WO 01/82791 PCT/ US01/ 12142 |1 MPROVI NG VI SI ON AND RETI NAL | MAG NG Thi s

i nvention was made with governnment support through the follow ng grants:
EY04367 avoloE¥0aB819 awarded by the National Eye |nstitut ePCEHUS0INS2AST
9876783 5 awarded by the National Science Foundation. The governnent has
certain rights in the invention.. Background of the Invention Field of
the Invention 10 The present invention is directed to devices and net hods
for inmproving vision and retinal imging, and particularly, to such

devi ces and nethods for inproving a person's vision and retinal imaging by
correcting higher-order nmMBENNGYEIONCANITRATEYAL IMBEINGat | ons and ocul ar
chromatic aberrations. 15 Description of Related Art Despite significant

advances in speghidalv@nBOiwaPRhas vithQaseaRhBippoR Mrbadine foll RARgSrdn@: the
nost part only correct up to the second-order ocul ar aberrations known as

def ocus a.nEYﬁzﬂ IR T b—“a%FJeH%ﬁ{gﬁé NIRRT ?35;9 ﬂfstti-hﬁe, sl :I\?S"F ﬁg‘f’ o %,}@n S such
as spherical aberration, Coma, and a variety of |Irregular aberrati‘ons are
| ef t b . | es, t | \ | . i ng,

il ays > o RS AP BE TR aHE TORSFBRR. TBP EOREVBRNIES AHITIhBSNS e

hi gher order aberrations of the eye blur inages forned on the retina
resul ti ng MMeHEFr aded vi sual performance, and al so blur images taken of the
living human retina. Until recently there did not exist a rapid or
efficient device or approach for quantitatively measuring the irregul ar

hi gher-order aberrations of the eye, WD 01/82791 PCT/US01/ 12142 nor have

t here been made avail abl e any PBhdedrbeal offfR€haBhtssrEs t 0 correct the
nonochromati c aberrati ons of the eye other than defocus and astigmati sm

Li ang et afield obthRventRRC- Am A, Volune 11, Nunber 7, pp.1949-1957, July

10 The present invention is directed to devices and methods for improving vision
and retinal imaging, and particularly, to such devices and methods for improving a
person’s vision and retinal imaging by correcting higher-order monochromatic ocular

aberrations and ocular chromatic aberrations.

15  Description of Related Art

Despite significant advances in spectacle and contact lens design, ophthalmic
lenses for the most part only correct up to the second-order ocular aberrations known as
defocus and astigmatism. Higher-order monochromatic ocular aberrations such as
spherical aberration, coma, and a variety of irregular aberrations are left uncorrected by

20 spectacles, contact lenses, corneal reshaping, inlays, onlays and other current vision
correction techniques. These higher order aberrations of the eye blur images formed on
the retina resulting in degraded visual performance, and also blur images taken of the
living human retina. Until recently there did not exist a rapid or efficient device or

approach for quantitatively measuring the irregular higher-order aberrations of the eye,



1994, the disclosure of which is incorporated by reference herein,

di scl osed a Hartmann- 5 Shack wavefront sensor that they used to neasure

t he nonoovo onsa7Pr wave aberrations of the human eye. ThepChudoRi4L by
sensing the wavefront energing fromthe eye produced by the retinal
reflection of a focused |ight beamon the fovea. Using the system

di scl osed therein, the authors were able to neasure only up to fourth-order
pol ynomni amor hayedhére hsen Hodeaenlable oy neactital amgchimising togcomectithpol ynomi al s onl y
up to fourth order does 10 not provide a conplete description of the eye's
aberr at i oasonoGubsruabdrtationy\bf the @58 othet thaaldefocuSandRatigmatidnber 5, 777, 719,
the disclosure of which is incorporated by reference hereininits
entirety, descijihgdtan, J. (. BRMBH. 2Vbhgeay Riuhief 7, b-185¢didpy Li ang

et al. that provi ded neasur enent data and correctlon or at |east

f17th- or debolmROGRIBYRL bE wARR' Al x%%?at%f'?}lr RUGRe nein Ui eR 2 IR ALIBD! ©

mrror in corbination V\B.VG ron’t sensor appar us,

WIlia re abl e asur and cqrrect | ex aberratlons
that ave Secoumbtinn Snar ORBPr dt oyt HeiitosbSndE e sopanass. | of her
ocul ar devices, or surgical nodification of the eye. In addltlon as

descri bedof Hiehsman oy Thesdidghis By seqping the yeyeioshfaeasing gm WESYE ded r et i nal
i mges of an unprecedented quality. 20 Liang et al. Supernormal vision and
hi gh r esolpuiduoced bethenetinal neflpictign oha thegbed laghapedny en dptfogsn. Usingpie.sySem. Am
A, 14, 2884-2892 (1997) describe the use of adaptive optics to neasure

and corr edisclos&d MerdE hhommhés waay shlehemeaiutondy ap td ﬁﬁrtﬁé&ﬁdergim?horﬂiﬂu nd that
correcting the higher order monochromatic aberrations provided a six-fold

i ncrease r W th
s oyel SncHBRS M REARE WVl ik el Wi pDR0AIIPAAT *“*@S%?“‘%fﬁlr%ﬂétd°§96 o

PUL L 10 HOENSE i IS IRA M AN Ay SENRELIML oSl to 0 WRAGSOEP™!  ©
everyday Vl m riga‘cen(% T\Pulré‘tl)e(r)g%77,7l9, the disclosure of which is incorporated by reference

herein in its entirety, described an improvement on the wavefront sensor used by Liang

et al. that provided measurement data and correction for at least fifth-order

monochromatic aberrations and higher. By using a deformable mirror in combination

15 with their modified wavefront sensor apparatus, Williams et al. were able to measure and
correct for complex aberrations that are not conventionally corrected by spectacles,
contact lenses, other ocular devices, or surgical modification of the eye. In addition, as
described therein, Williams et al. described a system that provided retinal images of an
unprecedented quality.

20 Liang et al. Supernormal vision and high resolution retinal imaging through
adaptive optics, J. Opt. Soc. Am. A., 14, 2884-2892 (1997) describe the use of adaptive
optics to measure and correct the monochromatic wave aberrations of the eye. They
found that correcting the higher order monochromatic aberrations provided a six-fold

increase in contrast sensitivity when viewing a monochromatic grating with 27.5 cycles
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It is also well known that the human eye suffers fromchromatic
aberrations. 5 There are nunerous references about attenpts to analyze the
ef fect ofwahrgatatic aberration on vision. Canpbell and QOT/AR)1/12142

Physiol ., 192, pp. 345-358 (1967) reported, with respect to chromatic

di fference of focus (longitudinal chromatic aberration), that there was
insignificant inprovenent in contrast sensitivity between white |light and
monochr omper degréegapd)atherugh aX¥00 tom papit pdoweviyatheyf nepatréddontnasipansitivies. 10

Thi bos et al., Optonetry and Vision Science, 68, 8, pp. 599-607 (1991)

asked t he onhuifshérmeohibieiideight MddtRint pAREfe@icnoy] vhighkinotrdpkdte@bivchs
vision, and if so, how, why and by how mich? They concluded that a) axi al

(I'ongi tudigahd) GBLANRPYwiRP&IHaRldn@n results in only noderate contrast

sensitivity reduction and mnor visual acuity loss; b) chromatic

di fference of njfi o] Lttl f op Vvisual performance; and c)
15 transverse gﬁ f 8%8’&‘)?6? lgg’g"fn P% E%ﬁ%gﬁg? en%?fe(r:saiﬁ?mfcoror?%i\%earzs’len%tilo Son only
when the pil is lateraglly displaced. The prevaili | anation for the
unr emalgI k a1ETS; 4 BRCRops ¢ ?@ﬁ%i%gu%@W&sttP@ﬁglﬁﬁe §ftr8]% qe)%égmcni‘?é’tc chromatic
aberration is nost severe at the sgec_tral extremes where the ghot opi c
spectral gberstionvintvsion. CampbglbandsGlogh, JFDRskd s AB2.ep- 34e35lP0<4) udi es t hat
have | ooked into the effect of chromatic 20 aberration on vision and
retinal i ngpeteduaith rospéave cliromatio dffedarce df fdvas fynginghisd chrogdfatiect  of
chromatic aberration and hi gher-order nonochromatic aberrations on visual

per f or mangBerrdtionRAALAARE tvak leﬁ%lméaﬁeirﬁ;'brsmﬁenﬂhheoﬂtfa\aeqahgﬁsida BMet£COgNi zed
a need to evaluate visual performance under normal view ng conditions and,

consequent 18 et ShASohR 1B 0348279, RCTAYSAY d21AR) gRXhaplest 0 whi oh

the correction-o y second-order aberrati g errations,

or chromatic aherration,~either alone of .in c i nat/d t an
o odment i n 01 st B QpineR <AL Saer Skt o B, o0 ordAa DR Rbhoas
DB B eeh Y RHEr Rt Sha o s omdgmRacs v, SR TR A 2

and by how much? They concluded that a) axial (longitudinal) chromatic aberration

results in only moderate contrast sensitivity reduction and minor visual acuity loss; b)
chromatic difference of magnification has little effect on visual performance; and c)

15  transverse chromatic aberration is significant for foveal vision only when the pupil is
laterally displaced. The prevailing explanation for the unremarkable impact of chromatic
aberration on vision was that chromatic aberration is most severe at the spectral extremes
where the photopic spectral sensitivity of the eye is low.

Furthermore, the many studies that have looked into the effect of chromatic

20  aberration on vision and retinal image quality have not considered the synergistic effect
of chromatic aberration and higher-order monochromatic aberrations on visual
performance.

In an effort to improve vision, the inventors have recognized a need to evaluate
visual performance under normal viewing conditions and, consequently, to determine the

a
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5 through aberration correction. Summary of the Invention The present
invention is generally directed to device and nethod enbodi nents for

i nprovi ngveonsa19vi sual perfornmance and retinal imagi ng, aRAT/B1E2142
particularly, 10 such devices and nethods are directed to the eval uation
and i nprovenent of human visual performance and higher quality retina

i magi ng based upon the conbined correction of higher-order nonochromatic
aber r at i orexteahtd which thet ¢ozreatien oHivnly necoAd-oeddn abiemativns,dfighdrordarebatratams) s
described by an optical systemfor inproving a person's vision that

i ncl udes arkBh@heitic abeledtiq) aitleer alvie @n sidédntingleféct af Gmprdvedbht inMBsual
anplitude nodifying elenent. A higher-order phase conpensation el enment can

be used t apRpYhdeortingEind Ao R ASALARM! Afd ARGENAND BRIGRE IRGIFRR ofhi | ©
a light anmplitude nodifying el ement can be us to provide correction for

chromatic i I . ,of 1.hi di nent_t.he .hi gher-order
phase co m:‘?l gg@%{(ﬁ% 5 ge ufanrfag ﬁ’?ﬁ B %ﬁ? ﬁéﬁ_(fhi pgrﬂ‘%lae g’?rlgﬁq?’? e 2% r#t)r h@i lﬂlﬁgléllge ment are
residept in a common optical conmponent. In an 20 alternative aspect, the
higher-ord@?u%% RETAUGRSeTEH M on el enent and the |ight anplitude nodifying
el ement are each resident in a separate optical conponent. Another

enbodi nent of the invention is directed to an ocul ar conponent for

i nproving a person's visual ability. The conponent has at | east a shape
adapted to correct a neasured Sumery-afititelnvamtivac hr omat i ¢ ocul ar
aberration. In addition, the 4 WO 01/82791 PCT/USO1/ 12142 ocul ar

conponent has aheqResdRt nO&ionlid BEEkARI AfecRMeb daticd fabhethol @ibb@m&Rts @
surface thereof for correcting an ocular chromatic aberration. In an

aspect of f%h*nﬁzrﬁqgg gFﬁEH bi ualgé%?foﬂ&l&'&ée Al ?éfﬁ%aﬂmefgi#é di ﬂ}’o‘?%@ﬁ@@&ng} ively

reduced by arti apodi zation to attenuate etrinenta fects of
aberrati ons ,on the eye' vi sual. r.formance. .5 Anot her enbqdi nt of the
oD o e G S e el B R R Efeyipy, AR tiSrov SHER O Bt

visual performance and higher quality retinal imaging based upon the combined

correction of higher-order monochromatic aberrations and chromatic aberration.
An embodiment of the invention is described by an optical system for improving
a person’s vision that includes a higher-order phase compensation element and a light
15 amplitude modifying element. A higher-order phase compensation element can be used
to provide higher order monochromatic aberration correction, while a light amplitude
modifying element can be used to provide correction for chromatic aberration. In an
aspect of this embodiment the higher-order phase compensation element and the light
amplitude modifying element are resident in a common optical component. In an
20  alternative aspect, the higher-order phase compensation element and the light amplitude
modifying element are each resident in a separate optical component.
Another embodiment of the invention is directed to an ocular component for
improving a person’s visual ability. The component has at least a shape adapted to
correct a measured higher-order monochromatic ocular aberration. In addition, the
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resolution imges of the retina. The system for producing such i nages can
advant ageousl y use a broadband |ight source for increased illum nation,
while i mageorspral ity is enhanced by correcting higher-or deeT/wSodRIM20MaL | C
aberrations and chromatic aberration. 10 A nmet hod enbodi nent of the
invention is directed to inproving a person's neasurable visual benefit
and includes correcting ocul ar hi gher-order nonochromatic aberrations and
i n addi t i opulgpeanagsmienighaslarmomettriioraimngmission ovenatfesstbpertiondf s asacant i al | y
axial chromatic aberration. Preferred nethods for correcting the

hi gher - or defreoffonatiecingbtn ocdhethrahatbrnasbetrratgon de aaraspéadbfithisermeddimerd)| e
mrror or other phase 15 conpensating el enent such as, e.g., an LCD or a

MVEMS devi ¢ puphil diRh&ePsehe edlsikffedtivealPridasdd byedtficiahagddzatiatd iledMtatean
onlay, or corneal shaping by refractive surgery or photoablation, for

exanpl e, gld 30t CLFr (?}fga%g%%t?gn'@ oﬁgﬁé’m%‘l ViQaPhQ¥iHn@ppropriate phase

conpensation to correct t rate efront” generated by a typical eye.
Met hods for corregting,chromatic aberration include spectral fjltering in
Vartous f or e ot StppamarBl o SRERiRS i e B tPHARRaR IS ved hieh b

descri bed inhgreater detail below. In order to nore accurately and

di sti nct | yesqbBsiopiimagesd thewedingi She sytstea fos Presiicing sugleinages c¥hs, used

t hroughout the description and in the appended clains, will have the

meani ngs sdvantagevslipsscombroadhibddiph8siede PCHcty8s) liatdRatioApelile awdgen ref ers
to a non-uni formanplitude transm ssion of light across the pupil radius;

i.e., betywasiitytifénhaeddesy @rrechifg Bighért-ordaidnbdieheggaicabetriitordwat lchromatic

Hi gher-order nonochromatic aberrations refer to optical aberrations
represent gferrf¥nt hi rd and hi gher-order radial Zernicke pol ynom als
(excluding piston, tip, and tilt) or 5 equivalent aberrations as descri bed

o, 2n9be T4 G MAERES A% B SR LIS PGt
measurable visual benefit and includes correcting ocular higher-order monochromatic
aberrations and in addition correcting chromatic aberration, preferably and substantially
axial chromatic aberration. Preferred methods for correcting the higher-order
monochromatic aberrations include providing a deformable mirror or other phase

15  compensating element such as, e.g., an LCD or a MEMS device, or more preferably, a
contact lens, an IOL, an inlay, an onlay, or corneal shaping by refractive surgery or
photoablation, for example, all of which suitably are adapted to provide appropriate
phase compensation to correct the aberrated wavefront generated by a typical eye.
Methods for correcting chromatic aberration include spectral filtering in various forms

20  and, preferably, artificial apodization, as will be described in greater detail below.

In order to more accurately and distinctly describe the invention, the following

definitions, used throughout the description and in the appended claims, will have the

meanings set forth below.

wn



fifth to tenth-order radial Zernicke nodes (excluding piston, tip, and
tilt) or their equivalents. Chromatic aberration is defined conventionally
as that twem/mszIunderstood by a 10 person skilled in theP@rusols2e42
preferably and substantially refers to axial or longitudinal chromatic
aberration. Visual performance, as referred to herein, is a qualitative
reference to how well a person can see. Visual benefit (VB) will be used
to denote a quApbdiatidnveforeasdticn-atiforin ansllu@etimmiaicaeof Nghsbabssmaef it is
presented in terns of contrast sensitivity and visual 15 acuity as those

terms wil buﬁ?raﬁﬁﬂ?ié}m&eéﬁ’th@c&ﬁéﬁ(ﬁﬂhéﬁihﬂii &l thd edfofand pupypre particularly,
visual benefit is defined equally in terns of a psycho-physical visual

VT o P LGS o RSl s
O e O e o el D8, 355 8% et on

w oHOC neans wi t hout hi gher-order correction, and MIF refers to nodul ation
transfer eQmvalensabengtions agdescabedby prothes suatie apyurdssvieedbbbiosislillad inhe case
6 WO 01/82791 PCT/ US01/12142 of (a) correcting only the higher-order

nonoc hr ontieiact; atkwhereinotesl, (etféri moketparticalatlly to tieopticZleabeireti@sropressnteddpt i cal
visual benefit is defined as MIF white |ight w o nonochromatic aberration
vi sual befigthité @ptH-eder RdMl Eerdikeanbded (éxcWdimpsicidh o tahe tigpef thafri on and, for
the case of (b) correcting both higher order nonochromatic aberrations and
axial  chrogiiigs.aberration, optical visual benefit is defined as

Chromatic aberration is defined conventionally as that term is understood by a
10  person skilled in the art, but preferably and substantially refers to axial or longitudinal
chromatic aberration.

Visual performance, as referred to herein, is a qualitative reference to how well a
person can see. Visual benefit (VB) will be used to denote a quantitative measure of
visual performance. Visual benefit is presented in terms of contrast sensitivity and visual

15 acuity as those terms will be understood by a person skilled in the art. More particularly,
visual benefit is defined equally in terms of a psycho-physical visual benefit (VB,y) and
an optical visual benefit (VBopy), as follows:

CSF whoc MTF wmoc X neural CSF MTF wmoc

VBpsyy= = = VByp= __
20 CSF w/oHOC MTF wioHOC X neural CSF MTF w/oHOC

where CSF is defined as contrast sensitivity function, w/HOC means with higher-order
aberration correction, w/oHOC means without higher-order correction, and MTF refers

to modulation transfer function. With regard to the results presented below for the case



MIF nmonochromatic |ight w o nonochromatic aberration visual benefitoptical
10 MIF white |ight w nonochromatic aberration In both cases, defocus and
ast i gnat ivvon(/83epnd or der Zerni cke node) were corrected aBCT/N8CR$LryYy toO
provi de baseline visual performance. An optical systemrefers to one or
nore optical elenments associated with a 15 person's vision and includes,
but is not limted to, the eye or refractive parts thereof including the
cornea, aot@rexectingrmmly the higher-oeder ownbehromatiagbermions (thind toiehtygrdar an
external conmponent such as, e.g., a deformable mrror or a spectacle |ens,
any of whizemickeayods), vpeichl afismaebepefii i3 defindd axat i on wi th any ot her opti cal

el emrent depending on desired applications and practical considerations. 20
A higher-order phase conpensation ehgepent refers to béjct is not limted to,

monochromatic aberration

any of the optigalrslgpents Listed above faving a surface whose shape is

modi figd in response 10 Pl gher - or dWUﬁrromrtfarbetratron wavef r ont
data to yield a substantially plane Vet ey prosromfisiteatitfer  wor ds, to
provi de corgection for. the higher-order aberratiaons. A defaormable mrror
or ot her @v%é“oro © GRResRd (Eb?ﬁ%?ﬁg%& fw‘—fg iahyr erley mogochrpmpfic ghaprgtions andjaxigls | s
included in this definition. 7 WO 01/82791 PCT/US01/12142 A light

anpl i t ude chisgiatip iaherrationpeptical eibedl denefit ipdafined agot |inited to, a structure
whi ch redistributes light by diffraction, interference, absorption,
transmssion, or filtering and prOWIHgS&HRERSH hdddhd:@f avesRfon COr r €Ct i On
of , ocul ar chrgfgaglig*en@g@‘;ﬁgagti @n. In sunmary, the invention is directed to
devi cgg and net hods for obtaining MTﬁwﬁ{thSH@vhmrQ%Qelﬁ'ca sy COrrecting
hi gher - order nonochromati c aberrations and chronatic aperrations of the
eye, that is greater than the visual benefit obtained by correcting either
the hi ghey OF e oA MRkl SRR LI Z2NEAThL G0 IRSL EGLLLy &' one:

necessary to provide baseline visual performance.
An optical system refers to one or more optical elements associated with a

15  person's vision and includes, but is not limited to, the eye or refractive parts thereof
including the comea, a contact lens, an IOL, an ocular inlay, an ocular onlay, or an
external component such as, e.g., a deformable mirror or a spectacle lens, any of which
may be used alone or in combination with any other optical element depending on
desired applications and practical considerations.

20 A higher-order phase compensation element refers to, but is not limited to, any of
the optical elements listed above having a surface whose shape is modified in response to
higher-order monochromatic aberration wavefront data to yield a substantially plane
wavefront or, in other words, to provide correction for the higher-order aberrations. A
deformable mirror or other type of phase compensating device (e.g., LCD, MEMS, etc.)

25  isincluded in this definition.



observed by the inventors that the beneficial effect provided by correcting
hi gher-order nonochromatic aberrations is diluted by the presence of
chromat i ov@bes27at i on under 10 norrmal view ng conditions. PaT/@SkeER1490r ds,
the benefit of correcting both the higher- order nmonochromatic ocul ar
aberrations and ocul ar chromatic aberration is significantly greater than
the benefit obtained by correcting either aberration alone. In addition,
the dilution {dight n@pgv@qu)fym qlerpent s¢fgrsi ti lnwng ngtdimitedrtges stpgpirt si zes
(N3-8 mm) than for smaller pupil sizes (<3 mm. Based upon these findings,
it shoul dwhiehpedistibhies lightdor diffcactioh, ihiegiormea rathesrptiomamhsoissibhpordliefingt i ons
of the eye with a DM a contact |lens, an FOL, corneal shaping, an ocul ar

inlay, anactbdidededyensatitth fof, e coRedtonlof Al £ RErddiaticR®BRAAES  known to
those skilled in the art, and to further inprove visual benefit by

addi tional l'y ﬁl%ﬁﬁgggn@leqmegﬂgﬁ {sGdi ?‘:H“{@Hé\ﬂgesi dﬁg&ﬂ&h@dﬁ%or Jﬁ%%n;r%;aem ion is

also directed to a ice and neth or 1 nproved retinal ging in

whi ch .t he .aboye cepts are.enpl oyed. These and .ot her objects aof the

i nventsit on'® agée?e%{em@'n%p(meﬁ n%wg‘?’i'% &5 TORPS OIB%IC %beegc?pf”ﬁseﬂldrfg’f%né}lfrrpl etely

in the follow.ng detailed description and with respect to the  rel ated
figures a@h?ﬂﬁﬂgnsaﬁﬁéﬁa\efd that 3§ &fﬁ@te@hwmfﬂ%@bb@eﬁmﬁf@mébx seyfecting either
Description of the Drawings Figures |A and I B are schematic illustrations

of adapt i the highei-ouler sypspehromptie abexrnliens onchromagwuakamation alober Haas been
correction, psychophysical neasurenents, and retinal imaging according to
t he i nvendbserved by Ehginventdrs thatahé binefitaheXeh prmtidel i @nteofing@highptordal system
according to an enbodi nent of the invention; Figure 3 is a graph of

anpl i t udembicuheethSisd AR rMB6RUS dRHRH 'b?r hiRdphrdSent®bf YROMAHS abotRhidgtn@r @ (degree
of apodi zation) for an apodi zation filter according to an enbodi nent

10 normal viewing conditions. In other words, the benefit of correcting both the higher-

order monochromatic ocular aberrations and ocular chromatic aberration is significantly
greater than the benefit obtained by correcting either aberration alone. In addition, the
dilution (or improvement) is more signiﬁcant for larger pupil sizes (~3-8 mm) than for
smaller pupil sizes (<3 mm). Based upon these findings, it should be possible to correct
15  higher-order monochromatic aberrations of the eye with a DM, a contact lens, an IOL,
corneal shaping, an ocular inlay, an ocular onlay, and other ocular devices or techniques
known to those skilled in the art, and to further improve visual benefit by additionally
correcting chromatic aberration in the eye.
The invention is also directed to a device and method for improved retinal
20  1mmaging in which the above concepts are employed.
These and other objects of the invention, and the ensuing advantages, will be
described more completely in the following detailed description and with respect to the

related figures and the appended claims.



of the invention; 10 Figure 4 is a graph of anplitude transm ssion versus
pupi | radius under typical conditions of Stiles-Crawford nodeling; Figure
5 is a speavrsd’oprofile curve according to an enbodi nent PETARE/i2m2ent i on
Figure 6 is a spectral profile curve according to an enbodi nent of the
invention as a function of wavelength for different radial positions for
each wavel ength; 15 Figure 7 is a |light transm ssion curve for various
pupi | di aneters in accordancBrief¢deriptioreofithel Drpwingeof t he i nvention; Figure
8 is a diagrammatic illustration of an apodi zation filter according to an

enbodi ment of FErés WA BAd OB ard$cBbmatiQilluStratiohs e ABiptiGe Sh@@i Syhtéths Rpot her
apodi zation filter enbodinent 20 according to the invention; Figure 10 is

a_di agrammib ol masshitalch Bbdtaid BRONALHIRAoHY Il mBREAMATAP 2N

aspect of the invention, Figure 11 I's a t sion curve fof an

apodi zation. filter enbodinment.according to the invention; 9 WO 01/82791
PCT/ US01/ {%T& lmalﬁ“&ﬁcgorffé“gté’tge HVFEté?’n’t ransm ssi on curve of a | ong-pass
filter_ enbodiment according to the invention; Figures 13A, 13B are MIF

gr aphs’® showi ng Figtae &1 2 lopplan schempids wisy of 98 @ptigalispHemmaceqrdingdadhdi ment s
according to the invention; 5 Figure 14 is an MIF graph of different filter
enmbodi mentmbadioendphide imventien; | nvention; Figure 15 is an MIF graph with
coma and spherical aberration corrected in conbination with an apodi zi ng
filter accordi Fipure3ana griphdf amplitudé tralieniksive Mérs@pupil radius for various

values of ¢ (degree of apodization) for an apodization filter according to an embodiment
of the invention;
10 Figure 4 is a graph of amplitude transmission versus pupil radius under typical
conditions of Stiles-Crawford modeling;
Figure 5 is a spectral profile curve according to an embodiment of the invention;
Figure 6 is a spectral profile curve according to an embodiment of the invention
as a function of wavelength for different radial positions for each wavelength;
15 Figure 7 is a light transmission curve for various pupil diameters in accordance
with an embodiment of the invention;
Figure 8 is a diagrammatic illustration of an apodization filter according to an
embodiment of the invention;
Figure 9 is a schematic diagram of another apodization filter embodiment
20  according to the invention;
Figure 10 is a diagrammatic illustration of an apodization filter according to an
aspect of the invention;
Figure 11 is a transmission curve for an apodization filter embodiment according

to the invention;



Figure 16 is a graph of weighted chromatic defocus as a function of

wavel ength 10 centered at a reference wavel ength of 555 nm Figures 17A
17B are gvaphs27ef contrast sensitivity versus spatial frepOBRUSYl/RiMEN
certain aberrations are absent/present; Figures 18A, 18B are graphs of

vi sual benefit versus spatial frequency before and after aberration
correction according to an enbodi nent of the invention; 15 Figures 19A 19B
are graphs of donire 42 is s8heittangnisgioardrwe dladbnpeamffilter embedipeat i vel y, for a
3 mm pupil dianeter, for various aberration corrections according to an
enbodi nenkcafrdinp€o thevewdntion; Fi gures 20A, 20B are graphs of visual acuity
for several subjects, for various aberration corrections, at different

l'umi nance | evelgg, Jr@srlf% 6 38 P NPITE o Pﬁé@{o‘%n afgeﬁegﬂéro?d%?erérﬁ s

vi sual benefit for different spatl a reque cles as unct on 0

wavel engt ures A. 22B are graphs of MIFs and vi sual
benefit, Ifhétlsggg%p&ﬂmlems acg)rdlngft(& etllnil)ef{1 of° spatl al frequency from 17

subj ec s' eyes at a_pu arreter Figures 22C, 22D are
corres%ondi ng dﬁ‘%’ﬁﬁ%ﬁ) %‘1"”}4 E@?ﬁh%ﬁ‘ﬁﬁﬁeéméq mers ggeorHngiethy

PCT/ US01/ 12142 Figure 23 is a graph of MIF as a function of spati al
frequencylriwn@@mj unction with the neural threshold curve illustrating the
t heoretical increase in visual acuity according to an enbodi nent of the

i nvention; 5 D&igire éfliDRecdlFpirapinwith cofe ahd vsrticarabbirgiar copredied in
nonochromati ¢ ocul ar aberrations mani fest thensel ves as defornmed (not

pl ane) wavembRatisn Qﬁth!ah&?bdlﬁiﬁgtﬂlf%g adofdThg BfarfdBbodimeR L MAYRIVERYS can be
restored to substantially pI ane wavefronts by phase conpensation over the

wavefront surf %‘f@r@% i Gra bf %@%P{eﬁ c?]]%b?rll%fctde‘f‘éclul; S RAGIEHA r(:Jf’iVxIa(%:leng’ch

hi gher - or der phase conpe s tlon

10  centered at a reference wavelength of 555 nm;

Figures 17A, 17B are graphs of contrast sensitivity versus spatial frequency when
certain aberrations are absent/present;

Figures 18A, 18B are graphs of visual benefit versus spatial frequency before and
after aberration correction according to an embodiment of the invention;

15 Figures 19A, 19B are graphs of contrast sensitivity and visual benefit,
respectively, for a 3 mm pupil diameter, for various aberration corrections according to
an embodiment of the invention;

Figures 20A, 20B are graphs of visual acuity for several subjects, for various
aberration corrections, at different lJuminance levels for a 6 mm pupil diameter;

20 Figure 21 is a graph of visual benefit for different spatial frequencies as a
function of wavelength bandwidth;

Figures 22A, 22B are graphs of MTFs and visual benefit, respectively, as a
function of spatial frequency from 17 subjects' eyes at a pupil diameter of 3 mm, and
Figures 22C, 22D are corresponding graphs for a pupil diameter of 6 mm.

10



10 preferably utilized to provide the desired phase conpensation. In a
preferred aspect, ocular conponents or devices having an appropriate phase
profile Woe1/$278urface shape) over at |east a portion ofrargeetirte of the
conponent or device are provided to correct the higher-order nonochromatic
aberrations. Such conponents can include, for exanple, a deformable
mrror, an LCD,_ a MEMS device, a contact |lens, an | OL, an ocular inlay, an
15 ocul ar onl ayiguana3 is 7 greph pEM Toasrcfunciion of reetial fraquencytinganjunetiarhe ot her
hand, is influenced by light anplitude distribution over the pupil area

t hat may evithnthg newotl theeshold cepeatinsitatidg entiesretical Andréagéin viawgilachitide

nodi fying elenment is utilized to conpensate for, or correct, ocular
ChronatiCaaﬁhﬁﬁgﬁi&panb&ﬁmﬁnﬂﬁﬂh@ﬁﬁ@ﬂﬁ@ﬁpeCt, a spectral filter or a
diffractive optical surface is 20 provided to correct chromatic aberration.
More preferably, artificial apodization of the pupil is provided and wil|
be discussed in greater detail below Art|f|C|aI apodi zation can also
advant?geously be used for b- 0) An enbodi nent of the
invention is-directed to a Strear systefn i ring and |nprOV|ng a
person's vision, and includes hlgher or der, phase, conpensatlon 11

01/ 82791 PCT/ uébgheiﬂﬁ? m@}%maﬂa pgular phegrtiongmppif %@%@Wﬁ@%@ff@wﬁe nt .

In an aspect of this enbodiment, a higher-order phase conpensation el enment
i s descri lgeat plane) wavedfanteoicleght Qmmagkfmn ithe, extey Thesatwirafroatd @anrhierestored DV)

118, used in an adaptive optical system 10 for neasuring and correcting
wavef r ont tabhéstaatialbnsland wavdidnfdies plidsb esimpensamiseovte tted Waladtonrgurhis ag 5
surface that is allowed to deformin shape and thus provide a phase profile

whi ch  cogpensntem thebrttig @Q&rsfaaaqajh@heﬁsrdef dsk@o ReEﬁs}aﬁoﬂ\@l\éﬁxfeﬁPi@t
reflected fromthe eye. Alternatively, an or a MEMS device (not shown)

in plage e 0 i s a
per ot sk Tadry T REH oL i s BT LORE LBhEaRRGE ETRERREL "
preferred oot?lgrl go%gpon%ggs%E*nd%\%Qesfh%rvm%oarnra%%}olp?’l te }Bse pro%le (i.e., surface shape)

over at least a portion of a surface of the component or device are provided to correct the

higher-order monochromatic aberrations. Such components can include, for example, a

deformable mirror, an LCD, a MEMS device, a contact lens, an IOL, an ocular inlay, an
15  ocular onlay, and a reshaped cornea.

Chromatic aberration, on the other hand, is influenced by light amplitude
distribution over the pupil area that may or may not have a spectral dependence. A light
amplitude modifying element is utilized to compensate for, or correct, ocular chromatic
aberration. In a preferred aspect, a spectral filter or a diffractive optical surface is

20 provided to correct chromatic aberration. More preferably, artificial apodization of the
pupil is provided and will be discussed in greater detail below. Artificial apodization can
also advantageously be used for improving retinal imaging.

An embodiment of the invention is directed to an optical system for measuring
and improving a person’s vision, and includes a higher-order phase compensation

1



10 vision includes a higher-order phase conpensation elenent in the form of
a contact lens 200 (or alternatively, an IOL (not shown), an ocul ar inlay
(not shownd p1/8a19pcul ar onlay (not shown), or a reshaped BOT/S@/12mzt
shown)), having a custom zed surface profile for providing the appropriate
hi gher - order phase conpensation. The conpensati ng phase profile can be
generated from wavefront sensor data in the formof, e.g., Zernicke 15

coef fi ci enlengat and ahgly agatlisudsamodi&yine elematte th ryasphet of¢his emboginiengla syst em
10 showmn schematically in Figure | A (and described in greater detail

bel ow) . Fhighkr-vaieepliasacompensation element igdascsibéd,onith feferemueau Fegurd 32, bpat he DM
118 can also be transmtted to a lens fabrication systemor |aser surgical

pl at f or m 4eRrWAISE SnitrBL(IoI0r 11 8¢ 1REd Wa{c{aﬁﬂ{'e oRET $x3teh P10 B tReaS@il used

to create the appropriate surface profile on the sel ected 20 hi gher-order
hase co ' hig : t : i LW a surface
gf a con'?gglggﬁ%{gg%?bvgﬁgféb%naa%&%h Ipfél% tiﬁ?)lr(ri%%ngéf%y&lg&géﬁ i%lorg\/%g&{]%ﬂa?%ose skilled
in the. art .and include,. for_.exanple, |athing, .casting, di,ng, and | aser
mchi nf ng P At I fp G e SRy R A B OBl B P

techni que for apprqgpriately shaping a human cornea. 12 WD 01/82791

PCT/ US01/ sompensaigs fenthepearajed physe Pkl ofthelwarefstt yeliigted faom the &¥¢cor ding to
an enbodi nent of the invention is represented by interference filter 136 in
Fi gur e | AAltemativelyy &n b€RodriaddEMSidelvige @beshosah) ais plact of the g cauld|provide

nodi fication is provided by artificially apodizing a person's pupil via an
apodi zat i epprbplidtephas cdapendabion abelperon Saned #athe e WiRl®hpprégdter s to 5 a
non-uni form anplitude transm ssion of light as a function of pupil radius.

Natural —apodi 2RtdGRs {Wi&h&iﬂﬁﬂrﬁef@@d bptkdapy tén?l@@fcﬁ‘tcbﬁgctfr% deson’s
Stiles-Crawford effect. e to'the wavegui'de properties of the eye's
phot orecept ors. ant the. peni L. fe the pupil ,is |ess
effi c?gnt l[\)ll}s’nonslp ?ﬁrﬁgj%ﬁ f|n%gért rgggrpe}{%?%lg&ﬁ%eélgﬁfoﬁleel%%}ﬁtﬂ_{hr%e{ff) H%gggggrﬁg%lgﬁgh t he
nglul: ecte Régé %g@t\é\l%\élltel‘rlély} a%eIO% {nlo?s_ogv %nogc%la%er?lg;/ r?(;[tls cglwn ?gns oédlgrt(ln ayt °

(not shown), or a reshaped cornea (not shown)), having a customized surface profile for
providing the appropriate higher-order phase compensation. The compensating phase
profile can be generated from wavefront sensor data in the form of, e.g., Zernicke

15  coefficient data. This data can be generated by the active optical system 10 shown
schematically in Figure 1A (and described in greater detail below). Final wavefront
correction signals from the computer 132 to the DM 118 can also be transmitted to a lens
fabrication system or laser surgical platform 152 where the corrected wavefront
aberration data could be used to create the appropriate surface profile on the selected

20 higher-order phase compensation element.. Techniques for creating or modifying a
surface of a contact lens, an JOL, an inlay, or an onlay are known to those skilled in the
art and include, for example, lathing, casting, molding, and laser machining. Refractive
surgery or laser photoablation is a preferred technique for appropriately shaping a human
cornea.

12



10 of aberrations on inmage quality, although theoretically, apodization
effectively reduces the pupil dianeter and thus reduces the eye's
sensitiviwgot/ge7aberrati ons. Particularly, apodization reBOT®SotRe42hei ght
of the side |obes in the point spread function which increases the

nodul ation at the lowto md spatial frequencies. This increases the

tol erance for aberrations generally and, as particularly applicable in the
i nstant i nvent iAorexeiipldrg lightedrydlitadenddifying efeatentadcatdingdwocisdnbndaheattofit i on.
Optical properties of a system(e.g., contact |ens plus eye) can be
sunmari z eﬁlebiﬁverﬁiéﬁﬂ§re?fesént6@ B¢ irdtbrf@BakeliiRir 136 WhEfuRN Aefd Dedropmatidane exit
pupil as p(r,O=A(r, 0 exp[(i27r/ X)yWr,0)] (1) where A(r,0O is the

anpl i tude L Lt : |0k . : i Wr, O 20
ot he waed BT R Y Ghhplie BfldMcalibn o prlidk By Rlgla 3000

t he higher-order aberrations plus. the chr i.c_defocus .for each

wnvel engt RSP RuER S AP 7R Bigr FSCEREBRO PRy PR AGOR PeRE St
aberrations, Wr,0) expresses the residual pnonochromatic _aberrations plus
the ch? omAPPR-UaHErR gmpYAde tranpraispiop 96 Bght a5 faRgiion o ipupik radiusndNaiuraB 2791

PCT/ US01/ 12142 filter, A(r), in the contact lens to progressively reduce
t he transnapaBiationah visiaphs Wetldmowngn relativineto theStilee Caaigiordéffedhe Due bsthai | |
reduce the inpact of the aberrations on the retinal inmage since the

magni t ude wavedlidy praperdivs of the legels @hototdcbptpispible lightlibdsentérd theosdripBetyi 0Fg
chromatic aberration the filter should be wavel ength dependent, A(r;2 ),

with di ffefeaiihilSs ks et IstinfllatBRCile YRWE ltmqh@u%mﬁ%itﬁﬁ;ﬁ;a%& t120QH @at i on

functions are known to those skilled in the art, a @Gussian

apoS! 221 g, 8L SRS S B U B RUELS AR LGRS
oLheryfunet L lisy, Shar ko 126 B, R ETRoL Slops, ol Lhe conier i oh
of a Gaus ?}ieapqlp%%?grilgtg; eim%nth\?su ;edlvl\g(;[s rgheaeysei’ sgsréinzi!tiSiat}? ’Eo aberrations. Particularly,
apodization reduces the height of the side lobes in the point spread function which
increases the modulation at the low to mid spatial frequencies. This increases the
tolerance for aberrations generally and, as particularly applicable in the instant invention,
15  for defocus and thus for axial chromatic aberration.
Optical properties of a system (e.g., contact lens plus eye) can be summarized by
means of a generalized pupil function defined over the exit pupil as
p(r,0)=A(r,0) exp[(i2n/A)W(r,0)] (D)
where A(r,0) is the amplitude transmitted through the point (r,0) of the pupil, and W(z,0)
20  is the wave aberration. In a conventional contact lens, W(r,0) expresses the higher-order
aberrations plus the chromatic defocus for each wavelength. In a customized contact

lens for correcting higher-order aberrations, W(r,0) expresses the residual

monochromatic aberrations plus the chromatic aberration. In both cases, an appropriate



increase in irradiance |levels. Accordingly, in a preferred aspect an

apodi zation filter according to the invention is described by a

super - Gave@base7puncti on as A(r) = exp(- r4/2 (72) (2) WwWhpP€BRURSI/R142he pupi l
radius and o is an apodi zation paranmeter relating to the wwdth of the 15
apodi zation function. Figure 3 shows the anplitude transmtted by the
super - Gaussi an transm ssion function of equation (2) for various pupi

radii for filief,fAFe i theabuast leds tbpeogreaivaietetdicdhe hinsninéionsf lightifami thed Shows
the anplitude transmtted for typical values of p for the Stiles-Crawford

effect as .ameebate BgelJFehlRHS MiIRRdLEERE iRPad0T theabRtRiicmRIdA the foiindl 2) - 20
Exenpl ary apodi zation filters according to the invention are descri bed

bel ow. Fﬁgg%%!z % thb Hagﬁit 'ofjabO gtﬁ?%'lﬂg?afss?%@e@&g il Fadi&shq?o\‘%ﬁ] c?in i the

par anet e over a-portion el’engt h spectrum are

shown for first exenplary apodi zation filter accordi 14 01/ 82791
PCT/ US01/ Ehepmsticaberaiion the IHe: S?slﬁvlzdi_ Wyelengty ,pew@ena %aaWﬁ%ﬁv}%esenﬁade
within an interval of 20 nm centered at the reference wavel ength of 575
nm Fi jur etténustiondortdach wavelengthh. t he |ight intensity transmitted with this
filter through different pupil radii for each wavel ength. Figure 7 shows

the total tranDiffsenospddivatogfurctiensedit knewp tpihbsagellddinghd af, veivesy S
wavel engt h. Al though a particular spectral bandwidth is illustrated, it

Wil be apREg&H ﬁio%;izaﬁbﬁbeihggn@amk%saéqrﬁﬂ%ﬁ.t IRwel E2 a6 RohOhcfaed on Wil |
be sel ected based upon the desired application. For instance, 1f Increased

ahiTted t BuheRReRSRhRagh BRuRRRpl vPloss HoARRAY SRL RGRO MR kBl 2

visual sénsitivrty € eye. 10

LBl SE R  T  Br
schematically shown in
of the pupil will provide the benefits of a Gaussian apodization but with a significant
increase in irradiance levels. Accordingly, in a preferred aspect an apodization filter
according to the invention is described by a super-Gaussian function as
A() = exp(- 1'/2 6°) )
where r is the pupil radius and c is an apodization parameter relating to the width of the
15  apodization function. Figure 3 shows the amplitude transmitted by the super-Gaussian
transmission function of equation (2) for various pupil radii for different values of the
parameter ¢. In contrast, Figure 4 shows the amplitude transmitted for typical values of
p for thé Stiles-Crawford effect as modeled by the Gaussian function
A(r) = exp(-pin10.r%/2).
20 Exemplary apodization filters according to the invention are described below.

Exemplary Filter No. 1

Referring to Figure 5, the values of the parameter ¢ (A) over a portion of the

visible wavelength spectrum are shown for a first exemplary apodization filter according

14



Figure 2 and Figure 8. The contact |ens 200 has an optical zone defined by
r3, and provides correction of the higher-order nonochronatic aberrations
as di scusvedi/stiove. An apodizing filter 202 accordi ng t oPERERpIRI42 Filter
No. 1 as shown in Figure 8 is 15 aligned with the center 204 of the |ens
200 al ong an optical axis (not shown) of the lens. Wvel ength dependent
apodi zation can be achieved by introducing a color absorbing material,
such as atelye, ineations I ties i3t madpodizatordfs rhide witliihaa tintksabof2ZZ0nmhi ch
provides increasing density fromthe center 204 to the edge 208 of the

optical pREAteRA a@thelBRrdRBSvavelehgthidfls7h AnAPREEE AW she (haser ikiikhed in
the art that various nethods exist for creating 20 such a filtering

profile. F - . Fa i.0jti . i i n

oyl i o e o e HERIRLR b Rreh bR EPEON ORI (e
into the lens teri.al,. sired.densit rofiles can be achieved by

appr opri at &S Hef gﬁ%%ﬂ“’*ﬁf’??ﬁ%%%ﬁm the TR é’Pp‘E ﬁBW?)g‘?rsz%‘iyer s. 15 WO
01/ 82791 PCT/ USO1/ 12142 Exenplary Filter No. 2 In an alternative aspect of
t he apddi 2¥avglengihy Hlthosehp particHiensrestpl Bandwidibdy Blus@atedh it wilkhg e 9,
appropriate filter material is deposited in concentric annular rings 220,
221, 222 appteciatedvbat thhpartiewlar spectid dmnsthissivhirsgias pald be s¢lbaed basténpog

mat erial provides a band pass 5 filter in each ring, each ring having a

narrower higndesred Bpplfcatibe BorShanmeR, ifondrEied BiHhe Visn is HBLredems spdrghEases.
For exanple, fromlens center (r = 0) tor = 0.5 mmthere is no filter;

fromO0.5 4Qndm¥8oh BendWidiEéotPIt hikaye &t@P&ﬁhéiéé with@hd }ogn S?%ﬁﬂ}s@?it o that

shown in Figure 6 for that particular radial position, for
vari ous r%ghkéggt to the edge of the lens. Different annular radii and
iTe

filter pro dependi ng upon application are 10 well within the scope of

TS P o e a0y o R TR B L o Mo LS00, 0, 0
contact lens according to an embodiment of the invention is schematically shown in
Figure 2 and Figure 8. The contact lens 200 has an optical zone defined by r3, and
provides correction of the higher-order monochromatic aberrations as discussed above.
An apodizing filter 202 according to Exemplary Filter No. 1 as shown in Figure 8 is

15 aligned with the center 204 of the lens 200 along an optical axis (not shown) of the lens.
Wavelength dependent apodization can be achieved by introducing a color absorbing
material, such as a dye, across the optical zone of the contact lens 200 which provides
increasing density from the center 204 to the edge 208 of the optical portion of the lens.
It will be appreciated by those skilled in the art that various methods exist for creating

20 such a filtering profile. For example, contact lens material initially provided in
cylindrical bar form can be immersed in an appropriate dye that diffuses into the lens
material. Desired density profiles can be achieved by appropriate diffusion times and

control of other known parameters.



Filter No. 2 above is the use of a single ring. As illustrated, filtering
begins at r = 2 nm 15 and continues to the edge 208 of the optical portion
of the | emgot/ge7avoi d the entrance of the short and | ong weeBlUsngRinge t hr ough

the pupil larger than 4 mmdi aneter. Preferably, the filter will conprise
a pass band filter with a bandwidth 7,. = [550-610 nn]. As described
above, other radii_and bandw dths may be applicable. 20 Exenplary Filter
No. 4 |n dixemiplasy daltarNo.2spect of this enbodi ment of the invention, the
contact lens 200 illustrated in Figure 2 could incorporate two filters in

two di fferent Zonesltefmatitxeaspecticdtlic ajodiving Bltg.as diu@rdombigcallynllidnatedént r al 2
nm di anet er of the lens, a long pass filter (A > 510 nm in the zone

bet ween 2 rgpg %Ssprgpﬁd”f@ﬁﬁén maRalds ﬂ?&ﬁ‘sit@@ﬁﬂccfnbéﬁtﬁé ahufiflari -sb§6,022@,10] 16
WO 01/ 82791 PCTi 01/ 12142 run for dianmeters |larger than I%

transm ssi %@r LGk ﬁ{%égr%‘r slurri}%é Itn]thfsears dcB thd hf@r{ﬁarhgtgnal' g @ ¥ }ass

Exerrplary ter n an alter RAt Ve e nment eapo tion may
t ake t ass ., filter in ¢ band assfllters
e B o R Lach s R R gt DRt ok BB BRESv et or o
wavel ength Figure 12 illustrates this alternative for Exenplary Filter
No. 1. Fighe @@15 1@}:@%&% B gsapls efromilens qeptgh{r TAHS 1607-p dupdbae Mot bltean
optical el ement O (e.g., a contact lens) that corrects the higher-order

monochr onmetdn Oaﬂjerlrlam tbnﬁltambuldlmmaémdmlwﬁbesc@ﬁag‘m thaFshowaria 1 and 5
and Exanmple Filters 3 and 4, respectively, for correcting chromatic
aberrati orFigékle foathat pardcylaueaial pebitied, And sisfREly fooOvaicds radiiasut td theiedge pupi |
di aneter. Figure 14 shows the white |ight MIFs for different apodi zation

filters acgohdichsl DERrtR dhkfal AYEBHE ARcMIBRISBpdiRlind HRNBPRGRLRARL i ¢ nor

the chromatic aberrations were
10  well within the scope of this aspect of the invention.

Exemplary Filter No. 3

Referring to Figure 10, the simplest case for the filter embodiment of Example
Filter No. 2 above is the use of a single ring. As illustrated, filtering begins at r = 2 mm
15 and continues to the edge 208 of the optical portion of the lens to avoid the entrance of
the short and long wavelengths through the pupil larger than 4 mm diameter. Preferably,
the filter will comprise a pass band filter with a bandwidth A = [550-610 nm]. As

described above, other radii and bandwidths may be applicable.

20 Exemplary Filter No. 4
In an alternative aspect of this embodiment of the invention, the contact lens 200
illustrated in Figure 2 could incorporate two filters in two different zones of the contact

lens; e.g., no filter in the central 2 mm diameter of the lens, a long pass filter (A > 510

nm) in the zone between 2 and 4 mm diameter, and a pass band filter for A = [550-610]

16



corrected. In this case, the visual benefit is simlar to that obtained
wth a sinple stop of 4 mmdianeter centered on the contact |lens. As can
be seen, wher/sx¥sults are inferior to the results shown i RPCEFUgUMER$4213A,
13B. Figure 15 shows the benefit of correcting coma and spheri cal
aberration wwth a 20 custom zed contact |ens, and the additional benefit
when the lens incorporates a filter for correcting chromatic aberration

accor di ng nbPfor [Aeankedte Mri@ thanld hfin JTHOfransmlisksdd fineSort foRthiafilt i§ URlstrRegef i t
can be obtai ned even when only sone of the higher-order nmonochromatic

aberratioRsppig gOrrected in addition to correcting chromatic aberration.
17 WO 01/82791 PCT/ US01/ 12142 In a preferred enbodi nent, the optica
system for inproving a person's vision could include the higher-order phase
conpensation el enment and the |light anplitude nodifying elenent being

resident in a co n tical conponent or substrate. The optical system
190 of Fiéﬁ$€§gﬂgggﬁﬁﬁgéie 8 illustrates such a system This type of 5
integrated systemis preferred when the higher-order phase conpensation
elenend is ei tthan alicrogtiearsebadement, ta ap@ization may tale therform obmloag.pabut not a
reshaped cornea. The light anplitude nodifying el enent can advant ageously

be one of filleeira@adagad ilerbaht iphey flterdésscribdaeaboabdeeelithinating ahly eienat i ve
enbodi ment, the optical systemfor inproving a person's vision 10 could

i ncl ude t ReavBieHHBE bOOHEhe RiF&SRcCRINRENSH. | KBuR! 12TRRrat’dhik AReib@ht fognP! i t ude
nodi fyi ng el enent being resident in separate optical conponents (not

shown). ThH nqii ncl ude one or nore of the higher-order phase
conpensat?%%ngﬁﬁigﬁgzgﬂﬁéécribed above in conbination with an apodi zed or

filtered spectacle | N o] A =)' lLe, .. used.in conjunction wth the

i gher - or der  phaBEet bifbe e 8 BE Pufe el TR S SPphaRk LS Bl Sren
pl atform optical system would be utilized when the higher-aorder phase
Corrperllg at (&8 a|cenasitlensyd that P‘é@?ﬁ&?p@ﬂ higherrarder monochromatic aberrations and which

incorporates Example Filters 1 and 5 and Example Filters 3 and 4, respectively, for
correcting chromatic aberration. All data are presented with respect to a 6 mm artificial
pupil diameter.
Figure 14 shows the white light MTFs for different apodization filters according
15  to the invention when neither the monochromatic nor the chromatic aberrations were
corrected. In this case, the visual benefit is similar to that obtained with a simple stop of
4 mm diameter centered on the contact lens. As can be seen, the resuits are inferior to
the results shown in Figures 13A, 13B.
Figure 15 shows the benefit of correcting coma and spherical aberration with a
20  customized contact lens, and the additional benefit when the lens incorporates a filter for
correcting chromatic aberyation according to the invention. This graph illustrates that a
visual benefit can be obtained even when only some of the higher-order monochromatic

aberrations are corrected in addition to correcting chromatic aberration.
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Anot her enbodi nent of the invention relates to high resolution retinal

i maging and providing a subject with supernormal retinal imge quality.
Figure | Bv@ehgaratically illustrates a retinal inmaging syBEBRWS@QOI2142at can
be used to provide a subject with 20 supernormal retinal inmage quality and
whi ch al so can be used to provide high resolution inmages of the retina 109
of an eye 107. The optical system 30 is substantially simlar to the
optical system I pefdried ensboliinet | the bhecah eysidrh dordmpeplinga perodn’a visic@adband
light source 300 for illumnating the retina 109, and optical path 155

| eadi ng t occuld Behidd & high&asrBértphhbbcdifens@aRinlblémient bhe tHed Clghrﬂaxh iivege. In
thi s enbodi nent, the broadband retinal 18 WO 01/82791 P /USO /12142

11 uni nati HleifﬁnErel%Yﬁéﬁ?geﬂ? Uiy R Ll 87 Bt el lﬁg&enm%fé&ya% Oﬁlé | ash

| anp 300 is 1Tmaged onto the eye's pup nsec ash,

one. doyr ec P lRRIAET LS f?*ﬁ'%‘?r%ad@% G R i e oL

def or | e. nlrro 118 whlc s _al ready been shaped to 5 co nsate for the
eye's gh@ﬁeﬁﬁt FY St SaRE Ffs PR i RS Her YA ORI B RO BRI 15, t
respect to Figure |A The light is reflected by the mrror 125 through an
artifici al eithsupicpntagdenghie FOL..cani intag doreanednjayf, bt mpke desdippehcanadi Hierdight i | t er
137, and is then focused onto the retinal inmaging CCD 156. An inproved
retinal i nagplitGdgchodifying efeamai o4 advahiapedusiyrmgine®f i dpotiizatién fiherssubj ect)
can be obtained over the inproved retinal imge 10 quality discussed in
WIlianms efesalibeddboved, 777, 719 due to correction of chromatic aberration
provided by the apodizing filter 137. The apodi zing filer 137 preferably is

described by an Bkt AL RRAARL QA Kb hn Sl aStsel RO, L

w il be appre0|ate person s

cui Labl <t PEREERN B e e O R bt hﬁ@@ wpelinde ©

Al t hough an d|z t|on filter as described above is a preferable device
for corr ec‘fﬂPﬂ‘%ﬂE&F msnf beingesspdent igsepHateptisal cpmRPReNva@hshosyt Bis of Fi gure

1 B,
system can include one or more of the higher-order phase compensation elements

described above in combination with an apodized or filtered spectacle lens, for example,
used in conjunction with the higher-order phase compensation element. Preferably, the

15  separated platform optical system would be utilized when the higher-order phase
compensation element is a reshaped cornea.

Another embodiment of the invention relates to high resolution retinal imaging
and providing a subject with supernormal retinal image quality. Figure 1B schematically
illustrates a retinal imaging system 30 that can be used to provide a subject with

20 supernormal retinal image quality and which also can be used to provide high resolution
images of the retina 109 of an eye 107. The optical system 30 is substantially similar to
the optical system 10 of Figure 1A with the notable exceptions of a broadband light
source 300 for illuminating the retina 109, and optical path 155 leading to a second CCD
camera 156 for capturing the retinal image. In this embodiment, the broadband retinal
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other filters such as neutral density filters and interference filters, for
exanpl e, could be used. W observed, however, that nerely narrow ng the
bandw dt wWo 01899 portion of the full visible bandw dt h POTAUSGUICEs2
chromatic aberration had the di sadvantage of 20 reducing total |um nance.
Figure 21 illustrates this effect fromthe perspective of visual benefit.
Narrow ng the bandwidth to 50 nm (530 mm to 580 nm) provided a 2x vi sual
benefit oviwminhtwn shiravidedibyu &rypthe fiash lamp 3100 | Ehelkaydtondtakh (280300,
however, the |um nance was reduced by approximately 50% w th an

acconpany iiggddasiio e 638% Plupil MiySicAlly inldd WEeOfAB2 R 1ebpAlukiBRAEind 8 #dthal | N
conjunction with the optical conponents, devices and systens descri bed

above, an supdhiRMnaQ0oRR id FURMHILBnd Seddbd BCiGHekO ﬂxegﬁfag?gﬁfhgrretjiﬂg)r ovi ng

a person's vision. The nmethod I ncludes correcting an o I gher-order

monochr o h e rrati.on. and rrecti cul ar chr tic,aberration,
preferab rf}b%?]sdf egg(g[g# §% k}feaQﬁ%m%FeaIanqg lgﬁr‘%ﬂéf ﬁ%s azrgacfyp%epghgp itij her - or der
monochromati c aberration data was obtained froma nunber_ of = subjects using
an ad aét i vemppRseeder theeye ﬁ%&@egemsﬁmope pRaate, ahgrratipngasflsserined hergie  devi ce
shares many features with the adaptive optical systemillustrated and

descr i bed With rewect fodfigure, 18, Pac light isreflggted by thet haradil2E tosughearvdrtifiniath i s

i ncorporated by reference 10 herein in its entirety, and in Figure 1B. In
order to @uopidil B4 abérhriaimorddadnfolwedbyentapsdizigdilter WA, agid liethen fovukdd
nydriacyl (1% or cyclogyl (1% . The subject's head position was then

st abi | i zednidthé RRinaY B @MclOCH 195, A DIk oP& retilBtinSBOVRN cbRedpBadhe t he

position of the subject's eye 107. A superlum nescent diodé 106 enitting

Cour oo on" T PR REGY Ry ﬁ’?g"hifai‘%g%ﬁ’%ﬁ%g{@*ﬂ&@? 5%31%%& Fna
[ I ' . 112
nd 118 ot AGBTEBIL b 2 &Pl e oo CoPmEe ol ane

with

aberration provided by the apodizing filter 137. The apodizing filer 137 preferably is
described by any of the exemplary apodization filters discussed above. It will be
appreciated by a person skilled in the art that such a filter can be provided, for example,
by printing the desired filter profile on a suitable substrate for incorporation into the

15  optical system 30. Although an apodization filter as described above is a preferable
device for correcting chromatic aberration in the retinal imaging system of Figure 1B,
other filters such as neutral density filters and interference filters, for example, could be
used. We observed, however, that merely narrowing the bandwidth to some portion of
the full visible bandwidth to reduce chromatic aberration had the disadvantage of

20  reducing total luminance. Figure 21 illustrates this effect from the perspective of visual
benefit. Narrowing the bandwidth to 50 nm (530 mn to 580 mn) provided a 2x visual
benefit over that obtained over the full visible bandwidth (290 nm), however, the
luminance was reduced by approximately 50% with an accompanying loss of color

vision.



the eye's pupil. The deformable mrror 118 (Xineticx, Inc.) included 37l ead
magnesi um ni obate (PMN) actuators to shape the mrror's surface and
correct twWeohsaher - order nonochromatic aberrations. LightPeBUSEcRe from
the deformable mrror 118 is focused 20 by lens 120 in a | ocation
coincident wth aperture 122 that is |located conjugate to the retina 109.
The light is then collimted by [ens 124 and passes through partially
transmtting milpcopiungton with theppficak coazmoaynt_s.,zgwwps and-aystemsriles@ihedk
wavefront sensor 130. The Hartmann Shack wavefront sensor 130 included a
squar e ar rappvefanzabodangitef the igfatiah it dingtdi to addethod farimerovirenspapacs ng =
0.4 mm available from Adaptive Optical 20 WO 01/82791 PCT/ US01/ 12142
Associ at esyisiand The pitmdddnilades cdbettmt dnstullathishdPotder hidRbéhrbadii@l order (63
Zernicke coefficients excluding piston, tip, and tilt). The lenslet array

126, | ocatggyi ' ~ ' bl o
oca ﬁ)@ﬂhﬁbmgﬂgeocﬂiﬁﬁ?mﬁénctJCBQC%%Y(?&?@&HQM an, gﬁﬁﬁargﬁ}lgg%faﬁ

i mge of the retinal point source aon a ra 128 | ocate

conj ugat e pl . W .he retina 109. Wavefront data fromthe 5 wavefront
sensor%13 ﬁ%g%c\(l)%tggg{el%l'by conputer 132 and is directed to the defornable

mrror 118 thrqough a feedback contrql |qop,134. As further shown in Figure
1A a M tsub?fg'%gerﬁ’rg%‘i‘f&ln‘?—fﬁk‘}on?it@ %Q’Fati%d%@’aP gbtatned fiom a nuwkenRfat e pl ane

with the retina 109 and was used to display a visual stinmulus to the eye
in the forstbisetsasijgaan adgpye epticpbyysicoul Gsdhpmeti¢ablytshawalipFigoet 14. Mbeter for
measur enent and eval uation of contrast 10 sensitivity and visual acuity.
The scr eendegicetsh&eCHany fpaacedithiid alapiiteomichl atthaibidstratéd ambiddscgladsiai on
spectrum The display was viewed through the 6 nm pupil 134 providing a

vi sual angWglighs 0N® g 8¢.77Rab] hadisclostt@ion s WaofRiratdd by fefdidneeA neutr al
density filter was used as necessary to equalize illum nance |levels. A

narr OWObar}f\i:Y\éigﬁrhitsé 188 S G5 Jrlal erln%ﬁ%r E@éfﬁt a%e&gtid?lrﬂate ,Q% gl:ths (FWHM
R B ¥ i

about a center wavel e ) rrm Wf'iS us I'n sone O
e el SRS RO AR S8 o e SRR
was then stabilized in the system 10 with a bite bar (not shown) to locate the position of
the subject’s eye 107. A superluminescent diode 106 emitting at 790 nm was collimated
and reflected by a beam splitter 110 to a point source on the retina 109 of eye 107. Light<
15 reflected from the retina passes through the beam splitter 110 and is directed through
lenses 112 and 116 onto deformable mirror 118 that is located in a conjugate plane with
the eye's pupil. The deformable mirror 118 (Xineticx, Inc.) included 37 lead magnesium
niobate (PMN) actuators to shape the mirror’s surface and correct the higher-order
monochromatic aberrations. Light reflected from the deformable mirror 118 is focused
20 by lens 120 in a location coincident with aperture 122 that is located conjugate to the
retina 109. The light is then collimated by lens 124 and passes through partially
transmitting mirror 125 to a lenslet array 126 of a Hartmann Shack wavefront sensor
130. The Hartmann Shack wavefront sensor 130 included a square array of 221 lenslets
(focal length = 24 mm, inter-lens spacing = 0.4 mm; available from Adaptive Optical
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| ens as described in Bedford and Wszecki, J. Opt. Soc. Am 47, 564-565
(1957). It has been shown in the prior art that |ongitudinal chromatic
aberrati ovoos8abbut two diopters (D) over the visible speCT/ugM12T42e anount
of chromatic defocus is larger (-1.5 D) at 20 shorter wavel engths (400 nm
than the chromatic defocus (0.5 D) -at | onger wavel engths (700 nn).
However, the perceived chromatic defocus is nearly symetric about the
ref er ence ANEQeRERHIH PViHsd Wane abesratinn gpfaiup tefenth wdipé ordgh €43 Zaniskeler ed in
connection wth human photopic spectral sensitivity. Chromatic aberration
coul d al socoetferiteercludegapisioadtipsnd tigrBeremskdt latreyl 126, lo¢atedainta conjugdte
appreciate. 21 WO 01/82791 PCT/US01/ 12142 - For neasuring contrast

sensi ti vi tylaeef thelbyecpuphl, KAt An@srid ihagcae rdinal paist ncteddfHCcap was
corrected with a Badal Optoneter while astigmati smwas corrected with a

trial | ensciphen) NeRessdiya colljiiedit phas fith ﬂ%ﬁ:@ﬁh@hodﬁ%@éﬁh%ﬁmﬁ%& thet 8

16, 24 and 32 c/deg were présented In randomorder to e subject. Five

measur ene f ial engGy. trast. threshol d was
dot or nionea R iShE RSO pfBEe2hy BBbhEk: | HRAD et b o g
acuity, each of e capitaljzed letter ith four different orientations
was diyspl d&)g@f&r%wﬂeug%%efé%aﬂiﬁwgﬁﬁew 5}%"9‘%5 Qw%fﬁﬁ%“eﬂﬁtﬁlé‘gt: 1Ap@f ocus  and
astigmati smwere corrected as necessary. Subjects respond to the

ori ent at i oMitgybisth OiamondProctl OERT 488 iway lagated i a sonjughte planp avithitheratimacknes s
of the letter for which 50% of responses were correct. Four neasurenents
wer e nade 109 amdrvashisedrit displaya vishaltsemulisgh thedytehin thedforhh of e pestingrogtai nal
illum nance levels, 57 Td and 575 Td, with a 6 mmpupil. Psycho-physical

Vi sual Bengirfiduldy érididdespHabbti@ Rt B mch QB OREHH Y8 eValusV iddgirg@nt r ast
sensitivity functions for two subjects (YY, with (a) defocus and

st o sy, i By i e g
bimodal emission spectrum. The display was viewed through the 6 mm pupil 134
providing a visual angle of one degree. Retinal illuminance was set at 57 Td. A neutral
density filter was used as necessary to equalize illuminance levels. A narrow bandwidth
interference filter 136 having a 10 nm bandwidth (FWHM) about a center wavelength of

15 550 nm was used in some of the measurements to correct chromatic aberration. In other
measurements, longitudinal chrqmatic aberration was corrected with an achromatizing
lens as described in Bedford and Wyszecki, J. Opt. Soc. Am. 47, 564-565 (1957). It has
been shown in the prior art that longitudinal chromatic aberration is about two diopters
(D) over the visible spectrum. The amount of chromatic defocus is larger (-1.5 D) at

20 shorter wavelengths (400 nm) than the chromatic defocus (0.5 D) at longer wavelengths
(700 nm). However, the perceived chromatic defocus is nearly symmetric about the
reference wavelength of 555 nm, as shown in Figure 16, when considered in connection
with human photopic spectral sensitivity. Chromatic aberration could also have been
measured as a person skilled in the art would appreciate.
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astigmatism and (c) after correcting both nonochromatic aberrations and
chromatic aberration. The results are simlar for both subjects. As shown,
the cont ve@01/88n6i tivity 20 obtai ned by correcting the hiBOBUSaries2
nonochromati ¢ aberrations is neasurably higher than when defocus and
astigmati sm al one were corrected. This conparison illustrates that

hi gher -order npnochronmatic aberrations in nornmal eyes reduce visual
performance. KBF Bedying ganteash pensiivye the sybjeshBsatedop 8 dorckdee sseding andvi ty was
obt ai ned, as shown, by correcting both chromatic and the higher-order
nmonochr ondefocusalvay coatactd svithra Bada Qiptasete WhiNOa Qiph8RF@IwWRChHIdSed Al 2
sensitivity functions illustrated in Figures 17A, 17B show that chromatic

aberr ati ofridifhs vitha nstésesrge Six diffetsht atianfrédiracies 6M,1408, bemnafnt 30fc/de
correcting the higher-order nonochronmatic aberrations. Figures 18A, I8B

show t he paychesdhvShGaidon Sidek toﬁﬁ@g.gﬂgém. ﬁﬁ@%ﬂeasﬁﬁem&ﬁe&&é LEQk iﬁ;l%asﬁr omati c

and t he hi gher-order nonochromatic. rrations over t VBpsy om

correcting thechi gher-order hromat i ¢ aberr.ations one, f.or the two
cub] ect s " PAAERTARRE, RN IRARIG YA Bl m R L Bk B TR aiftonedfa
benefit due to correcting the higher-order nonochromatic aberrations only
(open cir&° “is inproved by a factor of two on average at 16 c/deg and
24 c/deg. For the two subjects, respectively, the 10 naxi num vi sual
benefits are appmesaswgtveiupl acuftsiceagh obthefdapidalized lepter Erwitlsforr flfferemyy at 16
c/ deg when both the nonochromatic aberrations and chromatic aberration were
cor r ect edofiénthticend vedsrdispdsled ohhke GRAVIE 8rie asidban®désat 0% comdastwliefocams 6 nMm

di aneter pupil size at a retinal illum nance of 57 Td. In contrast,

Figures 18f asll%ﬁlaﬁﬁﬁw_vé}@ B51E Rl Shafcte kM. RBlCRTEspPRAS tHe\UrietiaBhdl of e VBPY,
respectively, tor subject GYY with a pupil diameter of 3 mMm It can be seen

resy . ha pupil mn It can
chr ombl C ABEPIR o s aar Lol B e TR O e o R Bl e e o

rr ndi n f f 1 I, N. . .
correspo (rjespgmsteg ware c?o%eg{. our tm\%gsu%mergs (\:A{e(rjeel%ade in monochromatic and white

light with two different retinal illuminance levels, 57 Td and 575 Td, with a 6 mm pupil.

Psycho-physical Visual Benefit

15 Figures 17A and 17B, respectively, show the contrast sensitivity functions for
two subjects (YY, GYY) with (a) defocus and astigmatism only corrected; (b) after
correction of the higher-order monochromatic aberrations as well as defocus and
astigmatism; and (c) after correcting both monochromatic aberrations and chromatic
aberration. The results are similar for both subjects. As shown, the contrast sensitivity

20  obtained by correcting the higher-order monochromatic aberrations is measurably higher
than when defocus and astigmatism alone were corrected. This comparison illustrates
that higher-order monochromatic aberrations in normal eyes reduce visual performance.
Moreover, an even larger increase in contrast sensitivity was obtained, as shown, by

correcting both chromatic and the higher-order monochromatic aberrations. The contrast
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white [ight. The visual benefit of either correcting the higher-order
nonochromati ¢ aberrations only or correcting both chromatic and

nmonochr ove@buszaberrations is smaller 20 than for a 6 nmm papiuSodi2adzet er

Fi gures 20A, 20B show visual acuity nmeasurenents at high (575 Td) and | ow
(57 Td) retinal illum nance |evels, respectively, for seven subjects.
Prior to obtaining this _  nmeasurenent, defocus and astignmati smwere

subj ect | vEFYIEHR; BBERns YTl ini agurpshiA. 41 owebebyomatoatergtombas
illustrate that correcting only nonochromatic aberrations 23 WO 01/ 82791
PCT/ US01/ 1pa sipongpstshiluties inglvenseermahe benefit o8 serrdesing ttheehigherearderubj ect s by a
factor of 1.2 at 575 Td and 1.4 at 57 Td.” Correcting both aberrations in
conbi nat i omoriochromedid abesatadnsacuity by a factor of 1.6 as shown in Figure
20B. Thus, this further supports the observation that visual acuity as

wel | as contragtiggenssAl MB shoemipkchblMFsiear visil baki WSl Hfler
nonochromatic 5 aberrations and, in addifion, that increased benefits are

realized ct ' ' ! Bene

i qur og. 28K oS BR R AR, altine OPREE RS A B et vet b P

cal cul ate 10 VBopt .based on.the waye aberration asurenents of. 17

subj ect s, c}fﬂm §o° Cﬁﬁg &Fg‘?siﬁgera‘i rg%{;%qqc%{_q%agw ai)gx:ratlt_qné?fcglg, é’fgeatr‘ivd) SHACShow
simlar information for a_6 nmmpupil. The calculations assunmed a perfect
corr ect i ofcietiethta Matigynge L éAwad lﬁﬁa wpestivelys Tharpipend heesfiidue taemsrecting thes
and/ or chromatic aberration after correction. The optical nodul ation
transf er thigher-orler menaohrooiatio plbdriatiohs gy (orm dwlasisdtrgpdovieddyat factosobhj ect s'
15 wave aberration data as neasured with the active optical system of

Fi gure | Atwdloa avadapt et 16 glitg MIPAede M aritietlvdyubiactsiadgedtiasty, fReRnochr omat i ¢
MIF def ocused by |ongitudinal chromatic aberration, displaced by

transver sensivnhoBlihal BERIHPLE aPprodithtel PaIFINLESE Y foh ﬁmpé}mt PPies GPEGHT @l

sensitivity of the eye at each wavel ength. The fovea
16 c/deg when both the monochromatic aberrations and chromatic aberration were

corrected (filled circles). The above measurements were made with a 6 mm diameter
pupil size at a retinal illuminance of 57 Td.
In contrast, Figures 19A, 19B show measured data for contrast sensitivity and
15 VB, respectively, for subject GY'Y with a pupil diameter of 3 mm. It can be seen that
a modest benefit of correcting higher-order aberrations or/and chromatic aberration
occurs at the higher spatial frequencies, corresponding to a factor of two at 16 ¢/deg in
white light. The visual benefit of either correcting the higher-order monochromatic
aberrations only or correcting both chromatic and monochromatic aberrations is smaller
20  than for a 6 mm pupil diameter.
Figures 20A, 20B show visual acuity measurements at high (575 Td) and low (57
Td) retinal illuminance levels, respectively, for seven subjects. Prior to obtaining this
measurement, defocus and astigmatism were subjectively corrected with a trial lens as
necessary. The figures illustrate that correcting only monochromatic aberrations
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transverse chromatic aberrati on val ue measured by Thi bos et al., Vision
Research, 30, 20 33-49 (1990) was used. The nonochromatic MIFs were

conput ed e e1/42740 nm from 405 nmto 695 nm assum ng an eBUBURYL/RI4t ri but ed
energy spectrum The reference wavelength free of chromatic aberration was
555 nm coi ncident with the maxi rum photopic sensitivity. Prior to
correcting the aberrations, the eye's best focus for the gratings is

di f f er ent previdesidnfayerage impease &ir the sayer pahjeds byia Batédr afdribatth76 Mt dnd lahat whi t e
24 WO 01/82791 PCT/US01/ 12142 |ight. W chose an anount of defocus to

maxi m ze GHEdOChiatihg bothr sbeshitdnsiitl 86mbiaatied insprotdél kel gcgtyely Hfhctofsf Shown
in the Figures, there is alnopst no optical visual benefit fromonly

correcting ¢4y BaWhiik FARRE DAB T PRud Mis ﬁlrglefrmﬂib'éﬁ's the dbstREGG tthﬂ HAsiba ﬁé\ﬁ@se in

contrast 5 sensitivity can be séen when only the hi gher-order

monochr On%% %Q %Bﬁ@és%%%%ﬁ%%ﬁ%&ﬁrf%% (ﬂ'{e%hng %%g(fl/eg § er {Iﬁngﬁn er C W th

ref erence I gur es correcti on-o Yy OI’ der

nonochpomaj i c aberrat.i on ded a i V|sual benefit at

T ddl 65 andbrres ad i faf P diranerSe? Perth e szt by hgavsing t ne

cal cul ated optical visual benefit fromcorrecting both chromatic and the
nonochr on&hjoEnatig akpERticRt i ons i s substantially larger than that from
correcting higher-order nonochromatic aberrations only. The theoreti cal
visual benefits are larger than the enpirical data presented in Figures
19A, 19B, 20A and 20B because the adaptive optics systemwas incapable of
perfect cayrel Vol Bdaepr etical cal cul ations indicate that correcting both
the higher-order nonochromatic aberrations and chronmatic aberration over a

large pupi | 15 b R0RIEN P18 &gﬁ&@@ﬁ AR % h'MTFsO dtthgca{leﬁlht@a by a

factor approachl ng 20 at 32 en eit e rmno romati c
aberragio |tu aberratlon corr cted t,he
cor T aRaband o A s Bt B3 el 8 P 'fia}lf?s%f.%a (RS TPHer

aspect of the nethod enmbodi ment rdin he invention is dlrectedto
P dgameter Hﬂkewwe ?gures SZC c{: S ho%v smn{ar ?nformatﬂ)n for a 6 mm pupil.

The calculations assumed a perfect correction such that there was no effect of

monochromatic aberrations and/or chromatic aberration after correction. The optical
modulation transfer function in monochromatic light was calculated from the subjects’
15  wave aberration data as measured with the active optical system of Figure 1A. The
white light MTF was obtained by summing each monochromatic MTF defocused by
longitudinal chromatic aberration, displaced by transverse chromatic aberration, and
weighted by the photopic spectral sensitivity of the eye at each wavelength. The foveal
transverse chromatic aberration value measured by Thibos et al., Vision Research, 30,
20 33-49 (1990) was used. The monochromatic MTFs were computed every 10 nm from
405 nm to 695 nm assuming an equally distributed energy spectrum. The reference
wavelength free of chromatic aberration was 555 nm coincident with the maximum
photopic sensitivity. Prior to correcting the aberrations, the eye's best focus for the
gratings is different for different spatial frequencies in both monochromatic and white
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provi di ng the higher-order nonochromatic aberration correction and the
chromatic 20 aberration correction in a common optical conponent. For
exanpl e, v@y1/8f79n contact lens, an I OL, an inlay or an onP@yus@ruvizdi ng
phase conpensation, could be artificially apodized to correct chromatic
aberration. In an alternative aspect, the higher-order nonochromatic

aberration. and th omati c aberratiaon correction could be
provi ded iri}g %%‘Pé‘e Yppeyt 0%§e{§«61%t9/%@9@1zeﬁhfrméelﬂlmEarzsfercfanﬁméﬁtas For
exanple, any of a contact lens, an IO., an inlay, an onlay, or a reshaped
cor nea codl ‘éﬁgcﬁriﬂ@@g phase conpensati on and an apodi zed or filtered
spectacle |lens could provide chromatic correction. The invention thus

denonstrates, ahosipvatinehe Figuregsthefehatlmassnabptiaheikudl beseffi fiompoalyed by
correcting higher-order nonochromati c aberrations of the eye, and that an

even greatcdfredi ot gtiteAtickratisn ftadd MEHpYIE N GREQIB ifer@Re ] &du@k 1S
corrected in addition to the hi gher-order nmonochromati c aberrati ons.

Practi gal sgﬁ'éﬂlﬁg)ﬁ? 353:'5'3@1& bvﬂgﬁo gﬁé}rorg Bﬁ&ﬁ% lc a'bgﬁﬁtﬁ)o\ﬂsqrgerg per son's

vi sion. The nea nprovenen |S|on escri above Is’in

f I
Sonei i et BEPY Ehid Bt Bbont® righE wd iR ﬁi&o&%ﬁ%ﬂf

i ncrease in V|sual acujty by correctlng hi gher- order nonochronatic
aberrati orf& YoﬁhFé’l*&heE'ﬁF‘%?Frﬁ%qn@dHB@laF‘éﬁli’%’mpﬁ prgvislegnh Saulsrger optigal ®isyelct i ons of
MIFs and the neural threshold curve (as neasured by G een, J. Physiol.
190, 583- 898ef{troenidlpradhighenipstiall freyuenidigs. folhé mmlpupp! Hoatevere theunber s i n
Figure 23 15 correspond to benefits in visual acuity that could be achieved
by corr ectcaleglaval optical viadad bermdfit 60s cdrfecBhgbdthchronfiici and &id meRodhedstes t o
nmet hods and devices for inproving a person's vision by correcting, in
conbi ngt i QRerrAHERES subkARfialfPRACH AR FoRE&drdcting higher-order monochromatic

aberrations only. The theoretical visual benefits are larger than the empirical data

presented in Figures 19A, 19B, 20A and 20B because the adaptive optics system was

incapable of perfect correction. Theoretical calculations indicate that correcting both the

higher-order monochromatic aberrations and chromatic aberration over a large pupil

15 diameter could increase optical quality on the retina by a factor approaching 20 at 32
c/deg. When either the monochromatic aberration or the longitudinal aberration alone is
corrected, the uncorrected aberration dilutes the benefit of correcting the other.
An aspect of the method embodiment according to the invention is directed to
providing the higher-order monochromatic aberration correction and the chromatic
20  aberration correction in a common optical component. For example, any of a contact
lens, an IOL, an inlay or an onlay, providing phase compensation, could be artificially
apodized to correct chromatic aberration.
In an alternative aspect, the higher-order monochromatic aberration correction

and the chromatic aberration correction could be provided in separate optical
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aberrations and chromatic aberration. In addition, the invention relates to
a systemfor 20 inproved retinal inmaging. Notw thstanding the preferred
enbodi mrew@osgei fically illustrated and descri bed herei RCTAUBOMI2I42 be
appreci ated that various nodifications and variations of the instant
invention are possible in light of the description set forth above and the
appended clains, wthout departing fromthe spirit and scope of the

i nvent i onSOPRORARSH Fog sranplecny ydarenteiiens, i 10Lappinlay, ap opley nefct f or

i nprovi ng a person's vision, conprising: correcting an ocul ar hi gher-order
nmonochr ontgshepediserneatcould ppévidd phase compessation sidan apndized ot filterdtspegada

ocul ar chromatic aberration of the person"s vision. 2. The nethod of claim
1, wher ei tenkbeuldpubdde Elirgimatie osrketiononochromati ¢ aberrati on conpri ses
third and hi gher-order radial Zernicke nodes. 3. The nethod of claim 2,

wherein the oc %@En\)&hﬁl&?{huﬁ’HQﬁan!iﬁﬂé%FM&YQ&&%OM%‘@%R&Q@M&B&&% gonpri ses

fifth to tenth-order radial Zernicke nodes. 10 4. The nethod of clai m 1,
18 O ) B8 8- I R o0 TR e 5B
aber  at  ofi B BEHPE Do i e AR GHERALF ABr AESorlsh BRAfigbes. 15
6. The nethod of claimb5, wherein correcting the ocul ar higher-order
nonochr oni the bigher-prder ewwneddnpmptie abaritions. i Prgctised dodedsand wmakeodsthere hednon
represented by fifth to tenth-order radial Zernicke nodes. 7. The nethod
of cl ai m described foir impvinect parspit’ hreismou | The nikagived impebeement in vision
described above is in good agreement with theoretical values of visual benefit and
10 contrast sensitivity for perfect correction.
Figure 23 shows the theoretical increase in visual acuity by correcting higher-
order monochromatic aberrations or/and chromatic aberration for a 6 mm pupil.
Intersections of MTFs and the neural threshold curve (as measured by Green, J. Physiol.
190, 583-593 (i 967) predict visual acuity. The multiplicative numbers in Figure 23
15  correspond to benefits in visual acuity that could be achieved by correcting various
aberrations.
In summary, the invention relates to methods and devices for improving a
person's vision by correcting, in combination, higher-order monochromatic ocular
aberrations and chromatic aberration. In addition, the invention relates to a system for
20 improved retinal imaging.
Notwithstanding the preferred embodiments specifically illustrated and described
herein, it will be appreciated that various modifications and variations of the instant
invention are possible in light of the description set forth above and the appended claims,

without departing from the spirit and scope of the invention.
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nonochromati ¢ aberrati on conprises providing an ocul ar device having a
phase profile 20 suitably adapted to correct said aberration. 8. The

met hod ofw@buas2mwi’, wherein said ocul ar device conprises apCT/@agt12042e of a
contact lens, an IO, an ocular inlay and an ocul ar onlay. 27 WD 01/82791
PCT/ US01/ 12142 9. The nethod of claim1, wherein the step of correcting an
ocul ar hi gher-order nonochromatic aberration conprises surgically altering
a char act 8¥4 €leim: of the person's eye to correct said ocul ar higher-order
nmonochromati c aberration. 10. The nethod of claim 1, wherein the step of
correcting. oculAametbbd doriiriptoing b persed’s disic kpmptisiagat t enuat i ng a spectra
bandwi dt h of |ight incident on a person's-eye, said bandw dth being in the

range from aboubérrddding BhlocRulhp BighB-OMer mbAGhYdmath! SerBR&E b thBpersdn’s The net hod
of claim 10, wherein said step of correcting said ocular chromatic

aberratiogmh#%ggﬁr conprises providing a bandpass filter for correcting
sai d ocul ar chromatic aberration. 12. The nethod of claim 10, wherein
said sfep of correcting said ocular chromati aberrat.i.on further conprises
provi ding a | oRYTEHES SioRtiaF chigmalip AhGtAIPAGT e R YFONChr ot | ¢
aberration. 13. The nethod of claim11, wherein correcting ocular chromatic
aberr at i o conphf sethodiof chadmdl. Aheeeim thseacylep highgrpider mppochrpmatiet hod of
claim 13, wherein said apodi zati on provides a non uniformlight anplitude
t ransni ssalrdtioh wemprises thuld engpbighermordanddiahZemérke enodss. t he pupil. 15. The
met hod of claim 14, wherein the |light transm ssion increases fromthe edge
to the cepter Qhehehddugfidlaim2t) wiRreid tie J¥alah@ikhef-ofdeAndndchrombes @hie sai d

apodi zation is a function of wavel ength.
aberration comprises fifth to tenth-order radial Zernicke modes.

10 4. The method of claim 1, further comprising correcting defocus and astigmatism of
the person’s vision.

5. The method of claim 1, wherein correcting the ocular higher-order
monochromatic aberration comprises measuring the ocular wave aberration represented
by third and higher-order radial Zernicke modes.

15 6. The method of claim 5, wherein correcting the ocular higher-order
monochromatic aberration comprises measuring the ocular wave aberration represented
by fifth to tenth-order radial Zernicke modes.

7. The method of claim 1, wherein correcting the ocular higher-order
monochromatic aberration comprises providing an ocular device having a phase profile

20  suitably adapted to correct said aberration.

8. The method of claim 7, wherein said ocular device comprises at least one of a

contact lens, an IOL, an ocular inlay and an ocular onlay.



17. The method of claim 10, further conprising providing an apodi zation
filter for correcting said aberration. 18. The nethod of claim 17, wherein
sai d apoavaatswm filter provides a non uniform anplitudePCT/aRGIM2$42 oN
across the eye's pupil. 28 WD 01/82791 PCT/US01/12142 19. The net hod of
claim 18, wherein the anplitude transm ssion increases fromthe edge to

of 1 he oot ar CHFSRIBTLOTSTaR Lt 1 Yool b el g R,

correction of the higher-order nonochromatic aberration. 5 21. The nethod
of clai m MmongRRRoBIAHC pReTAiNCeRPIIST: WrLieHl abetingp chpeiratticolabemeronsn i s
provi ded externally to the correction of the higher-order nonochromatic
aber r at i ogye tpebrrephsaid o¢war hdgharoeddr grotopimomatingberrgdienson' s vi si on,
conprising: an optical conponent selected fromat |east one of a contact

| ens, an [OL, dhe mathayofadigimah vaierely thedigy ol consatink culgrehssihatiktas a surface
shape adapted to correct a 10 hi gher-order nonochromatic ocul ar wave

aber r ati oRb&tatioR@oRPI R utfendgB$ebivdl LASdwidM SN IRINR iRdd i 62 TPORERS elS

adapted to correct an ocular chromatic aberration. 23. The ocul ar device of
claim 22, I ek 0: 1Sad ' - r ti r ye aberration
conpri ses 5 %ﬁﬁ&ﬁlﬁ%ﬁh@%%@ﬂgﬁ@gﬂﬁ%gﬁ?%E}%’@Iggﬁnn%gglé& ﬂﬂ%%ﬁee ocul ar
device of claim 23, wherein said higher-order nonochromatic ocular 15 wave
aberrati ofiPtMBtises fifth to tenth-order radial Zernicke nodes. 25. The
ocul ar device of claim?22, wherein said conponent adapted to correct
chromat i ¢ lAber ridemphedsofzclaipgh, whiereirpaid step off perresting spid wevior ehrpmati¢ aj m 25,
wherein said light filter is a neutral density filter. 27. The ocul ar
devi ce of ab¢redtiondBrthasivemprinessmbvidingghtanfipdss €ilter foraobyesithgassl deularer . 20 28.
The ocul ar device of claim?25, wherein said light filter is a | ong-pass
filtel0d chromatic aberration.

12. The method of claim 10, wherein said step of correcting said ocular chromatic

aberration further comprises providing a long-pass filter for correcting said ocular

chromatic aberration.

13. The method of claim 1, wherein correcting ocular chromatic aberration comprises

15  apodizing a person’s pupil.

14.  The method of claim 13, wherein said apodization provides a non uniform light

amplitude transmission between an edge portion and the center of the pupil.

15.  The method of claim 14, wherein the light transmission increases from the edge

to the center of the pupil.

20 16.  The method of claim 14, wherein said apodization is a function of wavelength.

17.  The method of claim 10, further comprising providing an apodization filter for

correcting said aberration.

18.  The method of claim 17, wherein said apodization filter provides a non uniform

amplitude transmission across the eye’s pupil.
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29. The ocul ar device of claim?25, wherein said light filter is an

apodi zation filter. 30. The ocul ar device of claim?29, wherein said

apodi zat ivo@ 0f/8379er has a non uni form anplitude transm ssPOVUBE/R2EEN a
center and an edge of the pupil. 29 WD 01/82791 PCT/USO1/ 12142 31. The
ocul ar device of claim30, wherein the anplitude transm ssion decreases
fromthe center_to the edge of the pupil. 32. The ocul ar. device of claim
30, wher eilfl- t hdhgperthodef dpiny 1§, teherdin theamplidede nspissipyyasigases froppleuni f or m
anplitude transm ssion between a center and an edge of the 5 pupil. 33.

The ocul ardgeiitbe caftercdfdhep@fll. wherein the attenuation of the |ight from
the center to the edge of the pupil increases for wavel engths as said

wavel engt 9. novidean@lod &ff Al vifeesie Aeecot@vebreathb oc@4r chib@ate shepiatidgVi ce
of claim 29, wherein said apodi zation filter is represented by a 10

super - GausshaRidel %E%Ihﬁﬂy RfithithcdrRicHbAOE the FighePordef nfdnloélronmtic abdHariggY! ar

devi ce of claim 29, erein said apodi zation filter conprises an annul us

of [COLRr 39s0r B IR L Aol 2GR FEEAS SnIR0RH! YL AT BG RET & O

the edge™of the pupi e ocul ar” device aim

apodi zation filter has _a tqtal band ass from aboyt 500 nmtq about 650
Am 37, THEPGEIded exBRIE 40 Cerfawfﬁnz@,ltﬁvﬁ@%ﬁ-wdgw&n%%a@w% HEFaPY ¢ or
conprises a plurality of adjacent annular shaped filters wherein each
annul ar f 2Rt er Amecudardievica &ef InpadRSS BerdPN B Visiiia AGMPESIALE hat i s narr ower
than an adjacent snaller annulus. 38. The ocul ar device of claim 29,

wher ei n sai d apoadptietlicompbndrt s¢lectedrfromse eaatomel afa codthchizus,ag 180, amner
di aneter across which there is no light filtering and a portion between

the inner jglhp Rl & olBy vAikrélH kSd cdinpoRé had@virfie 3hfrsriapid tWtdrfecta bandwi dt h
from about
10  higher-order monochromatic ocular wave aberration of the person’s eye and further
wherein said component is adapted to correct an ocular chromatic aberration.
23.  The ocular device of claim 22, wherein said higher-order monochromatic ocular
wave aberration comprises third and higher-order radial Zernicke modes.
24.  The ocular device of claim 23, wherein said higher-order monochromatic ocular
15  wave aberration comprises fifth to tenth-order radial Zernicke modes.
25.  The ocular device of claim 22, wherein said component adapted to correct
chromatic aberration is a light filter.
26.  The ocular device of claim 25, wherein said light filter is a neutral density filter.
27.  The ocular device of claim 25, wherein said light filter is a bandpass filter.
'20 28.  The ocular device of claim 25, wherein said light filter is a long-pass filter.
29. The ocular device of claim 25, wherein said light filter is an apodization filter.

30.  The ocular device of claim 29, wherein said apodization filter has a non uniform

amplitude transmission between a center and an edge of the pupil.
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550 nmto 610 nm 39. The ocul ar device of claim38, wherein said inner
radius is equal to or less than 2 mm 30 WO 01/82791 PCT/ US01/ 12142 40.
The ocul avodssi7ee of claim 29, wherein said apodi zati on fPCT/@80KCM2 | SEes a
plurality of adjacent annul ar shaped filters wherein a central radial
portion of the conponent provides no filtering, a first annular ring
provides a long pass filter, and a second annular ring adjacent to and

| ar ger thah thg'hfi pewar dgvimgl ddiclaimg, phoweindds asplianidpmesnissionidetreases 41. The
ocul ar device of claim40, wherein the long pass filter provides

t ransm ssfrom thé oenteatseheadpes tigy wadiler t han about 510 nm and t he bandpass
filter provides transm ssion between about 550 nmto 610 nm 42. The

ocul ar deypce Ghe pbdhictRoe oMRiBI30, SBbLiARedbsatan i hasa gREPANSES a
| ong- 10 pass filter. 43. The ocul ar device of claim42, whereinsaid

| ong- pass i1 ﬂpég [ t | Bavele a Ief erence
wavel engt ﬁéﬂgb ngg’o]ﬁt %%n%% diiﬁgde&%ﬁlg%ﬁs%ozﬁ sy%neaz%%%%? a?%pgxélgd nog }ée person's
Vi si on coq¥Lising: a hi gher-order phase conpensation elenent; and 15 a
li ght anpPPhde nodifying el enent. 45. The optical system of claim 44,
wherein the higher-order phase_conpensation elenment and the |ight
anpl i t ude33odi AP¢ Aglen davigstof glaimB3as whetsin the abenvgtinp AL @stlﬁgbhﬁomdgenponent .
46. The optical system of claim44, wherein the higher-order phase
conpensat caner20 the esige of thenmipiliecrkasghforavgyelengidie assald fvaivelgnghemont awsye each
resident in a separate optical conponent.
from a reference wavelength.
34.  The ocular device of claim 29, wherein said apodization filter is represented by a
10 super-Gaussian function of the form A(r) = exp(-t*/26?).
35.  The ocular device of claim 29, wherein said apodization filter comprises an
annulus of color absorbing material having an increasing density from the center to the
edge of the pupil.
36.  The ocular device of claim 35, wherein said apodization filter has a total band
15 pass from about 500 nm to about 650 nm.
37. The ocular device of claim 29, wherein said apodization filter comprises a
plurality of adjacent annular shaped filters wherein each annular filter has a defined
bandpass with a bandwidth that is narrower than an adjacent smaller annulus.
38.  The ocular device of claim 29, wherein said apodization filter comprises annulus
20 having an inner diameter across which there is no light filtering and a portion between
the inner diameter and an outer diameter having a passband with a bandwidth from about
550 nm to 610 nm.

39. The ocular device of claim 38, wherein said inner radius is equal to or less than 2

mm.



47. The optical system of claim44, wherein the higher-order phase
conpensation elenent is a deformable mrror. 31 WO 01/82791 PCT/ US01/ 12142
48. The oyoovsd79syst em of cl ai m 44, wherein the hi gher - or BET/URNARE42
conpensation elenment is a liquid crystal device. 49. The optical system of
claim44, wherein the higher-order phase conpensation elenent is a contact
l ens. 5 50. The optical system of claim44, wherein the higher-order phase
conpensat i49h  elhementar deviegof him 39, whihein epitliapedizatyst fgtar ebmptisdsm 44,

wherein the higher-order phase conpensation elenent is a reshaped cornea.

52. The opilivatity &\djaesntehnclapsiipdd! filtvb evtRidin b Renthdl @hdidl-poktitar ofthase
conpensation 10 elenent is an ocular inlay. 53. The optical system of

claim 44, JWheiogbd prigddy rgﬁme-rﬁlrgdsﬁrs@aﬁﬁﬁm%vr%ﬁ?mteg 2TbneSlaSBRL, 4R AN ocul ar

onlay. 54. The optical system of clalm 44, rein the li ght anplitude

e
ner ol n e Paplef ing pliptaffo oo IR SRR BEIRIS Plias,

filter, 56f The optical systemof claim44, wherein the |ight anplitude
nodi f yiSng Uiknent is an apodi zed pupil of the person. 57. The optical
system of claim56, wherein the apodized pupil conprises a non 20 uniform
anpl i t ude 4lr ansthesosilen deyice pigglainhde.\veherein thedlang passritten proviflgs tigpsmisgiopupi | .
58. The optical system of claim56, wherein the apodi zed pupil conprises a
spectral | yodepesicetls, graaer than AlounSadmin, badithetbaadysass Skergnofled trgismidsitmwveen a
center and
between about 550 nm to 610 nm.
42.  The ocular device of claim 29, wherein said apodization filter comprises a long-
10 pass filter.
43.  The ocular device of claim 42, wherein said long-pass filter substantially
transmits wavelengths above a reference wavelength of about 555 nm.
44.  An optical system for improving a person’s vision, comprising:
a higher-order phase compensation element; and
15 a light amplitude modifying element.
45.  The optical system of claim 44, wherein the higher-order phase compensation
element and the light amplitude modifying element are resident in a common optical
component.
46.  The optical system of claim 44, wherein the higher-order phase compensation
20  element and the light amplitude modifying element are each resident in a separate optical
component.

47.  The optical system of claim 44, wherein the higher-order phase compensation

element is a deformable mirror.



an edge of the pupil. 32 WD 01/82791 PCT/US01/ 12142 59. The optical system
of claim45, wherein the commobn optical conponent conprises at | east one
of a contve@v1/8¥ns, an IO, an inlay and an onlay. 60. TherPopusei21Lyst em of
cl aim 46, wherein the phase conpensation elenent is resident in at |east
one of a contact lens, an IOL, an inlay, an onlay and a reshaped 5 cornea,
and the light anplitude nodifying elenent is resident in at |east one of a
contact |48ns, Bie dpfical systemndfayaimedt, ovhleseyn thedhighier-exdee phase copipesatios onponent
used in conjunction wth the phase conpensation elenent. 61. The optical
system of gémédniddliqiergtdl defige. phase conpensation el enment and the |ight
anplitude nodifying el enent are di sposed on an optical axis of the optical

system 62. et (o) -al DL S i: at
Lot one ot ha eRuT R IRl R, bl I A RTRIC BhA SERSHALEY, T
ocul ar chromati.c abertr‘ﬁii on. 63. An optical systemfor generating high
resol uti on ?rﬂ%ﬁéssafﬁn? “Betina of _the Iivi ng eye, conprising: neans for
generating a reflected point source inmage of the retina of said living 15
eye; means% or Hhscantigaliystems of claam 4. tdgregbihg highstrorder phesgsoBpenstipn
converting said point source inmage to corresponding digital signals;
conput er redementfipan KAl.cul ati ng a hi gher order nonochromatic aberration
using said digital signals; 20 neans for illumnating a retinal disk on
sai d |ivi ng. eyeTHewptipalagsemng cdaimetd, ndkreirdihs khidhebgier phdte ¢bdipeatles phase
conpensating optical elenent in an optical path of the system said
conpensat i din&ftid £Rkhfle@¥BiHeaei Ng adj usted to correct said higher-order

52.  The optical system of claim 44, wherein the higher-order phase compensation

10 element is an ocular inlay.
53.  The optical system of claim 44, wherein the higher-order phase compensation
element is an ocular onlay.
54. The optical system of claim 44, wherein the light amplitude modifying element is
a filter.

15 55.  The optical system of claim 54, wherein the filter is at least one of a passband
filter and a long-pass filter.
56.  The optical system of claim 44, wherein the light amplitude modifying element is
an apodized pupil of the person.
57. The optical system of claim 56, wherein the apodized pupil comprises a non

20  uniform amplitude transmission of light between a center and an edge of the pupil.
58.  The optical system of claim 56, wherein the apodized pupil comprises a
spectrally dependent, non uniform amplitude transmission of light between a center and

an edge of the pupil.



nonochromati ¢ aberrations; W 01/82791 PCT/ US01/ 12142 a |light anplitude
nodi fyi ng el enment for correcting chromatic aberration disposed in the

opti cal pwdh1/8f79t he system and neans for providing an i nBOEUSH/Ra2d
reflected retinal disk inmage after correction of the higher order
nmonochromatic aberration and the chromatic aberration. 5 64. The system of
Cl aim 63, wherein said higher-order phase conpensating optical elenent is
one of a 06e9forrﬁﬁl@“ﬁ?lr%yé‘iem%fqlqlﬁhﬁ%“@ﬁmﬁleC@EWQ?@P“&NCF%WEMB devi ce. 65.
The system of C aim 62, wherein said |light anplitude nodifying elenent is
one of arcomptrksmaillﬁst@pmﬁaz@trﬁaﬁhlea’semd@i amdhlgnamian @ddy.filter. 66. A

nmet hod for generating high resolution inages of the retina of the |iving

eye, 10 o@opr iRiengtichiesysteapst ddimgE) ewhateimhe phtef doagleashtip@icimen@ly Ce | mage
of the retina of said living eye; converting said point source inmage to

cor r espondidigerfliPhitiadst ShaHed éonté‘c%héh@' ﬁtmg afl nﬂhﬁ %ron@eﬁ%ﬁ ani@%?@& omatic

wavefront aberration usi ng sai d digi tal  signals: 15 "I T'um nat ng a retinal
di sk og s ﬁ‘% ‘% a g tlng
o d ot s e UG S RACHBENL Bkt SR aled fasTRREors 4
el enent, 4l dc ensa tical el enent be| ng adj usted such, that
wavef r ont IE?Ong(ﬁ?s)aﬁ“ilB Y f@ @‘t%fﬂglr(}pé‘f’?ld%@ﬁogmﬁr‘ﬁw HeEPywictien g
living eye; andrpgr oviding a li ht anpl i tude nodi fying el enent for
correcti ngwéhﬁhé psecconppnsghiepelfmesh. 67. The nethod of claim 66, wherein
illumnating the retinal disk conprises using a broadband |ight source.
68. The netlhod 1o optiadlrsysm offvéaimi 44, tvherest thp phiisecompentaiting eldreene idiimt i c
aberration conprises artificially apodizing a pupil of the optical system
light amplitude modifying element are disposed on an optical axis of the optical system.
10 62.  The method of claim 1, further comprising measuring at least one of the ocular
higher-order monochromatic aberrations and the ocular chromatic aberration.
63.  An optical system for generating high resolution images of the retina of the living
eye, comprising:
means for generating a reflected point source image of the retina of said living
15 eye;
means for receiving said reflected point source image and for converting said
point source image to corresponding digital signals;
computer means for calculating a higher order monochromatic aberration using
said digital signals;
20 means for illuminating a retinal disk on said living eye for producing a retinal
disk image;
a higher-order phase compensating optical element in an optical path of the

system, said compensating optical element being adjusted to correct said higher-order

monochromatic aberrations;
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a light amplitude modifying element for correcting chromatic aberration disposed
in the optical path of the system; and

means for providing an image of said reflected retinal disk image after correction
of the higher order monochromatic a?érration and the chromatic aberration.
64.  The system of Claim 63, wherein said higher-order phase compensating optical
element is one of a deformable mirror, a liquid crystal device, and a MEMS device.
65.  The system of Claim 62, wherein said light amplitude modifying element is one
of an artificial apodization element and an optical filter.
66. A method for generating high resolution images of the retina of the living eye,
comprising the steps of:

generating a reflected point source image of the retina of said living eye;

converting said point source image to corresponding digital signals;

calculating a higher-order monochromatic wavefront aberration using said digital
signals;

illuminating a retinal disk on said living eye for producing a retinal disk image;

intercepting said retinal disk image with a higher-order phase compensating
optical element, said compensating optical element being adjusted such that wavefront
compensation for said wave aberrations is provided for said living eye; and

providing a light amplitude modifying element for correcting chromatic
aberration.
67.  The method of claim 66, wherein illuminating the retinal disk comprises using a
broadband light source.
68.  The method of claim 66, wherein the step of correcting the chromatic aberration
comprises artificially apodizing a pupil of the optical system.

34



