| NTRACCULAR LENS Field of the Invention The invention relates to an
intraocular lens (1QL) and in particular to an 5inproved 1O with Fresnel
prism t havocan/deessused to reduce the effects of age- relparsB20r05han
degeneration (ARMD). Background to the Invention The treatnent of focal
macul ar di seases, and in particular ARMD, represents a 10 mmjor problem
Since the intact macul a provides VISl t is required for reading,
driving etc (but not for peri pher'&ﬁ%ﬁéégﬁ;&? Stact that there is no
effective treatnent for its degeneration neans that many people
increasingly retain peripheral vision only. 15In order to solve this
problem it Higldipfdhe pvamiony t hat the retina should be surgically
repositionedtiB IR reBtdDk aAstd &alarSehyt ddm | q i Iy iate
t he i mage of tEe flsg](g(%(rfor?lépe{)gion(? eﬁomdtcﬁg arrnagu%la(l ?o)’aéﬁ]o%i rr]lﬁpéorll&%e ?gatq?/na
wher e t hebe #anprovedllOhywitreFiesnelpprisno thgt dahdseuss tosredage tug effecis of egeas
wel |l as the I degree of vision may be retained. 20
Anong ot her ?‘%‘?F‘l"é@f‘a@ﬁ%ﬂﬁe}%&%F&‘ggﬁggﬁ@ "US6197057. In particular, each of
Figures 25, 27, 31 and 33 of US6197057 di scl oses a supplenental lens, i.e.
an intraocul lens that . is proyided in addition to the natural,
crystalline gé’ﬁé(g{)?u'f‘g??aﬂlﬁ I8§ﬁ0ﬁ9"l QL. All these drawings show a .

suppl enent al Thensedtaht bbfodal AacGaNYRBEsEN)&ndRRi $EMiculdleARRING @grRBERsiH t hat
the imge is mpved, away fromthe macul a. El sewhere in the specification,
it is sudfesterion peblen.FSingeelhe) iplast siasyladrisxidgsdie yisiamhad ipprasredtfar | oL
(colum 9 11 peadtd) ol &S QobilAbt kiiepbstrsinauiod) b’ SRSl mehanst
again in the con'?ée’xt oﬁga sgppﬂqemant aP 1 ensri Ito i)’s Sncﬁrcear nat f.orﬁthe
" Fr esnel - shapfdttiveetisatstanyifar itaktegesorafipo3nearss 8&tdngey geepleaincredsinghat
conprises a E R 1N this way, the focusing power of the ICL can
be provi ded Bétgg]nigéo” vgﬁmghdé"l orfl)é'ns that is nodified so that light is
focused on a (healthy) part of the retina that is not the macula. Such an

| OL can used to allevigte t effects of ARM. ver, althpu a lens
of the tyge 3t SeiBre R i dTorot Thiscoser ociosed ShhnGeire Rt ABOHY Sin eve
the desired damjicdilyorpobitibh@dtin thé @ A Rorel pRACLIGalSEIBLIGH L 36 I'sHdicell
optical effects, including gtgti cal aberrations. Thus, there is a need for
an inproved Id_@'aF?aU]%'@‘acg‘?eOf Repatian @P'”ttIﬁré’”FFr@sﬁ@PU'_ﬁrtPsarPPW‘bé’_”ltBﬂ§?t'VtﬁJt_

wi thout the girzadviant3geheak SURIMBAMMRGNHESd BURThLPRofRiFRlich BE Weh & first
aspect of the present inventi'on, there i's provided an intraocular |ens

havi ng an optheaacabar sells;, he adendatesiegresoidsioasnaye fej@eed.her eof, a Fresnel
prismcogprising an array of elongate prismelenments which are parallel to

one anot %@r along their length, each prismelenent having an 15 el ongate
facet which iAnang etitezdthsigsh thibds mopesqueimdiUSH187050 tlhepdréicdtr,i sacht ofin

angle to the tic i S, rei.pn_the array of pris | enents is
Cont§gured ¢ 5 S 26211 Ghend Adicd N 1B SR iR aRp B EE TEAN yi ng
in a plane deftidvediabYerishttabigtprodbedxi add@itch td ehepeatpemdirgsthifine lehsasitoad t he
angl ed facets, 20and wherein one or nore of the pitch and the size of prism

el ements is ﬁ’dﬁ‘i’-”_M‘?PFf'@Lm a@”og‘ses?hgraéh‘i?%%/ Y 1% Lpplaspenial _ber]se(ﬁrlﬁ:te'sa a

di ffractbon gbabddidnsl besh. agRoebRicRdeMbd b iHRE td RNgPls RIVER SVETROHS
whereby light incident on the lens is preferentially directed into the zero
order diffradhe 61actlar eElsewheemnitn ter enestlicatiemdlisasuagiesiedr bipba fresneddensed. 25

Thi s aspect i L i eh\at,i f the
fype di ool oseAol A TpBYD s 1 bEeRrATL BB S ML, HF AR HED e
grating type lafsf souldioe "Eresndleshpped'bdigeinriathe eordéxttdia gupptamagaldens). ilh a
typical Fresnel pris solutjon to this.proble cording to the present
vention, 1 & s e S h R G Ene 't ace ¢ her cof .

| i near Fgesnel prismarray whose facets have been nodified to reduce this
diffraction ef oo articul ar varying t itch, i ch may conprise
varyi ng the VORS¢ B5bsRs af e bl priaBhelhsgr An (g e & can
be reduced ok,dIRGRE BEwep W hthENIL IchBhbe iproN@éd tyf B 86hvRAtibREIOlens NAgs g abl e
orders and multiple i mages can be avoided. Furthernore, chromatic angul ar

di spersion associated with the diffraction grating effect nmay be reduced.

It should be noted that the Fresnel prismin the |ens of the present
i nvention ]



5 does not constitute a Fresnel |lens or zone-plate, and there is no
circular symmetry to the array of prismelenents itself, although other
aspects olotzbe/deess®s nay have circular symmetry. The FresoelGRaoiogisd4 t he
present invention is a linear array of elongate prismelenents |ocated at
one surface of a lens, which is intended to deviate |ight passing through

the lens. In other regards, the | ens, my 10be re conventional .in
constructi on,m%f{']f?%% q;j'ﬂhbl?sfoetﬁ?éjt Phs ﬁghg})@r&ﬁgg’@bﬁe@f‘a thatds ﬁpéfr_éer red
embodi ment, oRRUY. SBEEaP{OL Ban BEUBd &ndiidvite $he Bfféts Bf ARMIE! ements in the
array has been random sed to reduce the diffraction grating 15 effect. A
random variation in the prismsize, and therefore prismpitch, can avoid

t he construct] Lt iCh; ot ' a.Light
ener gy bei ngﬂc?x\?eggﬁeﬁfqoﬁlpgn%ﬁ?ﬁ g’@ﬁ%mﬁ g}ﬁ@%é?r{grwg?%(ﬁtﬁﬁéé egi%rgg%i egero
order. The& r andpackaeaos tcaghiée thierddsied aleviaien ohighdr it agn givegiseetormynede

different on rLegiQr red.to ar e | egj on of
the array proRrFREe RERERREaR BriEofBah aPkualde. T sfesls i e
opti cal axi sforl an ampraeselOli havisgdeei berdsfies bb tlenFussnd Ipeispr egenzaspbut
random sati on .%he re%n gr oximate the optical axis as well as across the
whol e array. WEBPHNEMAAYant8geShi t ch of the prismelements in the array is
in the range 50 pmto 500 pm wth the variation or random sation of the

| ocal i sed pitch or spacing of the prismelenents resulting in the pitch

lyi ng wi f8i n Summarysafthe Invention sore enbodi ments, it is preferred that the
pitch of the hsim £l L e I ri AU b range
0O pmto 50 pr;A]%!I)I'?ms éﬁ{‘%r\’rit lr?g?éeé(] ?fﬁg?é tFﬁ%{Sséfﬁslh? rgm\ﬁéﬁﬁgti onq%r?lwg?(%(rzﬁ not
t he absol ut e intedagelaniersheavinig am opticaltabxis; thenteodiconmrisingi as iosefaed thereaf, t hat
the pitch of _t L I S in t r j es uph.: Nt he
range 0 pm t§ E%ﬂsmﬂﬁ%l g(?’%é}r'&(}%ﬁna{éﬁgg éfgﬁloﬁg%fg Bgﬁe%%n\%g%ywpédgugée t he
di ffracti on gualiehdoebriednothedt alondethieiralength, peaoh @riag Eeleenardr hadpgnah ng

size of the prismelenents, is conpatible with a giyen application and

abri cat 1Bn PLOGIS ST BB Temech Pl ot e Boieaiclp” Rhissr GoetRe S ori sm
i's used in aapgRMEtE Betiddl ekis, beam it adds optical aberrations to the beam
(astigmati smand coma). This is true for a single prismand for a Fresnel
prismarray. The Aderejidlte araY _@§9F%r§ qkﬁ“ﬁ”@éﬁ)ﬁ?'ﬁgu&p B?d‘_?%%teé'ﬁat ineigenktind
tangential fedregh td BE o QDNEHSHih KRYSn allISAEHERd ByPe ddlichNBiPhadthef

devi ation now cone to a focus closér to the 1OL 10 than those in the

ort hogonal plpgreendiauldrdo angpétherangigdsiaceissi rabl e to conpensate for this
astigmati,b,sm Ther r I i - Lvent i L :

pref erregét hat a %&ge ear%irél i&gﬁr @ﬁg%&gﬁ;h@ﬁfén@ ??%%{r%iéudr?iér%&mb%&%ésslst he
array and i s neelmifoed acmwss1he avapand & scléced s tedycata diffrackian gradinigffect

ot herwi se result .from. presence of the Fresnel prism. Th i sm angl e
can be var| ed sl WinaPaRaRuiEPTeR ehentnhen e B FAE ot B e Fsm
f ocusi ng powgrefadshtibioiirebal PEEURS Aefo GRo¥Edliragion giéctiodasyd ngréhatiangl e
can al so have an additional effect. |If each of the individual prisnms has a
very slight | @ngvief dispaisiqnigiredudedned dependi ng on the 20 predicted angle
of the ray that will hit it, it may be possible to ensure that all the rays
exiting eacthri sm surface converge at a single point, thereby correcting
asti gmati sm This asnaet @f e inyeeiipn adses BomHbadghsehatioathaita answf thedyesy of
the prismfa | di S QIR i t of _t. first
aspect of thggsltdno\%%ﬁt'ﬁovr\l/,&t?’m‘l? ggrgbusrgﬁrray %gﬂﬂégiéﬁgﬁﬁgﬁﬁﬁéﬁﬁoﬂtéﬁ'ﬁ@ thnerthe
context of aeffe@lLdwotopthegianigde Matesnea the pirism speeiw idi antypical &resmebpidsras pect

of the present inventign, there is provid an_ 30.intraocul ar. L ens having
on i bar "o oOYEDtG B plelfer afedtif8 I Hased® iBNiSR AL ERRAE Y| 0
corrpL i Si e? aﬂbr%;\é@yprtliﬁngﬂaﬁﬂ@ﬁi faﬁprthénasbﬁla{srmﬁru s=rﬁ$riqﬂpriameam@,lrwhb§é fetdféts)ne
anot her al on t r en eac ri.s enent V] n n el ongat.e acet
which is ori g‘ﬁ_t’% e@ﬂéfPP‘ﬁTf'f‘é{toareHH? %%E@ﬁ?ﬁpnt%fepﬂe!”ﬂg%'g?u'% bé(t"%&ﬂn%mﬁ eto
the optical ah$ which may confbiesidtyihfendkizalwf @le phidrdBIEhENBNhE diffraction
configured to deviate light incident thereon to an off-axis position |ying

in a plane défatingdelisctiase predumedasn _egaied .t suehsihat fatdis cintdiffiastegdniptaf ¢ he
angl ed facets,



and wherein the angle of the prismelenent facets is non-uniform across the
array and is selected to conpensate for astigmati smthat woul d ot herw se
resul t frwonohwepssesence of the Fresnel prism 10Pref er 2birygB20tvsiaget

angl es vary nonotonically across at |east a portion of the array to
conpensate for the astigmatism In one parti cul ar enbodi rrent t he angl e of

thefacetS|S|nt ra e3.5t 38. rees u her
suitabl e angU8dg$ir féﬁ’ a%%awétbo ‘ﬂ&é}ch@ﬂ 0¥% Cﬁ"'FFem%tb(‘eci fic
application. aFBQIaFB%Befs%ﬁ%ss%@%‘t&j W|tl|1 kh@&ﬁﬁc@bh br&ﬁg@f‘e@f Hﬁ'e?%@ rBYudeee

angul ar deviation that the Fresnel prismis required to provide when
inplanted in a patient's eye. This, in turn, will be determ ned by

sel ection of tasmd‘tbeoﬁl?teg'%étetth'enﬁre‘élﬂglrﬁrlénlﬁ'er'ﬁ Eh&liéhERLHEN re%@hﬂhﬁvéﬁ'ﬁ’orf

whi ch the image Ixatron point is to be deviated fromthe mac
The vari abi odoes rdaicetnstitujé ea Fresnélniehaddomgondrplatanged dhekeaiis ata oinculas | |

| ar gel bed [ h Lr t n tlsm
e SEKEHBa8 1B gty of fktth RO Lfelf ATREPGEL Bl SEpd i oFBENAT

further pref maxlleblambmdnlaresl%mmerryj nﬁmaﬁc&ﬁn@r phennsmothetmesem\r,:emntmn is a

CcO ri ses 2 also a toric ens surrtac correct the ri ower
SO SR R PR R RIS SR A S
rear prism swém fodevitte BYhtSpaskitg BRJUghahe fdrRNtin SHdra6GaraathdRNEREE W t h
t he correct optical power in both axes, that is to say a toric surface with

| ess optil@al bgokaei ﬁo'ﬁ\f%‘t'ﬁ&@ls'rbfcoﬁéﬁw%l althoyeh Yﬁ@Ol{SorqOBS‘Ir@fﬁ@%uﬁ'feace
can be used ijggg@bi nation with either or both 30of the first and second
aspects of tI£|) invention. The prismelenments may be fornmed on a pl anar
surface. Alternatively, the prismelenents my be fornmed on a non-pl anar or

curved surfa t sel

vari ety of sEﬁ?taagFegegé(gl %O&%hﬁge&%%f%a%gp#’faﬁgrg P83I scﬁq%’cylprgmi cal
(curved di sc)elean@tsphethemka)( mm|beeusraddem)sedSthreejueeaﬂhbyd|ffrem;t|arm drélingpf t he
i nvention Fr esnel ismis.on the anterior, sur when i n use.

L S enndan et b BnasR SRR e e A 2B R L off B AP BN R [ sm
surface is i m@cbwmcﬂwvmegéﬂ@ncb%ﬁfébt MidrewbelasotRenviss |atred ilgﬂwttdh%r@we in
either orientation, but it is general ly preferred that a snmooth face should

face the postbémgd?'”i%%js'm%d'ﬁ PN pEdess giher (an Rglersed AgrorMde r esnel pri sm
may be made snooth, by covering it with a translucent material. 15A |l ens
used in this inventi on may be of conventional size and may be nmade of any
sui t abl e nmat dheghnd@sisatian mgydveasinilal ecioss the agay lor B@esreey aedliflgroninonerhe

| ens may pe § ri re

t hose useg fg%g| :8?1% frsacéa)o Lﬁe%&’ 2 ané@eg?\@t%ﬁgl%bﬁfng%tr%&ﬁh rop o g%édlzl Bt
hydr ophi | i ¢ prod gptioad agierasacompeged ¢o yxlre@enai@alrtbtahmﬂcaﬁleed% Issumm' Gese, it is

pol yret hyl rrethar |.at e dS|I|cone elato uch as ,

i ot hyl 51 | OBEREEON oGS aP BPoqEd Pe e mERIonol e oo PERHITle Hhg)

i ncl ude one, obmealels(usray\ﬁelha@tac:@ss tlﬁwhﬁlekﬁl@w, they may be attached to the
body of the lens at its perineter, and may extend radially or tangentially.

A lens used in this invention will usually have only one power. A range of

| enses npy b@r@ﬁé%ﬂi&f%ﬂe pRErs Bf h%Vbr"!Qn BIehhdrite e tHe @r‘?éf‘Ffs inAhé B&RE 50 §hyto t he

i nclusion of a su enentary | ens may be used to achieve the correct
dioptric poméﬂofm w%rﬁh@yenatmwrr@nﬁgm&@tlantqmth@I@@b@%ﬁ pigeh phepaning eht

i nvention, t f ul ar | ens according
to accor di ngr&t(':’\(:’(()srtl%1”8l eﬁrﬁés{qtgg%@le@gﬁgﬁggg%@ In%a\’\rlll %mgéef:% “intraocul ar | ens.
Preferably, the second lens has a toric shape to corrpensate for astigmatism

in the | ens ¢onbination car.din spect t he present
nvention. 1 oram P BraUTaRE 3 etfigats Sratihe PR 2l e S REuEaMe

conldi tiosor eeubyivagee bquﬂgmlolofﬁt |ﬁallael$@mb§ mg?atcpeeiptrﬂm .ol shalaidche @@fam][uhees
replacing a patient's crystallin y a lens acco to the rst or
second aspecﬁ§sd?t fe/arg %%ﬂ?dﬁkﬁr”Qt leh QOSBINS ¥ Poﬂ{ﬂﬁbgFg?n PPtPRe
third aspect ggibdditBemtsy NS ieferréd tﬁgpmedpllﬁgw bpth% bhéﬁqm@%ﬁf‘st mOifhet é}@ay
present invention, there is provided a neth for the treatnent of

macul ar condivarien by éaameun Ietf&]éa@e Gy tsvcb%Qaumn mﬁgb@gsbgarﬂattm camn@re
conprises inplanting into a patient's eye a |l ens according to the first or
second aspects of the invention or a |ens conbination according to the

15t hird aspect of the invention in order %o suppl ement the patient's
crystalline lens or an existing intraocular lens or |ens conbination. The
nmet hods of the fourth and fifth aspect of the invention are particularly
appl i cabl e where the nacular condition is age-rel ated nacul ar degenerati on.
20



A lens of the invention may be used, follow ng renoval of the crystalline
|l ens, for the treatnment of any macular condition requiring a change of
focused iwegelesisbi on on the retina. The lens is parti egiragByionsedsal f or
treatment of ARMD. Its function nay be visualised by substituting such a
lens for the crystalline Iens/I QL 25plus supplenmentary |ens shown in

Fi gures 25, 2 31 and, 33 6197057.  As || be appreciated py those
skilled in tREegHvely f%cﬁr@@eﬁ&f rACHQR A RNY 6#6% ?fé‘g 5 SPS'@%cWOiVH%’P%Q‘é‘H
desi gn of | Ogohagsshdiy @izEro‘PanQﬁ'ééPneﬁms %h@@tl@@dﬁlﬁﬁ§%eﬁ AppNestiordf
problems that may arise in known Fresnel prismintra- 30 ocular |enses.
Mor eover, op@ndifalisaliesteghnisiiet he prism el ements in the Fresnel prism
array, toget her with careful design of other |ens surfaces, allow a high

performance lens to be custom sed for inplantation in a pati ent's eye.
Brief Des&ri pYittout ofishing t@bavibougs! B treoneswiodn aheispr ésesrd imaaonivenging | |

noohe 4eSCT ALty 1R Alds Bhidh (HLRERREE 1d dnd (Moalf CETTRARIERE A BB !
e L oaTQﬁfseC‘b"?f:eh?n;at ST ??td opaonaoas mm‘évf T stgats Z' o°
Lhowi a0t heP s ST Arataref B8 ettt ond taa L oo, ol ars. 7

Fi gures 3A amdeddfoeheays haretdrest d/GV|a'Ft|o$1lrﬁiﬁv\szr¢ﬂé/ t@ryifobg@ QsBWtS GReImt i C
10illustration of a | ens arrangenent in the e i ncl udi n{% a Fresnel prism

| OL accof@i nghavthore in Meepitheaenakpignee luisitgerg ¥@@t@éﬁ?a@¢%r38 foneorepnsela
bench syst emuisad dsfgsafitthat € an eye containing an I QL and test the optical
| ens perfornmance; Fl gures 5A and 5B show CCD i mages of a test target

obt ai ned using the 15system shown in fi gure 3 where the | OL was,

respectively, S n he
present | nvethhlgB{Mgél é%rogéggi{b%%gﬁég Cﬁ ow |'ﬁg%%t,50%| frl ng h?ﬂe restl t of
limting theanglegef pflsmaelehmm@i Ins npaamlfngnténrosjglthd Iaera_k/earm 1|so salleotﬁd D nm
usingal;f tical ure 6B t

d-
0 o atBa ePRien e bstlgmahy AR ouE P WasyasHh ot bE b ante e

Figure 7A il IFusdrierbasmi Mites E@grarwgleb@érwa@ma\ﬁ@a%cfd@rthé dpémgtera@if tglchsom t wo
p0| nt sources, || ndi cat i ng the angles for constructive interfer ence, FI gure

7B shows an é%\CerP%n BfeVPHEth%Préﬁfﬁlf@%}Jst)PPW%r agditier that QepersHni Genya@ing
arrangement qfnfl Gfind Ao 2RgIAUGR Al HAESal REdiBhsHLALAd imbasf er enee
pattern in angul ar space for 7100 emtters regularly spaced at 51 m crons,
at wavel engt indbddualnprismss has ry vanl sightly ddiffereat teingle, demed idependingi guithe 8B
shows thg,cal t ren £ i ' ed
diffract ?(c))n ?ﬁ'@%g%@ Q}Cﬁ;tbg rg)bp h@@ ?Itt hgﬁ &F{)QBBIE_S §Iﬁ‘rt§‘eg1§u§eﬂtg\%§5p@

cal cul ated i maysr éxatleg]@ach drisns stnfaqer obnveege @t raeﬂpglledpmgt ttlmerebatcoakctngur e
8A but with e er spacing random sed by up to +20 microns (i.e. 51 to 71
ni crons); I§‘|S @ '¥B shows the calculated interference intensity profile
correspondi ng to 5t hat of F| gure 8A but W|th emtter spacing random sed by
up to +50 mcronséjl to 101 mcrons); Figures 10A and 10B show,
respecti vel y It oy ke ”PEGW Bak aétf‘a%gf\‘/ﬂ@/\)/%ﬂat'é.’”lﬂré%@g %FW%H‘E‘%J@CQW”QIG
accor danggs Wb peBR dcBSSSY inl tHY @Bh{eXDof theEFrQ‘Hs%@ctlﬁct:h@ﬂﬂ/eﬁ@& $hige&lre

expanded portion of the Fresnel prismlens of
may have independent utility in the context of an IOL comprising a Fresnel

prism.

According to a second aspect of the present invention, there is provided an
30 intraocular lens having an optical axis, the lens comprising, as one face thereof,
a Fresnel prism comprising an array of elongate prism elements which are

parallel to one another along their length, each prism element having an



10Fi gure 10B, respectively, with uniform prism height and pitch and with
varying prismheight and pitch (spacing Xn as given in Table 2); Figure 11
shows a GED2mmegessof a test target using the system showmoTiGB2biogsi|sd where
the 1OL used a random prismspacing 22 D lens, with prism spacing Xn as
given in Table 2 (the inage al so incI udes | aser pointer spot); 15Fi gure 12A

shows the calculated interference, i profile for a rra risns
wi th spaci ng SrAWaEasel Whieht ifePrieq Crslb '}%¥@ p?'&ﬁ Isgar i @%o%cei:% 12B
shows the shg@mqgmﬁé 8btical BRisf rom Figure 12A, highlighting the si gnl ficant
intensity of the closest side |obes (up to -50%: Figures 1 3A and 13B
show the results (B\fheée'@ltfh@ pERY OAPESMAleBANts ds cofigares toz@@{'@@rhébt ingideghd
12B, but wit ng
%é}éﬁmfé it Céeg%c}rfe)@?:ggetal NRa&BLfiily al%ﬁé‘gg&iﬁé

the conparative obe struct re; |gure 1
| ustrat es5r ayoetpemdlcul@rttcbnaowgﬁtm aighd faced, eye with a 21 D I QL according to

260 pm accor ding Eo0 T Ende g R B ERIE e TBRF iy PaldFudBRGes BE
|s:hows ”11161A| rrmgeacrualartdylscﬁeléntdaﬁtcb ebmpEnsatafa‘tgegsﬁ@‘nam@hf thdittevr\]/SMStc&h?mhwmd in
i gure res an w a spot diagram for e ray trace
system of Fi g‘j%srq{i fi%%hedﬂ@sence OPIE‘PE;'L??%EGIE 'R 15B and 15C show CCD i mages
of a test target obtained using 30 the system shown in Figure 4 where the
| OL used was, respectively, a PMMA 26.5 D standard spherical lens, a 21 D
Fresnel pPi smreferblyitha faeriraneias yayunanotepseihacrosmat east apartier Refheyr i sm
l ens with W%WaZQQCBI%B@RéHté?&QhQQS afi@hi ¢ anterior surface according to
the present invention. 5Detalled Description The invention will now be
illustrated by way of exanple only with reference to the acconpanying
lens 10, havithgie PatFURs oHiRathEh, ® SRIEB B sts i ol e S BHS form
of a Fr Iesnel dng@m atheudfr eaneaither istsﬂtabies aegleeort raiigeyo‘aahgleeagaﬁrueayseﬁ éo
v of 11 e h T RECURso o e Stk e ppieaion i feen Tepgradts vl eePain b on
of the Fr esn@letd?frilriﬁﬂ tsylfhfeaé}fgu@metv%iﬁ@nttm the Fregpiel 9r|§rﬁ\M ﬁé@{ui‘red%ﬁfb\ﬂﬁ:ﬁh
prism el ement having one facet that is_essenti al Ii; par al | to the optical

axi s of the MRS iBWIANGHEIT apalientifeya: sTRIRgNEHMAWIhDP EelsainadDy Alesin cal
axts. 15 F 9Uf @hdfntori ofina Wikhe BRire o6 nealiy &is!Rr @i deimagdbesnel

prismintraocular lens 21 of the type shown in Figure placed in a
schemati c eyéh@wat@nd)qmtllmm beiteviaieddpam dke malseler aTHQ)YﬁrtﬁélQS@@jf&Wt ghgle,

prismatigsin Lcal

surface ?9 heﬁiurcﬁrﬁﬁ{ef |Ba Of-{;ﬁgalil:oc% r@lﬁ%ﬁ@el?%gp %%téﬁlg@% ?ﬁ%h é{el?%@gﬁoa

| i near pri smcampaysdteler tﬁaral’sagmaflsxmtm; viduad oﬂetei'wmezesult fidre tkengtesdnéaokt s of
the prism el maEts iP the array are configured to deviate |ight incident

thereon to an®ffSAKI¥"SFysition Iying in a plane defined by the optical
axis and a line perpendicular to the angled facets. Thus, light rays
incident on the lens in this plane will be so devi ated, Wmlst | i ght rays

i nci dent on tha Yy Hrﬁfeéreéﬁ‘l‘%ﬂ?éméﬁft RBJWFRACUEs e <f the invepten Eémpﬁﬁ%ﬁjre 2A
shows thes| abiy o Sbfid nsCLrfade! hThik Ghay tadsct! BYSBhNGoler %BdHBHeBy?_ér

point of the retina 25 and also on the optical axis. By contrast igure 2B
shows the forcaisklading ihe peditiond deeusingypewergdsesrhy hevear piism GuhaeR ingene

of f-axi s poi nt;0 MO, g@a&*,

i ntroduced b)r%& HTGFS@SC%Q ogﬁdgﬁgﬁ%ﬁgaht rg%s{ﬁ{tﬂ tgﬁ%gﬁ%?tgo?enlcgl uaefsrly conver ge
to a point 2axestthhyisnty say aherlar euifae WA lsdsooptidah peivgu ire tHzBaxis loé beays ar e
focussed short of th adi n Sti, mat.' i berration and
2 Tack of "snapyRlied " TRE NS PraglRee e FEL'S) © RerByie Rt e e Robaur
of diffegent ofmeaﬁrsﬂ@rmgédr@nﬁ@specﬁsrmgmal/er@udnectlons, W th a shorter focal

| ength (higher dioptre power) in the plane of inmage deviation. 51t should
be noted that, if the intraocular |ens surfaces are exchanged, one for the
other, a si mﬂh@rpr@,heélwénwmwlde fOfrRed on wlw%rurfabé Nﬂ@#ﬁ'a‘ﬂv&? theteRnt hat
if the |OL were rotated in the eye, then the two planes defined above woul d
al so be rot atMets Mmay %W&ﬁl@ﬂrﬁnonmlﬁ@ar@rr@é’ﬁ@%w@p@of the | ens

determ nes the direction in which light is deviated by the Fresnel prism
and this can be selected 10in accordance with an off-axis point on the
retina, which has been predeternined as sSuitable in view of the patient
ARMD.



Fi gures 3A and 3B shows corresponding rays to those of Figures 2A and 2B
traced through a schematic eye, but in which the astigmatism has been 15
correct edwonoowspsnsat ed for. This may be achi eved usi ngca/qs20snmEtd4a

i ntraocul ar | ens according to present invention and, in particular, the
second aspect of the invention, whereby the front optical surface and/or
the prismfacets have been nodified to correct the astigmatism Figure 3A
essentially corresponds directly to Figure 2A, whilst Figure 3B corresponds
to Figure 2BT@wheisfel PAsASEORRBAERMdeH FRAy REVEhny ST ahouwet] NofFb@iibRe 3B,
the rays in the orthogonal plane now converge to a single deviated point 26
on the retindesigpsadiese divlide plaBapiflabrism. svlingsicat eureasedipak arshsphari¢al e are
al so optical tsqassociated with the presence of an array of el enents
of a size anéﬁ%%§g9igggﬁ 25 the order of the wavelength of light or |ess.
Wt hout wbshing to be bound by theory, the |l ens showmn in Figure 1 has a
regul ar spaci ris . r esnel i urface. t he
array of el erﬁg%fteggbell t'd \@/%e(ralyi %ﬂtﬁ?‘? ﬁrhi}%zngoﬁ,i g[]}he EP%Szngﬁngﬁ'éme%( ?)gn@%i %@%ﬂgr
diffracti on gudghceigvhaDihasali fif tiais tanavodihaii, nige édduscporarsadditionT®i motedd ect s
on the inmage: %3 chropatic angul ar. dis?ersion due %o the sensitivity of

di ffracti on SKFALESFE N SR 'S 4ha 1995 GAIVEI9SPELP3Hyes from t he
different diffraction orders. The angul ar separation of each order is given
by mk=n.d.sinO where mis diffraction order, k is wavel ength of Iiﬁht, n
i s the stProdh&i 8§SnBay ubg rused aift e eVad Bk sither §r'?'htét'@ﬂ,apﬂhg Spaetgy and 0
is the angle L i [, ] i ion to
renove or niPﬁggﬁg&E%ﬁqﬁ$@??gg%?%%hgggﬁﬁ%gkgﬁﬁggﬁ?*gﬁggﬁﬁeﬁﬂgbk@ﬁgﬁ?%%ge
qual ity can Hens havieasthd Rresnetuptisrpl may negyesadey sindeth, oy cederowd itt witara

i nper cepti bl of intensity. There are a nunber of ways in which
this may be ﬁ@ﬁ%@@%@. %%”gkder to sinulate the performance of an |1 OL using
the present invention, it was necessary to devel op nodels of the Fresnel
Prismlens fqr calculating.the,k 10 expected performance purposes and al so
an opticab benERSLFE dMtfiE N iGN S B O COpRTSPAGHAE 26F ™arY PELIF QT

pati ent eye, apycithhatmaRBBES Ghatdl \(Ratdttsishes bESUsh fMiebd 26 kpewhOr TR.

Such tools would allow the performance of a conventional Fresnel prismIlCL

to be anal ysNsa@ay beamare ok auaid o driableanaterabn Subaparesiorigsiare those
per f or mance godnict TRIANSTa IERRAS! aR| HEWUELHAGC AT HRABE! and ey drpERs | on-

A nunber of experinmental techniques were enployed’to i nvestigate the
Fresnel pri sipolymers sonaitnmhacryate sod pwthecgsylatsestichars nalgnathyl mephectylala, of
prism st pyct il [ i i (L Ush DA 2 nm| aser) enabl ed
experine%?algbﬁgugﬁﬁggF%gﬁﬁ% qgghggﬁﬁﬂégggwgﬁagffects to determ ne the

| evel of diffraction with a Fresnel prism 10L. As will be described bel ow,
a nodel "eye"_ wth imaging. canmera . al L. owed inmage. formation to sinulated
2nd the qual i JPeesad 0chieapl GNS chdie L&egon FehincBiegeon ebror o8 nrm
band- pass cemtptek. atASAS kindn atHegwedy the attasgel @ theweldengt the leRtedtiikg t he
sinmul ated eye to be reduced consi derably, thereby allow ng both

25monochr onaPREMEIRY: 87 Biextexiensk radi@ll of ingenb#Wer ved and isol ated. Figure 4
shows anogptical bench systemthat was devel oped to sinulate an eye 40
containing an 10L 41. A lens 42 was designed to sinulate the behavi our of
t he cornea, ¥hiensused Pdbiscianentipnasiliuspalbsieanecenly pee pPewvenaA range ot lesses

prism 30 le i it hi i, cal : {

ol i ne sol ut 1Y FaPTogufed REERbat BBnf Bob el afihor . JCRRIBIARA, g
experi ment wistpplehmenfaoy $rs mag desesdobd aohéeveeibeaedrrecsdiaptrarpeieadoseadht was
al so possible to obtain an inage simlar to that projected onto the
patient's r etVHa. Fi gure 5A and 5B show i mages of a test target (a letter
"F' appregi mately 250 mm hi gh) recorded on the CCD canera at a di stance of
about 10 m ysing.an |OL of the type shown in Figure 1 conprising, a, Fresnel
pri sm havi ng%°t 'er)rt‘PnaSt%Hfjt%WeC fQfefne Hv%%emda?%'ﬁnt H@e@aﬂfsé’r%‘gd?q]ea poor
i magi ng qual ichibistioH T &RViRtrgdoular BRs taWBoddit fio SEH0PIRG 6 tRD BFst @ iseBorkRUs ed
by the dispersion of the prisnms and diffraction caused by the cl ose spacing
and angl e of ashectpandaseeend wiraggulailgnsi ng t he range of col ours al | owed
through the systemit was possible to test both the chromatic aberration
and the diffraction introduced by the Fresnel prism10L. 10 The results
are shown in Figures 6A and 6B. An addi ti%nal test was carried out using a
nonochromatic |light source (laser). This denonstrated the imaging quality
of the lens mnus any chromatic effects, but still illustrated any
diffraction issues. Figure 6A shows the inages obtai ned under various test
condi ti ons.



151t is clear fromFigure 6A that the imaging quality of the lens is
acceptable, with the letter "F' and general background objects clearly

vi si bl e. Wwbeodsldse i rage is due to diffraction, an d trcs/deRomesid4anmed in
Figure 6B, where the single illumnating |laser spot is diffracted into

mul tiple spots (just below the F) at the inmaging plane of the CCD canera
(patient's retina). Therefore, if the chromatic 20 dispersion and
diffraction can be controlled the optical performance of the lens will be
perfectly acwere?éw tﬁérse&&ﬂj Ik er2dedtdPidrPape to Icerﬁ%agétbqer aﬁlgﬁﬁ%tfs?d h | evel
of diffraction could be tolerated, as the retina in a real human eye woul d
si nply i gnor é¢ lgesgaaibinadeBl image, if it is belowa certain 25 intensity
when conpared to the rest of the image on the retina. Moreover, before
application to a real patient, additional information about the visual

acui ty of 5t héccetdingatoss faurthuaspecoof tbé pdessndinyenfiorpringreds pravidedd ariethagbul d

be required. I er i

terms of the +r| t%%,?ﬁ%%tﬁ}% eOFn?c fagglg g%;@ﬂg F?%Lﬂ '%réhg %%ﬁ &foﬁgg%iege%er ation
stabl e. | dealgoyitiot hevHFa:re&Jmaﬁpraapr r@mdur@_ ampatientye aigstaltimedehorbyara ilemge
offset that is as.sm 3.5{; to e{%s%}rtﬁ t.he est vi sual acui t Very
basi ¢ di f f r a@CPYNING c‘i[?f3 e glrsse(qqn HISPEAE Yar'k 'E‘ﬁr] 98 2 {88 HATRIAREH | ng)
had suggest edcélatly tbhke eHifdl dspeti Mthefdvedtigmcy for a periodic Fresnel prism
array would be very low, for exanple 106 tines |ess energy in the

+1-di ffrad@ti on order conpared to the (zero) O-order, and that therefore
diffraction sy
above, initi aﬁc@gﬁgbﬁé&r’\}oﬁgﬁpg a%llpggﬂu{)fl tﬁ@'}%reﬁrﬁ% tlﬁg?wﬁyéags,r %@?Edgﬁ%l:gﬂ occurring
in a convent ifemthle treaigest opei mactulelcamrditm;maequnrme ¢thangiegefi focdsatt inedger gy i n
the diffract d t nt
diffraction @%'&“éﬁ%"&'&h %gﬁ@ng agm&ﬂ hl I gh&g?%%?r%%@s %lcgdat( ég‘gé)arﬁe?ng
bl aze angl e first drrwcﬁn@saspéctprafsm ]m,{esmtlunndnera Ikaestc,omtjmtm)nl avofdicg $o thoy

equi val en ets ar e set at, abou Thi s bl aze

oo e ons Y et o B Pl Bt e B R peis @y Relindle ot g
To back up t ke ahRk&RtiMg irttdBelial IPorWeiscedesingigied using diffraction

cal cul ati ons, based on a coupl ed-wave nodel as fornulated by M G Mharam

E. B. Gann, DD AL Pommet, and T. K Gaylord in "Formul ation for stable and

efficient 15rhb”meﬁ{%|%t§lt'trfé1f&§rtﬁ %ﬁdrﬁfﬁp%eHéctCQrUmeeﬂw\)ﬂﬁM@n aha! ysicu i ¥
bi nary gratings, Opt . A 12, . 1068- 1076, May 19 and

by M G th@pahﬁabls WBerwammuacular mndm@mﬁa@ge smaltem m%ulﬁaiﬂg@naratlﬁn St abl e

i mpl erren&ati on of the rigorous coupl ed-wave anal ysis of surface-relief
gratings: enhanced transmttance matrix approach,” J. Opt. Soc. Am A, vol.
12, pp. 1068-Alers of eyin2€it@a-maybe useddbtlmmog remevaladfdthie atystafiinerlensHormn i n

Table 1 in ter of the ercentaeof dlffratlon flce

G Ptracted | 00 aohnoliobiHE MR oM taabiipoah TrabPR e PP of 4

degrees (@ 633sitioh ontthe rétir=. r fisd icpB i€ phiticurng useAs fatahiaahest ofakRMID] 1sLO

order. Table 1 Diffraction order Efficiency (:)/0 -12 4 -11 45 -10 30
function may be visualised by substituting such a lens for the crystalllne léns/iOL

25 plus supplementary lens shown in Figures 25, 27, 31 and 33 of US6197057.

As will be appreciated by those skilled in the art, the present invention provides
for a much improved design of IOL based on a Fresnel prism, and which
addresses a number of problems that may arise in known Fresnel prism intra-
30 ocular lenses. Moreover, optimised design of the prism elements in the Fresnel
prism array, together with careful design of other lens surfaces, allow a high

performance lens to be customised for implantation in a patient’s eye.



-9 4 It is also notable that there is a significant split of energy
between two diffraction orders. As noted previously, the angul ar separation
of each owdeniwwsigoven by m k=n.d.sinO where mis diffrartidRoiosden, X, IS
wavel ength of light, n is the surrounding nediumrefractive index, dis the
grating spacing, and O is the angle 5 of diffraction. This cal cul ation
appears to cqt ond well with laser (532 nn) spot inmages, as shown in

Fi gure 6B. T%‘éi&?"ﬂ'@"ﬁ%@@rﬁww pi xel s, which with a CCD pixel size
of 5.6 mcrons inply a diffracted order spacing of 0.27 nm At a_wavel ength
of 532 nm t (k&afMpies eftthe Aresspapvention WHbbowde g@?&r'b%'rb%téﬂ vaihdreferencer 1
order is O.S%DQQQ&ggﬁ]aﬁzﬁgq”Qngsﬁgqgthistance of 17 mmfrom 10 the back
of the lens to the CCS chip, the expected spacing is calculated to be

17*Sin0.82 = g??% M MBEHdndte YeLY-sekfsial Vv Be aﬂﬁ@%&qpmhg% Fid®el

diffraction efTiciency was also sensitive to the incident angle of the rays
hitting the prie®is. Wien the lens is in the capsular bag, the prismsurface
will 15 be exposed to a range of angles determ ned by the size of the

pupi | and t hfigwesl2 Aesang BRBoshawerdspastively, @. sideughwvyandéopdiviemasclerhatiom
i f et i . Thi I i1, t i . t
D T acSiybRgld B gt 5PabiR%eal b, 31658, icbnd Mhg hikHE sbbRBlor”

sensitive tocaass engh hOL BbaehewarieFigeven; i f the inci dent pol ychromatic
light were to hit the prismsurface at a single angle, the 20 |Iight would
be chromati c#EigyreseParaiccdBathdergspectivaly, Bhiskler @iswl &rsd itap diewesyhdrhatic ed

i mage on the,LFtina,ﬁgs shown in Figure 5B. There{ore, a @giSﬁ\Lens esign
was requil? ed MFHRUIERHEENSr 2FBRLRBEY Me NG £VF-alCludide it nel prigiecléfdance
wi th the invegtbmrhg tbithdiveRti@posed that random prism spaci ng should renove
the conbined diffractive effect of the evenly spaced prisns. 25 This
investigati OfFjg@@ua i€d Shepratlc o thbesiehl BERIHIBRstEMAruddietdPsiiimts Wif age to
allow diffraction effects to be conpared. The prismlenses were generally
conpr essi on ®eni@ing aoiPPrRNAMestihe pplinghlanseariognagesst of produci ng nol d
tools makes this process expensive for test sanple volunes. One alternative
met hod 30 f digywiesdbAi ad I5Ehshkow sCOlfmages oh aa tesittaegat sohtaingd eusing the
fly-cutt c iLgu i ( cuttiAg ol | punt ed he
pindl e dnd SheeGb e dn JHOES 3 WASHEie I0F hat) rap ol SCORMA B4 1

pri sm sur f acatandald gpreticablensibhd 2R ok miithdop@sent inverttioa; | deal case with
zero diffraction efficiency there would only be a single output beam and

t hi s beam woWigures @i&\anak 68 shoenintdyesi ipsitatingahe bgswdhofhmgltegdee eangamedl by
the prismangl es and refractive indices of th ptic and surroundi

o o 5. AT R g e e Peaslf 1B fsRia PAPHG paltebi o
addi ti onal bepss ®i Fi?@’fe 6B g6 Rist tNGetCRIY Namiresd dithfa RséeshdreaBydinen to

i ncreasi ng anounts of energy will be present in the additional beans, as
diffract?gn OPERFPERE (O BHENGes to i ncrease. 101 n order to investigate the

behavi our of the Fresnel prismsurface, a relatively sinple nodel was
adopt ed to sifigurgt @A jliysisates idgeereace detween wavhfrentstarigingtingyfrasm e paipt

el ements was s%&%k'iﬁﬁicﬁﬁn%th%eén si%'ré&ﬁﬁmti?&m?ér‘{] ghcalave emtters, or
poi nt sources, each [ocat®ed at e centre of each prismface. This node
does not i ncesk a ' t r ﬁﬁ&g@ ' e and
fast test 1%5@8(3(3?9,[%%C{V\Ls\r/gféﬁ%@%@?ﬁgﬁ?h%@(@ﬁ%ﬁ@gﬁ om si %g&t?%‘gn Eﬁr:ﬁi&m
spaci ng on censhgewenvef kiggrerffer ence of the point sources. Figure 7A
illustrates the underlying principles of this nodel, in two di nensions
only, w &b t \Wigyrei$A showsctbs, calculatettiberfererick pattern éerangelae sphee dar 400 t he

ri ght hand side, of the image then series of |ight and fringes would be
Cean. ae shofASHegIALY7 Boacs” Bb g MEGaSS gh WiVeler Rl e, RS rASSCmig wi t
uni f orm pri sungbée diffsttionagidiéhoys a starting point, and placing a point
source emtter at the centre of each prismface, we have 6 mmoptic

di aneter and Fig@e 8B BhoWS tePEdicvbied Beertean&e paitemMof atguranghewitd hars
gives a prismspacing of 0.051 mm calculated from 25 0.04/arctan(38).
Thi s corr esp&ativates dfiggtion elicienry parvaarpied inibesista.c, cal cul ated from 6 nm
/ 0.051 mm Therefore, the initial sinulations were perfornmed for a

wavel ength of 546 nmusing 100 emtters in air, and spaced at 51 m crons.
The cal cul ated angul ar intensity profile at sonme distance fromthe source
plane is shown in figure 8A. In this cal &l ation, detailed diffraction
theory 30is not considered and the calculation is based purely on an
interference nodel. As can be seen in Figure 8A, there is a regular |ight
dark pattern of fringes, with equal intensity in each of the bright

regi ons. However, as noted above, the calculation did not take account of
diffraction effects giving rise to varying diffraction efficiency. For the

. o - N . Y Y



25 of the respective structures, the regular spacing optic scatter appeared
to contain nore structure, which was indicative of interference and

di ffractiwe 2efiieeciss. The next step was to have a hi gh- qealridBeoprisssmsur f ace
machined in PMVMA 30 using a fly-cutter arrangenent. The nmanufacturing was
a two-stage process. First the curved | ens surface was machi ned, and the
nmedi cal grade_ P art was re-blocked (in a standard x filled jnsert).
The second. sFiNRRR o ST G GiRtes Tissioeriver Bfedeny Seis sorapesna  nt o
whi ch the prItr%mtmgmélaar/s@b@tqurdemter@gahgegndc}ﬁige&w&g@mg} midrbid (el d in
t he bl anks were then transferred for prism machining: the earlier prism
| enses were &driprddeicemnsioul ded, two | ens designs were 5 machi ned from PMVA
using a fly-cutter arrangement. One design conprised regular prism spacing,
as with the EigeclBihwwsoihedeaicylataddste Fﬁ@e\/\lﬁ?nﬁﬂbmg@l cogeaponsiing to
conpari sop b : i | S .ensur e
The mchi ed 1Ll urg APt AR SRBOHG Akt gey B UEERE A e (R et <
as the testedinodldedictorrses. The second design 10 incorporated a

random sed prism spacing, wth spacing varying by an amount of 51 pm+ (O
pmto 50 [t nFigures.10fhangdnDBrhopacapgcti&iy avplan ettw and bidendavgef §Fr¢dnal . 8. X

101 [tm Tables 2A and ZB%st t. & act ual E‘ré/i Sﬁn spaci ng Xn used for prisns
X1 to X100 i R"PHECRF pa%p_co C?H\é{ HB PLeRENT EWED ?rhg interference pattern

i de- | obe i it | cul at ing t del sinul ati 15
Due 1o the oEpuEE TIC ARacmSRot: s Breise Sarb el Tof Bset RESD 160 Bhe
| at he/ f | yocutFi®ire 10me ré§pddival, Wie uwifbrrh @MRhAREIgAPBRYH Pitth aHaekrh QaBing@s t he

pri smspacing varied so the prismheight varied. That is to say, the base
of each pri sPaENSIFHAEPitgh (SrAcincKeahgivERtn Tag 4o t he apex heights
varied wth pitch. An 20 exanple of the resulting Fresnel prismlens is

il lustrated iFigumeglit showpa GEP image pf adeipr@ebesingtee) systam shawndnfigNes ons
specified ingt i r d - atHl ; i :

cont1 gur ati o Mo L LEpl EreRBORL Biseh spELRE22 P s, RNFShESRing Yo
respecti vel y assiinen in Tgloken2 (thevnage alsodincleded lagerafointeespotgsnel prism
fabricated. Figure 10C shows an expanded version of the Detail A 25 from
Fi gure 108, iFigwret12Aishgwa theicmutatedynthdeienge umiehsityrpfiles faredrenamays oand
pitch. In contrast it Fsié%ure 105) ill gstgat es a1§§ct.i on .of 6Qhe' same prism
array, but h&UPRE Y SRRSIe ERECBISeANn ME 2085 a3 NS AN PR ORISR b di ent  of
the inventio The,pitch Xn, varied in.the manner Idisted . j.n Tahl e.2A and 2B,
and the. ang S0, 1B sPoua R adh el BF m FIghEg 2l afudd w56
Once again, hpiflcansiatkendry ef thesdisstisids dotidiquphs 6ad)bench arrangenent
described with reference to Figure 4. Overall imaging quality was

i nvesti gat ed Figiareg 1 3Atadd 138 Shél. Be RslRS tofra Rimiktdcalediaticie td \eoff bect s
were investi %at ed with WD 2011/ 061550PCT/ GB2010/ 051944 nonochromati c

| i ght . Th&0 chirégraes d24i askr B oRubyith et randpaysaiioni iR thavestrahdted and ng a
narrow band bidrightiddnb! dBirparfifel18806F RiicsaMBIsRALES spageiai0 thr ough the

optic. 5Figure 11 shows the resultant inmage obtained froma Fresnel prism
lOL with the Fr-@mj’.oxirjm(ﬁq Fdt ' IH [ Ak, hpi (@ oved,
t he i mage qualI ty was n%#%énﬂr%eggcgg qall% f?i]sQirrpuT@ﬂlagse%'gxpec[ge)??l and so the
nmodel was r ewvicsdrdeg. toGhe meesambinvgntiore, mavired airandeo amemaggEmingnin thhaangde

et erence 4 S5 2o UREaGRL AU P S, BB b VS b, The el e
oot et el P8 3 LA O 12, Bl oSl Bl A (o

i ncreased t otsAbwhlid Bigurangea; when nore enitters are used. Therefore, using
the previous theoretical nodel, but considering the prismsurfaces within
the central Figoedi14Chad ADshanad spot dRagrawi fogtHeheryi tricetfssrne ef Efguast |,
noti ceabl e structure was i ndeed apparent. The nodel was therefore inproved
to i ncor por at'8Aa@N%&ddi ti onal cal cul ation for the emitters in the central 3

nm di anmet er region. The sinulation was then run repeatedly whil|st

noni toring t Fégyresck A BIR @nfo}5G shawt GCPHEagreiaf @ tast faeet abiginedsysinge
central g,y §\?§éﬁrshcﬁﬂ1 ﬁﬂﬁrghreﬂa%hérgnﬂét|®ntu§%%' Whs | r%s@&ﬁﬁveryh% prpper of
prisns (emtters) Is tuned for the nodel, such that the total "di stance
covered by the prisnms matches that of the area of the optic onto which they
will be machined. This ensured that the central 3 nmof the nodel natches
the "real lens' central 3 mm Figures 12A and 12B and 25 Figures 13A and 13
B show the sinmulation results fromthis investigation and denonstrate the
requi renent for particular attention to be paid to the prism spaci ng over
the central 3 mmdianeter region. In Figure 12B there are clear
constructive interference peaks visible at around 30 0.2 and 0.5 degrees

- o - o - v Y . o A~ N



15 sane plane as the prismdeviation. For the final 10L, the toric surface
woul d be included in the I1OL optic, such that the front surface will be 21
D par al | evot2e11pisism r ul i ngs and 15.5 D per pendi cul ar t oppriGBROTOISIIAGS.
Figure 14A illustrates an optical ray tracing 140 of this design though the
20 conplete sinul ated eye vvith t he above I QL usi ng Zemax tracing software.
In the simil tio t he s 7. 5) anterior at 141)
and 6.7 nmm (% B(ft ‘ié? i e(@h%x%ﬂrfg]f g’%‘ffj prisRdens Y mqo&%e@agg@aged on
an 1 QL 143 madgciRf, é;’M\@\Zm Eréslel Bidrh Iér%f\Kn?f?Fﬂa‘éﬁln'eGqﬁﬁd&n'SpéClﬂ Jer'ﬁd ta_r*’be
toric anterior surface (shown at 144) had radii of curvature
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Figure 2A shows the latter situation, with light rays focussing to an undeviated

point of the retina 25 and also on the optical axis. By contrast, Figure 2B shows
the former situation, where light rays are deviated towards an off-axis point on
30 the retina 26. Moreover, due to astigmatism introduced by the Fresnel prism,
light rays in this plane actually converge to a point 27 not lying on the retina. As

shown in Figure 2B, the rays are focussed short of the retina, thereby leading to
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astigmatic aberration and a lack of sharpness in the image perceived by the eye.
This is as a result of different focal lengths for orthogonal directions, with a

shorter focal length (higher dioptre power) in the plane of image deviation.

5 It should be noted that, if the intraocular lens surfaces are exchanged, one for
the other, a similar aberration will occur. Moreover, it should be noted that if the
IOL were rotated in the eye, then the two planes defined above would also be
rotated by the same amount. Thus, orientation of the lens determines the
direction in which light is deviated by the Fresnel prism, and this can be selected
10  in accordance with an off-axis point on the retina, which has been predetermined

as suitable in view of the patient ARMD.

Figures 3A and 3B shows corresponding rays to those of Figures 2A and 2B
traced through a schematic eye, but in which the astigmatism has been
15  corrected or compensated for. This may be achieved using a prismatic
intraocular lens according to present invention and, in particular, the second
aspect of the invention, whereby the front optical surface and/or the prism facets
have been modified to correct the astigmatism. Figure 3A essentially
corresponds directly to Figure 2A, whilst Figure 3B corresponds to Figure 2B
20 where the astigmatism is corrected. As shown in Figure 3B, the rays in the

orthogonal plane now converge to a single deviated point 26 on the retina.

In addition to the problem of optical aberrations, there are also optical effects
associated with the presence of an array of elements of a size and spacing on
25 the order of the wavelength of light or less. Without wishing to be bound by
theory, the lens shown in Figure 1 has a regular spacing of prism elements the
Fresnel prism surface. As such, the array of elements acts very much like a high

blaze angle transmission diffraction grating.

30 The diffraction grating effect has two main effects on the image: a) chromatic
angular dispersion due to the sensitivity of diffraction angle with wavelength; and
b) multiple images from the different diffraction orders. The angular separation

of each order is given by m.A=n.d.sinf, where m is diffraction order, Ais

11
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wavelength of light, n is the surrounding medium refractive index, d is the grating
spacing, and 6 is the angle of diffraction. It is therefore an object of the invention
to remove or mitigate the diffraction grating effect, and thereby the image quality
can be increased and multiple images avoided or reduced to an imperceptibly
5 low level of intensity. There are a number of ways in which this may be

achieved.

In order to simulate the performance of an IOL using the present invention, it
was necessary to develop models of the Fresnel Prism lens for calculating the
10  expected performance purposes and also an optical bench system for simulating
the performance of an IOL in a patient eye, such that representative imaging
tests could be performed. Such tools would allow the performance of a
conventional Fresnel prism IOL to be analysed as a baseline measurement and
then compared to the performance of an improved Fresnel prism IOL according

15 to the invention.

A number of experimental techniques were employed to investigate the Fresnel
prism IOL. A Nickon microscope was used for visual inspection of prism structure.
Laser spot imaging (using a 532 nm laser) enabled experimental visualisation of
20 diffraction effects to determine the level of diffraction with a Fresnel prism IOL. As
will be described below, a model “eye” with imaging CCD camera allowed image
formation to simulated and the quality assessed. Finally, the use of a band-pass
filter (10 nm band-pass centred at 546 nm) allowed the range of wavelengths
entering the simulated eye to be reduced considerably, thereby allowing both

25 monochromatic and chromatic effects to be observed and isolated.

Figure 4 shows an optical bench system that was developed to simulate an eye
40 containing an I0OL 41. A lens 42 was designed to simulate the behaviour of
the cornea, whilst a CCD camera 43 represented the retina. The Fresnel prism
30 lens 41 was disposed within an optical cell 44 containing a saline solution 45.
Using this system it was possible to develop tests and experiment with the
possible causes of unexpected visual artefacts. It was also possible to obtain an

image similar to that projected onto the patient’s retina.
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Figure 5A and 5B show images of a test target (a letter “F” approximately 250
mm high) recorded on the CCD camera at a distance of about 10 m, using an
IOL of the type shown in Figure 1 comprising a Fresnel prism having a uniform
5 pitch. After investigation the cause of the poor imaging quality was discovered
to be two fold, chromatic aberration caused by the dispersion of the prisms and
diffraction caused by the close spacing and angle of the prism facets. By limiting
the range of colours allowed through the system it was possible to test both the
chromatic aberration and the diffraction introduced by the Fresnel prism IOL.
10  The results are shown in Figures 6A and 6B. An additional test was carried out
using a monochromatic light source (laser). This demonstrated the imaging
quality of the lens minus any chromatic effects, but still illustrated any diffraction

issues. Figure 6A shows the images obtained under various test conditions.

15 It is clear from Figure 6A that the imaging quality of the lens is acceptable, with
the letter “F” and general background objects clearly visible. The double image
is due to diffraction, an d this is confirmed in Figure 6B, where the single
illuminating laser spot is diffracted into multiple spots (just below the F) at the
imaging plane of the CCD camera (patient’s retina). Therefore, if the chromatic

20 dispersion and diffraction can be controlled the optical performance of the lens

will be perfectly acceptable for the intended purpose.

In practice, a certain level of diffraction could be tolerated, as the retina in a real
human eye would simply ignore the additional image, if it is below a certain
25 intensity when compared to the rest of the image on the retina. Moreover,
before application to a real patient, additional information about the visual acuity
of the retina as a function of distance from the visual axis would be required. In
particular, an understanding of the patient condition in terms of the limit of the
macular degeneration and whether the degeneration stable. ldeally, the Fresnel
30 prism IOL would be designed for an image offset that is as small as possible to

ensure the best visual acuity.

Very basic diffraction calculations (light and dark strips at the prism spacing) had
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suggested that the diffraction efficiency for a periodic Fresnel prism array would
be very low, for example 10°times less energy in the +1-diffraction order
compared to the (zero) 0-order, and that therefore diffraction might not be a
significant problem. However, as described above, initial experimental results
5 showed that diffraction is occurring in a conventional Fresnel prism IOL and that
there is significant energy in the diffracted light. In this regard, it was noted that
a very important diffraction efficiency parameter for diffraction gratings is the
grating blaze angle. In the Fresnel prism IOLs under test, the prism faces, or
equivalently grating facets, are set at about 40 degrees. This high blaze angle

10  will force energy into the higher diffraction orders, as was noted.

To back up the theory, simulations were performed using diffraction calculations,
based on a coupled-wave model as formulated by M. G. Moharam, E. B. Grann,
D. A. Pommet, and T. K. Gaylord in "Formulation for stable and efficient
15  implementation of the rigorous coupled-wave analysis of binary gratings," J. Opt.
Soc. Am. A, vol. 12, pp. 1068-1076, May 1995, and by M. G. Moharam, E. B.
Grann, D. A. Pommet, and T. K. Gaylord in "Stable implementation of the
rigorous coupled-wave analysis of surface-relief gratings: enhanced
transmittance matrix approach," J. Opt. Soc. Am. A, vol. 12, pp. 1068-1076, May
20  1995.

The results of the calculation are shown in Table 1 in terms of the percentage of
light (diffraction efficiency) diffracted into a given order. As shown, taking an
incident ray angle of 4 degrees (@ 633 nm), the diffraction efficiency was

25 highest around —10 order.

Table 1
Diffraction Efficiency %
order
12 4
-11 45
10 30
-9 4
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It is also notable that there is a significant split of energy between two diffraction
orders. As noted previously, the angular separation of each order is given by
m.A=n.d.sin®, where m is diffraction order, A is wavelength of light, n is the
surrounding medium refractive index, d is the grating spacing, and 6 is the angle
5 of diffraction. This calculation appears to correspond well with laser (532 nm)
spot images, as shown in Figure 6B. The spots are spaced by 48 pixels, which
with a CCD pixel size of 5.6 microns imply a diffracted order spacing of 0.27 mm.
At a wavelength of 532 nm, the theoretical separation between the —10 order
and the —11 order is 0.82 degrees. Based on a rough distance of 17 mm from
10  the back of the lens to the CCD chip, the expected spacing is calculated to be

17*Sin0.82 = 0.24 mm, which is very close to the measured value.

The diffraction efficiency was also sensitive to the incident angle of the rays
hitting the prisms. When the lens is in the capsular bag, the prism surface will
15  be exposed to a range of angles determined by the size of the pupil and the
focal length of the lens (i.e. roughly the distance from prism surface to retina).
This range of angles will spread the light out over a range of diffraction orders.
Also the diffraction angle is very sensitive to wavelength. Therefore, even if the
incident polychromatic light were to hit the prism surface at a single angle, the
20 light would be chromatically separated at the retina. This results in a very
blurred image on the retina, as shown in Figure 5B. Therefore, a prism lens
design was required that removed or reduced the diffractive effect. In
accordance with the invention, it was proposed that random prism spacing
should remove the combined diffractive effect of the evenly spaced prisms.
25
This investigation required several different designs for the prism surface to
allow diffraction effects to be compared. The prism lenses were generally
compression molded from PMMA, although the high cost of producing mold tools
makes this process expensive for test sample volumes. One alternative method
30 for producing linear structures on a lathe is to use a fly-cutter configuration
(where the cutting tool is mounted on the lathe spindle and the work piece is
attached to the bed).

15
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Diffraction at the prism surface will produce multiple output beams. In the ideal
case with zero diffraction efficiency there would only be a single output beam,
and this beam would be deviated from the input beam by an angle determined
by the prism angles and refractive indices of the optic and surrounding medium.
5 As diffraction efficiency increases, there will be noticeable additional beams
either side of the central non-diffracted beam and increasing amounts of energy
will be present in the additional beams, as diffraction efficiency continues to

increase.

10 In order to investigate the behaviour of the Fresnel prism surface, a relatively
simple model was adopted to simulate interference effects, in which the array of
prism elements was modelled as a set of discrete spherical wave emitters, or
point sources, each located at the centre of each prism face. This model does
not incorporate diffraction theory but was been chosen as a simple and fast test

15  model to investigate the effect of randomising the prism spacing on constructive
interference of the point sources. Figure 7Aillustrates the underlying principles
of this model, in two dimensions only, with two point sources, or emitters. If a
screen were placed at the right hand side of the image then a series of light and
fringes would be seen, as shown in Figure 7B.

20
Using a design of Fresnel prism array with uniform prism size and spacing as a
starting point, and placing a point source emitter at the centre of each prism
face, we have 6 mm optic diameter and 0.04 mm prism depth with 38 degree
prism face angle. This gives a prism spacing of 0.051 mm, calculated from

25 0.04/arctan(38°). This corresponds to about 118 prisms across the optic,
calculated from 6 mm / 0.051 mm. Therefore, the initial simulations were
performed for a wavelength of 546 nm using 100 emitters in air, and spaced at
51 microns. The calculated angular intensity profile at some distance from the
source plane is shown in figure 8A. In this calculation, detailed diffraction theory

30 s not considered and the calculation is based purely on an interference model.

As can be seen in Figure 8A, there is a regular light dark pattern of fringes, with

equal intensity in each of the bright regions. However, as noted above, the
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calculation did not take account of diffraction effects giving rise to varying
diffraction efficiency. For the diffractive scenario under consideration, the
diffraction efficiency will have a bell shaped curve that would limit the energy
distribution in the diffracted beams. Therefore, applying such estimated
5 diffraction efficiency curve to the result of Figure 8A would lead to a distribution
more closely resembling Figure 8B, where the intensity of side lobes gradually

decreases.

Now, recalculating the interference profile of Figure 8A, but with emitter spacing
10 randomised by up to +20 microns, it can clearly be seen in Figure 9A that the
intensity of the side lobes (either side of 0 degrees) is greatly reduced. If this
randomised spacing is increased further, with a randomisation of up to +50
microns, so that the spacing of each prism from an adjacent prism can take any
value from 51 microns to 101 microns, then the intensity in the side fringes either
15  side of 0 degrees almost reduces to zero, as shown in Figure 9B. This suggests
that by applying randomised prism spacing to the Fresnel prism in the IOL, the

diffraction effects can be greatly reduced, if not eliminated altogether.

A periodic and randomised structure with surface profile similar to figure 1 was
20 cutinto PMMA in a basic initial test. Both optics where illuminated with a laser
and the resulting output light was imaged on a white screen. In both cases two
distinct spots were observed as expected, but there was also noticeable
scattered light in both cases. Although it was hard to perceive a clear difference
due to the small number of grooves illuminated by the laser beam and the quality
25 of the respective structures, the regular spacing optic scatter appeared to
contain more structure, which was indicative of interference and diffractive

effects.

The next step was to have a high-quality prism surface machined in PMMA
30 using a fly-cutter arrangement. The manufacturing was a two-stage process.
First the curved lens surface was machined, and the medical grade PMMA part
was re-blocked (in a standard wax filled insert). The second side was then

profiled to leave a raised central diameter into which the prism structure could be

17



5099 87 X68 5175 76 X69 5266 91 X70 5335 69 X71 5390 55 X72 5470 81 X73
5567 97 X74 5627 61 X75 5700 73 Table 2D Prism nunber Position X(pm 6, x
(pmM WO 2011/061550 PCT/GB2010/051944

machined. The PMMA parts, still held in the blanks were then transferred for

prism machining.

As the earlier prism lenses were compression moulded, two lens designs were

5 machined from PMMA using a fly-cutter arrangement. One design comprised
regular prism spacing, as with the compression moulded lenses. This was
produced to allow a comparison between the two different manufacturing
processes and to ensure the machined regular spacing prism lens exhibited the
same optical effects as the tested moulded lenses. The second design

10  incorporated a randomised prism spacing, with spacing varying by an amount of
51 um + (0 um to 50 um), i.e. the prism spacing AX varied in the range 51 pm <
AX <101 um. Tables 2A and 2B list the actual prism spacing Xn used for prisms
X1 to X100 in the array. The spacing and resulting interference pattern side-
lobe intensities were then calculated using the model simulation.

15
Due to the degrees of freedom available for automated adjustment on the
lathe/fly-cutter, the depth of the cut remained constant. Therefore, as the prism
spacing varied so the prism height varied. That is to say, the base of each prism
was located at the same height, and so the apex heights varied with pitch. An

20 example of the resulting Fresnel prism lens is illustrated in Figures 10A to 10D.
It should be noted that the dimensions specified in these figures are merely
illustrative of a particular configuration and could take other suitable values.
Figures 10A and 10B, respectively, show a plan view and a side view of the
Fresnel prism fabricated. Figure 10C shows an expanded version of the Detail A

25  from Figure 10B, illustrating a prism array having uniform prism elements and
pitch. In contrast, Figure 10D illustrates a section of the same prism array, but
having a randomised pitch in accordance with an embodiment of the invention.
The pitch X, varied in the manner listed in Table 2A and 2B, and the angle of the
prism facets was set at 38.0 + 0.5°, as indicated.

30
Once again, the lenses were tested using the optical bench arrangement
described with reference to Figure 4. Overall imaging quality was investigated

using test targets (i.e. a letter F) and diffractive effects were investigated with
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monochromatic light. The chromatic dispersion of the optic was again
investigated using a narrow band filter to limit the range of wavelengths passing

through the optic.

5 Figure 11 shows the resultant image obtained from a Fresnel prism IOL with the
randomised prism spacing listed in Table 2. Although improved, the image
quality was not improved by quite as much as expected, and so the model was
revisited. On reviewing the model it became apparent that the interference
intensity was calculated using all of the emitters. The effect of combining the

10 effect due to all the emitter waves might result in destructive interference,
whereas singling out the central 20 emitters, for example, might still give
constructive interference, which is masked by the increased total illuminance
when more emitters are used. Therefore, using the previous theoretical model,
but considering the prism surfaces within the central 3 mm diameter zone and

15  reviewing the interference effect, noticeable structure was indeed apparent. The
model was therefore improved to incorporate an additional calculation for the

emitters in the central 3 mm diameter region.

The simulation was then run repeatedly whilst monitoring the interference for
20 both the entire surface and just the central 3 mm diameter. An additional
important point is that the number of prisms (emitters) is tuned for the model,
such that the total distance covered by the prisms matches that of the area of
the optic onto which they will be machined. This ensured that the central 3 mm
of the model matches the ‘real lens’ central 3 mm. Figures 12A and 12B and
25  Figures 13A and 13 B show the simulation results from this investigation and
demonstrate the requirement for particular attention to be paid to the prism

spacing over the central 3 mm diameter region.

In Figure 12B there are clear constructive interference peaks visible at around
30 0.2 and 0.5 degrees that are not so apparent in the total surface plot shown in
Figure 12A. Therefore, as indicated above, the calculation was repeated using
the same method, but concentrating on the randomisation in the central 3mm

zone. The results are shown in Figures 13A and 13B. As can be seen from
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Figure 13B, the central 3 mm region exhibited greater ‘randomisation’, which
removed any noticeable interference peaks, as compared to the results shown in
Figure 12B.

5 From the work described above, and as might be expected, the observed
diffraction effect was lower for the larger prisms with larger associated
randomised spacing. Therefore, in order to improve the performance of the
Fresnel prism IOL of the present invention, the next step was to investigate a 21
D prism lens design with a 130 micron prism pitch and up to 130 microns of pitch

10  randomisation. The exact prism pitch used for adjacent prisms X1-X40 is given
in Tables 3A-3D. Furthermore, in this improved design, a toric lens (-5.5 D) was
also placed just in front of the prism lens to provide for additional correction and
remove the effect of the additional focusing power that is introduced by the prism
surface operating in a converging beam. The -5.5 D was aligned to act in the

15 same plane as the prism deviation. For the final IOL, the toric surface would be
included in the IOL optic, such that the front surface will be 21 D parallel to prism

rulings and 15.5 D perpendicular to prism rulings.

Figure 14A illustrates an optical ray tracing 140 of this design though the

20 complete simulated eye with the above IOL using Zemax tracing software. In
the simulation, the cornea was 7.8 mm (k = -0.5) anterior (shown at 141) and 6.7
mm (k = -0.3) posterior (shown at 142). The simulation was based on an IOL
143 made of PMMA material with refractive index n = 1.4915. The toric anterior
surface (shown at 144) had radii of curvature R1 = 7.4 mm and R2 = 10.0 mm,

25 Ct = 0.80 mm, and the posterior surface (shown at 145) was plano with a
Fresnel prism structure having the spacing detailed in Table 3. This design
resulted in a 21 D lens, with an effective 15.5 D (-5.5 D) parallel to the deviation
plane, to account for the extra focusing power of the prism surface in the
converging rays.

30
Figure 14B shows the ray-traced image of a letter “F” though the system of
Figure 14A using the Zemax software, whilst Figures 14C and 14D show the

associated spot diagrams. The actual observed image of the letter F through the

20
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improved lens using the optical bench model eye test equipment is shown in
Figure 15C. For comparison, Figure 15A shows the image produced by a
PMMA 26.5 D standard spherical lens and Figure 15B shows the image

produced by a 21 D Fresnel prism lens with machined regular spacing.

As is apparent, whilst the image quality produced by the randomised Fresnel
prism array |OL with toric anterior surface may not be quite as good as produced
by a conventional spherical lens, it is far superior to the regularly-spaced Fresnel
prism array IOL. Moreover, as can be seen by comparing to Figure 11, it is

10  superior to the previously-described randomised Fresnel prism array I0L having
smaller prism size and pitch and no toric anterior surface. Although some
improvement in the image quality is attributable to the toric surface, the majority
of the improvement (over Figure 11) is due to the lager prism spacing and
randomisation.

15
Thus, as has been demonstrated, in an IOL according to the present invention
with randomised prism spacing, the image quality is greatly improved, as
compared to the known Fresnel prism IOL design. When a toric lens or lens
surface is added, the image quality is improved further, and the astigmatic

20 aberration almost eliminated. In some designs of a Fresnel prism IOL according
to the invention, such toric surface can be supplemented or replaced by suitable
variation in the facet angle of the prisms in the array, such that astigmatism that

would otherwise be introduced by the prism elements is compensated for.

25 The improved imaging quality of a Fresnel prism IOL according to the present
invention makes such a lens a very promising candidate for the surgical
treatment of macular degeneration conditions, including age -related macular
degeneration (ARMD). Careful design of the lens should enable a customised lens
to be produced for the treatment of a patient with such a condition by enabling the

30 point of image formation to be deviated to a healthy part of the retina, whilst

retaining a high quality of image formation at the deviated position.
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Table 2A Table 2B
Prism | Position Prism | Position
number | X (um) AX (um) number | X (um) AX (um)
0

X1 51 51 X26 1960 61
X2 141 90 X27 2033 73
X3 208 67 X28 2104 71
X4 282 74 X29 2196 92
X5 371 89 X30 2281 85
X6 427 56 X31 2342 61
X7 484 56 X32 2409 67
X8 548 64 X33 2467 58
X9 625 77 X34 2551 85
X10 725 100 X35 2631 80
X11 811 87 X36 2690 59
X12 878 67 X37 2749 58
X13 944 66 X38 2824 75
X14 1037 94 X39 2920 96
X15 1134 97 X40 2999 79
X16 1217 83 X41 3051 53
X17 1280 64 X42 3105 54
X18 1336 55 X43 3196 91
X19 1429 93 X44 3270 74
X20 1509 80 X45 3340 70
X21 1607 98 X46 3430 90
X22 1661 54 X47 3500 69
X23 1742 80 X48 3577 78
X24 1807 65 X49 3664 87
X25 1899 92 X50 3758 95
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Table 2C
Prism | Position
number | X (um) AX (um)
X51 3826 67
X52 3909 84
X53 4009 100
X54 4064 55
X55 4144 80
X56 4216 72
X57 4282 66
X58 4347 64
X59 4436 89
X60 4536 101
X61 4597 60
X62 4687 90
X63 4747 61
X64 4848 101
X65 4939 91
X66 5011 72
X67 5099 87
X68 5175 76
X69 5266 91
X70 5335 69
X71 5390 55
X72 5470 81
X73 5567 97
X74 5627 61
X75 5700 73
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Table 2D
Prism | Position
number | X (um) AX (um)
X76 5789 88
X77 5841 53
X78 5940 98
X79 6029 89
X80 6108 79
X81 6168 60
X82 6244 76
X83 6321 77
X84 6422 101
X85 6515 94
X86 6614 99
X87 6699 85
X88 6771 71
X89 6868 98
X90 6943 75
X91 7006 63
X92 7077 71
X93 7163 86
X94 7242 79
X95 7331 89
X96 7432 101
X97 7531 99
X98 7608 78
X99 7708 99
X100 7764 57




X21 4041 166 X22 4295 254 X23 4479 183 X24 4637 158 X25 4849 212 X26 4981
132 X27 5116 136 X28 5270 153 X29 5426 156 X30 5649 224
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Table 3A Table 3B
Prism | Position AX Prism | Position AX
number | X (um) (Um) number | X{(um) (Um)
0

X1 130 130 X21 4041 166
X2 306 176 X22 4295 254
X3 520 214 X23 4479 183
X4 771 251 X24 4637 158
X5 913 142 X25 4849 212
X6 1139 226 X26 4981 132
X7 1276 137 X27 5116 136
X8 1505 228 X28 5270 153
X9 1695 190 X29 5426 156
X10 1831 136 X30 5649 224
X11 2070 239 X31 5837 188
X12 2222 151 X32 6077 240
X13 2367 145 X33 6257 181
X14 2532 165 X34 6496 239
X15 2703 171 X35 6724 227
X16 2912 209 X36 6930 206
X17 3130 218 X37 7080 151
X18 3388 258 X38 7279 199
X19 3647 259 X39 7469 190
X20 3876 228 X40 7649 179




X31 5837 188 X32 6077 240 X33 6257 181 X34 6496 239 X35 6724 227 X36 6930
206 X37 7080 151 X38 7279 199 X39 7469 190 X40 7649 179 CLAIMS
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CLAIMS
1. An intraocular lens having an optical axis, the lens comprising, as one

face thereof, a Fresnel prism comprising an array of elongate prism elements
5  which are parallel to one another along their length, each prism element having
an elongate facet which is oriented such that a perpendicular to the facet is at an

angle to the optical axis,
wherein the array of prism elements is configured to deviate light incident
thereon to an off-axis position lying in a plane defined by the optical axis and the

10  perpendicular to any of the angled facets,

and wherein one or more of the pitch and the size of prism elements is
non-uniform across the array and is selected to reduce a diffraction grating effect
associated with the array of prism elements, whereby light incident on the lens is
preferentially directed into the zero order diffraction direction and chromatic

15  angular dispersion is reduced.

2. A lens according to claim 1, wherein one or more of the pitch and the size
of prism elements in the array has been randomised to reduce the diffraction
grating effect.

20
3. A lens according to claim 2, wherein the randomisation is different in a
region of the array proximate the optical axis as compared to a region distal the

optical axis.

25 4. A lens according to any of claims 1 to 3, wherein the pitch of the prism

elements in the array is in the range 50 ym to 500 pm.

5. A lens according to any of claims 1 to 4, wherein the pitch of the prism
elements in the array varies by an amount in the range 0 um to 50 pm.

30
6. A lens according to any of claims 1 to 4, wherein the pitch of the prism

elements in the array varies by an amount in the range 0 um to 130 um.
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1. An intraocul ar |lens having an optical axis, the |lens conprising, as one
face thereof, a Fresnel prismconprising an array of elongate prism

el ement s wb 2ohwslssar e parall el to one anot her al ong theipcTigBrgiomsigach
prism el enent having an el ongate facet which is oriented such that a
perpendicular to the facet is at an angle to the optical axis,

wherein the array o[ﬁngri smelenments is configqured to degai at e Iigq?t j nci dent
thereon to ad-of f fa%Ns 35691HNDIP #YY REFCEAING G Eh&VREERIN R tROBY abgle B Rrisehl

axi s and t he ol)p&tp a8 HomUhorhOad@Bys Whe hyaakd ed sbrerlusio com{)ens,a’%@C*or
wherein one or nore of the pitch and the size of prismelenents is

non- uni f or m &etigeatismhadaad aherwise segultdiasg theppresaneeofthaiFresngt prigm.
grating effect associated with the array of prismelenents, whereby |ight
incident on the lens is preferentially directed into the zero order

di ffractidn @ r ectA lens acdordimmpotoatldion 15ehgeirathediasplearsdlesvary meaeioeidally 2. A

or 1 sm of eneneer i 1l bopa thlafay uhbeBads Srtfa BlRaERG 720t on”

grating effect. 20 3. A lens according to claim2, wherein the
random satiog IS if]‘q?rentI ip a region of the arr%y Iproxi mat e. t he opti cal
axi s as conpared Intrageilah lefsshaing AB AiicRlaxs aliiesens £pmRnisiigs 8§ di ng

to any of cl gdesthbrédt, 8. FrebRsIg s REMPYERE & afrBg dIrdiGHhRd QRBR SemBnishe
array is in the range 50 pmto 500 pm 5. A lens according to any of

. P ’ . .
claims 1100 Mhigheicaparalieldo sneanodieraengpieyneesBnaaths PismEment hayingr i es
by an amount gy ibiieaté ARGEWRiIATS bRer@dRitlch $t a6pefr6\er‘1cﬁ8§1a@f60tﬂ Ao id g fny of
claims 1 to 4, erein the pitch of the prismelenents in the array varies
by an anount angletthéhe apligal @xipm to 130 pm WO 2011/ 061550PCT/ GB2010/ 051944

7.A | ens accor di ng, L. ate RREGEH LRGN Sl Bhic WEERId) ) [ 2G8)a@N8heIR Rl T oM
el ements is non-uniformactros e array and I'S | écted to cdnpensate for
asti gnmat i sm thertonvbaubnl offtdxiy positiorr lggiglin af plame tbfngar i@y thecmtiodl dxXieakd dsnel

prism 58_A lens according to claim¥ erein the facet angles vary
monot oni ggl I ye%nﬁgy?aégopaggfthg Higq %‘_ﬁggf the array to conpensate for the
astigmati sm 9. Angnatwianeinl the dngrsofagiphigrasiefint ERletaXi fon-tMidrinefFoss
conprising, as one face thereof, a Fresnel fprl sm conprising an array of

e

el ongat e pri $if 8renendsis 1pleqie ko gP@PsaaIel fer aptoBalismARAtHEPUId| SRRVEsfei
l'ength, each oy ismRiheIBRchaY bBe FeSlPpaghe facet which is oriented such
that a perpendicular to the facet is at an angle to the optical axis,
wherein the array of prismelenents is configured to deviate |ight incident
t her eon an ~of f -yaxi it | i : i t L cal

axi s andE?heQQSperA p%hsiaggéﬂgidqofé éalt%'w g’f WB ﬁ%"g{n%nigggféﬁggvg% &18'%’[8@'%@
wher ei n t he acgiss abfedashe pprticvofehe aeay td emependate fuvhhaiastigmatisatr oss t he
array and is selected to conpensate for astignmatismthat woul d ot herw se
result fromthe presence of the Fresnel prism 2010.A |lens according to

claim9, wherain thenaeebrdaitgioesnyvgrereding elaimi dmkldin &td a6Gle af the filbotad
portion of the array to conpensate for the astigmatism 11. A | ens accordi ng

to any precedi Rgheraias SHAde éPm 48968%hgl e of the facets is in the range
37.5 to 38.5 degrees. 25 12. A lens according to any of clainms 1 to 11,
wherein the prismelenents are formed on a planar surface. 13. A lens
accordi ng to1dny d¥less aregrdingtte any of gleépeilnotiHe wbereimihg rfasm elengnds 30 or ned

on a non- pl aRdt ] 2pfinar surface.

13.  Alens according to any of claims 1 to 11, wherein the prism elements are

30 formed on a non-planar surface.

14. A lens according to any preceding claim, further comprising a material

covering said one face, thereby providing a smooth surface.
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14. A lens according to any preceding claim further conprising a materi al
covering said one face, thereby providing a snooth surface. WO

2011/ 061550RGIM/ 062010/ 051944 15. A I ens accordi ng to anyppraBdiogielai m
wherei n anot her face of the lens conprises a toric shape to conpensate for
astigmati smintroduced by the Fresnel prismface. 5 16. A lens according
to any preceding claim wherein the lens is configured for use with the
Fresnel prismon the anterior surface. 17. A lens according to any

preceding cl gism W‘I@h@'a@cérh%g't@%yfwéééﬁﬁ%blﬂ% UgdesrethOaen Qfad@bethBagid cs
attached to the lens at its perinméter A conbi nation of an intraocul ar

| ens accor di §§MPFsen\a peric SRR tel apmpersaie Hos assamatisir Byedresd |ynthe
1519. A conbi rﬁléér%rp SR ng to claim 18, wherein the second |lens has a
toric shape to nBensate for astigmatismin the | ens conbination. 20. A
met hod fob the treat ment of a macular condition requiring a change of

L ens by 208 16he- i8Rl B IRL RS AIGRRRL WhdtsRibbdPhe Ty EinfRuRed ' ne
conbi nati on #&eragediitrgthiedrres@al pridth @Tthelaitenotgsurfaé’el. A nethod for the

treatnment of a macular condition requiring a change of focused inmage
position, which conprises inplanting into a patient's eye a lens 25

according to1any @endhcédrainggo hny @rdcediy @aile Whet6iftthd Rins FirtiReIGRAEIGHSW T O
claim18 or claim19 in order to suppl enent the patient's crystalline |ens

or an exil8ti @@eu%m%@@apﬁffs pigapbedito F%'@”é@ﬁlﬁ Rafmeter- 22. A net hod
according to claim20 or claim2l, wherein the macular condition 30is

age-rel ated nmacul ar degenerati on.
18. A combination of an intraocular lens according to any preceding claim,

and a second intraocular lens.

15 19. A combination according to claim 18, wherein the second lens has a toric

shape to compensate for astigmatism in the lens combination.

20. A method for the treatment of a macular condition requiring a change of
focused image position, which comprises replacing a patient's crystalline lens by
20 alens according to any one of claims 1 to 17 or a lens combination according to

claim 18 or claim 19.

21. A method for the treatment of a macular condition requiring a change of
focused image position, which comprises implanting into a patient's eye a lens
25 according to any one of claims 1 to 17 or a lens combination according to claim
18 or claim 19 in order to supplement the patient's crystalline lens or an existing

intraocular lens or lens combination.

22. A method according to claim 20 or claim 21, wherein the macular condition

30 is age-related macular degeneration.
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