WO 03/ 034909 PCT/ US02/ 33205 TI TLE: SUBJECTI VE REFI NEMENT OF WAVEFRONT
MEASUREMENTS FI ELD OF THE | NVENTI ON The present invention relates to
optical iwstmwsmnes for devel oping a corrective 5 ophthal mca/yso®3ssos pt i on
and, nore particularly, to apparatuses and nethods for subjectively
refining a corrective prescription based on aberrations determ ned by a
wavefront neasuring device (WWD). BACKGROUND OF THE | NVENTI ON 10 The eye
is an optical system having several optical elenents for focusing |ight
rays representing inages onto the retina within the eye. The sharpness of
the i mages prodlited: YUBIEGEI Y REANEMENT &3t WA VIEFReNgr MEASIGREMENTS ual
acuity of the eve. Inperfections within the |lens and other conponents and
material within the eye, however, may cause the light rays to deviate from
t he desired pat h. These deviations, referred to as aberrations, result in

bl urred E;L@@PSFPPE‘MEN’IQ d visual acuity. Hence, nethods and

appar at uses nmeasuring aberrations are used to aid in the correction of

such probl ens nmet hod of. de ng..aberrations.intrqduced by the eye
ol bea t he. el B TR TS TG PP OH RO IBE AT SOBE # gheatiigs
eX|t|ng fromthe eye. An input beamof |ight focused into the eye to a
poi ntSon tomhthadmicaescsiptien ped tnaere partiselarly eioagpiratisenand mitholie fee gebjactivel20
wavefront. The wavefront contains the aberrations introduced as the

wavef ropt mpésisgsa cotrbetdegiresdniption dasedaptabehticels eownininedrts zﬁ%h%&‘r&hﬁleﬁéﬁ?m
determ ning the propagation direction of discrete portions (i.e.,
of this weygikqpvphhe aberrations can be 1 WD 03/034909 PCT/ USOZ/ 33205

BACKGROUND OF THE INVENTION

10 The eye is an optical system having several optical elements for focusing light rays
representing images onto the retina within the eye. The sharpness of the images produced on
the retina is a factor in determining the visual acuity of the eye. Imperfections within the lens
and other components and material within the eye, however, may cause the light rays to
deviate from the desired path. These deviations, referred to as aberrations, resuit in blurred

15 images and decreased visual acuity. Hence, methods and apparatuses for measuring
aberrations are used to aid in the correction of such problems.

One method of detecting aberrations introduced by the eye involves'the determination

of aberrations introduced into light rays exiting from the eye. An input beam of light focused
into the eye to a point on the retina is reflected or scattered back out of the eye as a

20 .wavefront. The wavefront contains the aberrations introduced as the wavefron* passes
through the eye's optical elements and exits the eye. By determining the propagation

direction of discrete portions (i.e., samples) of this wavefront, the aberrations can be



determ ned, thereby enabling the production of corrective | enses and/or
performance of other corrective procedures that restore visual acuity.

FIG 1 iswarn3iob49ostration of a prior art WD 10 for neasurCagisabannati ons
within a wavefront 100 and correcting aberrations. An input beam 102
generated by a radiation 5 source 104 (e.g., a laser) is routed to an eye
106 by a beamsplitter 108 where it is focused to a snmall spot 110 on the
retina 112 within the eye 106. The wavefront 100 reflected fromthe spot
110 on the retina 112, which acts as a diffuse reflector, becones aberrated

as it passéserntihedtighetyheabkmnsthaptodiction oﬁwm@ﬁﬁmﬁeﬁsé&rﬂm:p@ffb%%c\é’io?B{-h@r
the eye 106. In an ideal eye, the wavefront 100 would be free o

aberrat i ongorrdev@ProkERfES BEL re@¥fe ViR aflgiyever, aberrations 10 are
i ntroduced as the wavefront 100 passes out of the eye 106 and results in an

i nperfect wave t. containin berrat i the return path, the

wavef ront 100 plfz:af;ds)g 45t ﬂhﬁbﬂ“‘f’ﬁ%fa%%% %W é&ﬁ%e’isﬂa‘nﬁg &hersaftons within sat

i ncludes, for exanple, a Hartman-Shack |enslet array 116 and an i nagi ng
devi ce 118W3‘@5??P5i% Yl WwrEerargRbeEtipne Al SputRe genkrafediby eradigtien pl at e
120, positioned between 1.5 the eye 106 and the beam splitter 108, is a
known? t ec haeiutped Ode.g paniser)l intdung tohem ayel186 by abian sphfiert 0B WY i??@ﬁké&%
going into the eye 106 and the wavefront 100 enmnating fromthe eye 106 to

al | ow t he sl sont 10,09 tieehassl 2 iimHaRe 126 08° 3R SRIEIbAY 1ML QYRR ! e eye

wavefront sensor 114. Additional |enses 122 are positioned b

eye 106 onts et ED e B 2o knth ol By e st s oo el enitperics
I nf or mat i og?dg gjct ed %O% e wavefront sensar 114 is then processed by a

processor ! edenset CrCREPRBNS 31d BRENS Within theweye 166t I @0ideahéyehthean

be used to develop a corrective prescription for the eye 106. 2 WO
03/ 034909 wavefront 100 would be free of aberrations. In an imperfect eye 106, however, aberrations

10 are introduced as the wavefront 100 passes out of the eye 106 and results in an imperfect
wavefront containing aberrations.
On the return path, the wavefront 100 passes through the beam splitter 108 to a sensor
114 that includes, for example, a Hartman-Shack lenslet array 116 and an imaging device 118

containing a charge coupled device (CCD). A quarter-wave plate 120, positioned between

[
n

the eye 106 and the beam splitter 108, is a known technique for manipulating the polarization
of the input beam 102 going into the eye 106 and the wavefront 100 emanating from the eye
106 to allow the wavefront 100 to pass through the beam splitter 108 toward the wavefront
sensor 114. Additional lenses 122 are positioned between the eye 106 and the wavefront
sensor 114 to image the plane of the pupil of the eye 106 onto the wavefront sensor 114 with
20 é desired magnification. Information detected by the wavefront sensor 114 is then processed
by a processor 124 to determine the aberrations of the wavefront 100, which can be used to

develop a corrective prescription for the eye 106.



PCT/ US02/ 33205 While the WVD 10 depicted in FIG 1 is able to determ ne
aberrations introduced by the eye 106 with a high degree of accuracy, the
devel opnewD 0af03@0correcti ve prescription needs to be preecydaisg2/srviored to
a patient's visual needs. In addition, vision correction involves a

per ceptual aspect (i.e., psychophysics) that cannot be captured with
conventional 5 WVMDs. It is therefore desirable to obtain subjective
feedback fromthe patient during the developnment of the corrective
prescription. Accordingl met hods and apparatuses for subjectively
refining correcthile tffcﬂ'\g@i@ilﬁtdie Atedimdiid. bis abbtordgtarmine ahsrrationsiattotycedis
are needed. The present invention fulfills this need anong others. 10
SUMVARY  ORh& kffe | 06T b GigliTdegraeraf senirady) vienddvelvpdiescod e asrddty pRScrifitbn
apparatuses for subjectively refining corrective prescriptions based on

aberr at i Onfeed@iolcBraQskiPYi¥MESo alpAtithies VERS 8Rds. ihmxc?dlﬁb&%si@?cém%n‘ S

altered to reflect the correctivé prescription and presented to a patient.

Feedback i; e] fr t he .patient .\ t he rrective.prescription,
and ar t navSFFEh R 8 T 0" ke h i 3 s g aE B e S e ianel f or
further f ck. .This process is repeated wuntil the inmage presented to
the patientMIs. it icthershire desirabledo phtainfitbjective feedpackcirpmdhe patwont dupmg the at
this point becones the patient's preferred corrective prescription. One
aspect of deelopmesierftthé eoreativopresgipgione tAvodrdingly,oldthods ang apparaafses fopd
corrective prescription for an eye of a patient. The nethod includes

measur i ng sabRefiadly &Tmint cotred@veNeeiip@idhs BaRRARM B RNdLREMENLE ’biye\ﬁfm% JAg a

proposed corrective prescription based on the neasured aberratftons,

presentingcted hﬂaega?égeﬁ{'ﬂlvéﬂioin'mﬂﬁls?ﬁig gg&f’%ﬁ&}%@nfl%rgm the proposed

corrective prescription, receiving feedbac e patient about the
image altered to reflect the proposed corrective prescription, varying the
proposed corrective prescription based on 3

10 SUMMARY OF THE INVENTION
The present invention discloses methods and apparatuses for subjectively refining
corrective prescriptions based on aberrations determined by WMDs. In the present
invention, an image is altered to reflect the correétive prescription and presented to a patient.
Feedback is received from the patient to vary the corrective prescription, and further alter the
15 image, which is again presented to the patient for further feedback. This process is repeated
until the image presented to the patient is acceptable to the patient. The corrective
prescription at this point becomes the patient’s preferred corrective prescription.
One aspect of the present invention is a method for obtaining a preferred corrective
prescription for an eye of a patient. The method includes measuring aberrations of a
20 wavefront emanating from the eye, computing a proposed corrective prescription based on
the measured aberrations, presenting to the patient an image altered to reflect the proposed
corrective prescription, receiving feedback from the patient about the image altered to reflect
the proposed corrective prescription, varying the proposed corrective prescription based on

3



WO 03/ 034909 PCT/ US02/ 33205 feedback fromthe patient, presenting to the
patient an inmage altered to reflect the varied corrective prescription,
and receiwpng/oeedback fromthe patient about the inage alPCarusd2/sxos refl ect
the varied corrective prescription. The corrective prescription is then
vari ed based on feedback fromthe patient and an inmage altered to reflect
the varied corrective prescriptionis 5 presented to the patient for

f eedback, repeatedly, to obtain the preferred corrective prescription.
Anot her aspect of the present invention is an apparatus for obtaining a

pr ef er r ed feaibaclefrbinvie prisit, frgdentmg foothe aatiey en afiage Fiakddedtreflddd theapiag at us

i ncl udes a WWD capabl e of neasuring aberrations of the eye, a processor
conf i gur eqotrectHRIRETHpBOA RHRRFEAS ERUBRKTIE trﬂeopaﬁe&ﬁ%hp{hb%ﬁa gt bdi g one
or nore conponents based on the neasured aberrations, a displa devi Ce to
present an_4 f | i the I.rectd ve prescription to the patient, and
an i nput Q%ﬁéé\}?g’g ‘{%‘giﬁ‘&%ﬁ}ée%%efg?s;‘iﬁﬁ%‘g“aﬁ s c@ﬁeeprggcr{ lon 4, theg v axﬁg:“éaseé on
conmponent s, based_on Leedback fromthe patient to obtain the preferred
correcti vefee;ﬁigé%ﬁrwﬁtt R2tient apgrmase sepiep 19 ralfleoithe pariesReeareqtse pregenigion is s a
bl ock diagramof a prior art WVD for measuring aberrations introduced by
an eye; Fipgeserte@ to hegpabentdhr ftedbpchmepéatedlyao ebtaimtheeefsrred ngreayist em capabl e
of subjectively refining a corrective prescription in accordance with the
present i py®eiiptegh., 20 Figure 3 is a flow chart of a wavefront neasuring

met hod for subjectively refining a corrective prescription determ ned by a
WWD i n accorda j 1 i on. } e.4 is a_flow chart
of an alternat ﬁ/q@t%\!gégﬁcgﬁpm%@geggétiﬁﬁg%%{l Ikllsg% ?pg)rﬁﬂa%{{oggﬁa%%a prregqrfqﬁli ng a

corrective Rr escrigti.on i ? accor d?nce.wi Ui] t he ]ror esent invention.
cotrective prescription for an eye of a patient. The apparatus includes a WMD capable of

measuring aberrations of the eye, a processor configured to determine a proposed corrective
10 prescription including one or more components based on the measured aberrations, a display

device to present an image reflecting the corrective prescription to the patient, and an input

device capable of varying at least one of the one or more components based on feedback

from the patient to obtain the preferred corrective prescription.

15 BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a prior art WMD for measuring aberrations introduced
by an eye;
Figure 2 is a block diagram of a wavefront measuring system capable of subjectively
refining a corrective prescription in accordance with the present invention;
20 Figure 3 is a flow chart of a wavefront measuring method for subjectively refining a
corrective prescription determined by a WMD in accordance with the present invention; and
Figure 4 is a flow chart of an alternative wavefront measuring method for subjectively
refining a corrective prescription in accordance with the present invention.
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4 WD 03/ 034909 PCT/ US02/ 33205 DETAI LED DESCRI PTI ON OF THE | NVENTI ON
[llustrated in FIG 2 is an ophthal m c wavefront neasuring system capabl e
of receiwpng/omerback froma patient to subjectively refiPpacg/mowss2necti ve
prescription based on aberrations nmeasured by a WWD 130. In a general
overview of this enbodi nent, the WWD 5 130 generates an input beam 102 t hat
is directed into the eye 106 and reflected to produce a wavefront 100 that
travel s back out of the eye 106. Aberrations within the wavefront 100 are
measured by the WWD 130. A processor 132 receives the aberration

i nf or mat i CAETASED RESURIPTION @RT HIEEVEPDTI@Npr oposed corrective
prescription. An image 133 altered in accordance with the proposed

corrective presglikdte®h FIG. 2N BpREaRte dal @rddh el , i splay
device 134. The patient views theﬁi mage 133 and pr ovirgégé SF/eggc g%lgofel at ed

to the pr i I (o' [ h an _input devi.ce 136 to
vary comolﬁgérz?@ggge%gj é}cg(cﬁlff\rﬁgap%ggg{;%g?@5@&@2”@%g ¢ Pfrﬁ‘ft?‘genpre%ﬁlpflﬂ%aéseﬂgg is
t hen al ter&d in accordag%g, it h thg varied corrective prescription and
present ed PETRRISIBEESWEE WGy %@Ptlﬁ r 1§ pgenssrliovervigw ohthis prmbodimenite theddMD
corrective prescription is achieved. The wavefront neasuring system of the

preseht 15 38r@soeraieenn input heam d62 et Bratirectedrinto shaleteal 06 41l reflectdd® pAbERCE30
captures information related to aberrations of the eye 106. In the

i || ustr at edaveftbadi 00ahAt traviess BAMOORBSY thé e OLIB. Stbeh@tibhewshld BE WaVsh 196§ 3%
132 to pass the captured information directly to it. Alternatively, e

t d i L t t bl. dj. h
Floppy di c b o U R0 1 PR 2 SOHRA GG oL RHRR RolRRbothenane 13-
The WWD 1 f tional t . h th Conpl et
oot ol m o ML T P S e B WROR st /St MBHsa03 Al in

accordance with the proposed corrective prescription is then presented to the patient via a

10 display device 134. The patient views the image 133 and provides feedback related to the
proposed corrective prescription through an input device 136 to vary components of the
proposed corrective prescription. An image 133 is then altered in accordance with the varied
corrective prescription and presented to the patient for further feeaback until a final preferred
corrective prescription is achieved. The wavefront measuring system of the present

15 embodiment is now described in more detail below.

The WMD 130 captures information related to aberrations of the eye 106. In the
4illustrated embodiment, the WMD 130 is coupled to the corrective processor 132 to pass the
captured information directly to it. Alternatively, the captured information can be stored on a
computer readable medium such as a floppy disk by the WMD 130 for transfer to the

20 ‘corrective processor 132. The WMD 130 may be a WMD of a conventional type such as the
Complete Ophthalmic Analysis System™ produced by Wavefront Sciences, Inc.

The corrective processor 132 analyzes the captured aberration information from the

WMD 130 to produce a proposed corrective prescription for the eye 106. It also analyzes
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The corrective processor 132 analyzes the captured aberration information
fromthe WWD 130 to produce a proposed corrective prescription for the eye
106. It awewm3asmbyzes 5 WO 03/ 034909 PCT/ US02/ 33205 feedb&ch/useraizoed

t hrough the input device 136 to vary the proposed corrective prescription.
The corrective processor develops a signal for displaying an i mage 133 at
the display device 134 that reflects the corrective prescription as
proposed and varied. The corrective prescriptions may include aberration
conponents such as a sphere, cylinder, and axis of 5 conventi onal

aberr at i onedliacke receided digrusgiame iggitidguie i1 S6o varp tRdsobb&A, colas: rﬁ&gﬁj{igg
prescriptions may include aberration conponents of nonconventi ona ’

aber r at i OMBheSpRc@® probOSh EAkIBRS (AL fapa;spm%antiﬁ&fg@l?g # @tg{(ﬁg‘@?gggeaa“d

pentafoil. The corrective prescriptions na be ~represen KF

and/ or Zerpy jeients... Al ternativel the correctiye prescriptions
may be repgél;tgﬁ? g Cagst?lﬁﬁogr%c%’ﬁﬁr%sﬁpp N ﬁs%ﬁOP?Séﬁéﬂgé’a{lésDﬁmﬁh@mnt_ 10
The i nput devi.ce 136 receives the feedback froma patient. In the

i || ust r at FUCSCERESRF MBhinclyds @berrpian @anoaents seehi as acsplipres dylimder, rradarisrgct i ve
processor 132, and may be any conventional input device such as a

j oystd ck, deaydnsigna abeirghensiae, defocusopldasegmanisnes dantidajohythe@Bpreglani ce
capable of transform ng information fromthe patient into infornmation

sui tabl e fmvescripiasessy gludy abreati¥nQes®aEntd 32nonkBnvdRi otk B a4t V%u%ﬁ ag34 1s
configured to receive the signal fromthe processor 132 and I spl'ay an

i mge 133 gghérgs: ; I : i Pt er{1) y the processor
132 The. Thanar 5o B JTBUPSRRE, fid PAuAS) ST PPt nSeRbioreiy

T, B N O e h T S S,
134 includes a projector 138 to project the imge 133 and an adaptive
prescriptions'may be represented using an optical path difference (OPD) measurement.

10 . The input device 136 receives the feedback from a patient. In the illustrated
embodiment, the input device 136 is coupled to the corrective processor 132, and may be any
conventional input device such as a joystick, keyboard, light pen, microphone, or essentially
any device capable of transforming information from the patient into information suitable for
processing by the processor 132.

The display device 134 is configured to receive‘the signal from the processor 132 and
display an image 133 altered to reflect the prescription determined by the processor 132. The
image 133 is altered to a particular prescription so that the image 133 appears to the eye 106
as if it were corrected without the use of corrective eye wear. In the illustrated embodiment,

the display device 134 includes a projector 138 to project the image 133 and an adaptive
20 optical device 140 to alter the image 133. In an alternative embodiment, the display device

134 is a monitor that displays an image simulating the effect of varying components of the

proposed corrective prescription.



20 optical device 140 to alter the image 133. In an alternative enbodi nent,
the display device 134 is a nonitor that displays an inmage sinulating the
ef fect ofwoaBys49go conponents of the proposed corrective pcadsor/pi2zodon. 6 WO
03/ 034909 PCT/ US02/ 33205 The image 133 is a target or object with
sufficient detail to allow a patient to detect aberration changes. In one
enbodi nent, the size of the image 133 is such that the eye 106 can fixate
on the imuge 133 as altered, thereby allowi ng aberrations to be determ ned
for on- axis central, steady fixation. In an alternative enbodi nent, a
central fixati oFhpmage 133 inareked obolyacttwith suffigenil®@ail © 4ifevepitidnd e §tE:(f r om
being drawn off-axis due to the size of the image 133. It is contenpl ated

that a sysieffhiib@thdnpas Kh oIl ¥RamBaRn®fthé Hige 87 e 1R8oanth EQE@’E‘S‘?F‘I&%%XB fl@ﬁe

of f-axi s aberration measurenents could be enployed, there

use of i f e fi-axl s. The projector, 138.my. be a
known prg}acgg'?i oF {é;%gthr}‘g?ﬁya%}@@uaégﬂg%ﬁv@%{ﬁbg%glp%negnggngs-r%% S 10 1§ defprmi HPhen+ he
proj ect ed imagqle_‘ 133, &? adaptive optical device 140 is a device capabl e of
modi fyi ng e Fragéteﬂ e IR &g 2lymple GRBYdEmER) 2 terBrab iatipropoinhis nsired|
fromthe processor 132. By configuring the adaptive optical device 140, the
proj ext ed anrthgema@al3diopphvaptitic epe frhm lejrg dB6/naHfatie dat tethe dize BieherigaRei Ve
optical device 140 can be a known deformable mrror having a surface that

def or ms i n3Bespiensatehpldiditthel OARten HaMrhdl@ rieVvenratsi ofhel &y I BCH: 0
nodi fy the project edh?)mage 133@3ef | ected off it. In al t%? nat i vg%%hp%ﬁgatés

orbod rntey o8 ephiyF BB . A9LTEY 558 MM 03 B
oot 00 5B kel BRGS0 gpyi oo cominer 142 places the i mac
The projector 138 may be a known projector and may include conventioﬁal lenses for
10 collimating the projected image 133. The adaptive optical device 140 is a device capable of
modifying the image 133 projected by the projector 138 based on the signal from the
processor 132. By configuring the adaptive optical device 140, the projected image 133
displayed to the eye 106 can be altered. The adaptive optical device 140 can be a known
deformable mirror having a surface that deforms in response to the signal from the corrective
15 processor 132 to modify the projected image 133 deflected off it. In alternative
embodiments, the adaptive optical device 140 may be a liquid crystal device, a micro
machine mirror, or other suitable device capable of modifying the projected image 133.
An optical combiner 142 places the image projected 133 from the display device 134
into the same path as the input beam 102. The optical combiner 142 can be a dicroic mirror,
20 .Which passes light of one frequency and reflects light of other frequencies. In one

embodiment, the dichroic mirror passes the frequency of light from the radiation source 104

(FIG. 1) and reflects the frequencies of light projected by the projector 138, thereby



into the same path as the i nput beam 102. The optical conbiner 142 can be a
dicroic mrror, 20 which passes light of one frequency and reflects |ight
of ot her Woagwsme? es. I n one enbodi nent, the dichroic mrror/ysazs®asst he
frequency of light fromthe radiation source 104 (FIG 1) and reflects the
frequencies of light projected by the projector 138, thereby 7 WO 03/ 034909
PCT/ US02/ 33205 conbi ni ng the i nput beam 102 and the projected i nage 133
onto the sanme light path toward the eye 106. In an alternative enbodi nent,
the image 133 fromthe display device 134 is not conbined with the input
beam 102, cembinglgythe inpvit heam 92 ebthepagjettod imtge ICOnitmdre shéi2.lighhgath Towarage
133 is not conbined with the input beam 102 if the display device 134 is a
moni t or otheiefyetibe. WWD 130 is separate froma device including the
corrective processor 132, display device 134, and input device 136. \Were

separate devic , -@Qﬁr i 1 i : t.he e 106 are
nmeasured by a Wgedﬁ%ﬁ% eg%l%r%é i ’Ilﬁg#,ngéakslggpigérrg?géj ‘g‘ggﬁa%e‘”a%\l/g%/ﬁd? a
proposed correctiv rescripti ased gn the stored, aberration

nmeasur erreﬁ?‘g{’mi Wb‘?‘éﬁ? qiput H%é“ 8&@ 3&@& QB’PIP@&‘?& \LPE nged Erthe,eqmapinetol 42h The
patient, and varies the proposed corrective 'lpr escription based on feedback
fronrt he paagedss is poiceomphines with thednpyrbesmrl0ddr the glispéayt davécepi3dsis n inpniitenoif or
the patient. Various simlar alternative enbodinents will be readily

appar ent ffah¢ WodB 1301 ik beghrdte frohea device intludig, thé Ekﬁ'rm‘d/efpfwé&sof@@?}!ﬁiﬂ%
system depicted in FIG 2 can be used to inplenment 15 the process depicted

presori pt 1o aet 6r R s el (e e SR P e A SR Ronsg wi 1
refer enceinttT%dllxzclegbyzthe eye 106 are measured by a WMD 130 and stored. Then, a separate device
develops a proposed corrective prescription based on the stored aberration measurements,
10 displays the proposed corrective prescription to the patient, and varies the proposed
corrective prescription based on feedback from the patient to compute a final preferred
corrective prescription for the patient. Various similar alternative embodiments will be

readily apparent to those skilled in the art.

In use, the wavefront measuring system depicted in FIG. 2 can be used to implement

15 the process depicted in the flow chart of FIG. 3 to subjectively refine a corrective
prescription determined by a WMD 130 as now described in detail and with reference to FIG.
2.
At 150, wavefront aberrations of the eye 106 are measured, the WMD 130 being used
in the present embodiment.
20 | At 152, a proposed initial corrective prescription is computed based on the wavefront

aberrations measured at 150. The initial proposed corrective prescription is an objective
determination of a corrective prescription for the eye 106 prior to subjective feedback from
the patient. The proposed corrective prescription can address a plurality of aberration
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At 150, wavefront aberrations of the eye 106 are neasured, the WWD 130
being used in the present enbodinent. At 152, a proposed initial

correcti vwoms®swn? ption i s conputed based on t he wavefrontPCTalsez/sabs ons
measured at 150. The initial proposed corrective prescription is an
objective determnation of a corrective prescription for the eye 106 prior
to subjective feedback from the patient. The proposed corrective
prescription can address a plurality of aberration WO 03/034909

PCT/ US02/ 33205 conponents such as sphere, cylinder, axis, spherical
factors, CORBOTCALISYER as sphereicylindertagiss spherigtirfadtoisl cérae famars, tesioil pREIraf Oi |
factors as discussed above. At 154, an inmage 133 altered to reflect the
proposed tworfeticwes, pnéperthfollifactoiss dpcesedteslet 0 t he patient via a display
device 134. In one enbodinent, the inage 133 is 5 projected by a projector
138 and then alg L 1 i . The | e. 133 is
then conbi ned w ?%%%ﬁgﬁliagg&?ﬂ%gélﬁq/%ogﬂﬁtg% gxﬁgéfé\ﬁgﬁgﬁég% e%%&ﬁﬁﬂ& devi ce
130 by a ical. ¢ iner 142 and roufed to the eye 106 of the patient.
At 155, fgreegﬁlgéc{%a{%%gw%glai arr@@%a% ?Vé‘f‘eetlﬁt dnoag F@@Pg’t’ﬂeé“ﬁh%Wdﬁ& rective
prescription is received fromthe patient. In one enbodi ment, the patient
provPdes PRSAY 2 proiegiarddtiapd thsnialfercd dyraacadpntevepmmsisebdoricelRD. (The gmage t he
i nput device 136. For exanple, if the input device 136 is a joystick, by
nmovi ng t hé33 isylni combimdddwitin thehepytdtea 2 fayn afefmteﬁbhemeﬁwningté@&ic& P8PPpent
of a proposed corrective prescription and by noving the joystick

| ef t/ri ghin éfiRaPenhtinér NMRYandfrb@ed td A6 X1 G6 eﬂﬂpggeﬁ{t of the proposed
oal

corrective prescription. Various alternative e ments for using input

Wil be roadi 1Y B SPRRRACEE UG imapere o ARART b SRR casbives ¢
enmbodi nenfgr’esc%pgigril Esdre eai\r/éc}/ frgr%' ifle bat?err]lt.o nto%geetrnrbiog}n)lenrt,et%gi \Ellt?esntf eeql(g) acfk e om the
pati ent p provides feedback
10 directly to the corrective processor 132 through the input device 136. For example, if the
input device 136 is a joystick, by moving the joystick up/down the patient may affect the
cylinder component of a proposed corrective prescription and by moving the joystick
left/right the patient may affect the axis component of the proposed corrective prescription.
Various alternative embodiments for using input devices 136 to vary components of the
15 proposed corrective prescription will be readily apparent to those skilled in the art. In
another embodiment, a third party (e.g., an optometrist) receives feedback from the patient
and supplies the feedback to the corrective processor 132 via the input device 136.
At 156, at least one component of the proposed corrective prescription is varied based
on the feedback from the patient. Components of the proposed corrective prescription are
20 | varied by supplying data to the corrective processor 132 via an input device 136.

At 158, an image 133 altered to reflect the proposed corrective prescription as varied

is presented to the patient via a display device 134. In one embodiment, the proposed



and supplies the feedback to the corrective processor 132 via the input
device 136. At 156, at |east one conponent of the proposed corrective
prescri ptwore3ios4ovar i ed based on the feedback fromthe patceniso2/ganponent s
of the proposed corrective prescription are 20 varied by supplying data to
the corrective processor 132 via an input device 136. At 158, an image 133
altered to reflect the proposed corrective prescription as varied 1is
presented to the patient via a display device 134. In one enbodi nent, the
proposed 9 WO 03/034909 PCT/ US02/ 33205 corrective prescription as varied is
pr esent ed ‘PHCEHE nieacriptien avvaried is preseniechioghe patictiesrthe bede atanh5has d¥scdG@ at
f eedback about the inage 133 altered to reflect the proposed corrective
prescriptiléA. as varied is received fromthe patient as described at 155.
The feedback may be 5 an indication fromthe patient that the proposed
corrective presgrispt [R=Ye N 160, a decision is
2Gr115P! fe0fbaRR a¥Git tf?@lrx'lda%e 138 GRREARY frrell the 5’{?%‘}?3 EOTTeCtve e i s

made regardi ng whether the proposed corfective prescrt

accept abl fhe patient. If t rpposed corrective prescription as
varied i sebﬁég? rlﬁtéocncagspvtagﬁ?és TS?e"t"?fggﬂﬁttﬁgﬂTn%?& ées%qutﬂttlﬁér Tha fsedbaek may be
prescription, processing resunes at 156 10 and 156-160 are repeated until
the pr opoégd“@%rtpéé{qfﬂl@erﬂaé‘%r‘hfﬁtthfbproags@@H@@i\i@rm@ﬁbalah eatied ist he
patient. If the prescription is acceptable, processing proceeds at 162. At
162, the pewptebld corrective prescription as varied based on feedback from
the patient is designated as the preferred corrective prescription for the

patient. The pngfigorLakcisd & atddeteodpdigs GrHeR el ' j ively refined
version of the proposedClcorlr ecti vgg 151 %?ﬁ%@ﬁg{%iﬂéﬁpcggggphg&}e‘?emi%@pﬂ%% on

aberrati oRg ek QEELPREL BYnd Bﬁiew[)lfjtg'eoproggsed corrective prescription as varied is not

acceptable or the patient wants to further vary the prescription, processing resumes at 156
10 and 156-160 are repeated until the proposed corrective prescription as varied is acceptable to
the patient. If the prescription is acceptable, processing proceeds at 162,
At 162, the proposed corrective prescription as varied based on feedback from the
patient is designated as the preferred corrective prescription for the patient. The preferred

corrective prescription is a subjectively refined version of the proposed corrective

15 prescription for the eye 106 based on aberrations determined by the WMD 130. By
subjectively modifying the proposed corrected prescription, a corrective prescription that
accommodates the psychophysical aspects associated with vision correction is achieved,
thereby resulting in a corrective prescription that is precisely tailored to the patient’s visual
needs.

20 Al FIG. 4 depicts a flow chart of an alternative method for subj ectively refining a

corrective prescription. The method is similar to the method described in FIG. 4 and similar
steps have the same reference number. Accordingly, only the steps which differ from the

steps described in FIG. 3 will be described in detail below.

10



subj ectively nodifying the proposed corrected prescription, a corrective
prescription that accommpdates the psychophysical aspects associated with
Vi si on cowpastsodn i s achi eved, thereby resulting in a coPCFatSO¥a3205
prescription that is precisely tailored to the patient's visual needs. 20
FIG 4 depicts a flow chart of an alternative nethod for subjectively
refining a corrective prescription. The nmethod is simlar to the nethod
described in FIG 4 and simlar steps have the sanme reference nunber.
Accordingly, only the steps which differ fromthe steps described in FIG
3 will be descAtiBéd aenyeitiongl IBERGIVE cYe CWBNOROBHIOACRITI LUSORA RAARE At 164,
a conventional refractive eye exam nation is conducted using a known

aut or ef r amttorefiactor et refiassropetd abtaibtadirst @refimirgky Euredctive PaskyripRIn BEL ¥Bdes

prescription that includes conponents for correcting conventional

aberrat i Ofsmsdtelitsdor ERfREHS cHVEndSHal IR Shch®s deftRGEE st%ﬁia%ig%le(ﬁlg.eand

axis). Preferably, the conventional refractive eye exam natl s 5

R IR T M R R A TR

prescription. At 166, a WWD 130 of a conventional design is used to obtain

a setond Prosctivelyiapying epmranents of ghreccomy epiiqnghatkegatianssisweh asolepamennd f or
correcting nonconventional aberrations such as spherical aberrations,
comm, tr edstigmatismt toafbedih thepfest @elminaraoatrative presetimgml. ari ties. 10 At 168, a
proposed corrective prescription is conputed based on the first prelimnary

corrective preaenéftal WMDebeb b cAtiorkd dedpelishlied &RPOREH AREELIdT
corrective prescription determned at 166. Tn one enbodi ﬁen?%ﬂ@)%pﬁﬁ%{?ar% t he

0 P00, GRHASCL e B B A L3P, SR DRSS
such as spherical aberrations, coma, trefoil, tetrafoil, pentafoil, and other irregularities.

10 At 168, a proposed corrective prescription is computed based on the first preliminary
corrective prescription determined at 164 and the second preliminary corrective prescription
determined at 166. In one embodiment, computing the proposed corrective prescription
includes combining the conventional aberration components of the first corrective
prescription with the nonconventional aberration components of the second corrective

15 prescription.

Having thus described a few particular embodiments of the invention, various
alterations, modifications, and improvements will readily occur to those 'skilled in the art.
Such alterations, modifications and improvements as are made obvious by this disclosure are
intended to be part of this description though not expressly stated herein, and are intended to
20 be within the spirit and scope of the invention. Accordingly, the foregoing descripéion is by

way of example only, and not limiting. The invention is limited only as defined in the

following claims and equivalents thereto.

11



prescription with the nonconventional aberration conponents of the second
corrective 15 prescription. Having thus described a few particul ar

enbodi nerwe 00/0349h® i nvention, various alterations, nodifipcatisons32oand

i nprovenents will readily occur to those skilled in the art. Such
alterations, nodifications and i nprovenents as are made obvious by this

di sclosure are intended to be part of this description though not
expressly stated herein, and are intended to 20 be within the spirit and
scope of the invention. Accordingly, the foregoing description is by way
of exanpl éVbatliy¢lammadi isot 1initing. The invention is linmited only as defined
inthe follow ng clains and equivalents thereto. 11 WO 03/034909

PCT/ US02/ 33205 1Waahethsd $bradbi@fink % prdferrfd BB Q@ee bR Elg ceif?‘e Of £l elhed
corrective prescription for an eye of a patient, said method conpri sing
(a) rreasursgitagn&p&{&g.[@g)ﬁﬁ .of a wavefront emanating fromthe eye; (b)
conputing a propose orreéctive prescription based on said neasured
aberrations (g% rgresentig‘?g to th{a patient an image altered to reflect the
proposed corr edVieSUPRE aeTaONY AL 2 paYefFut emananerBmbae®/e r om t he pati ent
about said inmage altered to reflect said proposed corrective prescription;
10 (&) varyi ng (Baiothmtisgaseopased cemedtive pmsemptrandiasethom seié theasursd hsbrp@bhe Nt
feedback; (f) presenting to the patient an inmage altered to reflect said
varied correct i®)gresehifg td Mk ip@tlént@Admage altered to reflect the proposed corrective

prescription;
(d) réceiving feedback from the patient about said image altered to reflect said
proposed corrective prescription;
10 (e) varying said proposed corrective prescription based on said patient feedback;
(f) presenting to the patient an image altered to reflect said varied corrective
prescription; and
(g) receiving feedback from the patient about said image altered to reflect said varied

corrective prescription.

15
2. A method in accordance with claim 1, further comprising:
(g) repeating steps (e), (f), and (g) until a preferred corrective prescription is obtained.
3. A method in accordance with claim 1, wherein the altering function of (c) and @®is
20 carried out with an adaptive optical device.

12



(g) receiving feedback fromthe patient about said imge altered to refl ect
said varied corrective prescription. 15 2. A nmethod in accordance with
claiml, Wworlsemozonprising: (g) repeating steps (e), (f) pcancsot/seountil a
preferred corrective prescription is obtained. 3. A nethod in accordance
with claiml1l, wherein the altering function of (c) and (f) is 20 carried
out with an adaptive optical device. 12 WO 03/034909 PCT/ US02/ 33205 4. A
met hod in accordance with claim 1, wherein the altering function of (c) and
(f) is carried out with a deformable mirror. 5. A nmethod in accordance with
claim1, where#m tfeehddimgesordindecyitiaciding t )wlaerrantthealt&rsgaﬂiactidw&qcpgmdq@ ito
altering. 6. A method for obtaining a preferred corrective prescription for

an eye of carip@bh&hith a dsRabBLRgdr conprising the steps of: (a) conducting a
refractive eye examnation to obtain a first prelimnary corrective 10

prescription; (b) neasuring aberrations of a wavefront emanating fromthe
eye to deter n1 ne a second pr eI imnary corrective prescription based on
sai d nmeasured aberratlons conmputing a proposed corrective prescription
based on said P metfmdemuaﬁwéwe ey flaigt | weheseia dbe impages of &) dne i) dresthe ond
prelimnary corrective prescription; 15 (d) presenting to the patient an
i ragé al t saedlintage peibt ecditesiagd pr oposed corrective prescription; (e)
recei ving feedback fromthe patient about said inage altered to refl ect
sai d
6. A method for obtaining a preferred corrective prescription for an eye of a patient,
said method comprising the steps of:
(a) conducting a refractive eye examination to obtain a first preliminary corrective
10 prescription;
(b) measuring aberrations of a wavefront emanating from the eye to determine a
second preliminary corrective prescription based on said measured aberrations;
(c) computing a proposed corrective prescription based on said first preliminary
corrective prescription and said second preliminary corrective prescription;
15 (d) presenting to the patient an image altered to reflect said proposed corrective
prescription;
(e) receiving feedback from the patient about said image altered to reflect said
proposed corrective prescription;
(f) varying said proposed corrective prescription based on said patient feedback;
20 (g) presenting to the patient an image altered to reflect said varied corrective
prescription; and
(h) receiving feedback from the patient about said image altered to reflect said varied

corrective prescription.

13



proposed corrective prescription; (f) varying said proposed corrective
prescription based on said patient feedback; 20 (g) presenting to the
pati ent awoimsmg®oal tered to reflect said varied correcti veCcTarsess3i2opti on;
and (h) receiving feedback fromthe patient about said inmage altered to
reflect said varied corrective prescription. 13 W 03/034909
PCT/ US02/ 33205 7. A nmethod in accordance with claim6, further conprising:
(i) repeating steps (f), (g) and (h) until the preferred corrective
prescription is obtained. 8 A nethod in accordance with claim®6, wherein
(g) conprises pagshdiBodinh dbaldhsdeadith chmg®, fiothancaniaptingte opti cal device and
adj usting said adaptive optical device to alter said wunaltered imge to
reflect said vaxli ~ t eV I Dt ' - nce with
cl aim 6, mhere?Q%§§?@8%$§%é§%gﬁg@?32%??9&H?%f§?§§5933??% r%%ﬁ ﬁ?égg one or
nore conpopents selected froma group consisting of defocus, astigmatism
spheri cal © B8 at i on, comm, trefoil, tetrafoil, and pentafoil aberration
conponents. 10. A method in accordance with claim6, wherein said proposed
corrective 1.5 prescription is an optical path difference neasurenment. 11
An apparatus for obtaining a preferred corrective prescription for an eye
of a3 patient, 8saimlethgpiratodanenpith siairg 6, svhtibd (@) paibesaipassas an inidtered
aberrations of the eye; 20 a processor in comunication with said WWD for

det er mi ni fg, & BARASRH PEAR S and adjusting said adaptive optical device to alter said

unaltered image to reflect said varied corrective prescription.

9. A method in accordance with claim 6, wherein said proposed corrective
10 prescription comprises one or more components selected from a group consisting of defocus,

astigmatism, spherical aberration, coma, trefoil, tetrafoil, and pentafoil aberration

components.

10. A method in accordance with claim 6, wherein said proposed corrective

,_.
(W]

prescription is an optical path difference measurement.

11. An apparatus for obtaining a preferred corrective prescription for an eye of a
patient, said apparatus comprising:
a WMD capable of measuring aberrations of the eye;
20 a processor in communication with said WMD for determining a proposed corrective

prescription which includes one or more components;

14



prescription which includes one or nore conponents; 14 WO 03/ 034909

PCT/ US02/ 33205 an i nput device in conmunication with said processor for
varyi ng awoleastsoone of said one or nore conponents base@carushzasthaick from
the patient to obtain the preferred corrective prescription; and a display
device in conmmunication wth said processor for presenting an imge to the
5 eye, said inmage being alterable to reflect said proposed corrective
prescription as varied through said input device by varying said at | east
one of said one or nore conponents. 12. An apparatus in accordance with

claim1l, sai dalinppt devicteiicemnaongationiwigi saidpieceyserciod vagaipad l@sOdnedfishid Ng
an i mage; 10 an adaptive optical device capable of nodifying said inage

emtted fcsrg:reéﬁgm_coﬂ{p%&ﬁg Bised BRYecBLIeOmSHE gatﬁrngfbe&ﬁﬁﬁ tfle;pI%?e'?xfeidg.ur ed to

adj ust sal ptive optical device based on said proposed prescription as
vari ed based ?n feedback,f%£n1the patient. 15 13. An apparatus in

accor danc®THCHRC BISSFARYCS: Mherei n sai d adaptive optical device conprises a
deformable mrror. 14. An apparatus in accordance with claim1l, wherein

sai d display dedisplydsHiseinexnmupsatienyithsaid proceager foraesenting pmimegedodbence
with claim1l, wherein said input device is selected froma group

cons$ st i neyepfaid ikeygdlornglaltgrabie td ellectrsact prphosed conectse, presatipliogid varied. 15 WO
03/ 034909

through said input device by varying said at least one of said one or more components.

12. An apparatus in accordance with claim 11, said display device comprising:
a projector capable of emitting an image;
10 an adaptive optical device capable of modifying said image emitted from said
projector; and
wherein said processor is configured to adjust said adaptive optical device based on

said proposed prescription as varied based on feedback from the patient.

15 13. An apparatus in accordance with claim 12, wherein said adaptive optical device

comprises a deformable mirror.

14. An apparatus in accordance with claim 11, wherein said display device comprises
a monitor.
20
15. An apparatus in accordance with claim 11, wherein said input device is selected

from a group consisting of a keyboard, joystick, microphone, mouse, and light pen.

15



PCT/ US02/ 33205 16. An apparatus for obtaining a preferred corrective
prescription for an eye of a patient fromaberrations neasured by a WD,
sai d appaweta®3woenpri sing: a processor for determ ning a pCopseBEB205
corrective prescription based on the aberrations neasured by the V M,
sai d proposed corrective prescription including one or 5 nore conponents;
an i nput device in comunication with said processor for varying at |east
one of said one or nore conponents based on feedback fromthe patient to
obtain the preferred corrective prescription; and a display device in
communi cat i on Wbt An appatagus boredsoning arpreferskedrravgve prdsompor for kheye dfth eye,
said i mage capable of being altered to reflect said proposed corrective

prescri pt ipgifler@ fronY ser@flohdmestabe S AWMDUSaid gyieudYoMphivhpo said at | east
one of said one or nore conponents. 16

a processor for determining a proposed corrective prescription based on the

aberrations measured by the WMD, said proposed corrective prescription including one or

v 43

- more components;
an input device in communication with said processor for varying at least one of said
one or more components based on feedback from the patient to obtain the preferred
corrective prescription; and
a display device in communication with said processor for presenting an image to the
10 eye, said image capable of being altered to reflect said proposed corrective prescription as

varied through said input device by varying said at least one of said one or more components.

16



