., €3eqqg”: 6pT! TI TLE: CUSTOM ZED CORNEAL PROCFI LI NG SPECI FI CATI ON s

TECHNI CAL FI ELD The invention relates to systens for ophthalmc refractive
surgery, and nore particularly to a system for conbi ni ng ophthal mc

wavef ront aberration data and ophthal mic corneal topogr aphyg“mmmmmmmmate
2 custom zed abl ation correcting profile. BACKGROUND ART | |

opht hal nol ogy for the past nunber of years has seen great stridgsidn the
devel opment of refractive treatnments intended to correct the vision of the
eye. These techni ques have evolved fromthe earlier radial

technique) in which slits in the cornea allowed the cornea mmmmnmw
reshape, to present techniques including photorefractive ker at eeosby
("PRK"), anterior |anellar keratectony ("ALK'), laser in 15 situ

keratom | eusis ("LASIK"), and thermal techniques such as |aser thernal
keratopl asty (fiilE:). All GUSTOMEEDERINERESROFLINGt o0 provide a
relatively quick but lasting correction of vision. Wth the devel opnent and
refinements of these techniques) greater precision has becone possible in
refractive error correction. In earlgprRepEATIONeat nents) the precision 20
of the correction was relatively coarse. To provide correction to within
plus or mnus one diopter of the desired correction for nyopia, for

exanpl e) woyl d be copsyfigrgf A €xcel l ent outcone. The types of
treatments have becone progressively refined, however, allow ng nore subtle
defects to be cor r eFheigventipn plaesdn aystamsonpnbihalmls TRRRRteSWey S8 8W: o a

hi gh degree of L6] Sl L : i bEHallOn 8 el 25

| asers) hi gher pgr?lglg%ﬁ%@% es%téﬁg%ogg g‘t(l)ng{) ' %@ggt&gﬁ@gﬁﬁaas asphericity and
irregul ar asti gphthalmin corneal topeasaphs datate ereate # gestemizethaplation copetiag pepfile.
determ ne what correction is needed have al so advanced. Enpl oyi hg

t opogr aphy systens, gXicgidHbORbeat® can be deternined and corrected
irrespective of their "regularity". Such techniques are described jn |

U S.
Pat ent- No. 18, 891, 13The fieid pf ophithairaplegy fopthe Past pumbeRA! YEars s seft gestindssing m

i ssued April 6%5%9%&131&:&( Bf fefrhofive grcﬂﬁ)\éht% PRI AR BOrBHIhE WBibn RAGE ¥ & I These

systens) wavefro sensors, and overall refractive error detectjon
systens can detebriqursthavrgvplved &omtheearlier sadighkerstosomy ieslnigns in whighyslits in

astigmatism b ﬁ?ec%@gzné&mﬁé &QQ% reBEA M sh RS toYredehestl quBSint Maing

properties of tection of wavefront aberrations In the hunan eye
for such pur pophatombraitive kemteatory (RRIGDr anterion lamsHankerateciorsy K hlasspiul ar

l ens fabrication s di g -0) g | Lo R88es&luciths lasePRleRd ik¥@toplasty
measur emen 9of S %@‘8’6@%535?%‘%&02%%@@%@ esvvi.‘t:h tﬁ?ee Use of a Py
Har t mann- Shack (N f Atint theertschmiduegsitivaiialprovide srslatively anick bgdpsting of
Anmerica) Vol. 11 . 4). July) 1994, pp. 1-9. That technique will be
sumari zed wt ﬁoﬁ)’eecfwg?gg%:lgg#o Fig. 1. A beamof light froma | aser diode or,

ot her suitable Li ghWitcahe developmditiapd refcements pithessdeqhigues, gregter BIEFIHER B¥nt on
the retina. A beam (or . ' ' b &k s Sthé Biebisioh €d
PRy el fthr RO A olfy b ot Wubbnis i B

by the retina rom pu pi ca . the incomng :
ener gent | pght of thelcomeation easmetativplyicoarse. pEa provide eorrastiorrioryithin ghis of Bims ought

into the conmon optical,. path. with a.be I.ft DRAY dnS
applied to a HE'¢ ﬁ‘&ﬁtﬁr %fhtg%égsg\é\é éeoé-{egtrlg}\%pg'gk %‘%’tfg{ %xﬂgé%{d%%%é? Suc hdna'
det ect or i ncl uggeeliem cutcomy. The typessifetestmenisdlavbbasaine ppogrdssively gfinelnt o an
Shonn i1 B g, - BPRGrer GRS QB EIERAT o] Tae oo apind Ry pbeRE ok C!
| ocat ed tot ﬂet ng,fafbﬂ&tédtfe ad:'i@pifegmetnfeprbcb ifof :@mcuﬂnmtmhhiml@nam j Uiaeixcimtmul ]gl
occupy in e absence o ron rrati : SRERLS O
the spots &P oW@c'@n‘ﬁE"t‘Pt’f{“\?g‘% Ct%‘fmta%é’ %‘?"?‘g“;f’“‘:g’% a%drg'grslg{gza?]gc ion of the

aberrations thrggghaismown nathematical techniques. In Fig. 1) 9 is the
| ocal | y averaged wavefront slope in front of

1



30 the lenslet array and is related to the spot displacenment and the

| ensl et focal length by Aelf) as will also be appreciated by those skilled
in the art. Inprovenents to the technique of Liang et al are taught in J.
Liang and D. R WIllians) "Aberrations and retinal image quality of the
normal human eye," Journal of the Optical Society of Anmerica, Vol. 4, No.
11) Novenber) 1997, pp. 2873-2883 and in 35 U.S. Patent No. 5,777,719 to
WIllians et5al. ("'A¥thtsanstine, tW didgnaste tbdaohiegrhine whatgoeectibn is haeded

detecting aberrati pns and r using the aberratians thus detected for eye
Sur gery and ¢ HAYE 43P A EACesh BT RSP Y Sl DR Eeterts (e Getmined

I nternational fatcemtctElitebeaati Vst thii ‘IQuPafidB4 Shtitettiniqies @RalesofiBRd in U.S.

PCTI LJS97J21688) (" Fr e{'é teaches a further variation using polarizing
optics to contFawnt BeeR82b4id. eptitied oRistrwiaddixsimer Laser Ruregersystens” isaedip. Li ke
WITiams, Freyasiggesds Ashiby dfnelabgogrdpRisysiind \BaRlMOR s 3RS Mavefofievel op
an optical correction for the eye examned.” More specifically, the optical
correctiontGso sgnsasy, ghdeveralbrefrach ieepox dstackien siems grredesect petonbiohe emountsefur ed
by the sensor,_g. 6 il L . L el e i ' tJ. was
di | at ed when tlﬁgorga )gyé\é/a}gplrgr’e%gtﬁ%degg. '%ﬁ’tbgl:t%lg&’t a?r%y?ée‘gaf&%fgﬁé‘%’e{‘?@%si ng a
t aperi ng bl endprepemiesaff theegyei al abl ation to ninini ze severe changes in
corneal curvature hen . i gse di agnostic systens
and techni ques hav25%%’0?)gft‘g%\fﬁfgﬁ?ﬁ?’g&at%g?%qﬁﬁﬁgmf F ?‘Zrcstulg‘o '%B *%Bth the

f undament al  andtriicglesurgergend cetaetlesy andsptembabd lgnsifbricatioeid didclosed, £1g., 8ven
nore refi refractjve,correction techni ques, wth.th ossi bi | t hat
vi si on copﬁcejctli‘-lﬁrr‘\g égj,bg)p{cgﬁvettﬂgﬁuxﬁwrg@?ma?ﬁ &fgﬁ‘é?i’é?f h’g%["ﬁ‘é" st it %Wf\/er)

i rr]Pr oved 20 twhﬂmnfm%lﬁ@we)éﬂrm s@do%gbuﬂgz aﬁzb:gOps&éiz\l codiayﬁfmh@w, to g
refractive surger e U THE | NTI I.n t syst em an
according to tﬁ‘g i/]eg‘?n?tr}ﬁg"s?g% Bﬁ%i feghrique; vy %Fﬁ\}'@ﬁiaﬁﬁ‘i‘)w‘g‘ ’ﬁéfFé‘F’r ©nt
aberration di gggastA bedn96f lighofrognilahadisicoranl vatabRilighs scutdend Gicbcte@ an 25
opht hal m ¢ topogrgphy tool . Refractive data within the _bounds of the_pupil
i s gathered by°Y#Hd MERAPILAGALS PCident ap HediPing AReamdRE WAYATIOR: Bryrserbed eFiBounds
of the pupiol g3ienefeddy the feting RADEARERS fioadlhe pgﬂl.sryﬁiﬁamynﬁé ineBming ahdren
conbi ned, either before or after it is enployed tgo create a refractive
treatment. Pr&MeFeent Yeht follow 3 commerneptical pathe diedpropyins Light ishrought infothe
surgery syst eomabnAPdidl ipatatiteianspIret, STH enfebgent Ueaamslaggmcar:@m%nwt her
techni ques to conbi ne wavefront and topography data and to enploy both in

the course of Shadedatectoriedoters thaabergtiops.sSush adatectapincludes apperay eblstsletent , t he
topogr aphy datyg@fgeiid $p Re RER-if62h dithy SHpbs aftd RcSChE SFUHshtOh c%e&ﬂk,ﬁd based

on a variety of criteria, stuch as corneal thickness, ‘corneal mretry, and
sinilar p@Pamgeterter (nof shoym ip Zig- dher qtaer swedimenpipeal lightrictrsios) Esghapotdy ef r ont

35 tool is us?&:ate(a ¢ Ak AHhife @AY nRnt G N Ir“; ﬂi@@bulﬁ%@ﬂ.‘pgl{l{ethe

captured vvavearhont ﬁ)\:aoe;rat|ngr11’$_clat'_a ag@ﬁ? 0 (igﬁcg ate an ablation
profile. That abingg oloMavsfront 4 LONg, [jpa g ageraen théyepotsaadlowr ed:

t opographic d : ggﬂi i i ] i is al so
eval uated to det ggﬁcﬁgﬁo efg ﬁ/ear t “E&gdutﬁﬁd%&?%%ﬁﬁﬂ%ﬁg“ﬁm@g@n@a%

thi ckness and matheupticaltedhyiques. Id Figal, 1 inthe hocallpevesged iwayeigunt dlopé imdmnt dhus,
he cyo arl wirRSerakes RO pag Lt fophrardl thalf fbdh el ngh biB <
characteristi g9r Qf wiilAsSYLapprRiadIYY thdle SMAtIAIthd 't and generating the

abl ation profile. In another enbodinent) the topography of the various
features of the eyd&nproyemensto the technique of Liang et al are taught in J. Liang and D. R.

Williams, “Aberrations and retinal image quality of the normal human eye,” Journal of
‘the Optical Society of America, Vol. 4, No. 11, November, 1997, pp. 2873-2883 and in
35 U.S.Patent No. 5,777,719 to Williams et al. (“Williams”). Williams teaches techniques .
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the front and back of cornea and the front of the Iens) is captured by an
‘el evation based t opogr aphy system A -cal cul ated wavefront ablation is then
derived based on that 15 topography data using a ray tracing system A
wavefront tool then captures the overall wavefront aberration-of

t he-opti cal conponents-of-the eye mﬁthin-the.pupil area. Then) by conparing
t he cal cul at ed wavefront based on the eye's topography with the captured

.wavefront_from t i
topogr aphi c%l I §O/° @I@{}fm U%Q% an[d 'LSI Lbr onf&@&s%l%rﬁigtc?e{ gasegpglgg? e
captured wavef fefhbritafiéh Nﬂlhtkuomlm’rmdpmpadt ledGesarea. This all ows an overall
wavefront, and corr ond| v, reas within
and without the pupﬁ'ﬁt r?frné’ﬁ %%re{ﬁlﬁéyagﬁzﬂﬁ @J'tgr?ur ea%\ﬁgef ront data
within the pupptTﬂmallee@am@"ytbaheapmuhmammmfusmgtpom@g@gmsuo esntoler al |
refractive error of th i cal nents of e the ta ography
data used to chi"'&‘cﬁcﬁtfeé%loﬁ‘g‘i‘wé{}% ‘ggg?fﬁ‘i}mls&t(':‘ﬂ i‘ﬁ%’f ﬁ%ﬁ%@%f"%ﬁeﬁéﬁl
surf aces, ?e G2R Rt WavelohOihsod & dév&5phh5§txcﬁf&‘ﬁledﬁﬁl for e ege basdifed! 0
which to calibrate the cal cul ated wavefront. %/et anot her enbodi pent; for

extremely irr egtﬂrmpeelﬁé@ly,fﬁcpﬁﬂicabcmﬁdwwt% idimiteddo therpperiira of e ng
the topographi Sorgg'c{ xﬂeatsf?re?'bgm&nsbp el %V@mﬂﬁﬁétﬁr ARYHIRIHittEBe 8¥e’s pupil was

irregularities n ere ctive profile. Once that treatnent” has been
appl ired, a ref ddased whenethepxsavas sreasused. Hapsigethatares Hroyjspagests UHBE a tapering

t opogr aphl ct Opicnﬁ) Lore/2? mal%iﬁ{)ﬁ Qhintd2OL devefe chm int R rita LM Hieure altBiRenge f OF

further refractive corrBction of the eye. Simlarly, in highly irregular
eyes, it nmhy blesstnfrégression. to capture or determ ne the source of centroids

captured by a vvavefwer;%dltta osncs {\%ﬁggﬁ& %ggg{t}éuoggyvc%c Sertfal ﬁ)ggkrﬁ{xﬂu\ﬁgd' spl aced

as to be difficult |sa500|ate w t h whi ch
portion of theceryetion of uicthe amdayg)taltahéhigbgogdqphfeetsmp@wéladﬂten@sqdaylth

tracing al gorithm permit entr I en,

the wavefront H&f¥ m8’5|5f{1"° &£ Eaézgl 61“8&0" tggl%}@bwgﬁ tg mﬂh%%ﬁlgul at ed
centroids fronwx’e@ubmmd;gna-phnndOtMt\aH sbined@cblemlml nmntHomedcrl. imaprovedns -ar e
associ at ed arti uI ar, ar eas of L %% Qat data
for even h?@nh F’f‘?'écé ?raﬁpplw& ‘(':aé‘ﬁm e? eﬁwhlgoé{’%}, ﬂy\&}(&%ese vari ous

enbodi ments thh&edp&rmt the use of both wavefront and topographic data to
devel op refractive treatnents. Further, various aspects of these 10

enbodi nents can beWﬁ?wﬁm but generally, these enbodi nents
are alternative conbrnations perm-tting devel opnent of refractive

treat nents based onWWStwmgmMGgmhawamqumvammmmaf thevnyetignfy t o
further featurgs n& Kﬁ%&a{?&’r}e&%‘%hc th&%} 9&1@9'&%&&5%‘&@1&&&&@ ably an

el evation base&ﬁav fo determ nes the el evati on of
15 refract2ye spﬁutﬁﬂmastowgratphm tCtOheRdy@tlwmwmunghmuhd& ofchg pupiltis gatereshc k

corneal Surfacgs, FrQuhLdiis Aot fin G2t ORAG/ RO BY BOEHE B REGLAPLInELP! 0YS

raytracmgto FECEN ove rac aracterlstlc 0 eye, both
within and w tbptﬁe tbpvgraphpidol. aTtamnchRlaEﬁl @E@@Rbﬁbin@.l etthertieforomrpafteNits Fi gur e

Lillustrates Qr ! {.c')yccp tloec§ca gi‘rélc% e tr@aﬁﬂ\@( H&@abl@%? HE£HERMs created for an
excimer laser surgery system. _ _
30 Additional embodiments of the invention provide further techniques to combine
wavefront and topography data and to em_bloy both in the course of treating refractive
errors of the eye. In one embodiment, the topography data permits a pre-cvaluation or
pre-screening of patients based on a variety of criteria, such as corneal thickness, comeal
asymmetry, and similar parameters. If the patient is a suitable candidate, the wavefront

35  tool is used to capture the eye's wavefront aberration. Then the captured wavefront
3



20 Figure 2 is a diagramillustrating combined ablation profiles devel oped
fromwavefront data and from surface topography data; Figure 3 is a cutaway
representation of an eye) as well as associ ated diagnostic tools used to
determ ne particular refractive characteristics of the eye; Figures 4A and
4B are flow diagrans illustrating both patient evaluation flow 25 and
process/data flow of a conbi ned topography/wavefront treatnent system

accordi ng 0 embegdiomRnAtaSs afedithaléutatent Addiion pragile. eTiat kisladorbprofile icthagr am of a
preferred wavefront sensor for use in a system accgrdi ng.to the invention,
Figure 6 is a simeaedondreaspioradierageapnisgaiol the eyt 2af theghsubing sp at|""$nalge dat a

and the 30 Useabga}j'oﬁ }}eﬁ&%&&% (P RURSRAHRHer 1h8SBicomE ablfERich aFb@hdaeS 7A,
ocC ow

7B) and 7C are lagrams illustrati ngqthe acquisition of iris
data in conj urbickoss sdiregetrawiliall pithinaeteptaoky guideligssa) T pdhgepREFapMicon of

a treatnent bg adrgﬁr'éfeﬂagg P%&cﬂ?reﬁﬁ'&ivk?ﬁaré&?&is@és Jrhid ey 8@ WARHonb@:A 1 N

conjunction w a ge to performlaser surgery; 5 Figure 8 is a
di agr am i l10ustreptsentng avdrglispticelatiaotiye dfaragieristias of Hgteye are used nsaguating

characteristic iris; Figure,9.i | ow diagramillustrating the use of
stored iris daﬁ“ggﬁ?ﬁaqr}%&é%%lﬂoln}m g%‘a to translate a desired treatnent into
an actual treat nenty afbtBereenbbliniest, eheftbpmgraghpof thenviridus §¢atuxes ofgheagye, such as

alternative technique enmploying, sfored 10.iris data tq,alli cLE ment ;
2nd i gur s 1 e HR6 A04 Bagk o cameh Ot ey Eb Lot R Pr ety o b Tt dioh bERR o1
Figure 9. MODES)JeIRyGHREN! NGaldulhtelivraybNrERBIREIN iCaten dadivesitiataiam thaopogr aphy
systens produce surface topography data regardl ess of the amunt of I

di | ation df tH@P%ﬁWW@dF‘“SW%?%‘W@FmN%%W PPl AR ?8%‘5’8&? ¥&flect 15

data is |inmi tqqa@yrgameggﬁﬁtdf%_mcmasm.?dmhds.ombﬁ.myé..h&mm&mwpﬂmt Then,t aken.
Wavefront sensors neasure refractive ef eg#s &f opti cal el enm&; that ,are
in the opticatbysentparingthscaksplgied #@velranhbased Puthp e¥sHoPPgraphy V¥ RS on, a

corneal , surfagg OROASARL SUELATHITRARH (ESpibilSiiéd Betopiplphicalprivehan the
dilated pupil;"while a"wavefront sensor neasures a central m?g_‘r tion V'\izt hi n
the area of t waloplasid wavpfrentis (Hpadgbased €0 theicarrediayeioptrgurine PP
whi ch abl ag, bl Of;d %ﬁm@%ﬁ%@eaﬂ WARMERE ARt c ik fording reulheat 2o boREbpEITr dat a
are conbi ned. Figure shows a surface, topography based ablation profile
162. devel opedardas sithuarfdaeishauoiyie graibirya: dile “tumed” Dydhs eaPRused WRYefrorhset
outside of the, P‘l roubll a3t BRLREE @S cnRbPivhveiodNBLEaphREs ovERLGORREATE, a
wavef r ont basevgjlagﬁ zftplugir% pr b??% e 164 %evel oped from vvgvef ront, datais
general |y onl yerspabf thewpti¢al pompancals ehthetys Hailp thsitppagraphi fata ugesgo calculate
the wavefront may lack the topography of certain surfaces, the captured wavefront data
25  thus provides a good basis to which to calibrate the calculated wavefront.
' In yet another embodiment, for éxtrcmely irregular eyes, first a course of
treatment is generated using the topographic data to attempt to remove gross
asymm_eui'es' or irregularities in the refractive profile. Once thatﬁcatnicnt has been
applicd, a refractive evaluation is then performed with either the topographic tool or the
30  wavefront tool, or both, to provide a basis for further refractive correction of the eye.
| Similérly, in highly irregular eyes, it may be difficult to capture or determine the
source of centroids captured by a wavefront tool. The centroids may be so irregularly
displaced as to be difficult to determine which centroid is associated with which portion
~of the eye. Insuch an eye, the topographic data and the ray tracing algorithm permit the

35  centroid location to be estimated. Then, the wavefront sensor captures centroids, and

4



25 So) the two are illustrated as a conbined ablation profile 166 by using
t he wavefront based ablation profile 164 within ,the pupil dianeter 160 and
usi ng the surface topography based abl ation profile 162 outside of the

pupi | dianeter 160. In this exanple) each ablation profile is first
calculated fromthe corresponding data before the profiles are conbi ned

O her techniques could alternatively conbine the captured data 30 before an

abl ation profile itsglf ) i ens
such ast he CRESEART Fie isidi A i o F U BB s R AP AR TcabR
Lonb/ Or bt ek) | ae .assotiatalwith mkixular trgas oftielr)ye.alnahie spgcvalefrpntakdtadot evgpous when
used with the wavefront sensor weve t her topography systens, such as
curvature basef8glysf ?reé’fﬁﬁaabﬁggﬁé‘éaphﬁ)mcﬁn the practice of this invention,
al t hough pr ef er abl yAt]lof giégdvanassmipaRithtsthuspermibthenseoftboenworfynttdnd eye' s
front surface. Qther types of systens that are_useful .include gg@l canera
systens such atPPAERHF Ba ¢ developrelmelivs theatgsats. Buthes, VagpuUSASRECH G&EST 15 The

ORBSCAN | | 14 OpggbaRii¥nts ¥st 8 Bolnbindd 8f dliniS4&l) bel geuerhil ) theheaibbditheisoge aphy
system that sinultaneous|ly measures both surfaces of the cornea as well as

the front of t#ternasive cambinptiqns permitting davelopmert of grragiys tesstghts hasedAnRpty as

maps of el evat] aas i D @hveBBnt datal vature or power. A full-corneal map
of pachynetry %oggéfégcg%i'ved fcr o,r‘nthe measured surfaces of the cornea.

Raytraced optical cheqeudiag lofughes Sestuses of hednyeatien dhertopagmphieyNadifal ef f ect
of the various ﬁﬂ;ﬂtﬁg&n CIOVRRA 8Ned, s 1hith Ebg%%%p%bﬁﬁat%kﬁﬂn@ith@ BV Ridh of

ORBSCAN 1 | top%grap nmeasurenents are b d on diffuse reflections rather
t han specul®r reffattinetsutfacss withingheeyesiaslydidgbeth theifrent and bagk eomeal gurfacenat her

t han surface -15.curvat ure. -Use. of 3 3L refl-ect.ed: i .fram a
pl aci do or ot ﬁ?on?’e sIa&éic ?‘\?e‘k@‘r“g{e"{ &%&%ﬁg@&gﬁjﬁ%ﬁgﬁ g@ gg}\‘fct?g used in
conbi nati on wi dveratbrefractivershéragénstc bf the eye; béth avithinoand veithouy the pupél asgmoar ent to

those skilled in the art. For illustrative descriptions of the
el evat i on- based) CREAPONTEYHE PRUASHINGSEe U. S. Patent Nos.
5,512,965 and 5,512, i;7éR| charlg K. Spook. Data fromthe ORBSCAN I I

system can be 20 addigumstldilystzaies pesiplésdnwnlvedin yasfronbmeepuremestit he overal |
ref racti veyglat a 11 o Lo RUREEANIAI omblid bladhPoRRS Abildbed Fronial 3
fromthe \/\%(gefront S n‘lg(?rl_to e uslé t "Oglal I braat?e" grgta in _tc%g t opogr aphy
system Becauswavdirontdateandinm suficoiopegsapyids@s t he overal | refractive error

inthe eye) it can gl . | PR WeRRE Stk & Bl
correlate a sUrfacelgi o‘%\gg‘%gg%@%%%“%gé‘%{’%‘fgrjp‘goi"nt \;Y\]sstﬁﬁ an o%@?g‘f)l
refractive errwols(uied @rdeiemuhe ipgrticulgvaefadctivpehacstesistios ofthegyiat ed wit h t hose
points. Thus calibrgated S RERILRNBER T O
create an overall rlgﬂglr'rg(s:f%‘\r}gdégg%g{ogfo%{??‘é;ﬁ&sg&%ﬁ%tﬁﬁe&agxrgrrpl e) ot he data
from vari o2s damsigprosisi/dath Gowof e aemiiredsopdgrapbyl wayefpms U dmentsyyem aedording del
of the optical, el nts. i h. .. For instance, a corneal 30 surface

t opogr aphy sysfoec ebgogltﬂlﬁnspé}od\;'/?l égég?'f ace data, an ultrasonic systemcould
provi de corneal thiEgmesssdhtogk dagdmaf apedérradrivaveisont senseoior tsegn o 9ystem
overall refracti ve.error. .(I:{gén%bn,By "subtracting out" the effects of the
surface data afdotHE PRCENEEdat a) optical el ements past the cornea thus
can be nodel ed usi nBigbfed iy aflowukagsmt Blugfatidg the acquisiioveliris image daigand thenmgi ng
and optical . coherence,to raph one to 35 neasure not only

t he surfacéot oﬂﬁfﬁgﬁng?&?@ﬁ)?éﬁggﬁcét%%%c%%t al so the epithelial 7 5
stromal interface. Higoke7Ah?B ahd 8Cate Hiackdlow diagrhms dhiswating thecsrmguisition bliyier )
the stromal interface.is.the,inmportant surface . f redi.cti I
tissue |aying PERBUEOTHIFHOMYit %Prﬁbdlﬁféargc?erg%gﬁ%%%% %‘FT%%%PP%?%\%E ?,nz%gs&%ggm
of the eye. E piglatidlitd)Gnd tHeQis6fth#A 2@itmant dansin 465G pnatiod withraatifisimags®. The

cornea 450 includes a nunber of layers, such as epithelium 452 and strona
454. These var PEIIMJaieHSHEHYs) particul arly the
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10 cornea 450 and the |ens 456, conbine to forman overall refractive
(optical) power and a refractive characteristic for the eye E. A nunber of
factors can contribute to refractive (e.g.) wavefront aberration) errors,
including) but not limted to, irregularities in the cornea 450 or in the
| ens 456, and the distance (e.g.; in the sense of a defocusing aberration)
fromthe cornea 450 and | ens 456 to the retina 458. 15 Also illustrated in
Fi gure 3 arse not at iFogise B isch diagram dllustrpiinguaripygfeaturss ofiamaepeahatican he used as

tool s-parti Cu'cﬁ%f SHi4ch_'t o-anal ye refractive-and ot her characteristics-of
particul ar por ' the eye E: These tools can provide different types
of data for differdigurpdidd fime diagraoaiipameng e ofe ofseored iskdatarod imxgediiie)

ul trasoni c techni ques 460 can . typical.ly determine the thicknesses of the
epi t hel i um 452125%1‘8 t{aﬁgatglatdmdgé f“°&fﬂf‘%’ﬁ“z"6%‘mw % he overall thickness
of the cornea 450. F{RE €0 Al flcw Hiagraitillusthting dn a@amatice teclodiquapnedofifgpstoredn be
used, including a pachynmeter as well as a technique described in U S.

Pat ent No.105, A98dgz 10 alignid F9rERFO4SPSt em for U trasonical |y Deternining
Corneal Layer Thi ckfiggss Adandi@Rire disgl MG rakify thk8hnidueohBRurer f ace

t opogr aphy systens 462 typically provide and analyze corneal 25 surface

t opogr aphy, Topograp% systens) such as the previously nmade ORBSHOT"~ by

O bt ek and Syst em 29 E&él@%%@ XWQWITWPSW very high resol ution)
but are restricted ¢gndMeurfe {p6 S1Em§ Plolii@! sukaReAS HylRitaGegai@iess4 50.
A conbi ned refractive di agnosto?cﬁf%}%ﬁyéblgg%&such as t,-hego(gggs N Ilé

t opogr aphy sy sefdhe ampount pf dilefion githe arpily AR} S Whirh warsfrpalsensericallectt y of
thi cknesseps 3030 ik RG9% Mabdh 8 fugNPocn T Sefnihels ln! Banihbngkness
, s

of the cornea rface topography of the cornea 450, the surface of
the | ens 456, sehesrsimsesareefragtivereifonts olaptical slsments that aredn the-LplisH Palindn t he

di stance from ¢ [ f @ chiBallsBirhdra hivishaéhy, in
Figure 3) a vva%/cgﬁg%{c@{e}%cscgfﬁ?] I |§§’f?§&%}{§%ﬁ 4866) s'usch asoﬁbk?;apprgesgi ously

descri bed waveaheasntes s sudape aR@darger thanghadilatadmypil, whilpsbivavelropy seppomeasures
provi des data on he oyer. f ti : ] ; : ~9hgwn as
an aberrated m?a(\:/%%f% o‘%atrt?opnr‘)cé)?jlglﬁl(kal'l € Jg%fe&ig%ég) ?Q%%Eﬁ%%qsvg%ﬁ%ﬁ% nseof

t echni ques20ar ewkinbablata profilenbised en wevrfioet datzangi sutfacsitapegsaphyidataage t he
wavefront of |ight ern ' tr?%if I tina
458 rather tha l?ﬁfﬁgfcgﬂ;ﬂsfl]é%g%ﬁé‘?@(‘:}?‘gﬁ@%{s% g‘ y |11)1t§r1tg ?%%‘flg)tprégpt i cal

conponent of  tfiemayade topographydate.oTHs data issvalidevancbutsle of|thepupilailigirated as
respectively, ahesfuRalbeit odlhao §ehlnctfilebhibn BIAAE 384 GRS OV

di agram 550 i 1§ Ry 8 enbo s’according to the invention in ich
bot h t opogr aphfrosiatavefront damveganenily dalyaalid withio s sresiofi the genibdiaprioy160.

treatnment for gefractive,gcorrection. f Vo raphy
systemis %fl é&éﬁ%ﬁk‘ﬁ e flglﬁ%abt? aaﬁﬁycggl;?/’fg}ezel %6@*@%@8@,“8&2 :ﬁlcs:%ggglg?‘é%&gged
above provi desbdsbeamhwongirofila15asétintthppgilaidmetafl 60 and osisg thershdaws. Furt her,
t he topography, system can empl ay.tracin | C ate a
wavefront bas e@pé%ﬁ’x %%’ﬁé@ioﬁf&g% g?%,%-‘%‘é‘?ﬁ??%(‘ﬁ &phqg&%ﬁégc%%odz* Féigém ned by
Ei hte to_pogzi a{)Eyeﬁ)ﬂ‘;ﬂ@I&hﬁthb?ﬁGRBﬁﬁN\isElrstr:alﬂpd]igb?ﬁbm tbe/ sdrensporiuidngsdats f beforedls not
et erm ne e si ca ructure of all o e co . SO0
an "overall r ePﬁ%nglsiaﬁ%mn?sbénegetbgr?cﬁit%‘éﬁ‘flucgtfg%ldﬁgmf‘?%vm fﬁognr%g ?‘5 rcl:%ﬁgwrgré%?f est
(r]I efractiongp ﬁSbﬁofmSaal | ldtiaﬁbx]zoﬁﬂﬂmclﬂt\)lias balcl_klacd.o?emtmp' Fhasdletppographysysiems 20
eterm nes the oyer qnt . aberration o ati.ent'.s
conj uncti on wi §4f taﬁﬂl" Q@ﬁé@?& ytclp(?gfa?ﬁyasy\ﬁﬁ%q‘vpg%?eﬁ lglpeasr& a%‘h&%ﬁl‘%dé‘q’“k'
previously desgcl Seshivioake iG]tk 26 edpediQly Mlvaitigeonawhén aset vaththowavefront

WIllians or others, provides data fqor the refractive vefront aberration.
This data has B980R VE QtheF toa%&régcfmspﬁt%s,lsng %\F@F‘?ﬂ%m ﬁ%sﬁelnefeco"ﬂggc

characteristi cgsepfl ih B F¥&ice WNBIsMentiBE a1RIUQH pRGIbID ASEUpEMBAsaroment of
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25 may | ack the physical paraneters of certain conponents hel pful to

cal cul ating the wavefront aberration of a patient's eyes, such as the shape
of the back surface of the |l ens, and the exact optical refractive
characteristics of corneal material. Turning to Figure 4A, in a typica

eval uation and treatnment, first a topographic exam nation is taken of the
patient's eye and used for screening in a step 502. Because 30 the

t opogr aphy system can er n

b cknoss) Bui DG RanalS S s IgEhie RS RIRL S Sppt nl el iR e
outright rejectudeim@iaygditand dugh andesdribed indy.SsPaere Noej t3%3b1and 4,985,216. 504,
such that baseline physi I uitabl e eyes are rejected as indicated by
the rejected candi dﬁ@%agﬁgbﬁé{)ﬁ@ég{ogﬁapay ﬁ'ﬁ%ﬁ\)@? ,‘c‘htfsﬁgA %Sbag'ﬁpgﬁsﬁ?’rc}o%’? tion
det er m nes t hespbysihaedimGhakasd ehtsiiec ot urfibes dfehenainhearts welas the frohieof

suitable for developing a_course of refractive freatnment) the 9 5
t opogr aphi ¢ dathg lens ap &js- Eé‘é?d“‘faéura%i‘{éﬁeai’ﬁ ??BR’S\HEP‘E}X}F 45 RARS\PE CIEAtiGRs i t abl e

for use of 1@ WRBAJRAL curPBire or b, AFulNB&héME fnap BEpRYImESY B aldidefitcdom " OF
"bad," eye. In such a case) the topography data rather than captured

wavef ront dat atheayeapied suaticesf garomet.cRaytigend opticel COMPYBLURRS AR Babsidit . The
patient proceeg'%e&an Vi1 etfeldd o MRl KptiBAREAPSeAtsQyitith Bleloafinfiibi €S are
determ ned based on the topography data for the eye. Note as 10 di scussed
bel ow i n conj usegmicoh QRBHCANGYP tope@pphyfmeagereingits prg|basedandiffuse refleséanson t he

t opographi c data. r I ; i . . V7SI ourse
of treatment o dnlspetuld e b BRUSUEHered B SurEheidh ithT Bl Bl
data. But @¢®necaivhtyle. 3isaof a sppcviatinreflectéstidiagefrom atphasidooomother offlectivedargasta i s

et for med at atiep SiGUYRRBS e ERR ARA AR REGHR B °T )

good, a favor ahiflectias deiwill beeapphientde thoséskilted st the aB1 For ilfustadtive desoriptivas ofhe

it is det : ot . . ; . .
per for med at - SHES S tuPlest CRBSUAN R opdthy ShedrREPUR PUEnRATS S8 1
hel pful (step &@RDy,512,966rbytRichandKpSndoknDats frout the GRBSTAN Si®$ysientcappei mal ) i s

t Step 5180 naegrtind el P e BN (R R BAR b BBl

eval uati on at sdnegr. 518 indicates that the eye is no | onger a "bad" eye, it

is possible toreturn to step 508 ere a wavefront based .coyurse of
treatnment is devel S{Sg&&swﬁlﬁe??{éfafa%gbtﬁf W@%&Eﬁ“ﬁ%ﬁ? %Ellu%ch ch.ggrgte
t opogr aphy onl yathashéliopbiraphysystemt Bebrek' the wasofront ssasorajessribacthe sversly use

wavefront results even for_ "bad' e . .The .point i.s.that different courses
of treatnent nETABLYSCHEr ILPRHS BF"‘WE’@’Q‘W éﬂf&&e}é” Q*S‘%%%%%Pg& s¥s§m§ nor e
standard eygs. cdrfvlatex surfrce Jopoprapinyat ey phetdulae goinowik af overalhrefmttive-esbaged

correction fox, such, "bad" e as is discuss i n_assjigree’ s,.concurrently
bend ng. Vet holElETngg B P AEETns Pt pebait SR ol e ARG PR e
Refractive Err@pdgrapiyaiysteinitiata can fien be dsedfto treare an averglihsefrabiineweenprbfiles e

eval uations. The stronal tissuq thacﬁ? IS cut.when fl ol & reated in a
LASI K procedure gen®$ #iqther gramaple, the &{?‘)‘“ Lyioys angnbosgg C@i%cagkf?rg ’Beéfto
relifted. So agafdi‘fde@ﬁlbvf&bll grdaéTwf €2 ophical Bleink®in the ey For deimce, akbmeal sone

period of days) the patient can then be evaluated to determ ne first
whet her t héfr @iFkace toPeERPlY fy8i6e SSrIdPIRY ’%ﬁf&gg‘"é%ﬁdj‘“ Witrazonis sysami P nal

treatment woul grogickRemeslitticitless datl) BRDS Raveidht sahsos tald pRVidetReraR kéfbivedoes
not have a "bad eye," either after the initial eyalyati o(g at-,%% 504 or
perhaps after eWmer deiaaByaispbiFacHns Qitethe sifects ofthe juface.datp gnd,thg dhi A
wavefront topogp@alehii 5t Bk coinSithiddh bk nodelve LaRE the VAFOGaeEoNgatd.0 St ep

10 5 524, a wavefront and exam nation is perforned on the patient's eye.
This i s pref er Msirgovem Hirasenicignaging and epticakgoperensedampgranky (QCT)HAlpwsene to
dilating t e j kiackY Bad alicsthe ¥ithBligl | at i on
of the pat?gnt*%LE%QRE%ﬁgggﬁ*ggggkggggmgS%g?ggFngca% t he accg%nndation
reflex) can be used. In this event, it is preferable to wait approximately
15 mnutes post-dilation for dilation induCed aberrations to subside. At
step 526) the 10 captured wavefront refraction is conpared to the patient's
actual subjective refraction. If there is a significant difference) the
treatment can be termnated if the doctor desires) resulting in a rejected
candi date at step 506. Certain differences,, as discussed in conjunction
with Figure 4B, can be used to calibrate and match the two sets of data.
For exanple) second order aberrations (sphere and cylinder) can be scal ed
to the desired




15 value to match the refractive data or for other purposes. |If -the

- capt uredJwavef r ont - dat a- has- a-reasonabl e-match-wth the-patient's
--subjective refraction, the procedure instead proceed ho step-528, where
the ablation is planned. As discussed below in conjunction with Figure 4B)
this can be generated in a variety of ways) such as fromthe captured
wavefront data alone or froma conbination 20 of the captured wavefront and
t opogr aphy sdatggombifitdpfagl alhcqhd HRMAPIGAHE abiBalticainenBllyer A€ k€orhile
ablation is perlpor med. Then) at step 532, a positive result yields an
accept abl e patinterfacedsithedmportant sirfage B predicting e stremal %&tcilé)mlgéi@w-be further
eval uated for elevatio b i f s - di ed
above. In the over%lc%%f%éﬂgs’{‘%%%ﬁ%ﬁng Jﬁ%\g\%\/sgr)w'?lb s\?ﬁ%g@h@p eci ated
t hat the 25 physieadb0,a)lensctsér adtacetimi456s ThbtamnaaetdOlinchidesa hapbeyof Hygrsdat a
allow an initial evalpation.of .the jent for treatnent. Then .either

t opogr aphy datséldh‘l'scﬁ?é#gﬂlrm f%&&&ﬁ&&ﬂgaﬁfgﬁﬁ“&H&“%‘Eﬁ’mpg‘b”&/a?f’é@?‘%ﬂly thﬁt a are
t oget her uged dothed @9@ htht s 956; cambine aLfofr aDbvdrilbriragtive (bMical) peweryand al t
will further be appreciate

d that a.variety of different types' o .
t opogr aphy 30 TefadiggEhasgcteristig for %yéis A '8%“_@&9&#%‘8%’@" BW%‘P‘E’&P relractive
charact eri sti qg gQiwavéfon ¥BerfaBibf)rdss, RRREMEENE A6t 1ahited b Grtgul@ticc Bnthbe used
in place of the topggra.ph' system Further, tho capt-ur‘edav%vef ront tool can

i ncl ude a var icompadp0 erigithe leds 490y and thedistagasde.gy i Brsenss of §ng
Har t mann- Shac kst R HRTRE (e 438 oM lehi #5501 GafHH 458. Systens) a variety of

other types of captured wavefront systens. 11 5 Turning to Figure 4B,
shown is tife typi calspillysteatedin Fignre 3 argnewations inticating yardqus tines of dipgnoglic

patient fl ow..ggagrbﬁ?@ﬁ%ﬁ%;{;ﬁ%ﬂ@&i@aﬂﬁSééi;éiﬁ}da%teﬁhﬁélgﬁﬁﬁﬁéulﬁo of

Figure 4B is nore pa to typical data w for topography
data and capt uostibngmfthereyaE: dhess toaks chn\pegvigsi dilferantdppes obdasy for diffesenti ve

treatment. As deptlkioPs yﬁoggxtﬁ«‘oﬂﬂesg&.uw&%plg Lg%asg.gxg't’&\;ﬁ\?itﬂﬁés defgasiat 2 f1ow

begins with al opograp amnation at a t he topographic
dat a (pref er altypicalysietermine thkathigkfiessesofi theiepitheliymr453 @nd the sema #54 gvhichom t hat

exani nal i of Del8gal A GHEH eSO v Ak Rlhs® UHkAPlr b tior BRIBRbRCAN be
exanm ned t h*anual Ty or autonatt cal l;‘/1) and I'n conbi natlon wth other data
to determn ne ttéxhnBuis thbt danby used, inbluding faipechymetee gpewlbes ateghniqug desopibed in

treatnment. A cor, , ' ' i « I ' or
other criteri %csrz;%gﬁeggg&t%@? %a&?gcetﬂlplr%%h tﬁ?(ga& °’§§§‘. @%m{i@ngﬁg%hﬁ%@a% °2'{‘°eaﬂ) 55D.
| f the eye i s Isayedt EhitimefsoandtSheme hissued Maoabeb5e1994t he t opography data is

forwarded a~ a step,5S8.for an eval,uati.on wh Lhis i or
difficult eye. Thi <9 “t“&?"r‘r’faﬁ%{g’i’%ﬂ?l’*lyosé{?‘°’8%1%ézo‘¥1"§£algﬁe@°%‘§é %dvazi%l?%%&‘@%f
criteria) 28nd soffacetepayriphys Topographyspdtyms such@sthequeniousytmaie GRBIFOTHY by

exanpl e) the t or al ua t he di spl.ayed_t.opograph I{ the eye is
a "difficult, '('j&g’Fe 'aﬂgﬁ?'m'@;?(lg&g?y E?'cégds’g qally ﬁé_hlggf‘ ac'fyﬁ"o% 'g%’t.h%jrogc{éuet S to a
step 560) wherestiifted tape uriob yf tiakpitieumn db? of the compa 450 exanple, with

devel op a st andar d 4 GYPRESGeTRarF BB ool B4 S S IR CINGRR eV T on
data. Typi cal ltspogaphly sisterilbg Gibtek,yfietlyderithines and analyieslavadety pf thidkinesseon
dot or m e ot (PR SHEEEF BAHFILE 6o 0 R O B Sorah seet 4300lF & o
abl ation prof itbgogrephyioEkitk dofiith 45O surfSttcdt tilersd 456athe diztaheesfrsn sheslessdssoul d)
however, take into account |enticul ar as i% tism f exampl e) .if e lens
profile is capPhes®rasp 45Heand thedistanss fip 'iJEF g’?Pgt 2pHes ﬁé‘?ﬁo‘ﬁéﬁr%ﬂﬁé@awd
approach may be SuiﬁiﬂmyeinVﬁE&res,aa%ﬁ@&hsos,emmawm, sidtOasithiepreglolalp| e
data due to problems wi'th tRe patient's eye. Such prohlens can include

i rregul ariti esdeagribed wayefrentyenspr Hi2ins thesvavietsontisensgnid WHkiamss proxides €42 ompi | j ty
to actuallzs capl Yicrall REraBN R dBbiratloRl bEGE bYeS stoRipldd ol dbdavRiWARtrontprofilar t  of
devel oping 'this course of re&active treatnent) an appropriate |aser shot
pattern or other refractive treatnent techgi gue i s devel oped, the treatnent
is sinulated) and the resulting change in Corneal profile displayed to the
doctor. Because the initial 35 eye surface profile is known from topography
data, and because the effect of the course 12




of refractive treatnent is known, the resulting profile, thickness) and
ot her physical topography characteristics of the eye are sonewhat

predi ctabl e and can be displayed to the doctor. If the doctor decides not
to proceed with a course of treatnent based on this display, the entire
procedure can be termnated. If the doctor decides to proceed with
treatnent, at step 562 the doctor perforns 10 the ablation. The course of

treatment devel oped in the step 560 can be transmtted to the |aser system
in step 5625i n(data)46§.cThe waveliantspnsor teghpiquentre GMBIFFY AN BYWed-q49BCHRIdWHEd as
part of the | aseacbhlthe HavssoRiSiih QRmaPoifdeyt W Wis Holaliea 845 e 2
distributed systemin Wwhich the courses of treatnent are transmtted from
| ocation to' | é3%rathenthap withitheephysicdl icharecteristies of erysparticuddr optical ceppanenhofan be
i mpl ement ed fo&wrcgyﬁi ng of the various 15 refractive and abl ation profile
data in the disCl'0seéd system In any case, the ablations are perforned at
step 562, whet her PRiningA&Figures dAand#Bdilustmated sespartivelgfarag paticat flove dinpmamt
Proceedi ng, t o 564, t resul.ts ar al uated. This eval uation can be
based on tb‘%ogsgg aé{f?ﬁ"a%)?ﬂ‘%ﬁ?w&'%‘&E’tﬁPE‘X“#&WF%ﬂ@‘“&U&P&%‘%’#B&%‘8‘? ot her
refractive evajinwaitionfis which bothopepsaphy ditg and wavelromalatataye ¢omnbined!in devdidpinged
limts) the patient's course, of treat t is 2 t an end asg illustrated in
Step 566, Fol | BHETHEEET WHRT SOTSHOR O oY FEe Ly e OPORTagY SEFBIS a1
changes, both HRBSOAN 116! tbgdgraphy WRtdneby Ofbted, whick s difchsicdabsepbiibes et .

determ ned not to be optinmal, fhe patient can_be evaluated for further
enhancenent s atlevtiopbs .mmh),' f YAriQuSSYFagss: E‘éﬁﬁ%ﬁh%@@%&d"ﬁﬁ“ f#e sane

data gathefed ghpp spa)y‘i%in odRfy B _RSuIRE 8 SvETfonebided bstAdhe pliysikal FOT
exanpl e) at 25 s?e% 564 botgﬁﬁt he patient's manifest rlseufﬂr a_q??rgn can_be

det er mi ned usi FRIMEORENtE RESE SySATACEORUET BYHF LOPRERRIEMHe TRRORBSCANHR st ep
568, that dat awhgsagh yée ;h&m;ei;Ho&%td&éﬂﬁtﬁ@ﬁ@ﬁ?ﬁ@ék&ﬁ&aﬂikﬂﬁﬁoﬂﬁé’efrpnt
data can be gathered. The data is then evaluated fo determne if additional
enhancenent st eprappaenty ef the eyeysaan Toverall rfractions isdeamminctsughprfremient s are
not possibl e) %ﬂﬁn@?&hﬁf&i Rfrididh OR aPBsehiRe @roﬁpwma%e@op%?mmﬁaﬁsémﬁﬁoduxe
possible, so the course of treatment ends at step 570.  I'f enhancenments are
possi bl e, Hbwedesermings sherpvgrallayavofsent gberrtionef thopaieplsyeYes pl anned at step
560. Alternatively) _— S bidvi s 564
and 568 indicate thlgt% B{taﬁg&‘{é’@hﬂm‘ﬁéd*%‘hg@r‘@ Ngﬁﬁfﬁghﬁﬁhﬁgﬁﬂ% h%?\ﬁgﬁ?
combi ned wav ef deseribed gravefirent ssnselfi2os thefwavefzent penser i JYillinms o pthars, prevides
devel oped begi ani :kh QedlisP can
beguﬁtreﬁéﬁge §%ﬁe§o}1 aberrgtioh! %ﬁ%ﬁg??&:@%ﬁﬁg@& o?ﬁﬁ ﬁ

be forwarded for evaluation. s or exanp Int esul t eval®ation
of step 564, athy overalhrefractinercharaetonstigs pictheiexegwhereasitkgtopeesanhy basedsysitme

possi bl e esangerpRk e phsi ﬂgé&%r&&&h@c&@ Weths helpfRRb cRtulRfing the® unt i |

t he eye ha%gqfurtﬂgr stell)!b‘hlf@}esd gfore gat heri r?g the&g‘i nal dat an or a next

course of treawavefiont shgrratiparnfapetignt'aexes sugh arthaishap of theback susface of hedens.or a
future step. llngfe %Jageoﬁkgal‘i{%cﬁg?&gﬁagﬁﬁﬁﬁ l%f Sorhdd] MafefiRt Ur €d data for

clinical studies an uat 1 on Irical results. Gathered into a

dat abase, this dat dlurningto Bigunedde it typicalepauitionand tréatmentyfizstd toppgraphicat i on
about the actu >f £. I cg%g,..

al | owi ng nomg%gnn‘gxaﬁ"gﬁgs}]g fﬁ@{cﬁh%&%%&%@ﬁk&fe@g% e'?légIrlﬁrs e?r5 ggte? &\;:é@se
correct i on30 or thé topog@pigasyistem ean d@cagﬁué@ai!@ams wiskas cmgcaé;lnicldnsssnot a
reatmont has e iRy B pmlealfibicindnpd Qfllatchalh 8D oRihistiedid LB
trace i s perf ounseifedmyeCRBBGANE dt astep 5G4, apdhi thatdaseling phydiseldy wpuiabledyesidrat ed

rejected as indicated by the rejected candidate at step 506.

If, however, the topographic evaluation determines the physical characteristics of

35 the patient eye may be suitable for developing a course of refractive treatment, the
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wavefront. This calculated wavefront is based on the physical topographies
of optical conponents of the eye rather than being an actual captured
wavefront by a wavefront tool. This cal cul ated wavefront further allows the
cal cul ati on of predicted wavefront 20 centroi ds when the actual wavefront
data is captured. This allows the captured wavefront data to be better

eval uated and nore varied wavefronts to be useable by the wavefront tool
itself. At step 574) .the centroids are jn fact calculated gnd this. data is
preferably ? edEﬁPBETBPb(‘%éa‘WB?"r‘BFffmtdﬁ Srine Wi‘f"gf)" tg*f%"‘t‘&“%%‘é‘?@? S;ctrl‘l‘(?}c B ef r ont
tool in deter m,Qidtnt 6] SOMEGEWREhG Hhe ke isPiSicult, of A, "&98 S sublh @ c&apt ur ed
wavefront centroids 25 wll be regul ar "'enough such that the cal cul ated
wavef ront dat athesonegraphydats sathey thap aaptured wayeitonkdats maYy b useddo generalgat ens at
step 574 and 54l dReRuhil Hebudhe g baddnfiiobield ta ddb $10°WHSE ublapbiRpflet Ot
tools to determne rerractive correction: e wavefront "exam nati on at step
576 capt ur es wahlatfonqmofilesara deternsinaibasedomthe topography datafor thaepea Mote ahe

patient's e. .Man octors prefer ft. S e i on

o ost 88 r agPT OB ol oBiRordh ohBIARE 4.3t bRTLTRALbLER b B8, 10
pupi | area maytdpegtaphiatiaty edsyltssimalntuchireprovdit gosd) efye cndubskguientcsursagft ur ed) but
this small area of data,can_.proyjde, highl reci se.conplete refractive
error within tHEAtBERicen By Bﬂ'fdp@ﬁﬁyémﬁ%?%gﬁn%&?eﬁéwoﬁagw ﬁrg(}(;wﬁ‘g ng é)m} ﬁéem

t opogr aphy dat gcnl%_fag)ls'l ﬁﬁgﬁﬁ(ﬁmm&‘g?&]gﬁdﬁmgbaﬁ&;ymhamlve]abedns&tgaﬁe
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all the physical paranmeters of the %2 t he captured wavefront data, can be
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that pupil aregefd3aeddt 9p 411880 abtbrihd Whtthed @RSSAI eatinbrlivbuld e Heltull (st8p ea,
t he topography-based cal cul ated wavefront data is then corresgi)'ndl n

|
tuned outsi de SHY- Hipsit|thepatignt’ sienteomseslthopgh npt optimal, is &igal gt yiep tB“'Hgﬁ%d
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Al ternatively) using a darkened roor%\* for exanple, a wavefront can be .
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used in conbination with the opogr‘?&é@dat a. Further, the actual captured

wavef ront data can Whileheferegeing emb |disgsaesctonearaphy enlydsedpblation éor
th . cea] i :
ensure there afﬁdln g?,ér}g?cgg& a&bﬁaﬁ&ﬁ? ﬂﬁg \m%ﬁfggrfl?cswgﬁ%ﬁ Sad'ELYel) The point

di screpanci es-cou or - ex arge-irregularity in
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t opogr aphi ¢ data assunes "a f airly regular Ieps. rrection of an eye with a
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repl aced as pard,,aby 2 f&alaidts é%}f&ﬁéﬁ’%}fé%haﬁfﬁé%h%cﬁéﬂﬂﬂ.ﬂg the wavefront
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wi thin the pupiF area as capt ] . vefront system and the wavefront
in the pupil area abotethatalpatiediofifime da passhetyreamthpsesepatuationsy d'he strerpal isqup

close, (and cl I?lfa? istcgt %lﬂ&l ﬁ#gi)aﬁtct#a\'eﬁli afiﬁtSﬁﬁ gieoggdglr{ drleARY dBEY ot ﬁ&ﬁ’.?gta flap

perhaps at a difrerent sca en the cour eat nent procee
Toget her al3D ofar ¢wsdybsmlifted sSafted adrmat ¢desamo thepatigntiseys seopdesiaftersonicon  of

each 25 other. Pro ing to.ste h e : he
wavef ront t ool pﬂ@%&‘zﬁ&aﬁa{tﬁgﬂ @é@ﬁﬁlﬂ%&@é@ﬂ%ﬁ crﬁ: a§ EZ%E-\;\Q%\I/@F%M .
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treatment to correct for the wavefront error. This can be fully autonmated,
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.15 5 Based on this calculation, a course of treatnent is provided at step
586 for performng the ablation. This course of treatnent is conpared to a
pure el evation based course of treatnent (such as calculated in step 560)
to ensure that the results are not highly disparate, which could indicate
problens with performng a treatnent on the eye. This step) too, acts as a
cross check. Further) a sinulation of the course of treatnent is 10

pref erabl y ;perd,gr i ) : y
Cyatom to dot o hevefint I8 o BRMAIL Y AmE b PR D boe, it SROAEARDY e
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| aser is focus'a p(‘)ah??et%é'g'?té’%l {éﬁ%gggnsgep%.&sgnﬁlﬁe g%%scgn? %gd dg)g/gé ag’(a?églect ed
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Far t mann- Shac e Retente? Beasintg Her RISE rdPerb i 0, PEOpSat e g
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an emmet ropi c BY®® Al |l of these techniques) however) are sinular in that
they provide an actiwill forkefbe apprediatedthaeamennietyadf differern vypesibf topegraghyt | ve
error of the eye fromthe retipa,to ,the surface. her vefront .techni ques
are known % (%EFFHS BEOHEFETERRAST %@‘Mﬁ#ﬂ?ﬁﬁﬁ“&%}@@%ﬁ ‘\?,%h? °¥&b<g‘t‘°|hzft5i on from
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t he :
of other types of captured wavefront systems.
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20 ocul ar refractive surfaces and the indices of the nedia separating them
This is conveniently done by finding the optical wavefront required for
stigmatic imaging via reverse raytracing. For exanple) suppose the
corrected systemis to forma diffraction limted i mage on sonme known i nage
glare (the retina, for exanple). A point source is theoretically placed at
the intended inage location (F in the figure below). Rays 25 emanating from
this sourcecare ray e 0, {1 bf3s ol | .

Girect i ony St rst t RPRfito Pikurem, ST KIEThE pitcesd e i BRSO ¥Bofated
cornea. |f the withtthepdtiestyfiiwechaitsS08 iof FigaretdAo riTheprovesséldta/fiavhclirtf 550 of Figoient  at
F, then the exiti.ng wavefront .M w be pl.anar he,exd 1] wi ||
be mutual |y paf®ii? re(pagmtuﬁaéqydg \gc&a{olt “éffrif)igtﬁ Pg&?rggp#%aqhﬁgfa%lag%g{}p% &
wavefront). 30 waveftonttita inldtvelbping aTotdsé bfrafradrias treatinéritc AsdescribédPdBove ithen t he

exi ting wavefront s not_ planar he carrective, ablation is calculated so
as to nake thecﬁ'iJP’E"‘lt‘H@%@Jég‘ﬂr%%’ ‘b? a?fﬁ ow Bsbw’ttﬁf ,p°¥rﬁ&“6 Bt

l'ength ~(x10Y) sekﬂssmhmrtaytdpagrﬁ'meaatsairgaﬂamwﬁvsﬂdamatarfer maltipkauffaced F to a
reference pl ane external to the anteriaor cornea an(dgéorl en

L ne iented
per pendi cul ar Tesulting from thategamination bringgeviswerhat stepyded (R SUiRRIINY. ThyfaR caphi ch
I'S proportionak, E%?g wggﬁmﬁmy%k%o&mcahy,sm il Quib{fRGY M ofePBdltct © M

equals ~(x, y) =] n S ray path '_I'hq pur pose of ablative correction is
to flatten thedpammine thasuigability ggt)\e patieat’s eyet fona refraetiye fypatmeniyd cernea that is he

arcl ength neas - | y"%g L S a Rl : kY endopdex. -
Ray coordi nat eggo‘(at%nfl)‘/ é}grdéﬂgr'et??ne %{/’%%Qeﬁr%&r{}%’t ersgg{e%%{lgﬁ%%isﬁ]égﬂ )
ext ernal rdfer shayven g5l acstep. S56h & the gyerie sujtableiod treiaument, hpweves, the toppgraphyrdatais h
the optical pa i & ; L CoLYe.
Opti cal  path' | AR e B QaldaRb b RRPR E0gfic RN Fyc
f1 atteni ng t he Thisaleterminaticns toopfanttiedbasedronaavatitty of ¢rityria, pfd carbectommticeri al i s
to be renoved in e . J | Gal ' £ from
the desired pl g*naaw("fi%@ég?%"*a%@ﬁ&r"‘ﬁg"vf%?%‘%ﬂ?y‘hﬁ%ﬂ’r‘rﬁ%@‘f’ﬁ“%ﬁ@%d‘ff’?@ési tive.
G ven that ~ dedpopmphyadatd, alifitheveye &sfa ‘Giiffirult;™or-34,X e3¢) at step 558, \Yhe G1a flow

20  proceeds to a step 560, where the topography data in conjunction, for example, with

standard visual acuity data based on qualitative examination is employed to develop a
standard course of refractive treatment based on the elevation data. Typically, such an
elevation-based ablation profile only relies on both the patient refraction and the |
elevation map of the eye’s surface to determine bofh a desired post-opérative spherical

25 comeal power and an ablation profile to yield that power. Such an elevation-based
system could, however, take into account lenticular astigmatism, for example, if the lens
profile is captured by the elevation based system. This topographic-based approach'ma'y
be suitable where a wavefront sensor cannot provide reliable data due to problems with
the patient’s eye. Such problems can include irregularities and a variety of other

30 conditions that affect the ability to actually capture the overall refractive captured
wavefront.

As part of developing this course of refractive treatment, an appropriate laser shot

pattern-or other refractive treatment technique is developed, the treatment is simulated,
and the resulting change in comeal profile displayed to the doctor. Because the initial

35 eye surface profile is known from topography data, and because the effect of the course
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(2) Invariant rah: Now how nust the cornea be ablated to reduce its OPD to
zero? A crude estimate of the OPD reduction can be nmade assum ng the ray
path is 18 S unchanged by the ablation. Then ablating the cornea a

di stance sl along a ray effectively replaces the corneal refractive index
(n~ =1.376) with the index for air (nA = 1.000). To be useful, the ablated
| ength al ong the ray nust be translated into an ablation depth in the
z-direction I S acco hed et a- rl 1 defined.below (the
formof ~~1s ?fJe"PEG‘\‘é’d’el 'F‘??g i‘? “gpﬁf{}%%“%ﬂ"%“’)m{dﬁﬁh"agﬁ ‘ta‘gn dept h
for the invari@pbghahy mebetenbt&sl.@&@teye Zre sdindwh@t prédictable amhﬁh%efdisbliycdtlat N As
z is directed &loleibtlve into the eqv?7 renovi corneal pateri al

S
requires a pos @on pif She dogtog dspides nobto prpg I“aWér°°H’éF@ﬁW‘ﬂ%Ba%BE¥b’s The
next best appr&ﬁlgy%@gbt&é%,to@gdu?etgaﬁtt,@@nﬁgc@ssurres the corneal surface is

planar in a small Tel ghborhood surrounding the refracting ray, and that
corneal surface oriltheddcton decidestepraersd Wwith yreatmenta pl stapi 362 theidoctonpesfasmse, t he

20 air pat @ | but
i spl aced 1 o B O ofhedBlhy WERIBER s BPudfY60 T B ExiBiid B the
rays R, and R2lashkrsgstcin imstby56;ﬁ1ntatven¢t£bfw&3ts;orehqmumnmuldhtepqrfwnmb@i a and

Lheee Thoncd Bitortad fdvidy. PO phiefiNo, SR04 el achiel RAREbuRACA|S

these three di¥ahces are ear propor
~(R2) = nc si systan{in3vhiclsthy caﬁsﬁloﬁwum[ba:estradsmmdfrymﬂmpm toilocagibn to t he

surface displ rrent Az, define.a,set  of follows: = n
Q1 500 R e B ot ASitig ot oo 8 iplemented R g Bt P,
eta-f aC%_Or ﬁs defrattbvetdnd aﬁnuorvmﬁtardataﬁiima rdticlS&)i sgmdn.t gfm@wmfeathe ablatigsnate 10
vect or that copnects t e t a

Ui t o1 engt h i PeERPeh AR s Bather BB kS 2P nghhes SPirsestadtpnyeeeapmgnt.

refracted at tnecm&tgablse ssarmetm@wat&radadnﬁmamanmmfbemreaeal poi nt
A, respectively. Sl=.s r"jég r) % t =~T~ The a%gndl cul ar
di spl acenent o‘PP?ﬂéP‘tYe‘f" ‘E‘?"ha%ﬂj‘f £4 wavedroptevaluating, o5 %%tl‘efﬁ?“ ev ¥nd Az.

In the foll oMiketresul@ihg Gsual Bality i withih B&iredlihits Wi praentiebime ot(tpaa&mtnuse in

thezdlrectlon) .of the refractin face, dthat z = 0,1) is the
uni t vect of0 deatianiengas Hustategip siep S@ilﬁﬂﬂot”ﬁ‘@ °¥a5?ttﬂ“ﬁﬁar“em?'?‘éﬁ\};p.r r@‘gss’g'i PF zn)
-S1 ii - -SZ nother changes, both for the better or worse.

=

If at step 564 the results are determined not to be optimal, the patient can be
evaluated for further enhancements at step 568. Again, this can be determined based on
the same data gathered at step 564, or perhaps based on additional data. For example, at

25  step 564 both the patient’s manifest refraction catt be determined using eye charts and
topographic data can be gathered. At step 568, that data is analyzed, and if desired,
additional captured wavefront data can be gathered. The data is then evaluated to
determine if additional enhancements to the eye are possible. At this point, if
enhancements are not possible, the patient’s vision has been corrected as much as

30 possible, so the course of treatment ends at step 570. If enhancements are possible,
however, again an elevation based ablation is planned at step 560. Alternatively, and not
shown, if the results as evaluated in steps 564 and 568 indicate that the eye is no longer a
“difficult” eye, then a combined wavefront/topography course of treatment could instead
be developed beginning at step 572.
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_These rel ations can be solved for the eta-factors ~, and t12: 25 St - zn -
s2 - "zii Qll=~--bt~n '02 To calculate the final eta-factor, define the S3
ray vector, and notice that S3 - T lies in the reference plane Mand is

t herefore perpendicular to the surface nornmal vector mof the reference
plane. {In the typical situation, the reference plane is oriented

perpendi cular to 30 the z-axis and thus m= "z. Neverthel ess) we solve for

th | . S3=5 '

b oo 857 o, (e B ieredlaPsch sip 't ORIOIof Mol P Bitr

20 5 e~ ez - eRunfp)Ginthdyeshlt e(aa)auainorsscqnmt anyrdati gatheredl cbuldrbetuber gstep 5681s
by th | u f t f act Th

Corrert) on | o Bl ie BRbGEnEk: e e R re BTt At B or

10 of the ray uﬁcay@hamm@s;tsnaamedwmegamw@m@ﬁmummaduxwwrsbhe initial

raytrace. The next higher a roxi mati whi ch woul d account fqr, the | ocal
curvature of t Hea®Eshy Ige’é}‘tﬁ éf"%ﬁ‘ﬁ)ﬂztbém‘rﬁfrr‘éwé‘ﬁggqrﬁ ‘%’r%"(ﬁr&?)“gg t he

abl ation digp! acgabie M retA thh@reli Aktaltdr infchl thidiesAN® WHludtion BESAPESal
difficult in principle to calculate the exact result by analytical neans.

15 lterati ve s otsults. (Fatheperintofaglatabasg: thiy detafemsransasetientirepasitoryad chwiFalt i ons
are needed. |0 {RiaRoR RURPIb dertifl AL ofleBRA ol ntAlhis oh el AiRGAMY Ve

recal cul ati on € raytrace solution. oW ng procedur )
differentiates nmommtqmwslmtad tm@yldv\pneorbcitq refeagtive eogreqiorhfor Biyre patiants. t he

P Ve oS P BBl RS SRS
during thelft estap 56Rif piporyims treaDment hahgesulted|in G—‘@Sﬁ Ryer Baﬂusmmg@dumm first a
o9 a0, Bl o e RSN bl B el DR, Y
fromF to M anevaeefrontil ’thec&let@tcdrwue&bntopbasedibn qhatphysﬁczahgiphgrbﬂncs ofmpnca‘l t he
i aceFor ) e b SR SRSl
(i.e., $0 is i chtThigataltwatdd-waveltontfultyer alldws themalculatron@f predicted wavefront
20 centroids when the actual wavefront data is captured. This allows the captured
wavefront data to be better evaluated and more varied wavefronts to be useable by the
wavefront tool itself. At step 574, the centroids are in fact calculated and this data is
preferably fed into the wavefront tool at step 576 to assist the wavefront tool in
determining the source of actual spots. In many cases, the captured wavefront centroids
25  will be regular enough such that the calculated wavefront data is not necessary, but the
interaction of the two systems at step 574 and 576 does permit greater flexibility in the
use of wavefront tools to determine refractive correction. |
The wavefront examination at step 576 captures wavefront data at step 578
within the pupil area of the patient’s eye. Many doctors prefer to base refractive
30 correction on manifest refraction as opposed to cycloplegic refraction, and thus the pupil
area may be relatively small when the wavefront data is captured, but this small area of
data can provide highly precise complete refractive error within the pupil area. This data
is then provided back to the topography data at step 580, where the topography-based
calculated wavefront is “calibrated” or “tuned” based on the actual captured wavefront.
35 Because an ORBSCAN II® based wavefront is an analytically calculated wavefront in
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peripherally into ~I(x) y) to provide for a snmooth transition zone.
Alternately, the 30 transition zone can be calculated |later on the
iteration-goal ablation surface zG(x) y). 3. Calculate the initial
iterative OPD with respect to the iteration goal, which nust be positive
for a realizable ablation: e~ (x, y) _ ~l (X, y) - ~0 (x, y) . 21 5
Iterative Steps 10 15 20 1. Calcul ate the approxi mate abl ati on depth Az

usi ng equation 3, .2 Mithematically fit the new.anterior surface to,z(x, V)
ez Ox Y 5 3 whish SiaPRETERNY SHECIR bk 2p1 VAR B S Retfimele oftRERITpE | )
4. | Refal cul ﬁtecéd&ﬁeci W_Q%ffdh@ﬂét%éﬁlﬂb@ﬁxséﬁhﬁﬂﬁﬁme)bﬁ;ﬁl afraaliortﬂfﬁn_ﬁraqu%% or2, and
cal cul ate the new optical pat ength ~(x, y) .uUsipng equation 1.. 5.

Cal cul ate the wesreehx%awmnm H“Hg‘l@_é‘??eéaﬁsqd(?“tt\‘%‘f#‘?sé‘? NEFESHBAVIIIR e ce
that the correghlivge e tBE&’%\ih]ﬁy-BQ&HEbl&ﬂat@d whREBhI 446l is thdn CYsrespondingly thed) -
~G (x, y) . Fihal Steps 1. en necessary) nmake a snooth transition (with

m ni mum var i at puisidethequpil areas his permitsa "?QPBF%WQYﬁﬁ'@WQIbaS&B pdjustasntdo theace
zo(x, ¥). 19 DRULCAN fielBited LAMuARLAELGR AMELRERTy, BhihEa ditkened rodufl/fEr! At ©

the final tron dep can never be negati've: 25 o
azF(x.Y) =zF( x. y3angil¢, ». waveffontRarchxd determined frhm aflanger pupil arsiagvithont indusingever se

raytrace fromP to,rt cal e fi . | =

el g equat | oneY pieE s St ity Booitfbe isfwicfRl ik VplBply KRG 1 o) V)
_tlhle pterftept |)ol woseumvd hedmlginiﬁ;n@&ﬁ(&et&boglgzphg@mw-~P(x. Y) 30 This approach is
illustrative) and ofher chni gues cou e \V r furnin
to Figure 5) a bl ocﬁ“’ﬁ]"&éﬁ% tug?cag ?e‘?'aélffr%@d\g/\%\?gq?%fé%ﬁgégig%&fgl% °
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especial | y usegﬁ?ml?‘i?f”cf'ﬁ%‘g%dffatei" [ exagR, °aa}1fﬁ%f"lfr8$lﬂ%r”§%b'§ﬁ?ﬁ%cs{aﬁgmggééﬁ% of

light spots onRrRogEAIYy thé®Podriphitedravaveinont dath,land vould kugpedt agiiest cartinaing  of
the eye. In gene

ral) .t he_wavefront sensor .3 focuses. oy scansg a |ight
(typically a | fedrocedies fer ‘?"éPP#‘?a'}‘?)PP%a@%g”gws‘t‘ﬂ%‘rf‘ tasely et Tont, | | ght
returned (i.e. Coectionof BReyeswiti 4 kgl irfegan lehecoukl dreag pioblems gihthathienslvers and
corneal optics_of the eye and inaged by a_lenslet array. Based .on opt. cal
aberr ati ong0j nlafqiié"l’é%?égés %’i%@sc?t"'%ﬁ'e’“ B é%%‘eéf-o%és“&ﬁ% & Wayefrany, ont
aberration anajnephpil hied @ édpurédtythe@aiveiodi ¥ystezane thel wavefrom ipie popilarea as
calculated by the topography system are relatively close, (and close to the subjectively

determined refraction), albeit perhapé at a different scale, then the course of treatment

‘proceeds. Together all of these sources of data thus act as a cross verification of each
25 other.
Proceeding to step 582, the wavefront as measured by the wavefront tool is
merged with the ORBSCAN II® based calculated wavefront. This can be done in a
variety of ways. Either the ORBSCAN II® wavefront can be tuned, or scaled, based on
the actual measured wavefront data as discussed above, or the measured wavefront can
30 be used within the pup.il area and the calculated wavefront used outside of the pupil area.
However this data is combined, the overall wavefront is then provided to the ablation
software at step 584 which calculates an appropriate course of treatment to correct for the
wavefront error. This can be fully automated, or perhaps partially automated and
partially manual.
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the anal ysis) the returned |ight becones aerial images fornmed by a | ensl et
‘canera on a sensor of the lenslet canera. Fromthese inmages, the wavefront
sensor devel ops a 10 wavefront aberration map of what corrections are
necessary to the eye's optics that would yield emmetropic, or very nearly
emmetropic) vision. To properly orient the patient's eye E, two

660- manonet er | aser di odes 302) shown in Figure 5) can be aligned at angl es
to the eye £ Wen Bdi&iﬁnm{!chh&laﬁﬁt la@biir'ss oftycatnent [sproVided ot sep586ifopdes 302
are nerged into a single spot, by appropriate adjustnment of 15 the

wavef ront sensistfozning abi”@‘??)mlﬁé("ﬁﬁﬁ‘ﬁp Fealireahis COMPRIFGLO 25 elayatigR dasgd o (or

optics direct 'ez,ars%%@at&@ma)ch ab Ekﬁc@é%&d fMep 5%0) t‘atehﬁ{ré"!ﬁﬁ)\e ise¥endE 1S

positioned at, or approximtely at) preci se focal distance fromthe

wavef r ont sens*DEhIB(dGP?eﬁe, winigh could tném@mrwws withh perframing gttregtreapg othe gie. be
properly orienpad.Dy 15, Bam f&r@&ch&?& %hﬁe,aymgmau% !aﬁg, @ﬁﬂé&%ﬁé&ﬁnc\‘}f’r ker by
to find the 2

visual ly looking at"'an’iris 1nage he eye correct focal
di st ance f}Q)mprbkralvkw[wi'ﬁounztdcsﬂhsmpomﬂl}tas memgdbh@emmgathWMre on

Sour cb. oye | 19 PHsBHTE bR ReBBRP, e Vet R e R iR gt ' O

di scussed bel Oaﬂthé]mwcdt are)withim acscpnahlaﬂbdms aligned, it receives light from

aser di ode) 4l ong éﬂcegfmaoaa@pﬁphﬂeagfﬁ R A

di ode 306 has Moﬁné&\a@uﬂfi@p&d—bp&%mw&pbtzdlmoﬁ is Rribrrhddiat PRPS64, @hd
muf ti - power m)des) at Ieaé)% one a | ower power fo allgarhrlrregg initial

d
f ocusi ng alvd atubpegyent coprees a‘fﬁﬁ\%‘rc‘ gfrto Y © P”&ﬁﬁ? '
image in a sengQerfofmél.) @ Iensl et canera) 312 discussed bel ow. For
exanpl e, typical |ower and higher powers are 0.5 ~. Wand 30

respectivel y. Theselissappytatiensbsigtenyfmpl W%M@'t%‘?myﬁm%‘gﬁ WaYRERDh s how

l'ong the | asery gl QlethsMatich d;rsﬁlegeiwrﬂmhmdmp& s'éf)a:megﬁﬁ'beﬁgt%i‘kcdﬁcaﬂ%g' on
of the beam from the I'aser ode 306 first-reflects froma beamsplltter 308

(e.g.., 80% t restindapreeme sombinatiandbergefe &or exprple, &1 2 Weiceldmplemenishisn de
through a fpl api md?ﬁ@ﬂ@khé\laﬁ&{baié@ Sy tHo1tah T BeSh e frOM QY SBuldie Si gnal

to noise ratio (or signal intensity 1! % ght backscattered fromthe retina
of the eye thempley e#@mdmmytasw&w&@wtw dagpcfrom hethapd displaysthatdata s

di scussed bel %énéw ?cr%a @QHaﬁ@&? n3WevdOdadh topESoufPhave Rs biAh chinplthiidriat i ved

fromthe | aser diode 306, generally passing light Iinearly polarized along

one direction Sa'ﬁfdmraéﬂldﬁélﬂb!ﬂg“h d%mbermraspﬁsﬂb&pkwd it Fyrther. dha ouese6h. The

Gocq to ad) ueriiel a8l BEpaRAd bl SEGH BN EshiRind e Rl ompluf b
retina of 3%he wighinhe laser systeptitssHi mthqr piprnathygefos distribatieniofghe epmpsationdad et
array fromthe ?)ﬁl%&d‘&gk,%ugg?%}ﬁt 5S§fb|lcna will also be 10 correctly or

nearly correct cuse ot her optical focusing
arrangements as undﬁémawdenbﬂqdlwcs mecblasswattwsdeams seneorpmey boeed imine

SRR S g B e O

t hrough a bea tance, OA) transrnittance})
and then t hr oumsi Lmiting hmmbademﬂheﬂammsh?&kmeéﬁvomﬂpﬁ plensigit ed to

produce SUpPt altiyab by fidhtd ot ARk} EfoblofAaceERR il e khBREH e

pol ari zed e significance s w il be appreci ate
di scussi on bel spatsafre tnmddstommddlolpcegbftﬂw wavefioed Havhtheserfgtto thedistidegyative

fromthe eye Zi [ t ' r.ough
the 7U4 wavepl%é"g %ﬁ"@kg @ﬂ?ff“&ﬁq’f?‘g Jegﬁgt %’Qg?‘l@ (@{%Hﬁg .‘%‘ %rfhayt he eye
E. The Iight l]ﬁ'obﬂe.kst@fdllel’ eetimal sp"oefdmgetpedt fnesorenieat. r Adties tehniqhdis a

scanning technique in which a collimated beam or laser is focused on the retina and

35 scanned across the eye. The reflected retinal image spot is then re-imaged onto a
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20 backscattcred Iight spot on the retina then passes back through the

opti cal conponents of the eye E) such as the lens and the cornea. On the
return path, the circularly polarized image light is retarded again by the
wavepl ate 320 to yield light linearly polarized perpendicular to the
incomng linearly polarized Iight forned on first passage through the
wavepl ate 320, as discussed above. A portion of the perpendicularly

pol ari zed | 5ghigerd@ord *r%aa@eﬁéceayet B Riehed RO SRERduld £a8lonIeBdetdc®k béiidrs from
the mrror 316, passes back t rough the prism 314, and returns to the

pol ari zi ng beaﬁﬁ@tdilqsﬁ ef thg iagation;of th ssarphingron the qorppa. Hhe {'digmlacement] phthe i s

per pendi cul ar | ¥m§%% ?&b 6fthe a@e 3 ,ﬁémﬁecﬁwasfhﬁeabh a% dc¥in n{)@sido%%% Bndalhd

pol ari zi ng beans ter 310 an then refl ected rror 322 into the

| ensl et - i magi n@lcsmpepéﬂ@mvcﬁmt ipedetesmined gimilatie thﬂeﬁffmmﬁed -Shagkdenslatt o an

adj ust nent cangr t Y t can be
11 tod and or FSRuiEy AT HRAGuc ol HRbp Bl ool UGB g s

-appr oxi nmat ¢0y Bn degetems)l‘hc raflecthd qutsmd: maged anto edytccttbleanﬂltl@pﬁtdxsplacahmﬁthsby t he
adj ust nrent cangra 323 | d have a.polariz S t.anti.al |l i_cul ar
to the returne CF%ﬁﬁdr\é%Hﬁ%ﬁo age plﬁgg"i d@g @F?Sflycﬁsmg?csr aﬁ\cfn g e
wavepl ate 320 immmdySpreﬂm ipdcnal wev&f@htmmmememroomcdwa@l i-é‘ffabﬁ%&drokbﬂht to
t he adj ust nent camaé , 1 ncl udi “?86? &'ge optical path 3\9
optical componHift¥e BPmy %‘eﬁh‘*\/‘@fﬂi‘% %"e ‘(“(5F°° 9455 a?zﬂm"wB%F%ﬂ c
envi si oned anddgfefpbdiCl uded wi thin the scope of the present invention. For
exanple) the mrror_322 |nstead coul d be a de\/Il ce hayi ntroI I abl e
transmittahde and realedatingaWavefronhbAberration fram; TopegraphicData g BMRfLEhe
adj ust rent canera a?ﬁ—&%l-focua ng opt| cs can be positi oned to receive a

fraction of the retw&e&bskddgbévet bmamNnm Biap ﬁﬁdﬁtdhﬁnﬂah@s&ﬂﬁbbﬂchl@hlh@
device. In such an |rrF enent ation) the bearrsﬁt Itter 308 wou

unnecessary an@™aHaront g to deyelan Acpupg-aftreatpighly Qe teshPigueiaAC E""v&g’tﬁ Itf2have

substantial |y {h8ns ANGnREtiveabAlehldbllBh PitleAPdah BB dABmiiie! fdth BeigéathétBfofdhe t he
returned light. The lenslet canera 312 is @FEf erably a chargggl coupl e

devi ce ( cagwkar sgfragtivasugiaces ami thy furicesgh $1%hi ch

i ncl udes an aré&bocrﬁémiyeda%k s;ﬁmﬁz )he%hﬁéww%f@hhequm&%u aficiRERE vind
ot her sanpling optics an gous | ensl et array 15 324 (including

optics separat @VﬂFW%ﬁa% 5 X Rk qURROSS the gorrerisd lé‘k%ﬁl‘%fmﬂ‘r? diffetirgo DL A
carmer a by Sonyy; g gL hASARON HABChIERS okinal BEcIBBRICA TR 2 and

the pupil canera 328. "The |lenslet array 324 forns aerial images on the

| i ght sensi ng @eemiastly placed at thednteadeddingeipcative (F invihe Bgure helewd Ray® from t he
returned 'whtaﬁmggﬁsﬂ Y s &%Hgﬂﬁceﬁ%&ofmesﬂ@ﬁﬁpé ame?u%gama help to

reduce the anount of  unwante kscattered Or stray |i to i nprove

t he signal i ntdimsHen, st mghﬁmme@lcd&nsmmaewgighmmg@éurw rem¢ae dEthet
array 324 focuges R ugh
the opti cal co‘ﬁ%‘oﬁleﬁ%tynq?apgcuwﬂm ﬂm‘Pﬁ?‘?&%w ﬂh\%ém\%g ?Qﬁto te _
aberrati on effwill s pddnat,laad deexifingaaysivagll ﬂenmmajlylpmllei (aslt]heararet al penpendicslar
disclosed in WI]|i h| s regard) once the wavefront aberrations) and
t hus phase err + @F"afﬁ'@"% JBYE have been 25 deternined) they can be
transforrregoto ar &wred abl ation profile for renoval of corneal tissue to
correct or r( ! bn by taking appropriate account of paraneters of
the eye E (e g.) the refractive indices of eye E conponents) and/or ot her
paranmeters). One technique for determ ning an appropriate profile is to
sinmply scale the wavefront data such that the scal ed data generally
corresponds to the-anount of tissue needed to be 30 renoved fromthe
patient's cornea. Laser systens can then renove that profile of tissue from
the cornea. Marks on the eye E can be enployed to aid in aligning the eye E
during acquisition of wavefront sensor data. Preferably, the lenslet array
324 is an array of approximately 25 x 25 lenslets, each 600 square m crons)
such as a 0600-40-S manufactured by Adaptije Optics 35 Associ at es)

| ncorporated. This lenslet size is smaller than the | enslet size described
in




25 5 the aforenentioned 5,777,719 patent and in other systens, and is
made possi bl e because of the enhanced intensity of light to the |enslet
canmera 312 provided by conponents of the wavefront sensor 300 to be

di scussed bel ow. The optical path of the wavefront sensor 300 shown in
Figure 5 can also include | enses 326 (e.g.) four |enses) and di aphragns or
apertures 327 (to allow changes in bean1S|zes) that are typical of 10
illumnatio i magi SO, C resent

ot her possi bl e opti &Rt 2t a-~“ I@ﬁef cE’f’S%Y"?" ‘i‘—’B?‘Ség‘éﬂﬂ e one

enbodi ment of Ebeedmuamm@m cil&lﬂat@cpﬁx?ds td ﬁﬂﬁthe@:fmﬁ%ﬁa@fmh@ﬁlhha@f T betignses
326 about the trombone focusing prism 314 can be changed) perhaps

shortened, to &decentivtidativlen %12 of epsh myp Hirshcabewlated fagm thecsoprsp pPiat F ig 2 ay
324. I n anot her ITbOdI n tr urenment s
that can be ma W?"hp c@iaﬁ%’% r“(;)% g‘{’s?tgﬁérocr%%%arp c{gneqlh%%erp@an %aérqgﬁinged for
exanpl e, wil0h ampideglinebesigiel Opticabpathhiengthewhiehis pp@oriionaf toal timé itttdkes faaser
306) to adjust for the natuyral_dist rlé)futi on of poor eyesight in the general
or a select po ta‘Pipb‘?Pa&?teﬁ'S’[“l FI3dk e way to do this is to position the

l ens 326 (e.g.) a -5 diopter Iens) in front of the | aser diode 306 such

that the | aser beam arallel. This provides a certain_ 20
of fset in diopters #e&% YXan st‘i‘é d to test the patient's eye wi t)t he
wavefront sensor 300 (or 182%h |nla nonliniting exanple, the dioptac range

can be nodified froma symetrical -8 to +8 diopters with a symetri cal
design to asa amxsl}fea*clenk& memsuraddlongﬂemaddtﬂQs)amthaa;emmeMouaé indexsi gn,

as wll be apprgeci at ses in the

o thout chang RV ERuageEs ot 35 eSfiegng iy kBt yif b SEL B8 e, s
tuni ng devi ce) phind/ The ﬂgrrabab\eﬁm;saites hacﬁqntthmmgh Aletoprice pathidéngthi fanétion for
position of th ns 326 ens 338 c vdlntoth ath to the
| ensl et camara%gJ{'Za )&°%%H9§rhy8?‘°1”88§?| aﬁh p,gtF Bﬁ’ﬁ?oﬁg ?he | ensl et
canera 312 can be enployed to adjust the overall range of the captured
wavef r ont senscﬁfseg(’f@n}’2 3/) wi || be appreciated that by enploying either the
| ens 326 or 338 noveable into 30 and out of position) the length of "throw'
necessary for the tronbone is reduced. Further, the |aser diode 306
typically will have sonme inherent "astigmatisnt of its own. This can be
aligned with astigmatismtypically found in a patient's eye E, again
increasing the overall range of the wavefront sensor 300. Specifically,
such astigmatismis aligned "with the rule" as typical patient's
astigmatismis found, and the lenslet canmera 26 5 312 and correspondi ng
wavefront €8nsor 300 software can take into account this inherent

astigmati sm as_providing an .even [ea,ter range of m nabl e ast| tism
A pupi| canera EQWS%%(?M?“Y% foflagten 0%"6& ?%Aﬂ’gm &eepg ﬁ%%m
fromthe beaﬁsgh%&éaﬂ? fﬁééungm@fremwa&w&oa.%ﬁ wﬂ)emaeﬂ%ﬂuﬁﬂmotbee

iris imge dat or the ins inmage 136 via a control system (not shown)
simlar to or w¢novwdinthgprochss. @%WGP“&%BM@M@%(QR@M%&G%M\DW t he

di f | et
canora 31220 5 TSR X BEpul o€ RS 010! B BEIAQRABE" 21 0 e

pupi | camera 33Gvefsop) aced in the optical path bet ween the eye E and the
trombone focusing pr| sm 314, V\/m ch allows the pupil camera 328 to focus on
the pupil and iris t+he—eye espective of changes in the fggal

| ength of the remai WMFW‘ ﬁﬁﬁl’q’ﬁyl stemfor focusing on the reti E?ﬁ Thus
the pupil canmera 328 can devel op a cl ear i mge of the surface of the eye E
|ndependent300f the depth of the eye E and the correspondi ng di stance from

the retina to the i livariamgaymodelj Nowhewtmushthe cornea be ablated to reduce its OPD to
zero? A crude estimate of the OPD reduction can be made assuming the ray path is
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. The wavefront sensor 300 also includes the alignnment or adjustnent canera
323 20 that receives an inmage of the backscattered spot on the retina of
the eye E froma beansplitter 332 (e.g., 5070 reflectance, 50%
transmttance). The adjustrnent canera 323 is in the path of the optics
that focus light on the retina of the eye E and is independent of the
| ensl et canmera 312. The adjustnent canera 323 nakes it possible to

reci sely dgtern,ne en th redi d 306
gnt o] theyre i n?amh%ngemy{)ﬁ? t’8?)p OXi rra#leéy |Cn'§k¥%%l§té&e5h%\g?éwg§a§agﬁg& ©
det erm ni ng wh labévahbaﬁkmaifﬁaem&dnddxgﬁﬁ 1 3o6nwithahe mtiexnfor ais (s 1.000). To
apprOX|nater n C e caner 312 th th st.nent
s B35 Y e ésaﬁﬁ W5 aiirted e SR e o e B ettty h By g Fdbe
ul timte sour Ce dIrQJnoBhﬁm@l?BtaEéUxﬂﬁxsl%dgﬂaﬂ]e t(tﬁ-ffac'tcﬂ' deﬁh&‘!rﬂa&w @!Q.dfoﬁﬁ@f Qfis
automatlcally exam ned for when'it is’in sharpest focus to aid in focusing

the aerial i naduivedin thhaexiteentionr Givgncthis, the zbla;@nalsptbrﬁ@rrtm ipvarianpray ggskeldis | n
previ ous SY; tenms) no adjustnent canmera was prOV| ded. Such systens woul d
rely just on a |lenslet cangra to aid in foc ht on a retina and
backscattered Ilghtm&‘(—he{éﬂsl,et wier g, = ferb'fem with this approach
is that the portion of (PeE MaVef r ont sanpl e(szy Bn*fndi vi dual Ienslet of an
n-lenslet array forms individual spots on the canera's sensor with at nost
appr oxi mat el y A#é misdirected positivel int®3heceyer mgynoging corosad mateghl lwaysreguinesied
backscattered |ight 'ﬁi gl%f rgzenteri ng the |l enslet 27 5 canera. As a
result) the r eP?S Ve(‘%’a'é’? P ‘exposed to |ight energy (or power) that was
mai nt ai nedifi gh unnecessarily. As can be appreciated by those skilled in
the art) with the present invention, the overall exposure of the retina (or
eye) can be reduceohwraé{ rmdmﬁl&s 'JFHcQMthida approkigiiiobefne sstattdOPD ght

energy (or power) e| ve at t he ust nen r'a" 23 need onl )

appr oxi mat e th%ss‘ll‘icl ?‘sr? M as “9‘5 ey d}L‘Fa‘?éﬁi@mg

| ensl et of them&«%alt@stc&heaxuﬁ&benadhmhmmfgammeaeﬁum Meidsicdse, e rect |y
observe the focusing of light on the retina fromthe |l aser_ diode 306 whil e

the | aser ¥ ocwr patks ¢fdhg me1°p§a>1 Ryiiof thsRetromBY 82 ary paralic; R difglagedassaown 323)
as i npl enent edy, thdfsuébélewf ocusing the aerial images on the Lenslet canmera
312 as sharply as possible while the | aser diode 3U6 is in its | ower power
node as well. In so doing, account can be taken of the 15 transmttances of
the polarizing beansplitter 310 and the beansplitter 308) the -reflectance
of the beanspl(see &G3BY, and any tilt or rotation that is introduced to the
7U4 wavepl ate 320 fromits optinmal orientation to allow a portion of the
returned light to pass back to the adjustnent canera 323. As discussed
above, the adjustnent canera 323 is used to nake sure that the spot 20 on
the retina is as sharp as possible. This neans that the correct tronbone
314 settings are checked as well as patient alignment. A signal can be
devel oped (e.g., fromthe adjustnent canera or froma control system such
as the control system 156 in Figure 7C) fromthese settings and alignnent
for a manual check or for an automatic start of patient measurenents or
exam nation. Such operation also allows for enhanced light 25 intensity
|ntothel sl YA el

excar na] on arD EpiveetayE Rl dhe acheifs By o hedberkculPinkieRl o ERHISERE
d| scussed abovand tlmdisﬂaweks:v\e;caxptme'ifhﬂﬁn@Sd:lheori\atﬂéqelmpa;'chpcwsﬂweseﬁbkmed at a
power | ow enou cgt}a% F'er#g .gno he.retina of the eye E, such as 0.5
~tW The cont r8FA8REE naagé/pé'? el st ment camera 323 to aid in
focusing the | aser .di ode 306 onto the retlna can be 30 acconplished in many

ways. For exanple, Ade ¢sROt- ¢8R,3e Ms,t+he, (sgtisy)a can be m nim zed or the
intensity the spot on the retina ca e maxi m zed by adjusting the

position of t f ed
wavef r ont senrsjﬁ‘e(;lfng @gB%‘?I&Pﬁ* ﬁgbg’l%é?él?%&ggmg%%%ﬁm%pﬂ ﬁeﬁn@ﬁ%ggg%%l tion
of the tronbone prism 314 establishes a " %se | i ne" myopic or hyperopic
degree of dioptric correction necessary to“initially conpensate 35 for the
| ower order refractive optical aberration characteristics of the eye E.
Maki ng sure 28




.5 that the lasers 302 are aligned at an angle that maintains an overl ap of
their respective spots on the retina (or other nethod such as nmanually) or
by visual exam nation of) aligning the patient's eye) with the |aser diode
306 in conjunction with adjusting the position of the tronbone prism 314 is
hel pful while determ ning the base Iine | evel of nyopic or hyperopic error
or correction. 10 Once focusing is achieved) the | aser diode 306 is placed
in the highgr e for a very short period of time. For .exanple, it
may be poss blégpﬁgﬁggﬂ%"%omer of 30 wVin a spot size of 10-20 mcrons on
the retina for a period of 400 cosec. Although higher intensity could
damage the retina ijgmaintained for a prolonged pgriod of time (e.g., nore
t han 100 sec), such—a=shpnﬁ+bu(u§—hsxharwhmssnj$héusﬁo¥L2erst does)
however, 15 greatIyA?ncrease the intensity of the™i ndividual spots on the

sensor of the |l.enslet canera 312 .so the conbi nati of the rnulti-powered

| aser di ode 30 ,“ﬁ‘ﬁ‘i‘“& ﬁ?ffg'étﬁfs'@ﬁépﬁr@?‘éﬁ“ ’1“8 Angithe surface taogsnt g t he
| ensl et cajgr [ | |, 1t ensi ' nt r ast
| anal ot | oo i TGRS B MALHlioTh @R id b P0e i ichu Rl
systens. The hig@hms ofthyRictilimaeporlbE RSy RBdRARhe¥pds@iiol Béndbs Boin p aneR | er
20 individual cross-sectional area lenslets in the lenslet array 324
conpared to otWepnteyorcempgal poig @, feprectivels| et camera 312 data is provided) it
can be directly used via the Zerni ke polynomals to create the wavefront
aberration data, orgthe —vvavefrgnt_a rratiqn dg?lta can be ?ﬁl cul ated -as the
average of a seri esslo‘fsleB(lposur 3.~ R 2'exarr§I2e=, th: systéﬁ 5 can enpl oy

five "shot¥ and then average either the captured data or average the

cor r espondi ng Therpernendiclandispianemartiof thejrefedctinglsurface 6 fgpropdrtionl toohnSiend

di scarded. In i ' . . ably five Yshots". are taken., and
t he wavefront a 'glpglzf?? %%ﬁxgg,tn?ﬁg%@é% %ﬁ%tgéﬁég%e Izla(\’/rglral aé)é’%}:'yl@ %%-g&ec%oh)
wavefront abersfahe efracting suvifdck, dnel tiep [2r=e(0 @ e b the/utihezor difinihg the izAdifebonar t
having the benefit of this 30 disclosure that various types of conmponents
can be used t PfdbArOPIdinAeframBe. conponents i npl enented in the wavefront
sensor 300pgnd various optical configurations are possible to form other
enbodi ments of the § m_zergzi(gnﬁ Far _gsa,rﬂ)lg, _gzhi,»gh intensity, collimted
light source) or multiple Iight sources) for “exanple) one | ow power and one
hi gh power) c the | L od 6. . The,adj ustment canera 323 can
i nstead be pl gigné’ giﬁlﬁﬁﬁsecaggcB@?ﬁc{%’?h‘?ﬁ%%q?ﬁs@r‘ %E’ and the |l enslet array
324 of the |enslet rearrera—3+2—eeah have nore 29 ., 5 or fewer lenslets, as
desired orzsaccor di g, eoldesi-§82 Furthep) =152 wi L3°the appreciated by those
skilled in the art |thatAzl | Infeit hese cohpdwent b, alie general ly controll.ed by
a control system such as a mcroconputer. A wi de variety of other

confi gur at i onsTe¢acupstht Bha etdfation defind theiS ral RectoC aibnoticd thab$SJ 1 T lies ih e
present invention. Practice of this inveption requires alignnent o

! ] f
i nformation f riEiFFePss PlaReste agsl igithegeiore perpendicilar e the yueface nermalvsctar 1 of the
abl ation profijfrdied piisd. Qh thY typial :{il%ﬁlﬂ;n, i réfBRn&Yflane (QbHANS perperbiclldP® ar e

known in the art for achieving such alignment and any nay be used 1n the
practice ol¥ t Hhezaxyapd thehm F@gNexerheless, giesalve fordhngangiabeasadi ng an i nage of
the iris of the eye (or a portion of the iris or other identifying eye
features) are currentl referrgd 13 Use of Iris Data to Align Laser

Tr eat nent =4, By, &5 Be®E0

Solving for s3 we find
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Finally substitution into the OPD formula gives
20



Figure 6 shows the general flow of a nethod of using a systeminpl enented
acording to an enbodi nent of the invention. At block 10) the iris is imaged
in conjunction with acquiring refractive data using a diagnostic tool. This
i magi ng and the use of the diagnostic tool can take many fornms. For
exanple) the tool can be used well 20 in advance of the |aser treatnent,
such as using a corneal surface topography systemto determ ne a corneal or
refractive groflle 4r it can be used inmediately before refractive
surgery. In any cases—t+he—raged—ris or sone representation of the iris is
mai ntai ned with thg gat H by the diagnostic tool. Proceggyng to

bl ock 12, a treatnmgnt iﬁnéhemAﬁqyploped based on the data provided 25 by

t he di agnostic tool —For—exanpfey this treatnent may treat for a certain

degree of nyop d ul for
exanple, a treZﬁﬁﬁ{’} “@E"‘E‘?ﬁﬁ% tﬁe P'%%OP ygfé)grlflgﬂmn 8‘&%&%%@@?3’48’%&)‘1
entitled "Exci m&readmeﬂhﬁwsﬁaﬁbﬁ nrve@owomeeﬂecm B fthe\besd-fattonista sirRgld furedon
Thermal Effects ubI i,ch rowds a ditherin

1 gor Tt hm £8 s PVerBE Bieshbis: whiek rers Aoulal et R e esfee- Efe nek

di stribut ed SYBIgﬂéﬂa@erokin&noiPaﬂﬁéﬁ wnid adio&ﬁforilt&?lbcﬂ Ruvatueof 'th &drdabut ed
Exci mer Laser Surger stem" iss ril 1999 his treat

however, is noF‘Hfﬁ% 2%‘6’%/?? IPFE cestlyy g’ﬁ”?@g éss%‘ gf‘??ﬂ“fh acey,the; eff”é’ﬁr%%‘éyaBy
doi ng so, subsggiehoutiPH bbdosRt Higfcultif pHifiple (Al RIS the 8t Elregult E,dﬂialyﬁ@mal

di agnostic tool data can be nornalized to subsequent iris inmages. S
Further, the tmégsnent itself is preferably aligned to the iris of the

patient. This is d@ieg% sQquEﬁ‘ Pifbrefd¥a St & chrtfin éﬁﬁﬁ&rﬁiv%&lﬂﬁoﬁs% ﬁ%@é’é ent

pattern are normaliZ image of an irl patient un
treat nent. Thi makessamseity bieitenrplenanmodl sesylt inyanjianativa recelsplaion ef thpraytrace
translation of (hheakiRe @ nowgbﬂraéeaﬁmtdmaéhuaepmeeﬁ@ysﬂm OPD, RhichW €

sophi sti cat ed ?orms suc y rotation or even scal’ing and skew ng of the
treatment to 1memesih~1tﬂresne¢qtsthemé@9 viaefront ¢, gn@d iferatize OFPD, twhich|is mepsugagst em
Proceeding to bl ck 1 e,
during the Iasgf {PRA m&’?%?rﬁ@vsé #%ﬁ%@gﬁt’%erlt?{) ngpﬁggéﬁgg\g%ﬁc@%n@huousl y
mat ch the 201 sdetiigahd erhthe psﬁcearsed)nﬂsenﬂ'ryemﬂrﬁm hasrrealfphysliml sighificaieea, i n
essence tracking the patient's eye. Turning to Figures 7A, 7B, and 7C, the
general flow o ;erm ning refractive 15 data) normalizing to the iris

i mage) generat}’ﬁ‘f{jﬁ 4

€Bdurse of treat rrent and t hen appl yi ng a -- -course of

treatnment is-sho |nas tem acc nvetlo -Ina ance
with this invehti YF“‘F%W pricRer § E’gry §‘E‘1I;chs°‘ a°é§/ “Fﬁéa ed are
det er mi ned2dy a GsYdBRAY, reveisé @a@@a&quﬁwmn@yas&m HeGnia A Gbpacalpita et
sensor 102. Both of these devices generally E)rovi de data indicative of

refractive char a(f‘?’é’PP%Pf'é%e!ﬁq’l(’hé’ 5188 eqyation Laddi ti on) a conput er

wor kstation or,ceiRuhat 108k d‘ilei’x%ﬂ shi¥acs BWhe #tbiakioh Bod; ,t,? ghigate a
custom zed course of treat ased on the data provided he di agnostic
tool . Although slsmfwccasceatrdbmlar@t(ec vﬁnksdcamad)to Wntrdly&.rbuamay ourveise in a

di stributed system,l.i B’{ﬁ] QP E n PCT/IEP97/%821 t ¥kﬁ'ﬁati on
104 and/or its fl?ﬁ‘&?qc I 3‘?‘(’&6' %IPIB%' 8155‘8? 1 £ e ot her

conponent S3®f t NerafiyiGérebne Bante cEchMfcﬂ%tgp‘bn tHiterativh-goial aumron@msaalz@(x, #.so
shown in Figure 7Cis a_laser system 106). which receives bOthwﬁaH‘il l'Flregpment

generat ed by t Pe Grigulats the |‘Eﬂali§9¥?ué{ﬁ9ppo}”%§?§8‘?ﬁllt91 ¢; ijeratioq gog!

system 106 coul d bgﬁ@ﬁpg?gaﬁzdbtgehbfagaﬁt,g@@ﬁlypt:yplg( yjhe;pepkst ati on 104)
generating an appr opriate laser treatnent wthin the f'aser system 106

itself. Beginning in Figure 7A, the corneal topography system 100 gathers
corneal 30 topographic data froma patient's eye E. The illustrated

t opography system i ncludes Pl aci do di sk-type hardware 108 as well as a
pupil or iris canera 110. These conponents are known to the art, and a
variety of techniques are known to produce corneal topographic data. For
exanpl e, the System 2000 by EyeSys produc?g corneal topographic data, and
ORBSCAN |1 topography by O btek produces t only surface




.35 corneal topography, but also overall topography for the various
conponents of the eye. 31 5 The fornmer systemis a Placido di sk based
system the latter is an automated slit |anmp system The ORBSCAN Il system
uses surface elevations and ray tracing to determ ned refractive errors of
the eye. The topographic system 100 typically can produce data output 112
in a variety of formats and gathered using a variety of techniques) such as
absol ute cogneg. fipk Slabs at a variety of points, corneal curvature at a
variety of points, and 10 the |ike. Besides the corneal data 112) the

corneal topogr qu%faéa%%gﬁ?galgg,éﬁ]é&qabﬁ%”i&gpgg@ugg%&fﬁgg i ng "snapshot" of

the visible surf , Provi I'rs rits (and pupil) inage

data 114 representative. o iris (and i) i e,120.. Many cor neal
surface to ogr2[0%%%@5?@"%2‘%“%“’ﬁéfﬁ??rsg‘g%ﬁ?%zmg%eﬁédgcqui re this image.
As is 15 farther discussed below, the pupil or iris camera 110 can provide
the iris i mage3daRiscontinue the ifergtion; wehep Agfis smalhfer ell (skh as a standard i mage
format) or as a reduced format in which various iris or pupil artifacts are
identified SucH. aRechlfalate shedaml portibniofithe teverse ragradeiffonab teMadndrglctlae tiedge of
the interface of delveoppicddiphthdength ¢(kSy) uling equakisn dat a 114 can be sone
conbi nati op50of i mage and recogni zed artifacts of the iris) the pupil, their
interface, or 30 @dlduite thy eordéctive ORDagtiErgspsed th thelitegation Rbal (Adtice tagtheamer a 110
can be a variety dofre@NEEORD f¥PBSpostiive dr Acgativeyd Aip@',ﬁéft)&bi))—é(g{xtﬂr.edr or
other canera suitable to capture the iris imge 120. Preferably, the inmage
is acquired at ghe RETE time that the topography conponents (Pl acido
di sk-type bgrdware) 108 are gathering the topography data 112, although
before or afte 8RARk i I al i igure, 7A,
t he topogr aphyﬁdﬂén%sgﬁﬁ?n?ﬂ%%lsrﬁﬁg I rra%ég%gﬁgl wgmé’%tﬁarq% é’? g'grl"%HrrcET"at ed
accordi ng to sonshcitaratibinrgonlablafion ewrfaca gc(xeyr e ndsaltlisube Hrad nblatich surfages 116.
The rel ati onshi p%gﬁtween a determ ned topography 118 and the iris imge 120
is maintained in‘thé’data. 30 As discussed below) the iris inmage data 114
for the iris i2adealchie the findablatiod deptiawhiphicang néves bie oggative: t ool (here) the
| aser syst 106) dat 4 owever, is also useful for normalizing
& oorns(nd e bl @

data from Vari ous X agnostic instrunments: Specifically,
the wavefront serReaslculite tidlfmal r/dfahe fehbhsd Rl irRe Honer td MoaH cAthihle @R OF
aberrations in the eye E. In the wavefront sensor 102, preferably a pupil
camera 122 is 35 fmakapsies] pathidengthhér(e\3a using equatiom}. of certain "tronbone”
optics 124. Th fi)c’-m i kcal path
adj usting tuni ﬁ'g evi gé;tﬁ%rﬁg%r‘)lﬁ ;éoggb)% teIde:P t?s%ﬁh %cgp%hgntg%ﬁ%ﬁgts%lp "u‘gé‘{‘*’gg‘f h

| ength and focus &bd(asarF 4286 ydnde(Xt.bix. reti na of the eye E. The tronbone
optics 124 gan be used to determ ne and conpensate for the | ow order
aberrati on% of the eye E, such as defocus. In one enbodi nent, the wavefront
sensor 102 gat Wkis appadch if idlosteheive rand biheptechiiquestoddbe usedi ons in the eye E
via a lenslet camera 128. As discussed 10 above) a variety of other
wavefront sensors or other type of systens for determning refractive

opht hal m ¢ wavefront aberrations can be enployed. As with the corneal
surface topography Wesdfromt &ffor t he wavefront sensor 102 preferably provides
aberration data 13Q.and irLs nd. pupi ) i e data 132.fromthe, bupil
canera 122. These gg‘f"é‘"éé‘f %ﬁ? %?hagﬁcgggﬁa%n‘?gﬁr%?ﬁ ‘f'aé'cﬁ'gﬁf-sfﬂés.oéss)oolé

wavef ront 35 illustrated. The wavefront sensor 300 is similar in concept to the wavefront sensor of

Williams, but includes certain features that make it especially useful for receiving iris
data and for sharpening the focus of light spots on a sensor used in determining the
wavefront aberrations of the eye. In general, the wavefront sensor 300 focuses or scans a

light (typically a laser) on the retina of an eye and then analyzes the light returned (i.e.,

22



.15 sensor spot profile) fromwhich centroids of the spots are determned in
determ ning the -wavefront aberrations of the eye, as in Wllianms and an
iris (and pupil) inmage 136. The iris inage data 132 can be simlar to the
iris imge data 114. The wavefront sensor data 130 and the iris inage data
132 also are nornalized to each other, as illustrated by an overl appi ng
reference frame 138 in Figure 7A. The pupil can be dilated when the 20

Cndi | ated. Var PR G FERE GROE BaFert B ooty ST 0% ahfhagst o o

i n devel opi ng ay awfsEEanndy tBaemtdmphcaﬂaben'aebmsanthc\cge S optiysy thg sysmntﬂaslopsASI K.

These data can incl rne t s at a)
cor neal thickné’ég‘"’ﬁéij IOBE%@FattﬂD"faﬂ gf‘ttrf”g Wv‘gﬁl’ét(gﬁl °faﬁ>a3

ul trasound) of yRyAalySERR RSN ligﬂ(beﬁbrhwachmriﬁﬁgdaﬁ'orﬂﬁd b9 hn@sk mm@
devel oped from vari ous sources such as fromslit- vé_grgnm ng Qr optical

coher ence t opo8fEpnsf thele ‘&E‘é%‘a theserimeess e AESORhERREAsOPs2ed t o
measur e no OnktMvéfan't‘ﬁ!?érraﬁmﬁl Stsﬁhatgéﬁccﬁbxﬁ%ﬁ&es@ﬂ‘%@ﬁk'e% &pifds flaher eye

surf aces, e amount of stromm nponent in a mcrokeratorre cut flap (for
LASI K) , the resviouldaﬂeldsmﬁaplarmé?rymn@lyrqrapsmm@lvwﬁ& li ke. These data are

typi cal | rovi ded rvin
rggol a gng L exg?ﬁaﬁﬁ% énPihe .%JP:E Past, 3wO B60- Hﬁmﬁ:@te?l@@ %od@gﬁdﬁa yi ng

cor ea topography romt e corneal
t opogr aphy sysshawnlig ggmé,rcanb«yalwnpql atipagles to the ¢yled: Wb@tﬁpetswo#wtmamttsme

wavefront sensgry 0%%1? 1&;% dmd%srfgi ¢ mler gc‘&‘?ﬁt%%'sfﬁ SB&SbféP PL topogﬁﬂt chf

towar ds one aspect e eye as corn sur
112 mappi n@5 t heesvavefaom scttspD@Oe(phLO%fthet mwm of iei laser diptiesr302 ét!r@ptmy

found i n"the vAVBRTBRIceS ) By 3 ElheRied b cyBEpblonl i ' 15, "

Furt her, the rafpradtmately alj agrecdietfocal tistahee frou ke vinyefodnt sensar308t(gr 19R2).

confi guratl ons h Iy d | tiple
cyetens. | nt egr MUEHEY o Rl Ve PR o4 BB e b R PRastn il of
recogni ze t hat othtxcheaktisdare wqorksr tyoismally }mghhgatdnenimagnvfeﬁnblemﬁ traﬁndlbe

nts, Jln on

ermboai nont 201 P e R fan Gt SR oRRRRLITSI el e

for nmore accur mbeygﬂnm Msaase theredis ne heed for the laber dividae3d02. AHgie sourdegeye

t opogr aphy dat 12 an ondln L ris . a, 114 are
normal i zed to 't gplblﬂm é‘%ﬁi‘éﬁt 853 jp cliﬁm&ﬁc?lzgﬁgcw adtsbet%ge data 132.
For exanpl e, these Oxez thatyr Bisiproparl alignedat ﬂez&tbsMthefaﬁinahEthbthedEB% (e.g.,

(illustrated by a dja ra 140 ased on the, iri ge 120
Snd the tris it S iohrtR Ischpame otttz Cdiodef 0%k o8 gotchlpalh o Fec o
above, thi 25 noeyes. |]21aferamy e\laseediodd 3G6rlrasmmn: thmeodea;nmungo\m‘r sttting (i), svo-nages

t hensel ves, or instea rom char ac c.el s of the
iris (and pupi Pﬁw‘?rﬁé@‘é’ét"p%‘gerd?@aﬁjséi%fﬂboé'leSg\f"wﬁr %ﬁ{@k H“’Wqﬁnﬁ\?‘gur e 8.
20 In a parti Cfdcasingmamlldmnmc sttogher pﬁhv&ler&h%Bbfﬁhﬁltﬁi;ﬁt infige ina eheki | e

134 is process via fitting Zernike al s, .as di sed in
WIlianms and hé ‘ﬁf'%t]% cﬁBV@g{g‘b\ﬁgﬁ‘F‘? Ei‘ﬂ?wa é‘t"?ign typigplow (?\'Miﬁ a pupi |
wavefront aber patdrOire 0S | 9W. and 30 W rdspBdtivel Xlﬁﬂese'ﬁbﬁtcﬁé@%ﬁefnﬁfhﬂbn SR oflat a
130 andthe|r|5|mae ta 132 (Figure 7 are normal i zed also to each

ot her, as 39| ufseioss é‘tfhtﬁ haw longdhsg hi?ﬁidt?&c?' Bt Frenwin thed o gbhigher pawer gur e

7B. As discussed abg y6rtioh d€ tHeWeirh flofh BE atardatdetaodﬁtsate@dcwﬁemat&anmu ation
data 130 and the |ma%e data are acquired, and these data sets are

normal i zed to 3Rfls-gotBA% trangmitignces 20 eeﬂeataecegeﬁbwﬂmflmaﬁsewm@@e
treatment. The Zggﬁxtggﬁam ﬁt&t@ml%&muhstayqagtoeésqaaﬂgmus hdist rhdfB@e data

114 are nor nal wavef ront sensor its iris Imge data
132. For exanpsignal irensitprofdighthackscattessd fmneﬁ@ retata@f Fhe? qw mystf»uewwllby a 30

Uheiris i Hageidilt e A BTaRRa0A e lccliohd bl T g Bimlichs (TR 2

di scussi on of Figure 7A above. The t opogr y data 118 extends over a

ata

| arger portion of the eye) such as over t or all of the cornea) while
the wavefront aberration plot (or data) 160 generally extends only over the
pupil or a portion of the pupil. Sonme correl ation between the pupil 35

wavef ront aberration contour plot 160 and the topography 118, when
overl apped as in or 34



., Simlar to the diagram 164, may be apparent, as wll be appreciated by
those skilled in the art even if no iris imge data are used for alignnent
or for normalization. For normalizing or superinposing the topography and
t he wavefront aberration data (e.g.) the topography data 118 and the pupi
wavefront aberration plot 160)) suitable account may be taken of the
variations in optical path length (e.g., fromthe wavefront aberration

data) 10 orgre ) hve. indi of the
dat a) 10 ors " EhieTih kit b8 el 00 SALRLPESHE DERNERERR)
skilled in thealang one\m:ectkmranda&fbcmg@enralpalaadcchmmdnrergioho’r‘hé\polmzmdedur e
outlined in Fi

Aorl illu rat ure 7C . a
conput er progr ttlsntgﬂl %aéﬁcéi rtog g?mgélf g@ﬁtp“ﬁ?l 1t wé"%dﬁus“’flﬁggéjgﬁgh?ga&one)
for exanple) iofthe ngamnaihenueemmaoebm&mhemaffmu)em 15whmelmpﬁﬁttl@:tt 0f t he
| nternet or ot net or, ip a conputatjonal ,systemthat is. parf of ~e
| aser system. Q‘E’%‘ca{t ?'Ef)B pﬁ? sﬁﬂp‘fg@&’f’}%“ ‘lhBFﬂ““%(‘-}’H%g 2) or

ot her syst eors. corfetly 6 ¥atTR B e ) wcase&d ACetahGiveDe ofheY aptical Mcmngtd’rﬁagmmss
For exanple, an irregular treatnent pattern _could be performed

illustrated i nawéeraﬁoeﬁiémm tiilieddn the art apspogsibleghe B&‘E@‘TP“!L‘QQWE‘#WE RFiSFY et y
of ot her typesam‘lswf@a&m;nsaﬁm&dld)%as@&rmugﬁdgx&&sﬂu&em@(@g 263t not

limted to, a variable ot size, a scanned 2&4 or a fixed scanned spot
size | aser tr erflaetance, §8% Hearsmutance); andibenithronghhe vaseploter?2@) ThQ Nﬁs

enerated with ostic
'? ool s) and canw%&%&?l n%&égﬁé%?ﬁgh&dﬁéeegg{mﬁgﬁ%&éﬁ m Qrﬁ?é&ﬁ The

data from 1Hhe liosarlp peladzealdipht t The sigmﬂcanaeaﬁtﬂwwuslmchpprccmedam thetd;scun‘smnays to

102" coul d be- <BHeY ! ek ged PRy Fens i urd ugh T o el B B 02 112

from corneal spolarisg beapeplitepB}0.syst em 100 coul d be used. OQther alternative
types of refractive nostic to ta can sed .so
create treatnents. ‘%ﬂ?’éﬁf%‘b@b{? g‘ﬁé‘? aVSPlaFﬁébg‘h? Eglftrl%ﬁgﬂ ﬁﬁ“WQW&égt ool s
coul dI b)e conbi ffifla bﬂhé/bﬁi}lgl Died Tighe lswacrsadul:reaeffeﬂe%tgdf&omhéfeﬁaé mnhf &. For
exanpl e t e cor ace topogra ste retyrns surface
t opogr aphy Qjat '&”pé‘é %@SB? Wﬁ@’&ﬁﬁ'@t}%{ Seﬂﬁ%ﬂ“&ﬁ%#‘%’ﬁ%‘? &‘HPW“%‘&Pft he
wavef ront sensgk e}E, siiBly adifle lenaddle fimdaD ©nai®@efim Phththé aikdudilyPohsRBd | N
the pupil (i.e, ) the wavefront sensor 102 t |cal‘lal>élonl measur es

tligh gﬂfﬁ

refractive ef f&3age light ippitarded agémé&ébﬂ\gavmats PPPY‘ 1y polagizedp,) |
Therefore) as pirhanaichat &FthbinchitfhgdineyRakiféd i %gm Fdrftidl %n ﬁ%t phddfzeihrodgy @ 112

fromthe corneal surface topography system1 IS enp @'ﬁi{ over a surface
3S 5 area | athgavavemiate 32Gas dispussedrbpieniA portipn ofdhe perpendicylartypolariged light

wavefront gensgen ﬂ)%ges'tﬁroﬂéﬁﬁxefb%n%hﬁer%@@tréﬁécts%rﬁ hﬁ%%*@ld"pﬁi&é‘s pagea of the
pupil. In both cases) t dat a he data 112 can be feconciled b

first spatial HetushtheRsismob duandgumsés the pelapeeg bepmsplitter 310m fbthisipminteally >1/36

Referring agai g hh6st bf @kl h:ﬁ?perFaﬁfddlﬁp pblafizdd! SRl iTRRE sARBAGAIELNdAD by the
typically, a 10 course o treatnent, Such as a series of shots) a séries of

scanned slits Belaszng bramspliser 1R enddhenasflecisd by asmirior 332 isfo te rapletimsgingof
treatment) is pioy .d&d 'fd) et §oxﬂ@6ftth&féhﬁ‘ﬂedtl Hﬁnafan'aaﬁﬁ&neavgirfm 9p dxsal1t§F’ed

course of treatnent, 1lluStrated by a l'e 146, 1s 1tselt spatl
ref erenced3Q o fhather mhaw.rtbcpwwemq 32§ cam ﬁltcn:and/ﬁa@éatedrﬂq@n @tapanmal@nagamn
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eye E when t heoptimal Briegation foeprovidingectutngd lighe to @sedjustysneqmm%’i%ﬂneluﬂmger
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| aser system



106 can be of a variety of types, such as a 193 nanoneter exciner |aser,
and will typically include a | aser 150) an aimng system 152 (e.g., a
series of optical components used to direct light fromthe |laser 150 to the
eye E)) a pupil canera 154) and a control system 156. A | ower power aim ng
or reference beam (not shown) typically is used in 25 conjunction with the
| aser 150. The aim ng beam for instance) a | aser beam can be nonitored by
the pupil canera i Gak i e
used 15 ai not netiehTEbndiisfdd Subdd i o QoL GEHERAEATEIDR, TR LEME
entitled "Methdg mindr Mpastwdwsulﬁ(bc aleves Iiving aRprtmillgble teoswittarcedhd Poi nt s on

the Eye," issue 1 P Iish

19, 1995]. 30 |W%6A%?°§tﬁ“%ﬁ"s?ﬁ %quf’w dé&‘n%?é%é%%?“g\% Eal %ﬁ“?%%% sing 1o
iris | (see Fi gptic cdfPe pokitivhed o Yereive adrattivn of drirétained Jightamat itGansmitied by
controls the aimng system 152 E %gof th‘F ris | ag{) al | bgrowded
to the exci mer theggatol é?'ﬁldéﬁf"lé%sqc aﬁﬁﬂa Hatiop, %f?afnrsf’léma gw%}\é ssoci at ed
with the ceyr Sﬁn&fccskz{r%ﬁdfﬁellélwf@oewtbey getomfollable dbvicedwohe Avesabstimialifien

adj usted such that the iris ta 148 |s co-ali gned essenilgglly with the

i mge of iris QESMBPWQJ@HPQ!@Z%@WWI@&HWQ ths retumeddight, " ent ai |
translation, rotati 9 e biriih 3P rerdbbly a SnfcdoNgé 16¥ite @CTcaiers

transformational functions. The translation that is applledtothglrls

i mage data 148syrbeeaTAf- 9791611%11“&@%“(*’%%1%"1%“! ‘F“Flgdeﬁal‘é"@f of leaslets, 3¢er f or med
on the course gfmo&%ﬁco” s%@@amé&%dwﬁ; seldpBing! bﬁdcma@og?eyfos@e %slétraeﬁyrrent)
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features of the iris. These techni ques have been enployed in recognition
systens based 10 on the unique features of an iris, such as U S. Patent No.
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Research Center) Inc. of Princeton, New Jersey, and U S. Patent No.
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various adj ust rigAghed pwith the ulg- agfypical patignt's %@ﬁ“@a l%é‘g?'r?ﬂﬂfhegﬁ’éléhc th
the image of the actual iris | as received by the | aser system 106 are
illustrated. Referring again to Figure 7C, the treatnent generated 144 is
provi ded as 25 a desired treatnment pattern k46 for controlling the |aser
system 106. The associated reference iris inage data 148 fromthe
di agnostic tools is used to align the treatnent pattern 146 with the
patient's eye E. The iris image 206 is provided by the pupil camera 154 of
the | aser system 106 and provided to the control system 156. The contr ol
system 156 conpares the inage 148) or the descriptors derived fromthat
image, to the iris inmage 30 206. Based on the conparison) a variety of
scaling functions is applied to the desired treatnent 146. For exanple) it
may be determ ned, based on the overall size of the actual iris imge 206,
that the treatnment should be reduced in scal e because of different focal
di stances of the diagnostic tools 100 or 102 and the | aser system 106. So a
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.39 5 by atranslation and rotation function 212. This in turn is applied
to the scaled desired treatnent 210) yielding the actual treatnent 214.
These data are then used by the | aser system 106 to perform an act ual
treatnment. Alternatively, if the control systemi56 has great enough
conput ati onal power, it is possible for each shot (i.e., laser pulse) to be
appropriately rotated and translated. This 10 may be desirable if the eye E
di spl ays a lcar
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the screen, angortion of the wavefront sampled by an individual lcnslet of an n-lenslet array forms

individual spots on the camera’s sensor with at most approximately 1/n of the total

35 energy (or power) of the returned backscattered light just before entering the lenslet
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.determ nes an anmount of rotation necessary to align the two inmages of the
iris |. The physician then rotates the eye E so that the real tine iris |

i mage 256 rotationally 20 corresponds to the captured iris image data 250.
The physician can do this manually) such as using a suction ring or by
repositioning the patient's head. Further) the systemcan provide for a
"virtual" rotation of the patient's eye E by rotationally translating the
treatnment profile b t he, physician. In any case, th
eye tracki ng syEPEH ﬁsrag?s ’r@ﬂ%‘ﬁ%&’cﬁ?’s %@qs%t% { eTEYQr PaWerkthat yas |

i mage 254, and nidiRaipéyBigh u@mc%Eadlylens ednfR@psretied bpirtd aGmdd ﬁ'&ie%”&ﬂﬂ g
the ins | image 256 corrg ﬁg to the captured |mage data 250.
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variety of useg SIS the 41 I ncl udi ng

t he af orenenti on lh(r‘?}E gﬁ%@&%@g@laﬁ{é}% 0&0{%ac§8wtmyﬁa% ?afrh'(')en of the
treat ment p$of trhmsmitfinees of thgpolariying mmqﬂmm 19nid dedeanppliten3es, tehe

i nvention are ;_Etd‘_{ustratlv and .ex nat or thereof, and various chan es in
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operation nmay Qavépiie320 fr&ﬁ% oﬁtﬁﬂﬁrohbﬂ&lcfnrt@ AN 8 p§r|@ibﬁ bf thigfretdfhed fifht to ?asr,e of

i nvention. 42 CLAIMS: 5 1. A nmethod of developing a refractive pro

an eye: det er nP#fkigthe "é‘b’l‘%’&&F camsFoilaphy of .the eye; determining a
wavefront aberrati 0fs @fscdst@ a%bf?e 1R ueRe é&ﬂie%ﬁ if 6l Bk @su?é)ﬂiﬁﬁﬁe &jot

treatnment of the eye fromthe eterm ned corneal topography and t
det er ni ned2hav et heaetingiess shamp@s possipley Thitraeans thabide edrrest trombane ?Mectgngs t he

step of deter myRicha&ke®hd W&l ast ARG LRAINYent. UAE#gﬁﬂcﬁfHP&évéﬁge@ ,4,%&3(3”6 of

the foll ow ng corneal t opogr aphy techni ques oyl n

el evati on basetfinsHerfcampip °§9’§F’e‘\*ﬁ°ﬂ€°1(fé!’ét@lﬂrﬁuﬂeasltbe @cmol sistean E$rip Fegurone or
nore refracti vecpih #6R8 sefidgh 'aﬁkl%f@g:‘éﬁﬁor @ﬁ%&%ﬁ?ﬂb@r%m @ﬁﬁj statf’ ace

curvature based topography syste eterm ne the topograp of one or
nore refract i vRatienimeasaregients peexanination. Sk operatierdalsst allowsifon enhanchélightn t he

step of dey®! opdditinttht Rnbibt@nieR 915 nly for the period of time that measurements or
examination occurs, and not during the focusing and adjustment period discussed above.
In the lower power mode the laser diode 306 is placed at a power low enough to
prevent damage to the retina of the eye E, such as 0.5 pW. The control system’s use of
the adjustment camera 323 to aid in focusing the laser diode 306 onto the retina can be
30  accomplished in many ways. For example, the spot size on the retina can be minimized

or the intensity of the spot on the retina can be maximized by adjusting the position of
the trombone prism 314 in the optical path of the captured wavefront sensor 102 until the
spot is as small as possible. The position of the trombone prism 314 establishes a “base
line” myopic or hyperopic degree of dioptric correction necessary to initially compensate

35  for the lower order refractive optical aberration characteristics of the eye E. Making sure
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20 of treatnent further conprises the steps of: developing a refractive
course of treatnent based on the corneal topography; developing a
refractive course of treatnment based on the captured wavefront aberration;
and 25 conbi ning the devel oped refractive course of treatnment for the
captured wavefront aberrations within a pupil area with the devel oped
refractive course of treatnent based on the corneal topography outside of
the pupil area. 4. The nethod, of  .claim3) wherein deve ri ses

devel opi ng & 3batthelasye f0Zare pligved atan angle thatmaiptans 2g oesqrﬁatgl%:gﬂg'ﬁ:g%p_cg; The

met hod of cl ai g on'thEFefthd)(of 616 ARk UEIPARAAnu RISy, BeVEVigRil BfandndtRa®F, in situ
keratom | eusi s ‘course of treatnent. 43 S 6, The nethod of ¢laim1,

wherein the st#ignig tereraticess aye) with e Jasgridiagls 3P iycoarugetion, with 3A5ting BEt her
conpri ses the @%ﬁi&ﬁ oP fhe L\Q}%ﬁh@ﬁisw 1@ i§ RipfackhieRnafnidanbeae dnorvéllae

corneal topogr , developing a refractive profile based on the captured
wavefront 10 aigopiaol kypsropicemor oricagequed- cor neal t opography based profile

with the captured f ] r @k k)& d; [ ctive
course of eat mnwcggsn%%?ﬁé?%%ﬁgfﬁégg ?%%rdé@tag\(}sej%ﬁ%@ Fr{e].‘.ge &%ﬁ%{p%%g met hod
of claim1, whemoésd for detryshorhpatigd ofiime.oFareatmplejbgrybmhgossiblee secposieneloyi ng

an ultrasonic too] to determ he corneal to . of
claim1, wherethH e‘f‘f;‘*‘rsﬁ‘i’tr‘ﬂzﬁ(g’1f ?‘%56%??{}3%‘ c&ﬁ%nﬁﬁg%%@%oégon%ﬁ%ésﬁ hBSh

det erni ni ng a gighdramensit) paga amtpe dfe retiratif MamRtained fdraqrolofigddipericdofitinme. 9. The
met hod of claim1l) wherein de or neal ri ses

termning the t opogyr aphy c
deternining a @L&’f%ét*taﬂé%#ébﬁ%?&fslhﬁ‘gb%ﬁ‘f ﬁgﬂl%ﬂ;"l‘s}ﬁtsg%fgé“"gtf%f%gg@%vreﬁea. 25
10. The mejodg@fnyihareste he iMaRsiQion e @idevidial bpofs dnthie SdBdteA kthellontgcapy and
captured wavefTont’ aberrations each conprises captyr {nggacg image of the
iris of the ey?h2, %@'ﬁﬁﬁ@?‘éiﬂf?"d’é%l'H-B‘i"ﬁﬁw‘frﬁ‘zlaf‘%fil“glﬁBP DIV EYRAPR i ses
al i gni ng det er 331 WRIEETA 42 A8 A SRR cAidrd3 BN ¢hn ABbW TR Highdr sighaneal
t opogr aphy data based on the iris inmage. 30 11. Th t hod of cl T&a@
wher ei n capt urinfegsityher highescqngrag) denslsiipiagesde b%%ﬁYFl?PF‘ﬁBYng‘ﬁ 1?“?%‘%“?’!?93%‘ ¢
correspondi Ng {0yt ey HEAE i Rfifer oReLThstR Bi6daBO6 MBNEEPMlovAle hsedfishialer 12.

The method of claim, wherein the step of devel oping a refractjve course
20 individual cross-sectional area lenslets in the lenslet array 324 compared to other

systems.
Once the lenslet camera 312 data is provided, it can be directly used via the
Zemnike polynomials to create the wavefront aberration data, or the wavefront aberration
data can be calculated as the average of a series of exposures. For example, the system
25 can employ five “shots™ and then average either the captured data or average the
corresponding Zernike data. Further, widely diverging “shots” can be discarded. In the
disclosed system, preferably five “shots™ are taken, and the wavefront aberration data
determined as the average calculated wavefront aberration.
It will be appreciated by those skilled in the art having the benefit of this
30 disclosure that various types of components can be used to substitute for components
implemented in the wavefront sensor 300 and various optical configurations are possible
to form other embodiments of the invention. For example, a high intensity, collimated
light source, or multiple light sources, for example, one low power and one high power,
can replace the laser diode 306. The adjustment camera 323 can instead be placed in the

35  path of the mirror 322, and the lenslet array 324 of the lenslet camera 312 can have more
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35 of treatment further conprises the steps of: 44 5 eval uating the
suitability of the eye for treatnent based on the corneal topography; and
devel oping the refractive course of treatnment based on the captured
wavefront aberration. 10 13. The nethod of claim1, wherein the step of
devel oping a refractive course of treatnment further conprises: evaluating
suitability of the eye for treatnent based on the corneal topography; and
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use of the diagnostic tool can take many forms. For example, the tool can be used well

20  in advance of the laser treatment, such as using a corneal surface topography system to
determine a corneal or refractive profile. Or it can be used immediately before refractive
surgery. In any case, the imaged iris or some representation of the iris is maintained with
the data developed by the diagnostic tool.

Proceeding to block 12, a treatment is then developed based on the data provided

25 by the diagnostic tool. For example, this treatment may treat for a certain degree of
myopia and an irregular astigmatism. This treatment can be, for example, a treatment
developed using the algorithms of PCT/EP95/04028, entitled "Excimer Laser System for
Correction of Vision with Reduced Thermal Effects,” published April 25, 1996, which
provides a dithering algorithm to modify a corneal profile, in conjunction with the

30 distributed system of U.S. Patent No. 5,891,132, entitled “Distributed Excimer Laser
Surgery System,” issued April 6, 1999. This treatment, however, is normalized to the
stored representation of the iris image. By doing so, subsequent modifications to the
treatment based on additional diagnostic tool data can be normalized to subsequeﬁt iris

images.
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15 20. The system of claim 19, wherein the conputational unit is adapted to
receive the corneal topography data and the wavefront aberration data and
conbi ne the corneal topography data outside of a pupil area with the
wavefront aberration data within the pupil area. 20 21. The systemof claim
19) further conprising a canera adapted to capture an inmage of an iris of
the eye that is used for alignnment of the wavefiront aberration data with
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iris inmage éorrespgﬁﬂé’cf’gﬁetatﬁe@%m \%é?erlfolgﬁ mg%%trlf%{%g%%&c}g% g}szﬁgl . géng'o?trlllga

t opogr aphy dat dones bloth @4, syttt bfcrcimind the redtmestipattera arqudrmalivgd tathk aser
system adapted . to provi

de course of treat t for .the eye hased 30 an the
conbi ned dat a. Dage of'ﬁ%‘%‘;Pétﬂ'@rﬂaﬂ?mBP‘%FW%@f"mﬁépﬁn?]ﬁé“?‘hé@rt%ﬁ{y&?wr%
coupl ed to thefgaRPuMERE PRslatitd bf thdBm of thedbser (b apydbaae Pbing loamdtel 9,
wherein the conputational unit is adapted to cgl_cul gte t.he wavefront

aberration of sophistigaed fosms.such as by setation Q5 S¥ESSHINE a0d skpwingof the wealment oy ¢

cl ai m 25, ‘@gerﬁla&htnﬁteinﬁ@ﬂpgé_tmw}edensé&fwméﬁ.sédﬁd@éxﬁ.d to conpare the

wavefront aberration data With the cal cul ated wavefront aberration data to

10 val i date both. 2Frocerdingdgbloekr®itheclpsgr Heatmentjtaprpaiformed.chpnie. during e
uni t s adapt gl Grfihdt? inels{Mfert B k8L B R K ORlimRRAY BhdnGfe Rl el
errati e y t

upon the wavefront a n datd provi e wavefront aberration
tool. 15 28. - THeistoredepresantation bfitheiralatanineassenee wackingdheopatigntisayal unit is
adapted to cal cul at . rehr RV, t : retyati of
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t he wavefront sieinveitionjrefraxiive ciacteristics of an eye to be treated are determined by a
corneal surface topography system 100 and a wavefront sensor 102. Both of these
devices generally provide data indicative of refractive characteristics of the eye. In
20 addition, a computer workstation 6r computational unit 104 is shown that is used to
create a customized course of treatment based on the data provided by the diagnostic
tool. Although shown as a separate workstation 104, such as for use in a distributed
system like that disclosed in PCT/EP97/02821, the workstation 104 and/or its
functionality could be incorporated within many of the other components of the system
25  of Figures 7A, 7B, and 7C. For example, also shown in Figure 7C is a laser system 106,
which receives both the treatment generated by the workstation 104 and corresponding
iris data. The laser system 106 could incorporate the functionality of the workstation
104, generating an appropriate laser treatment within the laser system 106 itself.
Beginning in Figure 7A, the corneal topography system 100 gathers comeal
30 topographic data from a patient’s eye E. The illustrated topography system includes
Placido disk-type hardware 108 as well as a pupil or iris camera 110. These components
are known to the art, and a variety of techniques are known to produce corneal
topographic data. For example, the System 2000 by EyeSys produces corneal
topographic data, and ORBSCAN II® topography by Orbtek produces not only surface
35 cormneal topography, but also overall topography for the various components of the eye.
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.31. A nethod of developing a course of refractive treatnent for an eye, the
nmet hod conprising: determ ning a corneal topography of the eye; determ ning
a wavefront aberration of the eye; 30 devel oping a course of refractive
treat nent based on determ ned wavefront aberration data; and refining the
course of refractive treatnent based on the determ ned corneal topography
data. 35 32. A systemfor determning refractive aberrations of an eye,
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various iris or pupil artifacts are identified. Such artifacts can include those identifiable
along the edge of the interface of the pupil and iris. The iris data 114 can be some
combination of image and recognized artifacts of the iris, the pupil, their interface, or
20  other eye structures as well.
The pupil or iris camera 110 can be a variety of camera types, such as a visible
light, infrared, or other camera suitable to capture the iris image 120. Preferably, the
image is acquired at the same time that the topography components (Placido disk-type
hardware) 108 are gathering the topography data 112, although before or after would also
25  be acceptable.
As illustrated in Figure 7A, the topography data 112 and the iris image data 114
are preferably related according to some coordinate system, as represented by overlaid
images 116. The relationship between a determined topography 118 and the iris image
120 is maintained in the data.
30 As discussed below, the iris image data 114 for the iris image 120 is useful for
aligning a surgical tool (here, the laser system 106). The data 114, however, is also
useful for normalizing data from various other ophthalmic diagnostic instruments.
Specifically, the wavefront sensor 102 also analyzes the refractive irregularities or

aberrations in the eye E. In the wavefront sensor 102, preferably a pupil camera 122 is

35 focused onto the eye E in front of certain “trombone™ optics 124. The trombone optics
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48 38. The system of claim 37, wherein the conputational unit eval uates
the patient suitability based on the topography data and prepares the
treatnment profile based on the wavefront data. 49 .Al .A E .AY,.A .AF A3l
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Various types of refractive data can be determined and employed in developing a
course of treatment for refractive surgery, such as LASIK. These data can include
corneal topographic data, wavefront sensor data, corneal thickness data or other
differential profiles (e.g., using ultrasound) of eye components, and other types of .

25 refractive data developed from various sources, such as from slit-scanning or optical
coherence topography techniques. For example, ultrasound can be used to measure not
only corneal thickness, but also the epithelial and other eye surfaces, the amount of
stromal component in a microkeratome-cut flap (for LASIK), the residual stroma under
the flap, and the like. These data are typically provided on a point-by-point basis on the

30 eyeE, at varying resolutions. For example, the corneal topography data 112 from the
corneal topography system 100 generally will have a higher resolution than the
wavefront sensor data 130. Similarly, certain types of data are directed towards one
aspect of the eye E, such as comeal surface topography data 112 mapping the surface
topography of the eye E, while other data may reflect other aspects of the eye E, such as
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above. The topography data 118 extends over a larger portion of the eye, such as over

most or all of the cornea, while the wavefront aberration plot (or data) 160 generally
extends only over the pupil or a portion of the pupil. Some correlation between the pupil
35  wavefront aberration contour plot 160 and the topography 118, when overlapped as in or
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connected to the Internet or other network, or in a computational system that is part of
- the laser system 106, the-topography system-100, the wavefront sensor 102, or other

-systems. - The treatment generated could be a variety of treatments. For example, an

irregular treatment pattern could be performed, as illustrated in the aforementioned U.S.

Patent No. 5,891,132, 0ra vaﬁcty of other types of treatments could be performed,
including, but not limited to, a variable spot size, a scanned slit, or a fixed scanned spot
size laser treatment. Regardless of the treatment performed, it is generated with respect
to the data 140 or 164 from the various diagnostic tools, and can be maintained
normalized to the stored iris image 142.

The data from the various diagnostic tools can be used in a variety of ways to
create treatments. For example, the data 130 from the wavefront sensor 102 could be
solely used to create a treatment, or, instead, the data 112 from corneal surface
topography system 100 could be used. Other alternative types of refractive diagnostic
tool data can similarly be used solely to create treatments. Advantageous aspects of the
data from the various tools could be combined to yield better overall refractive
treatments. For example, the comeal surface topography system 100 retumns surface
topography data regardless of the amount of dilation of the pupil, but the wavefront
sensor 102 may be limited by the amount of dilation present in the pupil (i.e., the
wavefront sensor 102 typically only measures refractive effects of optical elements that
are in the optical path). Therefore, as illustrated by the diagram 164 in Figure 7B, the
data 112 from the comeal surface topography system 100 is employed over a surface
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typically include a laser 150, an aiming system 152 (e.g., a series of optical components
used to direct light from the laser 150 to the eye E), a pupil camera 154, and a control
system 156. A lower power aiming or reference beam (not shown) typically is used in
25  conjunction with the laser 150. The aiming beam, for instance, a laser beam, can be
monitored by the pupil camera 154, which is typically an infrared camera, and can be
used to aim the laser 150 as described in U.S. Patent No. 5,620,436, entitled “Method
and Apparatus for Providing Precise Location of Points on the Eye,” issued April 15,
1997 [PCT/EP95/01287, published October 19, 1995]. .
30 In operation, the pupil camera 154 provides an image of the iris I (see Figure 7C)
of the eye E to the control system 156, which controls the aiming system 152. The
image of the iris I actually provided to the excimer laser system 106 is compared to the
iris data 148 associated with the course of treatment 146. The aim of the laser head 150
is then adjusted such that the iris data 148 is co-aligned essentially with the image of iris

35 1 provided by the pupil camera 154. This can entail translation, rotation, scaling, skew,
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10 15 be applied to the external surface of the eye, or a LASIK procedure can be performed by
""" first tesecting a portion of the cornea and then applying laser treatment undereath.

"~ Further, the technigjiiés can lend thémselvés to other, non-keratectomy-types of
treatments, such as excimer keratotomy, or various types of thermal approaches to
refractive comrection. These courses of treatment can be accurately aligned with the iris
20 of the eye, such that the calculated treatment pattern is provided more precisely to

theoretically optimal positions.

Other benefits flow from using the iris data associated with both the diagnostic
and the treatment data. For example, when a patient is in an upright position for
diagnostic evaluation, sometimes the position of the eye may rotate slightly within the

25  eye socket compared to when the patient is in a reclining position, Similarly, the
patient’s head alignment can affect eye rotation even when the body stays in the same
position. Although the patient’s brain can compensate for a slight amount of such
rotation, in a highly precise correction treatment pattern for higher order defects, the
change in the rotational alignment literally can rotate the eye out of position with respect

30 to the treatment, causing a faulty treatment to be applied to the eye. The effects of such a
misalignment typically are not pronounced for fairly basic courses of treatment, such as
myopia and hyperopia, and even for a minor treatment of astigmatism, but with higher
order defects, such as irregular astigmatism, glare, halo, and the like, the benefits of the
highly precise treatment can be lost unless precise alignment with the optimal spatial -
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features of the iris. These techniques have been employed in recognition systems based
10  on the unique features of an iris, such as U.S. Patent No. 5,572,596 to Wildes, et al.,
issued November 5, 1996, entitled “Automated, Non-Invasive Iris Recognition System
and Method,” assigned to David Samoff Research Center, Inc. of Princeton, New Jersey,
and U.S. Patent No. 4,641,349 to Flom, et al., issued February 3, 1987, entitled “Iris
Recognition System,” both of which are incorporated by reference herein in their
15  entirety. The former of these patents discusses scaling, rotation, and translation; the
latter of these patents discusses the various features that.can be used to uniquely match
and identify an iris, and also discusses that a control mechanism can be used to adjust the
position of the iris relative to the camera. In an embodiment of the present invention, a
similar technique additionally can be used to aim the laser system 106. Similarly, U.S.
20 Patent No. 5,291,560 to Daugman, issued March 1, 1994 and entitled “Biometric
Personal Identification System Based on Iris Analysis,” assigned to Iri Scan, Inc. of
Mount Laurel, New Jersey, also incorporated by reference herein in its entirety, further
discusses the “optical fingerprint” provided by the iris. The pattern matching and feature
matéhing techniques of these patents and otherwise known to the art are employed for
25  alignment purposes rather than strictly identification purposes.

Alternatively, or in addition, the camera 154 of the laser system 106 can receive
an image of the iris I which is then displayed on a screen. The iris image data 148 can
then be superimposed to allow the physician, technician, or other healthcare worker to
ménually aim or adjust the laser system 106, or to manually verify the aim of the system

30 106.

Referring to Figure 8, the iris I of the eye E is illustrated in more detail, showing
how particular features can be employed for matching the patient’s eye E for treatment
with his or her previously stored iris I image. For example, a set of points 200, defining
generally circular features such as collarattes, can be employed as descriptors, as can

35 concentric furrows 202 or radial furrows 204. Other features that can be used are
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109 () -1 Str}u(:l)Zly, Qhe pupil %&In: t}eolfécd in iris matching as well, for example, as a center
reference point from which iris features then define the rotational position of the eye.
Fewer or greater features can be employed, for example, depending on the complexity of
10 the treatment to be applied. If the treatment is rotationally symmetrical, such as a
treatment for pure myopia or hyperopia, rotational displacement is of no consequence, so
the center point can be located with respect to the pupil. But with greater complexity of
treatment, more detailed features can be employed for more precise registration of the
eye E before treatment. Altematively, artificial features can be imposed upon the eye E,
15 for location, including in the iris area. For instance, three laser marks can be created on
* “thé éye E if the treatment is to occur before the laser marks would heal. Then, the
diagnostic steps can be taken and the treatment followed soon thereafter. Further, other
identifying portions of the visible surface of the eye can be used, apart from the iris I. In
all of these techniques, features of the visible portion of the eye E are employed for
20  registration between the diagnostic system, the developed treatment, and the actual
treatment as applied to the eye E.
Tuming to Figure 9, various adjustments that can be made to the desired
treatment based upon the image of the actual iris I as received by the laser system 106
are illustrated. Referring again to Figure 7C, the treatment generated 144 is provided as
25  adesired treatment pattern 146 for controlling the laser system 106. The associated
reference iris image data 148 from the diagnostic tools is used to align the treatment
pattern 146 with the patient’s eye E. The iris image 206 is provided by the pupil camera
154 of the laser system 106 and provided to the control system 156. The control system
156 compares the image 148, or the descriptors derived from that image, to the iris image
30 206. Based on the comparison, a variety of scaling functions is applied to the desired
treatment 146. For example, it may be determined, based on the overall size of the actual
iris image 206, that the treatment should be reduced in scale because of different focal
distances of the diagnostic tools 100 or 102 and the laser system 106. So a scaling 208 is
calculated and applied, yielding a scaled treatment 210. Then, it may be determined that

35  the now scaled, desired treatment 210 must both be translated and rotated, as indicated
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Alternatively, if the contro] system 156 has great enough computational power, it
is possible for each shot (i.e., laser pulse) to be appropriately rotated and translated. This

10 may be desirable if the eye E displays a large degree of dynamic rotation and movement
during the treatment, for example. Then, the iris image 206 can be tracked and the
scaling functions 208 and 212 illustrated in Figure 9 applied dynamically to each specific
shot or sequence of shots in the desired treatment pattern 146. In this manner, the
movement of the eye E can be accommodated shot-by-shot. This technique can be

15 combined with the aiming laser technique of PCT/EP95/01287 such that the exact
placement of each shot or series of shots relative to the iris image 206 is determined
before the shot or shots are applied.

Therefore, in embodiments of the invention, any of a variety of diagnostic
instruments can be fitted with a camera or other imager that acquires an image of the

20  pupil, the iris, or other distinctive characteristics of the exterior of the eye and exports
data corresponding to that image. Then, when a refractive treatment, such as an excimer
laser treatment used in LASIK, is performed, the stored image (or its distinctive
components) is compared to the actual image of the pupil, iris, or eye to align the laser
such that the treatment will fall precisely as calculated.

25 Turning to Figures 10 and 11A-11B, shown is an alternative technique to employ
a previously captured image of an iris I to insure appropriate alignment of a laser
treatment with the calculated treatment profile. Generally, Figure 11A illustrates a
display 252 provided by the camera 154 of the laser system 106 in Figure 7C. On the
left is captured iris I image data 250 captured when a refractive diagnostic tool was used

30 to determine the refractive characteristics of the eye E. From this data, and coaligned
with this iris ] image da::- 250, a treatment profile had been developed. On the right side
of the display 252 is real time iris I image 254, which is returned by the camera 154 of
the laser system 106. As can be seen, the real time image 254 is slightly rotationally
misaligned compared to the captured image data 250. This provides the physician with

35  an opportunity to realign the patient’s eye E, yielding in Figure 11B a properly aligned
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10  aligning the iris. First, the captured iris I image data 250 is displayed in a step 260.
Simultaneously, the real time image 254 of the iris I is displayed at a step 262. When the
excimer laser system 106 is a Keracor 217 employing an eye tracker, the physician then
activates the eye tracker at a step 264, which centers the real time image 254. The eye
tracking system on the Keracor 217 provides for centering the iris I, but does not provide
15  for rotational alignment of the iris.

Proceeding to a step 266, an axis is displayed on both the captured data 250 and
the real time image 254. The physician then compares the images on the screen, and
determines an amount of rotation necessary to align the two images of the iris 1. The
physician then rotates the eye E so that the real time iris I image 256 rotationally

20 corresponds to the captured iris image data 250. The physician can do this manually,
such as using a suction ring or by repositioning the patient’s head. Further, the system
can provide for a “virtual” rotation of the patient’s eye E by rotationally translating the
treatment profile by an amount specified by the physician. In any case, the eye tracking
system first provides for centering of the real time iris I image 254, and the physician

25  then effects the rotational alignment of the iris I image 256 compared to the captured
image data 250.

Other alternatives include a system in which the two images are superimposed.
Also, if multiple diagnostic and refractive tools are used, different techniques can be
used for alignment. For example, a wavefront tool could align its data based on the iris

30 outline coupled with a rotational marker or an axis of astigmatism. A topography tool
could use the same alignment bases, but also capture an iris image. A resultant, aligned
treatment profile could then be aligned at the laser using the iris data alone. A variety of
permutations could be used, and are described in assignee’s concurrently filed
application entitled “Iris Recognition and Tracking for Treatment of Optical

35 Irregularities of the Eye”. Further, a variety of user interface tools can assist the
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construction and method of operation may be made without departing from the spirit of

10  the invention.

42



10!+ 100@& ()-f *109& ()- (" 10%&: ()-!;
“$1109%& ()-16 $! 10% ()-: 109 ()-2' *+ -uj_@ 10! 10% ()- 10 10 103
7109 ()- 4L 10%&' () - 14109R& ()-y! @' 109%& ()-f/A? dE @
10! FI 109& ()-s MLOY& () - &LO% ()-F 109& ()-L109%& ()-s9 109%& ()-z
SI"#"{##5%a?] _@ 10!!1 F9 109%& ()- F% 10%& ()-!S 3nt 10% e
e& ()-3n 10998& ()-ss10%& ()-yss10%& () - f 5$$$SREEE&ABT@
103F7109% () - Yo ARRE® ()- '@, 110% & ()- Fs-!110%& ()-,
109& () - s*3109 “88&(e(((F)j K@ 10L910%& ()-s 10%& ()-Y9 10%& ()-
109& ()-!Bl' 1109 ()- 10 10F)))K*U++G ~?K@ 10&L09%& ()-! D3mLO% ()- g9’ -

100 ) 107 (s Kok ARt in 85O
109%&' ()- "S10%&' ()-g L!y&@Mininga. ob:‘rﬁﬂ(im@mpbﬁbf thdéyel 0% ()- 10 10
10710% () - s1mLO%& () - s Iﬂg&elor;;m % a u:')’aIT/cfréLn O/&rr(a?no (0 e-rezy%?% LS
developing a refractive course of treatment of the eye from the determined
corneal topography and the determined wavefront aberration.
10 '

2. The method of claim 1, wherein the step of determining corneal
topography further comprises at least one of the following corneal topography
techniques:

employing a slit lamp, elevation based topography system to determine
15 the topography of one or more refractive surfaces within the eye; and
employing a comeal surface curvature based topography system to

determine the topography of one or more refractive surface of the eye.

3. The method of claim 1, wherein the step of developing a refractive course
20 of treatment further comprises the steps of:
developing a refractive course of treatment based on the corneal
topography;
developing a refractive course of treatment based on the captured
wavefront aberration; and
25 combining the developed refractive course of treatment for the captured
wavefront aberrations within a pupil area with the developed refractive course of

treatment based on the comeal topography outside of the pupil area.

4. The method of claim 3, wherein developing comprises developing a

30 photorefractive keratectomy course of treatment.

s. The method of claim 3, wherein developing comprises developing a laser

in situ keratomileusis course of treatment.
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10  aberrations;
combining the comeal topography based profile with the captured
wavefront based profile; and
. developing the refractive course of treatment from the combined
refractive profile.
15
7. The method of claim 1, wherein determining the corneal topography
comprises employing an ultrasonic tool to determine the corneal topography.

8. The method of claim 1, wherein determining the comeal topography
20  comprises determining a surface topography of a stromal surface of the cornea.

9. The method of claim 1, wherein determining the corneal topography
comprises determining a surface topography of an epithelial surface of the comea.

25 10.  The method of claim 1, wherein determining the corneal topography and
captured wavefront aberrations each comprises capturing an image of the iris of the eye,
and wherein developing the refractive profile comprises aligning determined wavefront

aberration data and determined corneal topography data based on the iris image.

30 11.  The method of claim 10, wherein capturing the iris image comprises
capturing an iris image corresponding to the determined topography and wavefront

aberrations.

12.  The method of claim 1, wherein the step of developing a refractive course

35  of treatment further comprises the steps of:
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of treatment further comprises:

evaluating suitability of the eye for treatment based on the corneal
topography; and

employing only the corneal topography to develop a course of treatment

15 for the eye if the eye is unsuitable for evaluating the wavefront aberrations.

14.  The method of claim 1 further comprising the step of determining a
calculated wavefront aberration of the eye based upon the determined comeal
topography of the eye.

20

15.  The method of claim 14, further comprising the step of adjusting the

calculated wavefront aberration of the eye based upon the determined wavefront

aberration of the eye.

25 16.  The method of claim 14, further comprising comparing the step of the
calculated wavefront aberration of the eye with the determined wavefront aberration of

the eye to validate suitability of proceeding with a course of treatment.

17.  The method of claim 1, further comprising the step of displaying a

30 simulation of the refractive course of treatment of the eye upon the determined comeal

topography of the eye.

‘18.  The method of claim 1, further comprising the steps of:
performing a course of refractive treatment on the eye; evaluating the

35 effectiveness of the course of refractive course of treatment of the eye; and
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a wavefront aberration tool adapted to provide a wavefront aberration data
of the eye; and
a computational unit adapted to combine the wavefront aberration data
with the corneal topography data.
15
20.  The system of claim 19, wherein the computational unit is adapted to
receive the corneal topography data and the wavefront aberration data and combine the
corneal topography data outside of a pupil area with the wavefront aberration data within
the pupil area.
20
21.  The system of claim 19, further comprising a camera adapted to capture
an image of an iris of the eye that is used for alignment of the wavefront aberration data

with the corneal topography data.

25 22,  Thesystem of claim 21, wherein the iris image corresponds to the

wavefront aberration data and the corneal topography data.
23.  The system of claim 19, further comprising:
a laser system adapted to provide a course of treatment for the eye based

30 on the combined data.

24.  The system of claim 23, wherein the laser system is coupled to the

computational unit.
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27.  The system of claim 25, wherein the computational unit is adapted to
adjust the calculated wavefront aberration data based upon the wavefront aberration data
provided by the wavefront aberration tool.

15
28. The system of claim 25, wherein the computational unit is adapted to

calculate a course of refractive treatment.

29.  The system of claim 28, wherein the computational unit is adapted to
20 display a simulation of the course of refractive treatment as performed on the corneal

topography data.

30.  The system of claim 19, wherein the computational unit is distributed

between the comneal topography tool and the wavefront aberration tool.

25
31. A method of developing a course of refractive treatment for an eye, the
method comprising:
determining a corneal topography of the eye;
determining a wavefront aberration of the eye;
30 developing a course of refractive treatment based on determined
wavefront aberration data; and
refining the course of refractive treatment based on the determined
corneal topography data.
35 32, A system for determining refractive aberrations of an eye, comprising:
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15 a laser system coupled to the computational unit, the laser system adapted
to receive the modified course of treatment for laser surgery of the eye.
34.  The system of claim 20, wherein the laser system is coupled to the -
computational unit.
20 |
35.  The system of claim 21, wherein the laser system is located physically

remote from the computational unit.

36.  The system of claim 21, wherein the laser system comprises the
25  computational unit,

37. A system for developing a course of refractive treatment for an eye,
comprising:
a corneal topography tool adapted to provide corneal topography data of
30 theeye;
a wavefront aberration tool adapted to provide a wavefront aberration data
of the eye; and
a computational unit adapted to evaluate one of the data sets for patient
suitability and to employ the other data set to develop a treatment profile.
35
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38.  The system of claim 37, wherein the computational unit evaluates the

patient suitability based on the topography data and prepares the treatment profile based
on the wavefront data,
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