WO 2011/ 153158PCT/ US2011/ 038597 | MPLANTABLE OPHTHALM C DEVI CE W TH AN
ASPHERI C LENS CROSS- REFERENCE TO RELATED PATENT APPLI CATI ONS [ 0001] This
appl i cat iwo 20l1zisasst he benefit of U. S. Provisional Appl ipcatiseo 1/Mess97

61/ 350, 344, filed June 1, 2010, and entitled "Mdeling Retinal |nage
Quality of an Aspheric IOL with an Enbedded Dynam c Aperture"; U S
Provi si onal Application No. 61/361,653, filed July 6, 2010, and entitled

e o IIPLANTSTET ARG, PEVICI WPt SpRfecpfise

Sept enber 20, 2010, and entitled "An Intraocular Inplant that conprises a
Dynam ¢ Focusing Elenment and a Static Aspheric Focusing Elenent." Each of
t he above-ref er e RESS-RIVERENCO TS RELATED PATBNGAA PRI IEIATIDING ef erence in
its entirety. BACKGROUND [0002] There are two najor conditions that affect
an individual's ability to focus on near and internediate di stance objects:

pres bydBO(allanHub%mmamﬂms the banip pl H-§- PreHeond Appheatipadbenfd 2019 of t he
cryst a'ﬁlb&‘?ude gj flﬁ'%n wﬁa‘iq&&’eﬁn% El%{mﬁflﬁﬁ ﬁ&lﬂ%ﬁ“&h RHNDL Wih &n
presbyopic |n da I's loss o acconnn Fon first Fesults I'n an

i nabi | iHErybddded D)@rusmmm]@steaﬂe tilss amoesmb;ﬂefcmﬂwamh Nat @r/361e633, figediJnlyak)

bi | to f t diate di bj.ect ted that
it DM R AR L SR R S R A s Ty TR B R o S H e
States.p h{lg\éﬂggﬁure' LanldU. gsf’ﬂogﬁid%% Ag cahgﬁ'f\]% 8l/8saRRr Acd TRl enbebo®i I 11 0n

presbyopes udophakia i's the re cement of the crystalline lens of the
eye W tZﬁ)lammlretnhﬂe(ti‘Ah Iﬂtmsulakhmvlﬂntahatanmpntsersaadamaamc [Feassir(d ementmdal | y

fol |l ow rgi.cal renov h r alline ens cat.aract surgery.
I o pebdaBhASRIEe Fagrabsment hE ke R T et SRR 1 ens. causes &
conpl etifcdrpsatc@theree BYTISRAEON itsRatircfyesul ts in an inability to focus on
either near or internedi ate di stance objects. For all practical purposes,

an individual will get cataracts if he or she lives | ong enough.
Furthernore, nost individuals w BAGEHBPEYS will have a cataract operation
at sonme point in their lives. It is estimated that approximately 1.2

m | |1 ong6adaracte st 8itldRE fral ARdh an sl At es.

[ 0003] r[?ﬁe]st%%d%ég togkagér%r Slclgréect{&%% pr es ig%}as gre reaalﬁﬁgng asses,

mul ti f codlintophddiat disanteolsieds: meskbyopntad psdudogtekid Ptesbyopia suhdmssonovi si on.

Readi ng gl asses. have, a 1/1 8PCT/ US2011/.038597 singl e opti cal
pover % Orewﬁ%tm%h%@wa g%@g%ﬁgﬁ&nﬁgeﬁ%sﬁmmmpﬁw PEIBRAN 3 ens s
a | ens J-balohasndiPitgalt ‘Jﬂ?s'loé)ﬂf‘f dc8& Aol ANAL fs(desifits in RO Rty R%%ﬁs) ol Rdar

correctl ng focu5| ng problens across a range of distances.” Miltifocal optics
ar e usealistinccopaglsand daicr rwartsasan lueahsléy fo ﬁmds diQingerniviiatd dislende ahpdeth i 1m c

| enses ans of a divi.s ns...s area inta reqi,ons

ai 17 or SnpmsisenRES o nePrarte E DR Sl OBy R E Bt n S Bt | nuous
surfac Qaatbmvoﬂd\e@te Sit BARLIMEA Wsat ARIrd BRlappRWRhatalS 1. bAidH RE§ESpéve Addition
Lens (PAL). Alternatlvely, mul tifocal |enses may be conprised of

di scontRSﬁmbab@ i the eplackanenicoldhe ervairBinenensmi dheseysprittean arjoeiet leas i n
bi f ocal {
o act TS5 R Tne FAPLBRY, LIRFR b QrBEALAR, RO &) QMUAL B0

cor r ectdufigg mfdcysﬁrgérydlnﬁilﬁﬁﬁ@pﬂlﬁ)km $ndigdpﬂp1khb abs:nandf thh erystaﬂlﬁre leant act | ens

is for correctin m)stl%( near di stance faocusing proble
causes a complete loss of accommodation that results 1n an Tnability to focus on either near or

intermediate distance objects. For all practical purposes, an individual will get cataracts if he
or she lives long enough. Furthermore, most individuals with cataracts will have a cataract
operation at some point in their lives. It is estimated that approximately 1.2 million cataract
surgeries are performed annually in the United States.

[0003] The standard tools for correcting presbyopia are reading glasses, multifocal

ophthalmic lenses, and contact lenses fit to provide monovision. Reading glasses have a
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[ 0004] Aphakia can al so be corrected using 1OLs. Conventional ICLs are
nonof ocal spherical |enses that provide focused retinal inages for far
obj ects (wWo@oi1/1B8Bisect s over two neters away). General |l ypctrhms2610038591 engt h
(or optical power) of a spherical IOL is chosen based on viewing a far
obj ect that subtends a small angle (e.g., about seven degrees) at the
fovea. Typical patients require spherical 10O.s with optical powers between

about + opti cal
power i’ %gﬁ&%ﬁé@%’?& @J}%outé) {i%é*dg%a@luptf%c;ﬂgﬁ ﬁlﬁgp ﬁlglﬁgmﬂh}%ﬂ%&??‘éﬁgllﬁgur f aces,
i ncl udilag thattes nead thaflose fvel lehgthc(oe ne@ticabpdvey fdricone@pigebewsalg @belemat i on,
which limts i rrag% clual It {{{) Fort un%i el aspheric 1OLs can be used
to tredrq5t BEHESH 4l éﬁ?&%ﬁ%ﬂ ogahgntigg g s Wo%’ﬁ%lﬁﬁsﬁs SHREFY leaicsA¥er r at i on.

In factiorasphefbéal '091{ amlk '[len%é%r\%&"ﬂy Iﬂ@d&%walﬁa&%fﬁehen@lged&éﬁhtoon can even
be used to conpensate spherical aberration introduced in the cornea.

Al t houghgiphsa@%diffglrw‘emuc@hqus;Mdrcufcax:al lehses praphedwntpatsed of ¢qmge®sf or a w der
range of FFfart L ll E her i cl,al ICLs nvent i aspheric

| OLs do“h8t®; ﬁ% FoVE ?" B%OL&L?QPF% YOPSE B4 T8RP Y e @@1 ?“ "oBjEets. It has
al ways Aieghatdlonayl@©eanéRes ddbe I@@rhpﬁwdsoﬂ&stcbntﬁﬁmhﬁdrﬁacbghﬁt W@Mbd wear

gl asses to see near and internedi ate objects. [0006] Conventi onal

appr oachgeentigrous opriea PPYYEF dsria SHperds ar talrﬂ‘Jmabr Capmudm@ses {f foepropidier dr awbacks
as wel lwofog%?onoire%!) %Qnt%tq JER{ ?av?ﬁe V(%fﬁ ettlpgﬁlc%i ngérs (15_1% (fn)t(aac en's3 1s prl le
spectacl e eyewear 1's bi'e ct one"s Vi si or near and

inter n&@n&ttﬁlginsitbyrlae&stahbu BScaqng p@bh:ntsemdlthce@thwmmmgleas thefiot cc&retchﬁg t akes
away from one's natural appearance. Also, in sone cases, certain nultifocal
| enses MeYIYdRsEsiERe (Gsesing propleiei ve distortion and experi ence WO

20111 153008 P HRR0MY ARERTEER | 0 JOPRIARS AR PI0 GOLE RRELRGPI eSbyoP! 2

and/ or a at In e the use contact [ enses can cause di sconfort
and can;phd:rmal lreasaslthat|pmoxo¢hsefo@usemtnetenabimagtaIfmsf,ar dgodib (ng, ajeats svartwol i ght

scattering, glar | ogs of t senS| i Vit limte e of focus,
and! or Thageegh GsmeRRye el eng T RESTBA! PRtk Ko wiieried IPRAT SHRER ude ¢ he
use of YaQABorABwIRSHal obiRctARR sAbtcHBY £srffll addlOfle SARLE &"vbﬂ‘gegrgés%tethe hal os,
ghosting, |oss of contrast sensitivity, |mte0grange of focus, and/or

reduct ifoveaofl ypncglmatlhmts réquare tsplecricet iQies. Wﬂihels‘.@ahpmabktsveem abcmb miﬁ om ses to

bl emat | nly,
when: O B A ey bt B8 i endnPaRre e dum i A R B
SUMVARYibH(O0DE D Eummuﬂﬁelfysmoépﬂehealtsaﬁhml 1Q6Mdﬂ1g%§h&ﬁﬂﬂld@aﬁidﬁhé dsrhede an

i npl ant abl e ophthal m c device with an aspheric optical elenent that has a
negat i \ﬁefﬁlpﬁi@tfﬂuS@mﬂcab@?qr@flp@nfvh%h@ﬁsil@agemﬂat@r| ation in focal point with

i ncom y tive
spheri rclg?dsjbeﬂ;b?{a H] %%ﬁltef)l gganan%xlfsﬁ%%&gédtg)?esﬁ%aﬁ g%&]eé%lpgp gxél %g{gnt er of
the as pheasdwrfgmphe@dal eb@mnh Inlfmcts@merﬁpmmaizm comspint tadatiet spherts, the
negative spherical aberration varies within a range of about 0.10 mto
about %G“ﬁtﬂ%lfcaiﬂc%f?n heutrddg gameenralssphetel aherghon pipduceddndhs ¢ompifpi | of 5.0

mm or | ggigy Ht@s@@&%hnorﬁ'ﬁsﬂﬁ%ﬂ@iél‘l@ Eférb'e&@rh E fo@alva@erm Alrgey be

subst anti al ?y non zero (1.e ave a olute v ue that is greater t han
zero) obgact a:enamﬂlharaqmﬂncﬂ Ieﬂsmmtvmt@h@lwtsp]ﬁ!erﬁ; Iltahscd@rltoe mepkoad ovdget he

geonetric ce ter of . the ric ti el.ene 0008 Furt her
Orboat ARl Bt T 8 B SEIegEBO W oy SRECR AT PO A PIETEH i has

sag thafy lhe?1cqg'lts'v§5ﬁq)dl§lear§a§d&dt%rs§é 294 aBy 1&‘[&1’1%&@1&1@0[%&‘[&' inthe art, the sag
is the distance between the vertex of a reference Sphere on the optlcal

axi s arl@0fdie @Qtrvfeau@labﬁpmh@hasmgon@ct@lgm@hvom apd/gt aphakidisstlanetber( r adi us)
fromt h({e §t and

cal axis iments WItEIH t i NJous sa theflr
second Pkt rualtoP e BRI R PR Skt hed SR Ror T S E TR s msERbne
(radi usgyewayt 1@&@%1@&3%@&&&&%@& s vision for far, near and intermediate distances, this
approach requires wearing a device that takes away from one’s natural appearance. Also, in

some cases, certain multifocal lenses may cause the user to perceive distortion and experience
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[ 0009] When inplanted in a patient's eye, exenplary aspheric optical

el enents may provi des an average increnental optical power of about +0.25 D
or | ess, wo2pneSBis8y about +0.10 D or |ess. |nplanted agplmarsceiopisoTal

el enents can provide a nmaxi num i ncrenental optical power of about +0.5 Dto
about +0.8 D. Illustrative inplantable ophthal mc devices may al so include
a WO 2011/153158PCT/ US2011/ 038597 spheri cal optical elenent in optical

conmuni ] O j I L cal

ol oot AgichindsT6: ATRAREL freSBldnfPing e aERls pPBCFROBILES o SBMAT, o
about H2iseDcar caabodikcor2®rtland chﬁ)@]];G}esEllnﬂi bleaforammd:ifmmh(m dadblingefivigpdnant abl e
opht halm ¢ devi.ces di ﬁcl osed herein may incl I ectro-active el enent

de
in opt it SCYRHIaLE BT %CPWT?’:SH%“&%BH&IPE“ %%1? P%@% /or wgp¢jion of

el ect r%g%@hftter‘g t%le?é{ﬁ'atﬁ YRS 1Ml AR Ah Ofiscl JiM6d s Ret i’&@l’ihrﬁoﬁe' drhorebate with
a first effective opti ca power and a second state with a second effective

opt i callighowettering g@mwélahasgmstmg]éOQIOécomtmsammgltm lemgest rahgsofafofuy; st

fract t t at t. d
econd "oty ailfion, Fplet® pule e BaCBRE BoSEERD r sPh@Rt e oA Frph | "
t ransm@aib¥ivedy problematié hé’p’é&laﬁ% Sy ANEE XamPeOiflly, twirnsdfvesd Minight | dhvidieinsecond

state; in still other cases oth the refractlve i ndex and transm ssivity
may varlye per.WEa@rbng aRBsgMPLEres. Alternatively, or in addition, the

el ectro-active elenment can act as an aperture with a first dianeter in the
first state and a second di aneter dipMpgrgecond state. Regardless of its
mechani sm of action, the electro-active elenent can provide a first or
effective optical powers is about +0.5 D to about +2.5 D. [0011] An

exenpl d0§07] rrpEaﬁik)dhﬂl@ltaxﬁhhélwb}m&o@eddbdesewhlei‘eiramchide(ahrimpmntablbe)phﬂmhnict may

al so i ncl ude rocessor operably coupled ta the el ectro-acti tlcal
ol enentiexirg T 5RREF Qrgic snet gl pl el pherFy a&eww BHchasfhe
el ementyarigtiéh in (064 \WERHR thﬁllQIlédIﬁlﬁg ANk SRCAR 2HehES ﬁm%HGﬁ'oﬁﬁdhﬁpJf gt abl e

opht hal m ¢ device may al so include a Sensor that is operably coupled to the
pr oces Sweatavedspbenmdal glnnr@@lon onayrbevit denaamumedi orndap thegfptipalsichtes pzdet o t he

Bl crontorheraBon TR, RIS R OB R RGN e afiragf ot o

i 11 ust raptiryigon viRlca i@l £raapbbhalotit 0. 10w eeabdays.8lL$0of fel-Hiden-squaant enna
operably coupled to the processor and configured to transmt and receive

data, aryeligpterenariops amexit pepskofon@maaet ]@ﬁ%/mdb?éﬁ%tﬁl yhe pegativg sphericple
Processal A ﬁ%@if s%‘ﬁe%ﬁbétgntﬁh%l(gggft%ﬂﬁ %er ngt%scﬁﬁfé‘%%ngigﬁat is gr%at%é‘{htdﬁry may

be rechar ged v antenna rve e

i npl antzatﬂ)e)vexpmtaldaismbsutdlesﬂ cen 1epoit b udﬁcaltarahabannaﬂle gpictiad calte@mgEnt , an
aspherl c ﬁ ical el rrent in optical comunication with the spherical
opt i calth ¢ ortgabelamert ect ro- active el ement in optical communication

with t qﬁ%as heF#ucd?ér ﬁﬁ%dﬁﬁéﬁ'&%f‘tﬁe 8@%1'0%1' teéﬂn% ﬁle alﬁl‘én% l%gﬁédl %Pelme(ﬁphé cal

el ement |xe optical power . 0. bout +3
wher easa Sagehemsqod:teutmuoprs uadierstbeal’r’eyltholsaef mmpmw thpcsa@rs thdndastauem es as a

fzgg(l:; I]_%%ﬁ_%@ﬁé%d Ug%él(% %%BE%I?Q gphaétr)eo (l)JIE the Op%gal I:a%mos and %?ess'urf]a;(r:]ee of tlhg agprh%flc Vo
clement at a given distance (radius) from the optical axis. In embodiments with continuous
sags, the first and second derivatives of the sag with respect to the transverse dimensions
(radius) may also be continuous.
[0009] When implanted in a patient’s eye, exemplary aspheric optical elements may
provides an average incremental optical power of about +0.25 D or less, or possibly about
+0.10 D or less.
Implanted aspheric optical elements can provide a maximum incremental optical power of

about +0.5 D to about +0.8 D. Illustrative implantable ophthalmic devices may also include a
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active elenent has at |east two states, each with a different effective
optical power, at |east one which nmay be about +0.5 D to about +2.5 D.
[0013] Yewoanotiserssenbodi ment includes an inpl ant abl e ophtrhmsbkenio3sievi ce
with an el ectro-active el enent, a spherical optical elenent, and an
aspheric optical element with a sag whose first and second derivatives with
respect to radius are continuous. The el ectro-active el enent, spherical

spec . nuous. el ement
i R R P U v L SR TS

first sphtrecalwptivabelbmest meyf haeta bage optidat pdbwgasebownd 0D sedwnd+34 Bt egwi th a

second effective optical power. [0014] The foregoing summary is
i|lust r%f’?V@zso]ﬁl"f/a %*29 Iﬁot intended to be in any way limting. In

addi ti Opl?trlt%t H&irinbt YSESALLYE o@ﬁﬁ%ﬁlﬁaﬁanta%mitﬁﬁ@rm&devﬁﬂl%?dfg&%&éﬂrtﬁéeiﬁi?ﬁ%‘iﬁi bed

above, er aspects, enbodinments, and features w econe apparént by

r ef er ensdudoarn ¢lectfoaidtiynictynait admigs! cmenuheatetvail dbd ag@dwsciopti¢ad nlenBRY. EF

DESCRI PTI THE W NGS 015], Th CCO nyi ng.d i NQS, ich are
oo ponsf el ot rub e s R R AR AL e il LS at 6
enbodi r@ﬁb;ﬁv@éptkﬁﬁpdv&ﬁf%ﬁ& ia_@ébo@ﬂ@ta&@@ﬁh hekcondlehetine qﬁwrﬂoweir.qa séf@eve to
expl ain princi Eel es of the invention. [0016] FIG 1 shows a cross section of

a heal taaseshiiggiecagactiyooempntitaga fosty ivamdsx divpicdigt statp e sgsoad
opn 1l i ARV 1 L 4 B SRS BN 5 S PR 0, o
el ementtrank@38jty it (Be Bsti dtdteistid atednd henddeisdiviedinapé keeahd poawein, stidlaghgr of i | e,
sag, and shape of an exe,r‘rgl ar >(/1 ?sph,eriivc opt i %al etl eemantd [ 001%] ' FIG 4 is a
pl ot ofcapsebethithfcicEAtcandFiddrag s Vil PEYy apabRWSCT rameciles f f er ent
orerml SHRRENS gl uE i {0000 G 8 dyekofyelpayerage
opt i caldimheemtthe first state and a second diameter in the second state. Regardless of its

mechanism of action, the electro-active element can provide a first or effective optical powers

is about +0.5 D to about +2.5 D.

[0011] An exemplary implantable ophthalmic device with an electro-active element may

also include a processor operably coupled to the electro-active optical element and configured

to switch or tune the electro-active optical element, e.g., between the first and second states.

Such an implantable ophthalmic device may also include a sensor that is operably coupled to

the processor and configured to provide an indication of pupil size to the processor, which

may be configured to actuate the electro-active optical element in response to the indication

of the pupil size. Such an illustrative implantable ophthalmic device may also include an

antenna operably coupled to the processor and configured to transmit and receive data, and,

optionally, at least one battery operably coupled to the processor and configured to provide

power to the processor. The battery may be recharged via the antenna.

[0012] In alternative embodiments, an implantable ophthalmic device may include a

spherical optical element, an aspheric optical element in optical communication with the

spherical optical element, and an electro-active element in optical communication with the

spherical and aspheric optical elements. The spherical optical element has a fixed optical

power (e.g., about +10 D to about +36 D), whereas the aspheric optical element has an optical

power that varies as a function of radius, and may be about +0.25 D or less. The electro-
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[0021] FIG 6 shows an exenplary electro-active elenent. [0022] FIGS. 7A
and 7B include plots of nodul ation transfer functions for aspheric and

st andar d wotzoa/is81s8ar | enses used with apertures of difPerarstoigiozsssr WO
2011/ 153158PCT/ US2011/ 038597 [0023] FIGS. 8A and 8B show i nages of objects
at different distances for aspheric and standard intra-ocular |enses used
with apertures of different sizes. DETAILED DESCRI PTI ON [0024] Presently

preferrg ﬂv@%’ig@ghﬂﬁg%leﬁt b hé@vé‘a% WA f&?iﬁg{eﬁl{ LRk %gu R%@@r dr ydngs. An

effort to use the sane or e re erenc ers to refer to
t he sammcovhith key panbait +HOHeD Yo evoud f-215HR. Eye [0025] FIG 1 shows a cross

sectio ealt huna e.100. The ion of the eye is known
as t hquag’er a f&@lﬂ% embodigndt ﬁw.e% AR gnl\z'lh waple ﬁ%ﬁlélﬁe drvigsiihant he

conj Uncetléc‘ﬁ% abf0c oIERRNC 8 pRccal SFRASHGNEN! arfdOintds rfEfoptﬂBﬁ BHferl Rath AagVi des
most of the eye's optical power is the cornea 130. The iris 140, which is
t he p|gwentémmpodsumnddtHWheeewehaﬂmeﬂdonxmuheepmpnmomﬁdhefhewsphm“nter
nmuscl es con and at.or scles dilate the pupil. The
upi 1WA i PRt Pletnel pd fpnSiis 805 BSRe GPnhe Biekubly £60 15 the
fluid- fdohhﬁ@ln@d%ﬁ Svittedade 8thet,RAd ifid Se@adifg clehRaT CMSavs HIfraGaudlvith e
cornea. The crystalline lens 170 is held in the |ens capsule 175 and

provi dd¥stHeechenentivabpovesr anfe Sewd§t9<§<p‘fvithalsem@rffectr‘r¢eom@@h Paver90, which is

separ at h i hanber
180, acﬁg’ L ﬂ}é ?Q%galg% ﬁ#ﬁlg% 1?11{31 %r%tl ed %}ldé%?lgp%:ﬁg%@g% 00%1?1 ? e optic
nerve lfbitingh [rcditld(itﬁmmeyﬁe ﬂllusultﬂivelaﬁfﬁ@tsﬁaﬁlb@dhnieﬁtst hel fostata’.def@B2Ghbdveheal t hy
crystalline lens 170 is capable of changing its optical power such that the

eye is HEbAISRECHY emﬁa@m&gwoﬁ}de@@@re&tmﬂé)spome ﬁ@@r%ava%feren%@ thar di st ances
to theiﬁﬁgp&ﬁgy lggglgfgﬁpgmﬁg H&@négﬁgln a process known as acconmpdati on.

Presbyopi c | rom ss of accommodati on, which makes it
difficult for themto focus on near objects; as their disease progresses,

t hey eventual ly | ose t BRIBBIDESCRIPATONCIS Tolkl DRASYINGS at e obj ects as wel | .
An aphaki c individual has no crystalline | ens and, therefore, cannot focus

on obj e[ﬁblﬁ t %agccgﬁlpgln%l?g %\gvimagts,e Wﬁjiiclsl tafa‘er}ncorpora‘[ed in and constitute a part of this
specification, illustrate embodiments of the invention and together with the description serve
to explain principles of the invention.
[0016] FIG. 1 shows a cross section of a healthy human eye.
[0017] FIG. 2 shows an exemplary implantable ophthalmic device that includes an aspheric
optical element in optical communication with a spherical optical element and an electro-
active element.
[0018] FIG. 3 illustrates the desired optical power, sag profile, sag, and shape of an
exemplary aspheric optical element.
[0019] FIG. 4 is a plot of local incremental optic power versus radius for three different
exemplary aspheric optical elements.
[0020] FIG. 5 is a plot of average incremental optical power versus pupil diameter for an
exemplary aspheric optical element.
[0021] FIG. 6 shows an exemplary electro-active element.
[0022] FIGS. 7A and 7B include plots of modulation transfer functions for aspheric and

standard intra-ocular lenses used with apertures of different sizes.



Overvi ew of Ophthal m c Devices |Inplantable in Eye [0027] The inplantable
opht hal m ¢ devi ces di scl osed herein include may be used to conpensate for

t he degr aset2oommssrssl oss of accommodati on suffered by preslyuspeia/osssd vi dual s
wi t hout dramatically reducing the anount of light transmtted to the
retina. They may al so be WD 2011/ 153158PCT/ US2011/ 038597 used to provi de an
accommodati ve response for aphakic individuals. Exenplary inplantable

opht hal yhsxdemi i.ngl e i€ I nl i ke ot her
aaphor | D03 o TGRSR A G S AR drfocRil fifre BT Kl AhpncBah2

f unct i emndhrdriatgta-osulaMbases ubel wel ipeturss dfdpffanhtesdzasn t he patient, the

conbi nation of variation in negative spherical aberration and the change in
the patient's pupil size w't bj i ives the patient's eye an
effective optical power that . 43@?&}3?%&% di stance. As a result, a
patient with an exenplary inplantable ophthal mc device can focus nore

easi |y [og24]arpreddntl ¢ pHraretrat énbielcne ar e Retisn hrSteasht&f injtkSdra@hdsar
objects. [0028] Exenplary inplantabl e ophthal mi c devices may al so i nclude a
spher i csit cldpit heslpeca ngads i@ u%ﬂr}ge srmepelder isfegence embpriite nfer tedhe spanosordike

swi tch | ens or vari abl e-di aneter aperture. The spherical optical

el enment” has a constant optical power of about +10 D to about +36 D (e.g.,
+25 D or +26 D) for inproving the patient's ability to see far objects
(e.qg., Owreivinsofathe divet ances greater than about two neters). The

el ectro-active element act as a swtchable or tunable | ens or aperture for
gynam' qao2sj ;:Flangishgwi ]i?erogepdcﬁogbf ﬁheilﬂly(lﬁﬁ?ntebﬁlﬂ@ﬁkﬁp&ﬂifeqjormw the Ff thef
evice as.a function obj ect . di stance to further enhance inage quality o
near arfd® P the @?%jléﬁtagé is[oust WihehPeH MBI & BPht hal i ¢

devi ceg, cﬁ\?‘amﬁ%é ehtQl, thal a@éﬁt‘lﬁgnloﬂ dJringe ttﬁe[t'p%vi&éﬁﬂ&%fﬁ{e e?@’%t erior
chanber of the eye, Into the capsufar sac, or the'stroma of the Cornea

(si m | ampticd ppweorsritbatorned &30. Thoiris 0y whinh ie gict hghe@bd pbaryien obfhetdye andr nea

iml to.a corneal_onlay), or within any anatom,cal ,.structure of the
Cre canapaing pind S8 e aRt i Ssiertme b RRaL SRR Bl gates olhis)
acui ty (Ré piaQ1. WaE $Epil Nafe AALR0 apirdRE o PIRELPR I The GaRGILE LISl 6@id tho L RICT

di stances whil e maintaining best corrected distance visual acuity of 20/20
or bet tfdled spasdichysenttheirsypaddlic mnpardsesuriacerpfl dwtcetheni The apstalliheilbng 70 ve

devi ce .s l.d.be no nore an, 1. 0..D out of. foc at all object dj,stances,
oo 43 AR e SeR e PRIE! L RR P BioRs e Rhiph ot ts Y om RS er B!, 2 e
nat ur alre@@ptdn, Ghidhds wpadited fiémelEbick staka ofithé Risadodyihe pdsdd@Rharhber 2
shows an exenpl ary inpl ant abl e opht hal mi ¢ devi ce 200, which may be used as

an i nt ri&0oeqlt 2 the eimsage pbane’” of thateye and seoprestpdit thoppemsatel PoWggr adat i on,
| oss, qi, eNGSl QforAk -ﬁmﬂg%}ﬁg. (Al t hough the device 200 shown in FIG 2
has a circular area, other 1nplantable ophthal mc devices may be square,
rect ando02dg], Alhbalptyi cgdtallied eny 1 Ths dapalll@of eiahgingpistobatatipowdesich eha2 G

i ncl udes an aspheric aqptical elenment 210, or%ﬁsfphfri C Ieni, W th negative
spheri P ISE@APISOF SRagRG POIGE Alorcan dntgrmqrtiate; 494 Ty diptapgeg do the feqmh ayrfacs

oPt | calorGheiTBR 19P6ha HocSRABLE AL adcBiinodthibh) HrbdeFloieRidiialalP VAL RAPYT des
base conpensation for viewing far objects. An eléectro-active el enent 220
enbeddddssiaf aoronafipdated, which mekas phigiticolt 6ptthgalo flcesremned? bOjeots; aibeispheri cal
optical ,.el enent 290 tﬁCtS z%f i Ethih%ﬁlléte | ens and/tor V. rti | et-di anet er

aper t urBSPHRTOBER e RN fes g 4 Y&%E‘?Cﬁ‘s%l FRTE*'f 6089 *AMprocessor
230, sughagiakRNn@RRIuhCRkindnreRAGhd lefs Al @REEbRIcAInbECchs 6 \ShiEdtat AR dpe used
to control the electro-active el ement 220 based on estimates of an object
di st andetergrbatediistangese can be deternmined, for exanple, in response to
signals froma sensor 240 that measures at | east one physi ol ogi cal

i ndi cat'9 Vpefw 31}6 Et\ﬁ?i'hﬁ]crﬁéw%e@lm (eFofe] qﬁltEl %€ response, i ncl udi ng, but not
i m teMu—chmggwmﬁﬁh'@?n%—% concentration. Mire

speci fi Y, mth i .0hj ect dist based on
e G s S S S

pupi | didenpesatofdy eicgiiaerlatidn bhieseyfescanmadntmrsuticrddiygiresdgdopit éndibidesit . One
or nore rechargeable batteries 250 coupled to the processor 220 provide
power fithqup dragtagisdbsisiugng thesencunhel light dapseifed taoBapgHBnT By Hay pleo be

i npl ant abl e opht hal m ¢ devi ce 200. Th& devi ce 200 al so includes an antenna
260, which may be configured to receive either radio-frequency (rf) or
optical signals for controlling or updating the processor 220, and may al so
be used to charge the batteries 250 as descri bed bel ow. Exanpl es of
Aspheric Optical Elenents for Use in |Inplantable Ophthal mc Device




[ 0032] An aspheric optical element, also referred to as an aspheric |ens or
an asphere, is a rotationally symetric optic whose radius of curvature
vari es ranpabiyissrssmits center. Unlike spherical |ensegcTaise@h/obssye a
constant radius of curvature, aspheric |enses have a radius of curvature
that changes with distance fromthe optical axis. Aspheric |enses have
shapes that have been traditionally defined by: Z(s)= Cs 2+ A4s4 + A6s6 +

ABS8 +611sed 31'36 Lh acco#rﬁodalf&g%e%ﬁo%%leeg% | allﬁ(ﬁ@ldﬁ@@. ﬂeﬁf%%ﬁéfaﬂ&%le

paral | optical axis S the | Stance opti cal

axi s, Cbpihshahhle deurcvaﬁluhlele @n agpherit bptmalhvlerr&et thht, bhigker @béruspheric 1085 s aconi ¢
constant, and e weights for er-order ric rns.. \We

aspher .Iteg%veﬁrwﬁ%wie@r@% é‘lfﬁéi?“?s&sg‘ ectiopiad rpfiad; Q(Yeli‘?li‘dh%g‘f)‘ﬂ%ﬁrlisémgﬁP‘fegce i s
consi def, @k SRiche iR oRMifatioh®r Vgrla‘tlogqn h@f&tl@@ Hérl%&'lra{b@ﬁ%ldnsarﬁlﬁﬁg Ehanb if 1 - €.,
the lens is spherlcal rat her than aspheri cal -1, the conic

sur f acegh¢ patiaft’2 papil 4158 V88 PEjECUEEAdY @8@5‘967 patidng’ psm ataeffecftm oRtical pawett he
conic S rtkgce IS

can- I atisaetice SRR RURLE A Cery Cae iBr Ut e R R o non (12

), (2) lophinhtmickvied ehRfoess RidFOeasily on €42, intermediate, and near obJects instead of just
on far objects.
[0028] Exemplary implantable ophthalmic devices may also include a spherical optical
element and an electro-active element that acts as switchable lens or variable-diameter
aperture. The spherical optical element has a constant optical power of about +10 D to about
+36 D (e.g., +25 D or +26 D) for improving the patient’s ability to see far objects (e.g.,
objects at distances greater than about two meters). The electro-active element act as a
switchable or tunable lens or aperture
for dynamically changing the depth of field (and the net optical power) of the device as a
function of object distance to further enhance image quality of near and intermediate objects.
[0029] Exemplary implantable ophthalmic devices may be inserted or implanted in the
anterior chamber or posterior chamber of the eye, into the capsular sac, or the stroma of the
cornea (similar to a corneal inlay), or into the epithelial layer of the cornea (similar to a
corneal onlay), or within any anatomical structure of the eye. Generally, the implanted
ophthalmic devices may provide a visual acuity of no worse than 20/30 under photopic
conditions at all object distances while maintaining best corrected distance visual acuity of
20/20 or better. Ideally, the eye of a patient implanted with an illustrative device should be no
more than 1.0 D out of focus at all object distances, since a defocus of 1.0 D leads to an
acuity of 20/30 or better when the natural depth of focus of the eye is taken into account.
[0030] FIG. 2 shows an exemplary implantable ophthalmic device 200, which may be used
as an intra-ocular lens (IOL), that can be used to compensate for degradation, loss, or absence
of accommodation. (Although the device 200 shown in FIG. 2 has a circular area, other
implantable ophthalmic devices may be square, rectangular, elliptical, etc.) The implantable
ophthalmic device 200 includes an aspheric optical element 210, or aspheric lens, with a

negative spherical aberration that varies as a function of radius. A spherical optical element
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where Cbfs is the curvature of the best-fit sphere, et = s/sinn,,, yn, nis
the orthonormal basis of the asphere coefficients, and amis a

nor mal i zawoanm s [ 0033] FIG 3 illustrates the desi grcpruse@3mssnnd shape
of an illustrative aspheric optical elenment. First, the designer determ nes

the desired optical power profile of the aspheric optical elenent as a
function of radius as shown at upper left. As showmn in FIG 3, the optical
power ina I: t i i ITEF he

oot cal 2o TR T ol B PRl Ry e PR Rk ifn 61 PR ol

decr eassgecty Am chectierdctiad clzoret, 220hinchedded/ inexctagiivcb dav eic @phad apsicafclabaut 1. 25
mmto ghout 2.5 "M (e.g., 1.5 as shown .in FI 3), before reaching or
asynpt &@@éﬂhﬁﬁ@ﬁ%@é&ﬁ%ﬁ%@le@e& Sy anRiehabiR s @ﬂ%(ﬁ@&aw? sHFECH "t he

opt i calapgg%rthﬁIC§§bgg§gdftg§h§10§ett§@agpt@§f@el&ari abl e spherical aberration.
Visual acuity at far object distances (e.g., object distances of four

met er s [003or4& proysob @3¢ ongr avdnspglicftionkpcpbnmrtegrhtet hacwt ASIE) aspiber i ¢

optical el enen ceeds 1.50 an en over central radius nor e
Chan® 3 S PsaEF SRERe e ToREH R el R B @55 hal bover
profil esiimhR o@n%@ﬁeteﬁﬁiné@,%ﬁ@@n&ﬂ&fih k®pok té Bigndie ASnaS s sérotthan of radi us
as shown at the upper right of FIG 3. The sag reflects the desired optical
power premspiceat legst ogephgiolegisalandicwncd iheeye’s mewrebarsemaipdati vl Kpspansh

i ncreasj S| ver.. a: narr ow. c ral_. . i nf,l. ecti on point at
" s dROSg RS oY Bl IO R R AN o AR At B8 LG 81
about IspEeiffaallyothzlppoitesdor 230 mmy dseyardhaotjaslidisamet badxdwin rieadbrementstih@n sag
follows a circular arc or a paraholic arc. Rotating the sag_ profile about
the y dke senser 30efishitecain thesizgohic natuyypkpuptl dup & canvgrasnersofithe Cxisrmace
profi l . . i.ght of FIG 3, which can be used to create the
aspherﬁlgglz)%%lp%gﬂg&é%tg%mcgshovm at the bottomleft of FIG 3. [0035] As
shown i@nd drenorp pechargegbit bafterkds G50 8pumzd topthapyocasph22( prospieipoatr &lrelnent s
have sags that are. continuous with respect to. the transverse di sion, r.
( Aspherifacseng20nBd PRCE e ReiraNG Gorugamrai iy el bl et miq fryiGsplhoal axi s,
SO thergd&vide 2068860 i1 SRE Gh aNichfL2 @7 WRH Ay bO M FedBdRivd diicsag does
not have any discontinuities, such as kinks or |edges, which produce

undesi rrediorfedquenctyi (0h) o apiarabsigogls i abniseliing er ipdplinEdwmpbensyor2afsanall may have
WO 2011/ 153158PCT/.US2011/ 03859 onti nupus, first and second derivatives
with reaéﬁgbcetusfgg%rgertéﬁé%tgeir%eéEa§Pf% 't ﬁe.ds@é(lwé'cti ng the sag to have a
continuous first derivative with respect to r suppresses or elimnates
undesi rExhmisledb A spTRgiR S0 pitial Fiderpénts i@t Use imf IngilhstabkeOphihalgictlipéis&ag to have
a continuous second derivative wth respect to r reduces or elimnates
undesi rjeg3]i s&A¢phBHE bptesil EIRmRBY Blsh ireratréO1d ds@nGisphetiic SERYriaf WkpHeRS id Hat

cause straight lines to appear wavy). [0036] FIG 4 is a plot of |ocal

i ncr emgAtaEPNAt SYEENCtHeARlC Yhessuadipal esvteic vaneewdgillyfleme He csgnblplike

opti cal i I . l..her,

repres eh ﬁésr?t %h%egt %{;{ﬁ rﬂ%ﬁ%\% ?&ﬁﬁg?ﬁ%@ Oafzggvra F?%%S%ée?%égll{gtg?%%eoafprggﬁg 82 pheric
opt i calcuedature hat chplgantvetl distange @bl tintopaca yeis. Aftheax dgkesclmyuRhapeft ttadded

i ncrenental optical po depends, in part, on the shape of the aspheric
opt i calh%?éﬁ@ﬁﬁdltﬂ‘iﬁg‘lﬁy\ggé@@dd?yref raction, and its position within the eye.
As shown in FIG » the peak increnmental optical power is at the center of
aspher i g(soptd ¢id,e + 408° ¥ 4=%*Q)..and i@)within a range of about
0.5 D to abdutD-@+})Cés’g., about 0.5 D, about 0.62 D, or about 0.75 D. The
| ocal increnental optical power decreases over a radius of about 1.25 mmto
about 2vkeremhiuthcishg of the sadivepardicbtodhe dptecabartiers is dwirediabdisthhe fasphiser i ¢

optical el enent.. .[Q037 he patjent exper,ience he,addi.ti onal opt.i cal
power _ OPUEIE RS GHMEE BTG A el AATS 26 NerTod s & ey RO AR Bl eal
powver, anbietyhtsStor Rghéosabr dsprérRemhAWIRRLthE AdphBaVBscrAYiehiB dRLqREN 8S8rd he
portion of the aspheric optical elenment that projects an inmage onto the

r et i na.the reseliagpspheyic denjaceas consiisreshie Foage‘zonmt% wen®.ahe puvesurfase inder about
0.25 D,_£.9..1:abqut, 0. 10 r.l.es W) the.patient cuses far

obi et sPefkat (ot 5o RSr R RGP B o MR Ml B br of ect e
through a larger portion of the aspheric optical elenent. As a result, the
average increnmental power decreases. g$en the patient focuses on
internmedi ate or near objects, the pupilT closes, so the retina receives an
i mge projected through a smaller portion (i.e., just the nore radically
aspheric portion) of the aspheric optical elenent, resulting in a increase
in the average increnental optical power. [0038] FIG 5 and TABLE 1 show
changes average increnental optical power as a function of pupil dianeter.
As expl ai ned above, the average increnental optical power decreases with

o o - o, - o -, T




WO 2011/ 153158PCT/ US2011/ 038597 from about 5 mmto about 3 nm as shown in
FIG 4. Thus, an inplantable ophthal mc device with an exenplary aspheric
optical eWerentisprsevi des vari abl e optical power for focesirnus2@n/osssar,

i nternmedi ate, and far objects wi thout noving parts or nultiple optical
elements with different focal |engths. TABLE 1: Design of the Aspheric
Optical Elenment Object Distance Assunmed Pupil Added Optical (cm D aneter

(mm) POV@lﬁps()B)al;%'Qrok 4 '—i tﬁQ t:ch%? sﬂ'r@@ce‘}s Baraboloidal; and for k= +1, it is hyperboloidal.

The sag can also be described more precisely as

Z(s) bess2 +U4iaQOn(u2)’ 2)

e JI-(+kcLs”

where Cyg is the curvature of the best-fit sphere, # = §/Smax, Om 18 the orthonormal basis of
the asphere coefficients, and a,, is a normalization term.

[0033] FIG. 3 illustrates the design process and shape of an illustrative aspheric optical
element. First, the designer determines the desired optical power profile of the aspheric
optical element as a function of radius as shown at upper left. As shown in FIG. 3, the optical
power is at maximum at the center of the aspheric optical element. The optical power
decreases smoothly with a slope that increases, then decreases over a central zone, which may
extend over a radius of about 1.25 mm to about 2.5 mm (e.g., 1.5 mm as shown in FIG. 3),
before reaching or asymptotically approaching a constant value. This change in slope of the
optical power also manifests itself as a variable spherical aberration. Visual acuity at far
object distances (e.g., object distances of four meters or more) may be compromised if the
power of the static aspheric optical element exceeds 1.50 D and extends over a central radius
of more than 3.0 mm.

[0034] Next, the designer translates the desired optical power profile into a sag, or surface
profile, of the lens as a function of radius as shown at the upper right of FIG. 3. The sag
reflects the desired optical power profile: it equals zero at the center, increases smoothly with
increasing slope over a narrow central zone, reaches an inflection point at a radius about 1.0
mm, increases with decreasing slope over a radius of about 1.0 mm to about 1.75 mm.
Beyond a radius of about 1.75 mm, the sag follows a circular arc or a parabolic arc. Rotating
the sag profile about the y axis of the plot at the upper right of FIG. 3 yields the surface
profile at the bottom right of FIG. 3, which can be used to create the aspheric optical element
shown at the bottom left of FIG. 3.

[0035] As shown in the upper right of FIG. 3, exemplary aspheric optical elements have
sags that are continuous with respect to the transverse dimension, ». (Aspheric lens are
rotationally symmetric with respect to the optical axis, so there is no need to specify the
azimuth.) In other words, the sag does not have any discontinuities, such as kinks or ledges,

which produce undesired reflections and/or optical scattering. Exemplary sags also have
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continuous first and second derivatives with respect to the transverse dimension. Selecting
the sag to have a continuous first derivative with respect to » suppresses or eliminates
undesired double images due to prismatic effects. Selecting the sag to have a continuous
second derivative with respect to  reduces or eliminates undesired discontinuities in
magnification (e.g., discontinuities that cause straight lines to appear wavy).

[0036] FIG. 4 is a plot of local incremental optical power versus radius for three different
aspheric optical elements implanted in the eye. The local incremental power represents the
optical power added by a particular position of an aspheric optical element implanted in a
patient’s eye. The exact amount of added incremental optical power depends, in part, on the
shape of the aspheric optical element, its index of refraction, and its position within the eye.
As shown in FIG. 4, the peak incremental optical power is at the center of aspheric optical
element (i.e., at r = 0) and is within a range of about 0.5 D to about 0.8 D, e.g., about 0.5 D,
about 0.62 D, or about 0.75 D. The local incremental optical power decreases over a radius of
about 1.25 mm to about 2.5 mm until it reaches zero at the outer region of the aspheric optical
element.

[0037] The patient experiences the additional optical power of the aspheric optical element
as an average incremental optical power, which is the local incremental optical power
averaged across the portion of the aspheric optical element that projects an image onto the
retina. In exemplary devices, the average incremental power is under about 0.25 D, e.g.,
about 0.10 D or less. When the patient focuses on far objects, the pupil opens, allowing the
retina to receive an image projected through a larger portion of the aspheric optical element.
As aresult, the average incremental power decreases. When the patient focuses on
intermediate or near objects, the pupil closes, so the retina receives an image projected
through a smaller portion (i.e., just the more radically aspheric portion) of the aspheric optical
element, resulting in a increase in the average incremental optical power.

[0038] FIG. 5 and TABLE 1 show changes average incremental optical power as a function
of pupil diameter. As explained above, the average incremental optical power decreases with
increasing pupil size, which correlates with object distance, before asymptotically
approaching an imperceptible amount of optical power—under about 0.125 D. Similarly, the
average incremental optical power of an aspheric optical element with asphericity A

described in FIG. 4 varies from about 0.16 D to about 0.43 D for a change in pupil diameter
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30 2.9 0.65 25 2.5 0.75 [0039] Aspheric |lenses can also be used with

vari abl e-di aneter apertures, such as those described bel ow, be used to
provi de bwohopowssissmage qual ity and high optical througkputus20mnesssasi ng t he
f-nunber (F/#) of the eye by "stopping down" the eye with an

vari abl e-di aneter aperture inproves imge quality as described in U S
Patent No. 7,926,940 to Blumet al., which is incorporated herein by
refere [ Iy f [ ent on
the 1 oty on ool BT R Bl Bt A3 if ERYE Tt MBURLLR orhliflhici SELP
aberr atwﬂnarcexanqﬂ:tryamhmls@ptwal cpassi ploeides vdwlegoptmaglbovtzéirfom@hmmf; 6 ow F/ #)
systens whi.l e simultaneou maj nt ai ni ng good i The | mage

degr addioFo N iFhae, ﬁ.ﬂ@ o %e%fr Pt MO RS Crmls fete Hbirepbod

sl i ght &lff@tggpffogalllghﬁ]ﬁgage quality can still outperforma spherical | ens used
with an aperture e additional aberration correction of aspheric |enses
also elimnates the need for additional optical elements, such as those is
mul ti-el ement | enses, TABEEN:: dlesignall ihoyAsphage Pytied] Hlementi nt er medi at e, and
near objects. [0040] Illustrative aspheric | enses can be nade of optical

gl ass, plastic, th I re FMDS a conposite of

gl ass and resin, oe(5 aﬂﬁ%isl:& %F&Znﬁdfﬂhﬁ) 1nt 2\ |c§lpﬂg%lade resins or

pl astics. For exanpls) aspherl C Densas (@an) beP@%ﬁ(mﬁl ng i njection-nol ded

200 4.5 <0.125
100 4.0 0.15
75 3.8 0.20
50 3.5 0.35
33 3.0 0.50
30 2.9 0.65
25 2.5 0.75

[0039] Aspheric lenses can also be used with variable-diameter apertures, such as those
described below, be used to provide both good image quality and high optical throughput.
Increasing the f-number (F/#) of the eye by “stopping down” the eye with an variable-
diameter aperture improves image quality as described in U.S. Patent No. 7,926,940 to Blum
et al., which is incorporated herein by reference in its entirety, but also reduces the amount of
light incident on the retina. On the other hand, when using aspheric lenses, additional
aberration correction makes it possible to design high throughput (low F/#) systems while
simultaneously maintaining good image quality. The image degradation from a higher
throughput design can be sustained because a slight tradeoff in image quality can still
outperform a spherical lens used with an aperture. The additional aberration correction of
aspheric lenses also eliminates the need for additional optical elements, such as those is
multi-element lenses, for high-quality imaging of far, intermediate, and near objects.

[0040] TIllustrative aspheric lenses can be made of optical glass, plastic, thermoplastic
resins, thermoset resins, a composite of glass and resin, or a composite of different optical

grade resins or plastics. For example, aspheric lenses can be made using injection-molded
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WO 2011/ 153158PCT/ US2011/ 038597 plastic or resin. Mdlten plastic is
injected into an appropriately shaped aspheric nold and all owed to harden
bef ore bewogoriersensed. The el ectro-active el enent, procePsbUS261@038307
batteries, and other elenments may enbedded in a plastic aspheric |ens
during injection nolding or affixed to a plastic aspheric |ens before the
| ens has fully hardened I f necessary, the electronic conponents may be
coat ed t n't be
dam‘:tge&yMl ulrB fﬁge SﬁrrghM ursfﬁﬁgﬁ ?IIF ﬁ{eeag%téra? i hﬁ%#l% éeac%sﬁa %éractclgﬁp\ée\ﬁgl enent
wi t h r edlpeetl td barﬂétebéemrtﬁ:rngaemptvect alheeleetmmbuaaesieﬂnentaplqouestsetd sehgot,ng t he
nol di n rocess a be chosen pendi ng on each el ement's respective
opt | caIQDSBBV\%Sr an%t tymay ggIbg %alpaaas Flg @ RbB gt duHe BUeHBEI ti oned in
the fropbidinshe %&H% a pPistit Q@h&ﬁ@[en@foei%ﬂa A RARHaE ﬁHBftHa?@éne@ll?H@d%Esa?}F
spherical optical elenment. Alternatively, the aspheric |ens can be made
usi ng dbavlecirimn acbmlgpraee gy bmnqag:dawdl @mttppscbprmge hat-hesistant syataradi se thet
el ectr -actim el,enent heric n ts can
bebondbd P L oS FETFRuERE P e Pl TRLnSH R T lune B0 oA AT PE
opt i calregleeNBMhSaspASEL siiRal dBhamiakbe agRkh ahﬁhgth@%cﬂdw/ﬁ%&)esé?ﬁﬂ rhaexi bl e
and/ or have foldnﬁg designs for easer inplantation in the eye. For exanple,
t he | erbs chaspngispprdngrany cqch| cdenadid srespaelivsroptistldomst. (fqrrehegplfsdhe cleseet i on,
then unf.ol t n r t he eye.
ai " CssoeERE coh I e Pucd AT RERR BRORRE L AR ASAE B ' 1,
ease ofelemteerbt Istﬂi&nczHijutmremmeﬁleeAMrﬁltwAQplhec‘aaplh@ﬁ lemanbzlrﬁbhz u8hg, entitled
"Fl exi bl e El ectro-Active Lens," and U S. plication. No. 12/836, 154,
enti t | @nvesiogrl iasdesinging ang potl%ht&%‘@%hﬂl%@%%@% electé%ﬁw@feltm%h is

opt 1 cor PR SRLATLE| Beint RN ErifbbhE <l bt SFRATR By By ppreL o
:Lhuztnmprelm?PLahtablngPhthaLgicsdevices may alsoohgﬁ{gde fﬁhgrlcalcal
shaped L0 HacSwhEapRE EBmefNnd e bpnbufbs SoRuaiiE s wiod can SeBffer cal ”

l'ens | s;naRRPARN EfoRfing QSHSHsT6r éa!s&mr)plan@fﬁ)'fmﬁ ﬁ{eyeyép}ﬂ?rre'xﬁﬁblel #3965 dpave a fixed
optical power of about +10 D to about +3 €.g., about +20 D to about +30

D, or alsgist mFFobrabegBord)or r@uretfelldllmesfmemsedmn thenslebldralgpubélerfefcrlaw(s)ve
diffractive, or a conbina ther The be conca nve r

ol anar B Binety Pagimar it e hep Ry e ad ap G Sige of

sui t abltRe foldEfe(BPHr eaerm@l@eﬂfonop@ﬂ rﬁ@ﬂe we@s Applastibe., Nd. heroTomisesditigleti €Si NS,
thernoset resins, a conposite of glass and resin, or a conposite of

di f f er emiexdpe Elastroghaitre Lcasi aad brS-pnpdicatean. Nox &X8pal i, §phté¢d ‘daldippt i cal

el enent % fixed to
ot her é%hg%ﬁgﬁqgﬁéﬁm#ﬁgg%%%lan%§§?§ﬁggﬁ{&Egﬁ%éﬁ%ﬁ@?gébg?ﬁ%ﬁgﬁgﬁﬁﬁihe
aspher ientiggey.i cal el ement and/or the el ectro-active elenent. They may al so
be formed integral to or with the aspheric optical element and/or the

nses may._be, e|ther
hthalmi¢ Dey

convent= Bl PHIE RV EHE S oK g
convent| rrors of the eye ng Iomer r aber ons such as
myopi a,! ﬁ%&l @Brtaﬂvsregtap@bleﬂh%ﬁm hicaY magﬁtsa r%pﬁ fﬁi) ngs¥ent i onal

| ens thélfpﬁ&‘féai; Bifal él@n’ﬁbﬁ@ YRk gfé%tng%h]‘éﬁﬁ %mﬂf hé}?caﬁy §hd[p'38 SHPARY ik ghee or der

aberratrons t at can be cause ar la r Irregularities or
abnor mdight ice®nvdilge os pivergedaé., tqﬂsnmdymbesaqxbhgﬁeeMEumﬁu@@DEmﬁnmabb | ens or

? r Irr:cj LE;L?%E‘%Z({%{G%&% havéJ g %xgg og’uca nger 0 agoutpﬂ%lﬂ aﬂ)olﬁte Q§6 Br(e. 'boutc+a2|0 B
to about +30 D, or about +25 or +26 D). Suitable spherical lenses may be refractive,
diffractive, or a combination thereof. They may be concave, convex, or planar on one or both
surfaces—graded index (GRIN) lenses are also suitable. They may be made of optical glass,
plastic, thermoplastic resins, thermoset resins, a composite of glass and resin, or a composite

of different optical grade resins or plastics. Exemplary spherical optical elements may be
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Exanpl es of Electro-Active Elenents for Use in |Inplantable Ophthalmc

Devi ce [0044] As used herein, the term"electro-active elenent"” refers to a
devi ce wiwb 2an/©ptsscal property that is alterable as a fPamatsc@n/osdsozpace
and/or time by the application of electrical energy. The alterable optical
property may be, for exanple, optical power, which, for a lens, is the

reci procal of the focal length; refractive index (retardance); optical
transm [ f - ze,
shape, toraBES: dHEATRTAT chlrpblonCin h B AEE obhh Al oy B T Blet S
may be asphmsiorapﬂt:ﬁcblefm@mnm thab&ictrataesveaticment. Ehecmaypalsd by ormatl eite gl

di sposed bet en t e.two. s strate The subst r.at egpﬁgﬁ be shaped and si zed

to ensuP& A ttfm@ dicattical eneyaniior 815 chectiogicting e within the

subst r ghe3) a@x&?ﬂ?ﬂ?ts h&RKI RHdes &}%e%th@é&v%t%hf&q% RYehfondi gposed on
each surface of the substrates that is in contact with the el ectro-active
mat er i adonvétienal lews qoocais tiov@net maal errmyOf thcleudelcmdn@loweupﬂded to a power

supply erably connected.,to a control ontroll.er be operably
connest DR P B uaERIET Tt PpPrlia e oat e and euf Buieia o fdtos apply one
or NDr & PdtRESchsoPRER O ndnb&@n®bRfdnhPess olheRyelRaldid LAkbh&ed@Y 1
applied to the electro-active material by way of the el ectrodes, the

el ectr cﬁbatratilqré thed can bapattse%by p@dtlr Ipyes praeguaritey opabngrmelives. Thopphssiatpl e,
when el r by way of
the el elg]f %% Flﬂgfe ‘é%st 0- ac ?@é&nﬁaggﬁ%&%ﬁl i3 gﬁ&*fa%raeﬁ %’g‘{:%sﬁ%en may be
al terecAddﬁ@tEéns chan@cagprithcadtnscal power of the el ectro-active el enent.
[ 0045] The el ectro-active el enent may be enbedded within or attached to a
surface of an a her| C, opt| caI el errent and/ or 2 spherl cal ot| .cal el ement
to for FHX3nRlesel ! tf ' thaly /e el enent
may be enbedded W t h| n or attach to a surfac

2011/ 199988 Py wisdderein Aasigrmy ﬁleet&t F‘%ﬂ‘iﬁtﬁl‘t{ﬂe%? t?\ttra é%a Q%%ft Wik aappg»caﬁo

opti cal r th&tq hemans & @ﬁhbf?o? akd Q{Fd?&tt'lrﬁe b#r Hcat?hoﬁftly'ff%lectrféﬁlh .

el ectr CtPve el ement may be 1'n optical conmunicati n wi th an aspheric
opt i calenetgyn®int almnddleoptacasptmeettgzatay@pt focakamplermmmal foster,selpeln, oedlens, spaced

apart f.rgm or. not I he. as ric el.ement. and/ or the
abher i dafPeaptiPEgt! b el ot Telad EabER e dRise o Ry Bant BB ed | 1 ¢ he
entire Whewigviey)edirPictioRerRsals! ifer@Rt d1£@%h®e%@8s1t@ﬂdéroin thambepinehi cal
optical element Or in just a poftion thereof . g, near the top, mddle or

bot t omthereol dn edctiokastive ﬁlsm@nt opy be conBhracted ér@mwlbtitwéesanémemﬂech’ay be

CpbaD) efthe MRRHRL %ok Bl 2 it WlesylatS0Phe fibSlaPy R VS HRBRL R, 5L v

mat eri ab chdle tHaUGR chStrblagildmateyial i8lcofained wathin HiaRehYuaRke dnd eint@erRak WO
optical substrates 620 and 630. The thickness of the electro-active

mat er i &ut. @0 erayorselastodrsenayibg dippasadion eaghi syfagmef the sysbpies Bt §# iness t han 5
m T e I

cur ved SOAE RN HSec P B0E nBihal b dfecBURRH AL ALy BULEPELRELRALL e

patter ro arprdwteh m@tﬁ@erﬂﬂja sdsrtrabted mmy cdm&rcﬂleb Sithertbhibller nsaytatdperablye substr at es

620 and 630 may provide ai;u tiﬁg power or the subgtrat es may have no

opt i calCopB o Flewtisst Purey 96&%\9@1 COTFRIORA PP O PIYGHAIEAS and

may be Iy glass

e o 1 e T B e S PR p et By 45,

| n generfdls eledtradag theselbgta-adtys nadtetrmlxis dpucal@rcbpegtlyena}dmﬁleeedoForf Eaxiphd, | i ty

for the eIetro ctive.ele {, i ch be i rtant r deV| es, that are
| Ser { QB TLRISEY FAPBIT e B BoC oo By B Bpe P e

t r ans pay|&io- 24166 ha§R1° 6 ZRick bate ROV A8 bb alterdd tBEEEY Eha@ingdhOupttamay be

di sposed on one of the substrates and one or nore individually addressable
opt i calnoyVetfDéﬂilst@&tcent%wfed@m@des 632 may be di sposed on the second
substrg e?e Ctr%%'get%ﬁﬁnfj&%'%c%rm%h&eﬁw& ora%tch@%d/ %rfacegtnEt er of a

corres ng pl xe O-acCtl ve devl ce ar o] er S nmay

have ansplier oplicalRhticr® ardoparpheacd] optitdl cienitink & foﬁhtaﬁfcl&froail@ﬁué leBs.5 iim

Al ternatively, pixels may be arranged as concentric rings, arcs

r ect anghléanatiyielya the desiorasaive shement @ay bapmbedded pathin exvstashedyigresugiice ol

el ectrodes 622 and 632 may al so form ?%ructures that diffract incident
light in a fixed pattern or nmanner. ctrodes 622 and 632 may, for

exanpl e, conprise a transparent conductive oxide, such as indiumtin oxide
(I'TO, or a conductive organic material, such as

pol y( 3, 4- et hyl enedi oxyt hi ophene) pol y(styrenesul fonate) (PEDOT: PSS) or

car bon nano-tubes. The thickness of the optically




WO 2011/ 153158PCT/ US2011/ 038597 transparent el ectrodes may be, for exanple,
less than 1 iim and is preferably less than 0.1 p.m One or nore of the

el ect r odewo@aP/EBFs 632 may be coated with an alignnent lpayars2qinosssshown),
with the electro-active material 610 di sposed between the alignment | ayers.
[ 0048] Activating an el ectrode 632 of conbination of el ectrodes 632 causes
respective subsections, or pixels, in the electro-active elenent 220 to
change st at: D i i ectrao-active device
. has B pro 0B R, £ ollRA Rl BTyt £ I L B gE b

r esponsaclh o case, thp pldcerd-actld dg@entAhdyebaiataptiedlycommiunidatian ehiithi amrasploaeme or nor e
pi xels in the el ectro-active device my have a refractive index that varies
by up (BISHEIRTEY 04/ Ar § RlSERY ST SR R @répaqeﬁélpaﬂg%nm Stiftles may

be CO”tihﬂ&g&!}’%itﬁaﬁ@&sﬁaﬁémc &Stf&'a_f MetantGnd/ok E@L%Hh%@ail MEA&P@IGHl%nQ'ThQEQ&rJ)-”deX/ | ow
i ndex), orf include several discrete values (e.g., 30%transm ssive, 50%

t r ansmiasivyeemgitmay bnbeitsd invide cetirs, ViewiBg mecaalf dlot aspherat oprisalhadereental s,

i ncl udi i qui d tal material in i ti tates, f |
251 ong e Ry i Pl BB DR e BorioRBerSey Rerttiar i Ph GRS O
mat er i osoft forkbn St@BIRS oABPY ITRE eRciOlat BELSAMASayt BiebhBle SMJcating r om one

state to another, but no vgﬂlage is required to keep themin their current
stat e. !@ht gp #ppwne| ectro-active materials are especially attractive for use

in inpl bl ' ' 3 n |y when bei ng

sui t cnddoifle; A" BRAOG Bfind SNLTB BEERERGOCLERRRPRE SK. ure” [ ooss)

The el datludesamtdacgroedcaneniate?id 06 IR yudl Sdidokl ¢rsaal msicadl, apaividhed bettteah 1S a

first region, ty&iﬁrc?ll eat or near_the entrance pupil, that is enconpassed
ibira qmﬁé

| | p1.
by a sd¥@mpticdd Rndf0-plhedhigkinesp of R stestrorstivemaisal @G mwy bas at
| east t4 cal ractepisti i t L3 SEahedl
exanpl & oy e B g O Bl e L R S A SR B30
r ef r acthewabstadedly flmohmat paraltel opirvasiadnd patdhlel, en gbdsubk@ate hingy Have s sunfegi on. The

second reqgion may be referred.to as, a peripheral region. T opti cal
ot oper U GHrgRnTIEG SH g LR G PR Ge {BERISGE nay
vary bapedn@ib H?ay&ﬁ@'\lriﬂé ar%ptic*ﬁ?pé&&'&ﬁ‘h@srub@tm&hﬁﬁy hanRGld diiﬁcal[&ﬁ%@]Ea‘Qfle or

nore of the edges’of an aperture provided by the el ectro-active el enment 220
may be sapgtitymdy hovead theaknbdsgh208 pieer lngp andwenr terrigd oy 8exiblve Estreplaryo- act i ve
el ement . 220 provi des.the apodi zed rture, al so.known mask, by
oyt YRET PR S Sy B BBl B p R A P TS ot 1 o
the eyqldxilopmbid ﬁﬁl@ﬁﬁ%éﬂéﬁ@,-thi‘ﬁhémlbg?atéﬁf’eﬂi@%sf@f ARGhW ddardens RkREI0- act i ve
el ement 220 are typically dynamc, the electro-active el enment 220 can be
used t dOF Berlostretagtiveclpment. Wheh naaye isnertant faedeiees shararaiperatedtaron of 1i ght
such agn@m§&§y¥ghﬁ9%%!153158PCT/U82011/038597 a static gradient of
refractive 1 ndex of optical transmittance is incorporated into a |ayer of

t he devne47] |A comimuals optiallys@dsparent oleptusdzt 62anhmiprdvidessfopar elearisilat i ¢ mask.

[ 0051] For exanple, the electro-active el enent 220 can. operate as a dynam c
apert ur%owqﬁidp?%@ﬁpwé%@}w Pﬁﬁwé%%@tets H‘ég gepPhmgre individyalnadrsables t he

aggre h .1 i i
99 gaérggifa R aere&vxﬁécu%ew& AR B@alsgazsgd ggvﬁ&s%cﬁ%osmr%éq%&h REBhAAY

l'i ght. xanpt e, one or nore rings pixels int ectro-active
el enment6322Bfinesthasize,abamr, apd/ovdidmetn obpestraspendih@pixeckoBbioule de@ravmtive about

1.6 mmjn. di anmeter when conpletely cl osed about. 5.8 mmin. di ameter when
¢ onpl ot SR P RO TR Arpto ot 825 e aariB adial Augh ohe
di anmet elhoN@ay.5 G mﬁmagwgly,slbixel%ﬁag Hefh?rahgé‘tﬂnz&n &Pc@m@@ﬁn . drcfTfeéian@bout 3.0

mm e.g., fromabout 1.2 nmmto about 2. 0052] Varying the aperture
di anet emychabgeson hesul@plershafest Oa¢ dr mpretdighé elpéteadieab?amspbiZnambyileo devi ce

200 and. i ncreases..t he..ef f ect.ii ve,.opt.i c ower of the i | ant a opht hal m ¢
Goui oo ot SEARER D Gisfrhd AT BB ih § o R R B plalfer, ERCAARAR08 48N NS T
di opt ere32(hly, drtRaRPR] 8QBPRGY RHRpAcRRohE@ivhONRE, Qlch bt dinmkiankak! e

optical device 200 is about 3.5 D when the 3Sﬁf)erture is 1.2 mmin dianeter,
about ATEODoyiaspndusEYapearigmeateréal,sugh anpolyGert-gixtcapdionylioghngd 1. 3 D when

the ap%oﬁﬂﬁt?rén%s&foﬂamﬂﬂb(gjfﬁgs 6f carbon nano-tubes. The thickness of the optically
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[ 0053] Unfortunately, using the electro-active elenment 220 alone (i.e.,

w t hout the aspheric optical elenment) to increase the depth of field and
change t hwoebfiessisse opti cal power al so reduces the anoeatr/ustoihiogdsp7
transmtted through the inplantable ophthal mc device 200. As a result,
closing the aperture nakes an inmage projected by the inplantable ophthal mc
devi ce 200 appear dimer. |f the aperture is too small and/or the anbient
light | r I i Y i t her,
the o e etelefol8 Rl vd 250+ 0EIq KPPl DB ek AEp S B0 (S Ran L o
range qfm.opiid eahoe@ieicseltarddong? ahj @EQtsayle ¢autealrwitld b légraicit tayee@of e. g. ,
about 45-100 c if it is. designed to.provide fuIL accommodati on for object
di st anc@8VB V4B BRFIsPUr-asiive naptigial bl 0 lispopeds bedwesst the AHSENEAYES; i ncl udi ng

| enses 1aufd] agcilVafin @R BREEIABY F3bmSlHETERNbr Adddrodt@BsPtaRE O slR{dl! |
accomodat i on at obJect distances of 50 cmor |ess wthout conprom sing

vi sual sabssictignsadpr piaelsobjtlectlediccadve ebenfaat g2() tof dhangmstater oremstarnwe gjne or
Interrel ati onshi p, bet ween the Aspheri.c ical. El enpnt and .t he 0

El ect r UREPTPE EBVERTO TO0S AV CR ARG BHGE EpTEF Y COFRL Lo Holnahme 306

t oget hap apbitovhm 1@%}%@1&6 @faﬁca:pbﬁ&i CIIREB M [t RA1VIBRK 85 inl 4ddRRIRS biM & thérePr OVi de
full accommodation for object distances of 50 cmor |ess w thout

conpr oriixilni thp eleplae-pethite devigbinhayt have o refiveegiarc olsics ¢hat vaties ity ewdbett®l or f ar
di stances. In -16- 011/ 15 PCT/.US2011/.03 7. addi tion, .the shape of
the aspniplisit R atidhbade IE BT haRe TRy b ERdLRE b STl E070F The
el ect r araaginisvie c@bedRNr h2gdlind@nloveindBos eninsludh sévidadl disbetd vadhant gh3e%

opht hal m ¢ device 200 transmts nore |ight than an spherical |ens/aperture
conbi ndfangmiseiye. 107e transaistine SOV CHENSBRCaftc podne glaeiretagitvs meatesialel d. 1 n

ot her ¢ . t j . LEfr I or
refrac??@géwgﬁgﬁeggglggﬁ%q%#égﬁgkaﬂéﬂg?gﬁg@égﬁ§#gipgﬁg%§%?g§%%ared in the
aper t ureapenndrich aw appladd veltegd. Othdr chmweractiChamgrinly ardiei-satde applylipea eqegt ur e
and/ or the opti cal chl\/}er of the el echr 0: aCti\\éﬁ el enent. 210 in response to
change<2P{FS e i SV KR @ng Sl praRacrs PYROSENERT ISTeHUF BRI Rdlises t he

I mpl antighl gy RRRLAR! Bl CafR\HI& R0 cleE naRtihGalke RPUEAI AN 8RB Qe ihi el d to
change so as to provide the best focus for 1 mages of near and/or

i nt er madipéangbbbyrthadmid GOES]beFarse arpphaimapovestenty when hamd switchiotl e
ophthal mi ¢ device can include an aspheric optical elenent and a spherical

opticalyl.ens w.th iLfive (static),qpt | \power to conpensate for a
. Using , ec r c1V eas ] {tae pertgre _g., four neters
or nor

oSt ances,

e S—a O e
The el ectro-acti ve el t e actuated at obj.ect dj.Sstances
o om o aedNS etk Bt el e BE w Rl ah @Pe Bive AR bbbt For
f ocusi nggiah, typic@lyRdbr At tAOLREINCO hARIE Shdt & ehcomphRBEBy atsecdndirsdiamcehied about

100 cnm) and near object planes ('e.glh, pl anes at a di stance of about 33-50
cn). | imaobreannatisswhere thesereny regien dpeetleast gee pptisabshamstrrisie difesptiteal  power
anywher.g | K + +2.. , Jt . +2.0 D.
The el etg P{(}-t gegf %ggg%@ggq%a$gﬂ§%§gg)ﬁs@r ete esaélﬁlel%ts@p\}mg? Hlmqﬁllg%ﬁ%mrn ange of
opt i calrefrassieSnduk, cEyr, beogtinal path dangthythtuuthglfiret ragiohi Thet deeorfdareg@nafiayogt i cal
powers. %0056] The pefllrf rmnce, of eéirrpl ary inplantabl e ophthal m c devices
with adp gl o &t P heryl smon 4 hg ABLISAA PTORBItESs af t'eg10R MEY I FIYaIgcopgtant
apert urges,: SGIl i i | r function
OTF) R ar T S b K A ok SR L RS, o o of
t he spdf03l] fOeguenoy obfthd diees af gedpeabiequdvidéd by thpledoctroemstivasitmsetriOt | vi ty
function can be.used to characterize the i e quality becaus he optics
of "t he TBYETmRPIA e FHERCHTTTR FrutuoRSy Tf CRHES PHASETFBITERe t o t hat
of the Jrgfid&the Qf&ﬂf&l%%rt%, LS KA ANISS 2 SRR b9 dduBAHE MeYampIudd Phhdeon to
reduci ng the contrast of the image. In principle, an OIF can be constructed

for evempotbjidight thasisdraoemited itb [thdyeahiongh tevepkrturbhéltmphohaskhéoreyed vari es
wi th object distance and il.l 1 nation,l evel,. because hoth of t
Var 1 an i e B Al Embh! 45 PEL bRINY BdmientE SR Fa B0 Hmi 228 s ce

due t o Yealst@tt fovi aBkdtiemeasRithdt ABvBY §rovaddihakamb efodalation s Rghtls@&BasOkhere
accommodati ve ability due to onset of presbyopia. [0057] The inmage of a
point object is the Fourier transformof the aperture convolved with
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WO 2011/ 153158PCT/ US2011/ 038597 t he nodul ation transfer function (MIF) of
the imaging optics, where the MIF is the real conponent of the OTF

di scussedwabouels3ifhe resulting point image is known as trhe/yseéint3spr ead
function (PSF), and may serve as an index of neasurenent of the quality of
the ocular optic (i.e., a bare eye or eye corrected with a vision care
nmeans). The PSF of the retinal image is found to correl ate vm'th the quality
of vis I I | nt

of ot h;haétat%%lbﬁ’bﬁefrfcﬁ%%d%k of gwsﬁgtr%%lﬁ%&gg%{ g&@gﬁﬁa@e&}ﬁh 8p||

sel ect idegicanit ajpalepbé ated in oodjugttioatwidna efpatanestaficembsko- act i ve el enent .

[ 0058] F A and 7B show pl ots f t he Fs for different object

i ot and BT SRERPIE: R ek BrgYer PapR a2V sAR OBl ARdhnan AP Ry o
aper t urggeniddad hegadi %{Eede%ﬂﬁof(f?e‘ffc?/%ﬁd anspisab Nar dga!t&%pd ARG e ow

di aneters (6% transm ssive;, FIG . As expecte s and the inmage
qual i t yophthalmigelcaispR80 bE bl(ﬁ@hm/gatrey tlllnteF@mmﬂméﬂ iooger ierestiingyi2R2 oapixels bet t er
t han those for th ens/ aperture. orrbl F fqr each
R Ak c BT S R E R S R

sl ope, Anber B8tk RediMhbtck el ashpRicANEIBEW An@RSOAEE hith & GRMBicRAhbPN exhi bits
under danped oscillation before approaching zero. The variation anong the
MIFs f conipigiclyopperfibe apeitgr spebe Dardaldy apingd sidnibat the diagwtanyeesmal | er t han
t he varj r ns/a tions.
[ 0059] Cﬁﬁ@‘?%lﬁ\%m%gthqur&%f%‘b&ﬂtluir Q"g‘" & at%%gﬁgnlggp%érﬁg en§t g? qﬁ‘ . 7A and
7B in coobi Dahimn with an el ectro-active aperture that is open to a 44%
transm SS|ve state and closed to a 6% transm ssive state (bottom

row). A80Rpe¥aame tgwqﬁ#ﬁ@%a@e@r Fhapgepiherdgpthgbifistd of thaimglagtablget t er f or
i d , f
e er\/\ﬁ%&%ﬁhﬁﬁﬁ%wﬁ@‘ég@ %ﬁ’d @gﬁgﬁ esGH@L frdoYivE 8 uéb‘?? " V\(}f?ﬁé tﬁwgé?t%lfet er tor

narro apertures. ow | nages capture ens/ aperture
conmbi natphtnimiofdeFcG300. Horandsphric Agacah elehivat aupmh hdixkce pswapeiX.Qr e

conbi ng{.l on %F)gd uces shar per |maglaj t han % e. st d Iea;[((E 12 rb@

conbi ndtPRIRS (PoiederiecospiericpPEEL ROy T %G‘PP quc Yi58éY0#%  bet ween
the pl u$opoYeD REAEHC BYet?€ i Oy NaH ¢ &hﬁ@%?tab@ﬂﬂzﬁbﬁwﬁérﬁﬂlb%p@r't&%n% the
rate of change of power contributed by the static el enent as a function of

pupi | ghman dambmrh@ldﬁzhogti 3d» whemthe apuittirehs 2.8 ninfie draggterr om the pupil size)

at whi ctroactive ele t is activat TALE2 traesthls
Cr ade. dPpSH)S GRERIMASSY s B ChE bR STk SithouriReiPhit

opht hal dpu@alct@éﬂl@@) foancréisk iRy @pih Obfi@€ ndlbifngp aRSer{cafith @pﬁ@lal pm@mber s) Wwhen
the electro-active elenent is switched on at obt)ect di stances of 100 cm 50

cm anlcredwe& the anppunhpislight apgraitted Huoughihe implastgbic oahtha|neigwlayicp 360. fApeak
the. o defitslosiil e dpruhals e hgdotrlicuBe e ibianale Sufhylllg BILEC, °

swtc had)OQl@pea@\mhmﬁiﬁg éf thk uperofre & 156 shafl and/objhe chbiailt lighdesdlameeo®fow00 cmi s

equal to the natural depth of field, TABLE 2 shows that when the
el ect rdt %&F@@a&q BALhe tqosdnaletg isgh&drther. teislsrhp-astispelomahi? 40ty ikseHicrencd| ement

has a H‘bﬂ%ﬂ’%o% %ﬁo&gtﬁ:@lepdwrgl)é RNhfagde ﬁ@@&t’é@{ ﬂe@m@&i‘ﬁeccﬁ &Sﬁ@éb bits

optirru OI‘ITBI’ICE | ectro-active e is swtched on at an
obj ect (dlgstahnmelsm 0(hd:ml1tf 115@ desrgne‘ﬂABpEdee ﬂuﬂalgeorﬁihludatfomrfofbljjé@rdmances
Electro f%%tcﬁlgr lesse nqllliarlS statlc opt?caPlelements including lenses such as the aspheric

optical element 210, cannot provide full accommodation at object distances of 50 cm or less

without compromising visual acuity at far object distances (e.g., four meters or more).

Interrelationship between the Aspheric Optical Element and the Electro-Active Element

[0054] Using the aspheric optical element 210 together with the electro-active element 220
makes it possible to provide full accommodation for object distances of 50 cm or less without

compromising the patient’s ability to image objects at intermediate or far distances. In
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addition, the shape of the aspheric optical element 210 and/or the states (configurations) of
the electro-active element 220 can be chosen such that the implantable ophthalmic device 200
transmits more light than an spherical lens/aperture combination for the same identical optical
power and depth of field. In other cases, the electro-active element 220 acts as a diffractive or
refractive lens, such as a Fresnel lens, or other element (centered in the aperture) with
variable optical power. Changing the size of the aperture and/or the optical power of the
electro-active element 210 in response to changes in object distance (estimated from sensor
measurements) causes the implantable ophthalmic device’s net optical power and depth of
field to change so as to provide the best focus for images of near and/or intermediate objects.
[0055] For example, an exemplary implantable ophthalmic device can include an aspheric
optical element and a spherical optical lens with positive (static) optical power to compensate
for a patient’s inability to focus on objects at far distances, e.g., four meters or more. The
electro-active element may be actuated at object distances from about 30 cm to about 2 m to
provide additional optical power for focusing at intermediate object planes (e.g., planes at a
distance of about 100 cm) and near object planes (e.g., planes at a distance of about 33-50
cm). In some cases, actuating the electro-active element adds optical power anywhere in a
range of about +0.5 D to about +2.5 D, e.g., about +2.0 D. The electro-active element may
have discrete settings within the range of optical powers or may be continuously tunable
within the range of optical powers.

[0056] The performance of exemplary implantable ophthalmic devices with aspheric
optical elements and variable-diameter electro-active apertures can be described
quantitatively by an optical transfer function (OTF), which is the complex contrast sensitivity
function as a function of the spatial frequency of the target object. A complex contrast
sensitivity function can be used to characterize the image quality because the optics of the
eye may change the spatial frequency of the image relative to that of the target, dependant on
the target spatial frequency, in addition to reducing the contrast of the image. In principle, an
OTF can be constructed for every object distance and illumination level. The OTF of the eye
varies with object distance and illumination level, because both of these variables change the
optics of the eye. The OTF of the eye may be reduced due to refractive errors of the eye,
ocular aberrations or loss of accommodative ability due to onset of presbyopia.

[0057] The image of a point object is the Fourier transform of the aperture convolved with
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the modulation transfer function (MTF) of the imaging optics, where the MTF is the real
component of the OTF discussed above. The resulting point image is known as the point
spread function (PSF), and may serve as an index of measurement of the quality of the ocular
optic (i.e., a bare eye or eye corrected with a vision care means). The PSF of the retinal image
is found to correlate with the quality of visual experience, especially when it is compromised
by halos or glint or other image artifacts. Thus, a systematic approach may be applied to
selecting an appropriate configuration of the electro-active element.

[0058] FIGS. 7A and 7B show plots of the MTFs for different object distances of aspheric
and standard lenses and used with electro-active apertures with wide diameters (44%
transmissive; FIG. 7A) and narrow diameters (6% transmissive; FIG. 7B). As expected, the
MTFs and the image quality for the aspheric lens/aperture combinations is significantly better
than those for the standard lens/aperture combinations. The MTF for each aspheric
lens/aperture combination trails off with approximately linear slope, whereas the MTF for
cach standard lens/aperture combination exhibits underdamped oscillation before
approaching zero. The variation among the MTFs for the aspheric lens/aperture combinations
is also much smaller than the variation among the MTFs for the standard lens/aperture
combinations.

[0059] FIG. 8A shows images captured with the aspheric lens of FIGS. 7A and 7B in
combination with an electro-active aperture that is open to a 44% transmissive state (top row)
and closed to a 6% transmissive state (bottom row). As expected, the image quality for far
objects (3 m) is better for wider apertures, and the image quality for near objects is better for
narrower apertures. FIG. 8B show images captured with the lens/aperture combinations of
FIGS. 7A and 7B. Again, the aspheric lens/aperture combination produces sharper images
than the standard lens/aperture combinations for every object distance.

[0060] There is a trade-off between the plus power added by the dynamic element and the
static element, the rate of change of power contributed by the static element as a function of
pupil size, and the object distance (which is inferred from the pupil size) at which the electro-
active element is activated. TABLE 2 illustrates this trade-off by showing the blur of an
image seen through an implanted ophthalmic device for different object distances (and pupil
diameters) when the electro-active element is switched on at object distances of 100 cm, 50

cm, and 40 cm. In this example, the aspheric optical element has a peak optical power of 0.75
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D at is center, and the electro-active element contributes an optical power of 2.50 D when
switched on. An image blur of 0.50 D for objects at a distance of 200 cm is equal to the
natural depth of field. TABLE 2 shows that when the electro-active element is designed to
deliver 2.50 D and the static element has a maximum power of 0.75 D, the implanted
ophthalmic device exhibits optimum performance when the electro-active element is

switched on at an object distance of about 50 cm.

TABLE 2: Image Blur for Different Electro-Active Element Switching Distances

Image Blur (D) for an Electro-Active Element
switched on at:
Object Assumed Pupil | 100 cm Object 50 cm Object 40 cm Object
Distance (cm)  Diameter (mm) | Distance Distance Distance
200 4.5 0.50 0.50 0.50
100 4.0 1.65 0.75 0.75
75 3.8 1.45 1.05 1.05
50 3.5 0.85 0.85 1.15
33 3.0 0.0 0.0 0.0
30 29 0.15 0.15 0.15
25 2.5 0.75 0.75 0.75

[0061] The optimum switching configuration depends on the plus power delivered by the
electro-active element and the design of the aspheric optical element. In general, the
magnitude of defocus at intermediate object distances increases as the plus power delivered

by the electro-active element increases.

Examples of Processors for Use in Implantable Ophthalmic Device

[0062] As described above, exemplary implantable ophthalmic devices may include a
processor electrically coupled to the electro-active element and configured to actuate electro-
active element in response to indications of pupil size and/or user input. In some examples,
the processor is a integrated circuit, such as ASIC, that includes memory for storing one or

more settings for driving the electro-active element. When the processor receives an
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indication that the user is trying to focus on objects at a different distance, e.g., as shown by a
change in pupil size, it switches one or more pixels in the electro-active element by applying
voltages to the appropriate electrodes. The processor (and associated software or firmware)
may be capable of arbitrarily addressing multiple segments in a preprogrammed or adaptable
manner. Associated software and/or firmware may be permanently embodied in a computer-
readable medium, such as a special-purpose chip or a general purpose chip that has been
configured for a specific use, or it may be provided by an analog or digital signal.

[0063] The processor can be programmed to actuate the electro-active element based on a
particular (or representative) patient’s pupil size, which varies as a function of depth of field,
patient age, patient race, patient weight, etc. A specialist, such as an ophthalmologist, chooses
the optimum settings of the electro-active element for achieving the desired vision
performance based on the merit function, then uploads the settings to the ophthalmic device
via an antenna, such as a light-sensitive cell or an rf antenna. The device may be programmed
before implantation and/or after implantation. In some cases, the device may be
reprogrammed on a regular basis, e.g., annually, based on changes in the patient’s vision
and/or natural degradation of the device itself. The ophthalmologist may also use the patient’s

feedback to adjust the settings of electro-active element as appropriate.

Examples of Sensors for Use in Implantable Ophthalmic Device

[0064] A sensor may be used to measure or infer the distance to the object(s) that the user is
trying to focus on. The sensor may be operably (e.g., wirelessly or electrically) coupled to
processor and may provide an indication of the object distance and/or pupil size to the
processor. The sensor may include one or more sensing elements, such as a range finder for
detecting a distance to which a user is trying to focus and/or a light-sensitive cell for
detecting light that is ambient and/or incident to the implantable ophthalmic device. Suitable
light-sensitive cells include, but are not limited to photodetectors, photovoltaic cells, and
ultraviolet- or infrared-sensitive photo cells. Other suitable sensing elements include, but are
not limited to a tilt switch, a passive range-finding device, a time-of-flight range finding
device, an eye tracker, a view detector, an accelerometer, a proximity switch, a physical
switch, a manual override control, a capacitive switch that switches when a user touches the
nose bridge of a pair of spectacles, a pupil diameter detector, a bio-feed back device

connected to an ocular muscle or nerve, or the like. The sensor may also include one or more

220-



[ 0061] The optimum swi tching configuration depends on the plus power
delivered by the electro-active elenent and the design of the aspheric
optical everrenti1s3isa general, the nagnitude of defocus atrcirnisesimmwsssat e

obj ect di stances increases as the plus power delivered by the

el ectro-active elenment increases. Exanples of Processors for Use in

| mpl ant abl e Opht hal mi ¢ Device [0062] As described above, exenplary

i mpl ant i i N oupl ed
o t he Erery PR AEhIh Rl SRR o isbes BRI AERP B0k MEhS bERk ok

el ementhead or emyolms@atﬁcm ofithlé ot's oyxs of pupi|l size and/or user input. In sone
exanpl § ﬂ% cessor is a |ntegrated circuit $UCh as ASIC, that

i ncl udd@0 ‘Eﬂ USHradYGeRIng T E PGBy OB RGO -FSFCifr Ay &’IT‘PH‘e

el ect r gpaRkdMBn EHISER Yver YRAAGY %&h%&ﬁﬁfﬁﬂeﬁs@ﬁ%‘i N&R Afdcal\gth appropriate

2011/ 153158PCT/ US2011/ 038597 i hdi cati on at the user is trying to focus on
obj ect soma spectid digremet (rath gtearees eye. Hor, exagplh dwee phyoterdelestogerrays maypbd  si ze,

it switch Ope. or nore xe S tro-active el.enmen appl yi ng
vol t agdborane st SRt Dl it s HAEaRriii ki Sl S tTERL B RBRLY
SOft“ﬂﬁﬁthvﬁg%Hwaﬁ%@laﬁwhmﬂnﬁﬁﬁgb%@mQﬁﬁﬂﬁb&hﬁ&ﬁmbﬂw&%déQ&ﬁM&ghﬁﬂbhhp|e
segnents in a preprogranmed or tabl e manner. Associ ated software and/or
fi rmarhavingy foeuspeg lvandat pryp@rnlvbfs)@u@@ fomfapdisnesyesun ebdibreaceredgaifimsuch as
a spem&é PAIRETE d&hlln%ng hﬁhgd?%grh%!s t@%&@'t&%‘rbco%ﬂ'aﬁ r trﬂa ang %Sgn?quggsotﬂé I gur ed
for a specitic use, or nal og or di gl gnal .

[ 0063] bEbtefomsr)CH&sarfaymm the hpglmgroa»mfm rdt 1Ay thak &c Lhel toldertmcakd | ve

el enent based on a particul ar_( gﬁesentative) patient's pupil size,

whi ch \ﬂafita%fg%nauﬁqxﬁ%@ﬁl@we@)tfthﬁéiﬁrh% UGy patient age patient race,
patient B\G‘d ghWhefr‘{hf% seﬁso% b@lchsitges %11s%c9 rsiﬁt’e {}ORSGS t he
opti mJ set'tings ect ro- t| ve errent f eV| ng the “desi r ed

Vi si on spmdsfmgmhmcethb@scc&dsmvxthlméltmggem tlfmut/:utmm, anﬂherdeaqbﬂvaﬂcdsoﬁthee]seﬁrd)-| ngs
to the o almc d@% I§ ﬂg aﬂgﬁ enna, ch as I ht - sensi ve ceII or
an rf aaﬁ ?é"n SMeRiA t WG © %%@?‘%‘“ﬁe OhBFGHES it ARt 4t 1o

after iARLhapt&tigdland &)n%ﬁﬁiﬁc@té%% inf& &RV 4R ﬁ?@éés&ﬁ I"fﬁf&%ﬁicﬁ“&i@%@ts%ta
regul ar basi’s, € g, annually, based on changes in the patient's vision

and/ or mnmébcwe@r\@dan iaawarodistiies rdegd, te nroseddr mefm@usnotlhta klectrotaogiest may
2: Z?‘reﬁtse? tehﬁgg}%t(glber%?et 1[‘[sS of)ctl%gfjl?o%&(/:e% tIfo th‘ele nl’slcs)rt dettehc?s &16% tthe IR I’ocgsn?g %eyonﬁCt Ive
the near distance range, the processor may cause the electro-active element to decrease its
optical power. The processor may have a delay feature which ensure that a change in
intensity of light is not temporary (i.c., lasts for more than the delay of the delay feature).
Thus, when a user blinks his or her eyes, the size of the aperture will not be changed since the
delay of the delay circuit is longer than the time it takes to blink. The delay may be longer
than approximately 0.0 seconds, and is preferably 1.0 seconds or longer.
[0067] Some configurations may allow for the sensor and/or processor to be overridden by
a manually operated remote switch. The remote switch may send a signal by means of
wireless communication, acoustic communication, vibration communication, or light
communication such as, by way of example only, infrared. By way of example only, should
the sensor sense a dark room, such as a restaurant having dim lighting, the controller may
cause the dynamic aperture to dilate to allow more light to reach the retina. However, this

may impact the user's ability to perform near distance tasks, such as reading a menu with

small print. For instance, the user could remotely control the electro-active element of the
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For example, one or more rechargeable batteries 250 coupled to the processor 220 provide
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the above teachings or may be acquired from practice of the disclosed embodiments. It is
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[0071] One or nore light-sensitive cells, such as solar cells or
photovoltaic cells, may al so be used to suppl enent, augnent, and/or obviate
t he need wonoa/t3atssery. The |ight-sensitive cell is | ocatedsout/os8591 he
user's line of sight of the user, e.g., peripheral to the margin of the
pupil when partially dilated by darkness, but not fully dilated. The device
may thus be charged by using an eye-safe | aser capable of energizing the
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separ ateguiwattngsposed froma portion of the iris of a user's eye. Thin
electrical wiring may operably connect the solar cell to the processor. The
el ectrical wiring may pass through the pupil wthout touching the iris and
operably connect to the inplantable ophthal m c device. The solar cell may
be | arge enough such that it supplies enough electrical power to obviate
the need for a separate power supply. The thin electrical wring nay not
conduct electricity and may have a form factor which has the appropriate
tensile strength to hold the solar cell in place. In some configurations,
one or nore snmall holes may be made in the iris by an ophthalmc |aser such
that the thin electrical wring connects the solar cell to the inplantable
opht hal m ¢ device. [0073] The foregoing description of illustrative

enbodi ments has been presented for purposes of illustration and of
description. It is not intended to be exhaustive or limting with respect
to the precise formdisclosed, and nodifications and variations are
possible in light of the above teachings or may be acquired from practice
of the disclosed enbodiments. It is intended that the scope of the

i nvention be defined by the clainms appended hereto and their equival ents.
WO 2011/ 153158PCT/ US2011/ 038597 WHAT IS CLAIMED IS: 1. An inplantable
opht hal m ¢ devi ce conpri si ng: an aspheric optical elenent having a
negative spherical aberration that varies as a function of radius.

4.



2. The inplantabl e ophthal m c device of claim1 wherein the negative
spherical aberration is at a maxinumat or near the optical center of the
aspheri c wptwoals3sgenent. 3. The i npl ant abl e opht hal m ecaasceie/0ss59T| ai m 1
wherein the negative spherical aberration varies within a range of about
0.10 jamto about 5.0 jam of root-nean-square wavefront error across an
exit pupil of about 5.0 mMmor less in dianeter. 4. The inplantable

opht hal m ¢ device of claim1l wherein the negative spherical aberration is
substantially non zero over a radius about 0.50 mMmmto about 2 5 mm centered
about the geonetric center of the aspheric optical elenent. 5. The

i npl ant abl e ophthal m c device of claim1l wherein the aspheric optical

el ementWHad 5 €b4IMID IS:s conti nuous. 6. The inpl antabl e opht hal m ¢ device
of claim4 wherein a first derivative of the sag with respect to the

transvgrse Bergﬁ5%ﬁﬁ‘jﬁﬂﬁﬁﬁéth&yﬁFﬁm%hﬁihe i npl ant abl e opht hal mi ¢ devi ce

of claimb5 I'n a secon eriva e o the sag with respect to the
transver se dn agphsiioogicakeloneatt haviogls negalive Jptericatpbanttiabltieat opintshabm ¢ devi ce
of claim 1 mhFr in the aspheric optical element, when inplanted in a
patien@”?“@@BﬂBEWBVides an average increnmental optical power of about +0.25
D or less. WD 2011/153158PCT/US2011/038597 9. The inpl antabl e opht hal m c
devi ce20f clrat mplamhige eplithdlinte @dspRefichimptiiealin ¢Healpiive spleital avplrafned i n a
patient's eye, provides an average increnental aoptical Pomer of about +0.10

D or | &salamaximum at or near the optical center of the aspheric optical elemen
3. The implantable ophthalmic device of claim 1 wherein the negative spherical aberration
varies within a range of about 0.10 pm to about 5.0 um of root-mean-square wavefront error

across an exit pupil of about 5.0 mm or less in diameter.

4. The implantable ophthalmic device of claim 1 wherein the negative spherical aberration
is substantially non zero over a radius about 0.50 mm to about 2.5 mm centered about the

geometric center of the aspheric optical element.

S. The implantable ophthalmic device of claim 1 wherein the aspheric optical element has a

sag that is continuous.

6. The implantable ophthalmic device of claim 4 wherein a first derivative of the sag with

respect to the transverse dimensions is continuous.

7. The implantable ophthalmic device of claim 5 wherein a second derivative of the sag

with respect to the transverse dimensions is continuous.

8. The implantable ophthalmic device of claim 1 wherein the aspheric optical element,
when implanted in a patient’s eye, provides an average incremental optical power of about +0.25

D or less.
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10. The inpl antabl e ophthal m c device of claim1l wherein the aspheric
optical elenent, when inplanted in a patient's eye, provides a maxi num

i ncr enentwD 20ptised8 power of about +0.5 D to about +0. 8rPDI/UB2011/DB8597

i npl ant abl e ophthal mi ¢ device of claim1 further conprising: a spherical
optical elenment in optical comrunication with the aspheric optical elenent.
12. The i npl antabl e ophthal m c device of claim 16 wherein the spherical
optical elenment has an optical power of about +10 D to about +36 D. 13.
The i npl ant abl e opht hal m ¢ device of claim 1l further including an

el ectro-active elenment in optical communication with the aspheric optical

el emen®. and Thaunpigntabl bplghalsti@dwiogiof hlaan f7iwletcie fifcasplicvie opfital clamepower and a

second state with.a second effectjve optical power,. .14. The i pplantabl e
oone nahe it dints PERRP i Eb G SRS BesbiE i gutil podr raRRu gD
first meétiative index in the first state and a second refractive index in

the second state. 15. The inpl antabl e ophthal mc device of claim13

wherein the_ el ectro-active element has.a first transm ssivity in the first
state afd aTE%traﬂamﬁﬁsﬁghﬂ@mﬁletvwg iR | autebim e paRIETiC optcal TRECMpl ant abl e

opht hakyHeg iHEMAEE i ptlefi RyL3p ODRIESA Rak MRS REMBrR65AAEp &I & TR AbouP 0¥ des
an aperture with a first difaneter in the first state andpa second di aneter
in theecbad $t&Pe. 17. The inplantabl e opht hal mic device of claim13

wherein the el ectro-active elenent provides at | east one of the first and

second jef f eghl ﬁﬁ}%ﬁ%ﬂlﬁ%ﬂﬁ%&&evﬁc’% RRRHA 1#&4}%'90&18%0”%‘“ *2.5 D 18. The

i npl ant abl e op vice of claim 13 further rising: WO
2011/ 153158 peilicusa®blit 0 3BBREMt in optical communication with the aspheric optical element.

12. The implantable ophthalmic device of claim 16 wherein the spherical optical element has

an optical power of about +10 D to about +36 D.

13. The implantable ophthalmic device of claim 1 further including an electro-active element
in optical communication with the aspheric optical element and having a first state with a first

effective optical power and a second state with a second effective optical power.

14. The implantable ophthalmic device of claim 13 wherein the electro-active element has a

first refractive index in the first state and a second refractive index in the second state.

15. The implantable ophthalmic device of claim 13 wherein the electro-active element has a

first transmissivity in the first state and a second transmissivity in the second state.

16. The implantable ophthalmic device of claim 13 wherein the electro-active element
provides an aperture with a first diameter in the first state and a second diameter in the second

state.

17. The implantable ophthalmic device of claim 13 wherein the electro-active element
provides at least one of the first and second effective optical powers is about +0.5 D to about

+2.5D.

18. The implantable ophthalmic device of claim 13 further comprising:
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a processor operably coupled to the electro-active optical elenent and
configured to actuate the electro-active optical elenent. 19. The

i mpl ant abWe 2o0pitskesBmi ¢ devi ce of claim 18 further conpriPEIT$2011/038597 a
sensor operably coupled to the processor and configured to provide an

I ndi cation of pupil size to the processor, and wherein the processor
Is configured to actuate the electro-active optical elenment in response to
the indication of the pupil size. 20. The inplantabl e ophthal m c device of
claim 18 further conprising: an antenna operably coupled to the processor
and configured to transmt and receive data 21. The inplantabl e ophthal mc
devi ce of chahnm@@rmeﬂmﬁanmhﬂﬂoﬂEkmgnoamheogmmﬂd@mmn@mbamﬁgmedy)operably
coupl ed sor ﬁ conflgured to provide power to the processor,
and mh@WEWﬁ% égﬁg Y@O?%ﬂ IHR™ured to be recharged via the antenna. 22.
An i npl antabl e ophthal m c deV|ce conprising: a spherical optical el enent
havi ng 1a. fi Tadimghmntellt optatamic device of claim 18 further comprising:

a sensor operably coupled to the processor and configured to provide an indication of
pupil size to the processor, and
wherein the processor is configured to actuate the electro-active optical element in

response to the indication of the pupil size.

20. The implantable ophthalmic device of claim 18 further comprising:

an antenna operably coupled to the processor and configured to transmit and receive data

21. The implantable ophthalmic device of claim 20 further comprising:
at least one battery operably coupled to the processor and configured to provide power to
the processor, and

wherein the battery is configured to be recharged via the antenna.

22.  Animplantable ophthalmic device comprising:

a spherical optical element having a fixed optical power;

an aspheric optical element in optical communication with the spherical optical element,
the aspheric optical element having an optical power that varies as a function of radius; and

an clectro-active element in optical communication with the spherical and aspheric
optical elements, the electro-active element having a first state with a first effective optical

power and a second state with a second effective optical power.

23. The implantable ophthalmic device of claim 21 wherein the fixed optical power is from

about +10 D to about +36 D.

24, The implantable ophthalmic device of claim 21 wherein the aspheric optical element,
when implanted in a patient’s eye, provides an average incremental optical power of about +0.25

D or less.
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an aspheric optical elenent in optical comrunication wth the spherical
optical elenent, the aspheric optical elenent having an optical power that
vari es aswe 2bunssisen of radius; and an el ectro- acPcraSediamsss7 i n
optical conmmunication with the spherical and aspheric optical elenents, the
el ectro-active elenent having a first state with a first effective optical
power and a second state with a second effective optical power. 23. The

i npl ant abl e opht hal mi ¢ device of claim21 wherein the fixed optical power
is fromabout +10 D to about +36 D. 24. The inplantabl e ophthal m c device
of claim 21 wherein the aspheric optical elenent, when inplanted in a
patienQSs eﬁhcﬁmMmMMdesmauﬂHME¢agscﬁnbﬁe@émmakhomthquﬁpommmldﬁnahout +0. 25

D or 20 53158PCT/ US2011/ 038597 . 25. e j.npl ant ahl e gopht hal m ¢
devi ce TBEn EMGPAFSH ARLERE htnRoRabn et e B et SrbFl pORk o PPea ™ »
a pati engrissseye, provides an average increnental optical power of about
+0.10 D or less. 26. The inplantable ophthal mc device of claim21 wherein

t he aspheric_optical ele en i nplante pat i ent provi des a
maxi rm% nc?@ﬁﬁﬂﬁléﬁtalﬂﬁf’?@gﬂ%&@ﬁce&f "ﬁ ﬁ- %re@ etaﬁ)ha%aletw@ge@n@t 27. The
i npl antaRh enPRMEO R mzﬁleﬂ@yéﬁep@%deé @M&%Mmﬁfe%eﬂta% thc% %sw&raeamut the fI8r st

and second effective optical powers is about +0.5 D out +2
An i nplthietakbite OgpBt hal ni ¢ devi ce conprising: a spherlcal optical el enent;
27. The implantable ophthalmic device of claim 21 wherein at least one of the first and

second effective optical powers is about +0.5 D to about +2.5 D.

28.  Animplantable ophthalmic device comprising:

a spherical optical element;

an aspheric optical element in optical communication with the spherical optical element,
the aspheric optical element having a sag whose first and second derivatives with respect to
radius are continuous; and

an electro-active element in optical communication with the spherical and aspheric
optical elements, the electro-active element having a first state with a first effective optical

power and a second state with a second effective optical power.

29. The implantable ophthalmic device of claim 28 wherein the aspheric optical element has

a negative spherical aberration that varies as a function of radius.

30. The implantable ophthalmic device of claim 29 wherein the negative spherical aberration

is at a maximum at or near the optical center of the aspheric optical element.

31. The implantable ophthalmic device of claim 29 wherein the negative spherical aberration
varies within a range of about 0.10 pm to about 5.0 um of root-mean-square wavefront error

across an exit pupil of about 5.0 mm or less in diameter.
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an aspheric optical elenent in optical comrunication wth the spherical
optical elenent, the aspheric optical elenent having a sag whose first and
second dewowatliesswi th respect to radi us are conti nUOUPCTAISA011/038597 an

el ectro-active elenent in optical communication with the spherical and
aspheric optical elements, the electro-active elenent having a first state
wth a first effective optical power and a second state with a second
effective optical power. 29. The inplantable ophthal mc device of claim28
wherein the aspheric optical elenent has a negative spherical aberration
that varies as a function of radius. 30. The inplantable ophthal mc device
of cl ai3ih 29 Thhendamalilbephtbgatd devicspiielaim ab wabeilr tht inogative siteriaal maxiratiom at  or

near the tical center of the heric optical .element. 31. The

ol antSHPS T RGN frG Hevi RS OG Do HERER S TERG HEsL AP Woher | cal
aber r atgb@fctiabélRs oMl sphaiclopf@f cRineabout 0. 10 jamto about 5.0 jam of

root - mean-square wavefront error across an exit pupil of about 5.0 nm or

|l ess in dianeter. WD 2011/153158PCT/ US2011/038597 32. The i npl ant abl e

opht hal m ¢ device of claim?29 wherein the negative spherical aberration is
substantially non zero over a radius about 0.50 mMmto about 2 5 mm centered
about the geonetric center of the aspheric optical elenent.
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