
substantially to said refractive focusing power provided by the optic's
central refractive reeggrdral réfractivegegion fof praviding opevatsaetive fogusingpt i ¢
conprises an outer refractive region. 9 . The 1OL of claim8, wherein said
outer refracti \Péweég?%% provi des a focusing power substantially equal to
the refractive focus digfravdnere§ion\disiibellor bite 6ESdiIEJurfaegs 86-askd - The | QL
of claim1l, wherein at |east one of said surfaces exhibits an aspheric base
profil e adapt e®reydegneasanshe fardiffigetivefoousing rayersjwhensia theo. of claim 1,
wherein said ceg : : J ; L . 1 i cal
profile. 12. Tﬁgﬁf%@v%&t %%F%%E)T%g%g{@?ﬁ@s@i ?tl rg%'?‘%é\/%e%gf%fn out si de
of sai d centr alfronebnednotteertgon plurlity of steplsdrainvhaidiry thesfilsestep base
profile.13. A hod of correcting vision, conprising providi an optic
havi ndY%an ant ed! rséﬁhﬁ? fr&ﬁhtthe?i?&‘mgﬁ?%qsgﬁﬁ‘fta ?rgﬁﬁ‘ﬁﬁﬁ‘?fgﬂﬁavi ng: a
central refractdghfal R#aRfivé Rogioh & privite PRRdsbNRt o/ fhel REURHY

focusing power; and

implanting said optic in a patient’s eye.
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power, and a diffractive region disposed on one of said surfaces so as to
provide a near and a far diffractive focusing powers, wherein the

di ffractiwe wgisere4conpri ses a plurality of diffractiveprzonssomepmsat ed
fromone another by a plurality of steps and wherein the first step differs
in height fromthe second step so as to alter the phase of the central
refractive region to provide increased |light to the refractive focusing
power; and jnplanting said optic.in a ient's eye.14. A met hod of

manuf act urthg. dnMESHha TaB T asiering A pP Pl IcHER oG RIS bt ¢ havi ng an
anterior surf aqsrnaing o ORL IRAViRY af nteifo? sSUpabE8 @nBapBosteRbl s@sacdapt ed for
generating a far-foCus; and generating a diffractive structure on at | east
one of saihlhving basseprofileshadapied feri generatingce fardfopus;sand a central refractive

regi on_and an outer_refr Lve region, said diffractiv [ r

oo ot na, SeoBfaiild el Sl Afhdettl diestsdd BRLFEFIG -

near - f ocughapsdi§ alirfaeeveompribes aidentiaerefidctivaeddive aptiratcoutee reframpive ses a
plurality of diffractive zones separated fromone another by a plurality of

st eps and regienesaididiffractive strueture pentghuting o s3id faicioss waticalifPawgd second
step so as, : g . I [V 1qon to provide
oL e 1 4 Sl H o8 Ghud B GABoBL JRLAAT e BriAde
structure comprises a plurality of diffractive zones separated from one another
10 by a plurality of steps and wherein the first step height differs form that of the
second step so as to alter the phase of the central refractive region to provide

increased light to the far-focus optical power.
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