;e3el x6T#" 0 8 JUN 2040 r WO 01/28410 PCT/ EP0O0O/ 10375  TITLE: CUSTOM ZED
.CORNEAL PROFI LI NG SPECI FI CATION 5 TECHNI CAL FI ELD The invention relates to
systems - for ophthalmc refractive surgery, and nore partﬂiagu r to a
system for conbi ni ng opht hal m ¢ wavefront aberration dat P P@ almc
corneal topdYPAPMY%ata to create a customi zed abl ation correcting profile.
BACKGROUND ART 10 The field of ophthal nology for the past nunber of years
has seen great strides in the devel opnment of refractive tre ' ded
to correct the vision of the eye. These techni ques have evommmmmmmg
earlier radial keratotony technique) in which slits in the cor nea al owed
the cornea to relax and reshape, to present techniques including” '

photorefractive keratectony ("PRIC)) anterior |anellar kera
(AL, Taser 1015 = sity keratonteusis (+Lasic)) “ana riMATHINN

techni ques such as |aser thermal keratoplasty ("LTK"). All o
techni ques strive to provide a relatively quick but |asting corr®éon of

vision. Wth t devel op t S igge techni ques, greater
gives: M e CORKENISPROEHIR

preci sion has e pos e ITnrefractive error correction. In early
types of treatnments, the precision 20 of the correction was relatively
coarse. To provide correction to mﬁg J Q1 nus one di opter of the
desired correction for nyopia, for ?EKHE@? I"d be consi dered an
excel l ent outcone. The types of treatnments have becone progressively

refined) however, subtl e defects to be corrected. Myopia and
hyper opi a San’ now ﬁ%ﬁ@o a high degree of precision with current

t echni ques, and usiThg ieaticiaelates toXyslems forophthalglicrefractive surgeryeatdneran al so
be corrected such as asphericjt nd, irr | ar asti tism STl TUTE
SHEET ( RULE 269&1110“8“’3 to b eygtestsr X°‘€@"@EPE§‘E¥B“WF%‘6§‘P§ dé‘ai%‘)gt he same
time, the di agiyhtHaintictoraba tépogApliedat e rouhod customizediablation correetidauofilave al so
advanced. Enpl oyi ng topography systens, vision defects can be determ ned .

and corrected irrespect] r "regularity”. Such techniques are
described in U S g‘r‘g‘%{"’ﬁﬁ&’%’%kﬁl 132, entitled "D stributed Exci ner Laser
Surﬁery Sygtem " i Slﬁx@ﬁéld%‘kﬁrobhmﬁmbﬁﬁwomhupzstmmbwa ymwha?mglgmat‘qm@ykt ens,
pachyrmetry systens)_ wavefro 10 sensors.  and overall refr ive e

det ecti on syst‘@ﬁﬁe‘)ém“ﬁgtt‘gé%tmﬁg‘fc m@e%teg&%mfgn%# h‘ﬁy sb‘fngo?%ey%g'r ?)‘%ei%é) and
astigmati sm biéhnitjusOhaveiegdlesd fooml ehie cattier radial kerstonyttéchnigaé.rimehichslits in
properties of the eye. Detection of vefrant gberrations [n. . uman eye
for such purpddesos WF%@’&&P@F*‘@’JF'\&\%W- ﬁb’%’%ﬂ?&f&%‘ f%rsqgér%(ﬁﬁcimﬁdt' ocul ar

I ens fabricatigiotdréfradlisCkedReddme (‘PRK"), anttHol lamgllar kemtectotr@i(f ALKI') Inser in
measur enent_ of -wave aberratjons Qf t hu eye Wwth the use of

Har t mann- Skac ksipikErqmpitsysis éﬁ&i‘g’ 3‘5@5‘??5?"&%'?”{%5 s‘l%talsi T t@%@f@&r&%ﬂmw
Anerica) Vol. ﬁ‘ﬁ‘K’\P-Alﬁf thebe YochAigBed strve to proRide Rlrelativebycduicichie lasting  be
sumarized with reference to Fig. 1. A beamof light froma |aser diode or

ot her suit abl ecareghitn of ¥ifi%e i s directed toward the pupil and is incident on
the retina. A beamygh theaiedlépthent ambreflfetdnts it dhdsé teChiiqued Gpréatdr prexisianfHagct ed

by the retina and energes from.the pupil .. Typicall t he i ncom.,ng _and
emer gent | i ght becgmp Bwsg’l%'ﬁm?ub"p?rf‘gégmﬁcé‘f’ﬂ: B’t‘ﬁ‘gy it%)fﬁPg]'ﬁﬁqurgﬁﬁ eﬁ’§°°bsfo&ght
into the cgyMDgs RPtdrfedliondRistellivdly SoabRa Toprovidedorrediitn te Withipeptts draxinusi S
applied to a HartmannShack detector tq detect .the a errﬁégns. .§uch a

det ect or i ncl ueresdiepterpf W@ﬂfedlcéﬁg‘f"é?&%ﬂﬂ‘?’ﬁ?‘ééﬂnaﬁ‘f % eAnpidersd & o

array of spot Si;fcﬁﬁmfteﬁde&n&hﬁl of QbitRets AfRH@corieproeskively Rt or (not

shown in Fig. or other two-dinensional |ight detector., Each spot is

Located to det bowswap allewing mops wibipdefectiyorhespireied. fM¥PRIa 8! RYRPORIICEN YR80 d
occupy in the gbsence efa rgg{ g%grg{ﬁft%?sﬁéﬁiﬂ?&ﬁmnﬁ@éuﬁﬂﬁs.da'nﬁ Bkiﬂ%_@sfmﬁérs of

t he,.spots all ow reconstru wavefront and thus detection of the
aber r at i ong5 t hiasergthighenondendefastsiear ploa be earesster ek as aspharicijy and imggplar ¢ pe.

| ocal |y averaggsqig\r/gqgg"ront slope in front of
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30 the lenslet array and is related to the spot displacenent and the
lenslet focal length by 8 = Nf) as will also be appreci ated by those
skilled in the art. Inprovenents to the technique of Liang et al are t,a’ught
inJ. Liang and D. R WIlians, "Aberrations and retinal igreageNcgyl 'ty of
the nornmal JygBmfye. " Journal of the Optical Society of pdyyRsdosesrs Vol . 4,
No. 11, Novenber) 1997) pp. 2873-2883 and in 35 U. S. Patent No. 5,777,719
to Wllianms et al. ("WIlians"). WIIlians teaches techni ques-2 SUBSTI TUTE
SHEET ( RULE 26) 0 8 JUN 200 WO 01128410 PCT/ EPO0O/ 10375 5 for detecting
aben~ations and for using the aberrations thus detected for eye surgery and
the fabri8ation oAtthasametme.the dinghostintpels to detaming whaheasteptian ip prededat ent

Publ i cation 9 ' e ey ) teaches
a further va}qﬁaetﬁ?%ﬁaagé}%ﬁé lﬁéxcﬂ?%t{oﬁ%ggﬁg&e@g lélglr?tag%ﬁ} ac (dse{égﬂﬁﬁg% from

t he | enses. i and ¢verected évdspectiseoftheir fnegudarity’]. | Sughtechriiques ase dgspribedinddSng 10 '
data fromth fr, NSOL. &85 n i RectH or the eye
exam ned. M gt\é@é\goc i51c‘k|B iﬁ?ﬁf?gil#e%é e|’/“§a ch??rg%el@ﬁ} eé%d,e r’rr’? %éeé S .
limted to tAprib@aA9Pr A vafiety bEnevotopagraphyagsieras] pishymeey systess| wavefront t he 6
mllinet circle tq whigch the eye' upi | s dil.ated when.the eye S
measur od 10ut SHERRSadoverall ofraB s PrOF Gesbrdion syplai 20, et 1pq Gy W AmANTE AL of
partial abl aiﬂy@ﬁiai@pei'o?iamﬁ%sﬁgﬂﬂfsﬁl, bltangatighien order abefhtions of the wifacavd hence
15 |l essen regression, These diagnostic systens and techni ques have the
potential foPropestiss ekthéig¥ecorrection of both the fundamental and hi gher

order defects) espegiin of wiliéifont aeraibrsiin the BuRMeEyeToF fuck Phrpbslad ef racti ve
correction techniques, with the Ecosm bility that vision correction to

better than Iroguagsprecsymd gagtagdens ged ngrortlapispp{pbrication f digrlRtedig-8dR hni ques
for appl y5no1 aalyanai Ashjclios RrRasukdmenB e Wive QBk¢rationg of iicHuna R y® With fiedas@ ! ©
needed. SUMMARY OF THE I NVENTI ON I n the system and according to the

t echni ques off eHpdmrsERhask yrve-frontsarsont Jamal of ha Veficddocignof fmericsn

di agnosti c t%}. 119G0.20 1P 2994 Gpe¥-9! Uhhti@inigie GALYY rhriaRzed witdrefddbice 3 M C

t opogr aphy tool. Re?ract ve data w thin the bounds of the pupil is gathered
by the wavef Fignl. Adweamafdightifram & laser diode enetherguisebjolight seiscais diepiedof t he
pupi | gat her : Thi S | [ : | ned,
o Fher “ber o Swspd bt ARATIRRAK, dlRE could £ obdth R Walitelhe o8 abscfbe iR
Pref er abR t ) is refleetst by the retinacand gmerges fromale pupdi Fupicallys the inpomingrandsyst em
30 Additiona ' f i | | RN lques to
conbi ne mvekﬁ@%ﬁ%ﬂf%ggggggﬁe%agp g&g%ﬁ%@%ﬁ%‘iﬂgg ln%{xﬁ%ﬁgk%tﬁ@@?lgur se of
treating ref commbw optinal patls with atbhamspliticr. The emersentiboan ieapplicd tha Hasmagnaphy
data perm tS s iBiebitetd iRldcie berilifis® SubtPAldiftndh indiilich Bhta iR GHLAN 2

variety of criterla, such as cornea ckness, corneal asymetry, and
sim | ar par amhichbseakup thelighpinte amarrayof spots andfptus thespais gatoa) chaige-coppled r ont

cant ur e ey B EesRro b D Bk e R BBELGE Bl e

located to determine its displacement A from the position which it would occupy in the

oD

D

C

=

absence of wavefront aberrations, and the displacements of the spots allow

reconstruction of the wavefront and thus detection of the aberrations through known

mathematical techniques. In Fig. 1, 0 is the locally averaged wavefront slope in front of
30 the lenslet array and is related to the spot displacement and the lenslet focal length by 0 =

AJf, as will also be appreciated by those skilled in the art.

Improvements to 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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WO 011 28410 0 8 JUN ?~00~, PCT/ EPOO/ 10375 5 aberration data is used to
calculate an ablation profile. That ablation profile is then sinmulated on
t he captured topographic data of the eye) and the resulti ng0 i{pﬁ zdugd
ablatidn is also evaluated to detem-i ne whether the outcone ?a I Ay such as
eorneal thickpesssaqnd irregularity) will fall w thin accegicailpgysisdel i nes.
Thus) the topographic data representing physical refractive characteristics
of the eye and wavefiont data 10 representing overall optical refractive
characteristics of the eye are used in evaluating and generating the

abl ation profile. In another enbodi nent, the topography of the various
features of t Her dpjesting aherrations andfor using theablertpsions thes dataciedforaye surgeryiandnt  of

the lens) is : i t opography system A cal cul ated
wavef ront abl g%p%ﬁﬁcﬁgoﬁé%ﬁ%bﬁgg%gtsagtaaggs'that 15 topography data using a
ray traci ng syst emintgxnationef Pagant Pebdiohtian O 947884 Gatetmatorol ppl | wavef r ont

aberration of ! t th Lt hin-1h il area.
Then, by conpari nggﬁ%@g}([ﬁ%? {eég&\ﬁ/g\a/e rhgfl m%é‘gne ) lwo?#ezmqug’ggs Eogﬁ%tgﬁaphy
with the capt bacdscatterfironethe tensesfin thendetectonsengsi Like Williarhs, \Hréyhsuggdstsassing pi |

area) the _topq hi cal | erived cal cul ated.wavefront. i g "tuned". based on
e Lapt ulba” AakpaRRtE eE pehRS frvatip i Spuc L ESH ok e ey Praming
overal | wavef Mére speifitalty tiieaspricd) ometibh fpdei@iinediolitedio\ted speftarelopthear eas
within and wi t hout the %«!’pil ar ea, V\hlhlg "t.uned", thli;ei c&ptur,ed vavef i ont
data within t<emsyEesugdDY thesepsaneL 1t Eﬁlﬁff'ﬁ?eé P C§%% 8 PRIV es
overal | refradihie whéd Be cfd wisifeasired COtside FADNEE) FreyFughdif 18ig)a tifekihg t he

t opography data used to calcul ate the wavefront may | ack_ the topography of

certain surf abledy zenepf pagial ablation i Dinimize seygrerhanges iy compmabcyrypiure and ienge hasi s
to which 41§ c¥dskdmgmssidae cal cul ated wavefmmt. In yet another enbodi ment)
for extrenely irreqular_eyes, first a course of treatnent is generated

usi ng the topogr aphhese diagBostic systamsApd tachnigusshave te patential forpemufting or
irregul ariti egoirkbibh 8f béth iR FirddRemaint hfphei 314 defitRis, dspEadIEMen RS HREN
applied, a refractive evaluation is then perforned with ei'ther the

t opogr aphi c t §tsicver mopsrefinpdefpactifpeorregion teehmniqyss, iyithithe pessibiligsthat vigien s f or
further refraghidfof & BeREL thAR0P30 WilloRé8ay bal the héHn. Hoveer) iriftbVed ' T €QUl ar
eyes) it may be difficult to capture or c{et erm ne the source of centroids
capt ured B9 aterhnignesdor applying advansingdingnestig sechaglogietogefractive sy Bx¢ di spl aced
as to be diffigife to determ ne which centroid is associated with which
portion of the eye. In such an eye, the topographic data and the ray
tracing algorithmpermt _the 35 centroid |ocation to be estimated. Then,
the wavefront sensSPMMARYQETHENVENIIONang 4 SUBSTI TUTE SHEET (RULE 26)

0 8 JUN 2QQ- VWO 01{piBd iR ahaEBRR4iAD o/ the Rchig@d 0P BmbdtEmerts 6tthairvenand 1 ol ds

fromthe topographic data, thé actual centroid |ocatiqns are associated
wi th particul Havefrshabesption dagnpgic topl forophthplmic eyalhaion dncougledso abr  even

hi ghl y i1 pggubghithAMestopsitaght tdut! Refractie®lath RithinAllebdtndd SIREEpUHHINis athered
enbodi nents thus permt the use of both wavefront and topographic data to

devel op ref r aby theavaveleant teq) pad with data extending beyond the hapnds opthe pypil gatheged
embodi Ment s C gy tR{opotph &dl. OThiSinfetinaféed méﬂlébnﬂﬁi%@,rd’théﬁfocféfrg Beaep fipodi ment s

~aye alternative conbinations_pernnitting_devel opnent of refractive
treatments basmaloyed wWereata arptative Heatment Preferablydhis freamentis crsatedfr@rdi ng t o

further featupggmediadelSurk tdnpn) the topography systemis preferably an
el evati on based,mg{it Ia?rép]-yts)%k ography tool that determ nes the el evation of

15 refracBPve surfAdditongl embedimpats of the invertiandirajdmfyrthentpehniquehto camblingack
. | f i - . |
corneal surf agagefrdnt Ml tBB&O@ag‘rﬂglﬁﬁta rag fo Jnﬁb‘?@gﬁdgﬁ fthe ¥c§fr§éﬂfﬁfe§ﬁrfgr xt@ﬁ-ééﬁvg npl oys

ray tracing to derive an efractive aracteristic o eye, both
wi thin and wi tiromsof theeyp uipione embedimp] tie tapog@Eph PdataperDits TPR-ORMNAKNGS Fi gur e

1 ifllustrates pfg-é-cﬁ%}ljgh %?pziti@?{@ bw 011 | VWH: &ﬂgnﬁﬁ’&l% Q8RR 'thickness, corneal

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
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20 Figure 2 is a diagramillustrating conbined 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 eyef 8PUONIr2Q 4A and
4B are fl ow+d} Il lustrating both patient eval uation nd -
process/ dat f??géfﬁ a conbi ned topography/ wavefr ont treaf&éﬁ‘pﬁoﬁg?em
according to enbodi nents of the invention; Figure 5 is a block diagramof a
preferred wavefront sensor for use in a systemaccording to the invention;
Figure 6 is a flowdiagramillustrating the acquisition of iris inmage data
and t he 305 uséabepptiorhdatalistused to calqulateian ablatinut profile e That ablatioreprofileris them es 7A,

7B) and 7C ar f |.agr ' t i t acgu. si L firis
data in conj uﬁg@?ag%%ﬁtbﬁxxp g’f’f&glgﬁ‘lg%aeﬂ%#éiraaggﬁeﬁ ’tﬁn?%bearfg",lﬂ'?%s “‘8‘3 ration of
a treatment batdaibnonalshenaldaiiao daterthinewehetitee thefoutconie (dgairg swohrak colaéal i n ‘
conjunction w,th an_iris ina t er.formlaser surgery: 5 SUBSTI TUTE SHEET
(RULE 26) %mm%mulﬁ%ﬁwﬁ i*d %F%?%EW%@?H e (PROET

features of adatespreséming physidabrefractive@haradicristics 6fitheséye@nd wWiavéfrdntgge 9 is a  °

flow diagfamillustrating the use of stored iris data and |jmged iris data
if il gRbel e ot o4 picy

to transl i e EPHEEHpg gvelbaptrarerTagiive chatacigtistics of theeye aps gpatingy s a

fl ow di agr am add genératig e aBiion grefileat i ve techni que enploying stored 1o iris
data to align a treatnent; Figures 11A and || B are di splay inmages

i | lustrating the t'BeRptheRfEnbodiment, thedopperaphy of e yariqus fegtures ¢fdbq<?yatsushas)f

optical raytr gt frdbacledfomed afidthd Fromot i 1eR0 R chpthicl By afieRVitfon basddS 2
schematic illustration of optical path | englth determ nai‘!yl on for a myopic

and a hyper oploBogrgRhy system; 4 calculated wavedrony ablation is theg deivegrbesed anithatt r at i ng

cal cul ati o] e el | i.fkherence.
VDL O CASRiyae BREATRY fldnd Gfiefeh Nefofitoflithd Apnd b detall™ 210¢

produce surfavavefigpoaberplinn-of she-optica) spmpensats of theiexe withinthe pipildirdaatThem of t he
upil, but t n?p%ri | [.Sa? q}ﬂ@ﬁﬁ i imted
Eypt he dil at P@’n@‘% t ﬂ%ﬂﬁgﬁ%@%ﬁﬁ%ﬁ&%@g%«g@g@g@%gR:#:égxt‘i g en. %éﬁrﬁ%t
sensors measuvavefront fsom theevayefronstteol ofithingthé puglil as¢agthe topogtaphically derived t he
optical path. calldi'lla"i’éh(\w%vq s “tu ’%a&ﬁrok ﬂc@aﬁﬁ%ﬁﬁa@e@émm ﬁiﬁx\{neﬁg b}?@anat he

corneal surface topography System neasures ace area larger
di | at ed pipi | areashiTHisallowscm ®iveralh wayefrmt andearespansing treatntenty ito beddvelopedifiot hi n

h f A T | bL L g | | 2..4.0 which
25 bl ati on poprHE ped I fBERuAKE=) St BTy ihe clduik b BEOM R 2 o
are conbi ned. withig theepupil ateavvBecausa the aaptured wegimphdatdcepaniesxiverllirefractiveof i | e
162 d I . [ ' ' I d

eve ODede,{o[r%m;ag{,gag_mmgg% gﬂax st bite Hd'iaddAlRy bita YEld' (8 cGUGH, OU1 81 de

of the pupil, l'ust as a conpare, a wavefront
based abl at i othe pravdfrdne mag lack ¢theabpgeaphy obeertaimseifacesitheicaptured wenefrontzlatay onl y

valid w tdd n . L. Jd] 6 h are
I 11 ust ratieyd aé‘gip@%ﬂ%o%?o?@gngm‘%lflgir‘\)acgﬁ%&reIﬂi\e C%&gﬁgdf/l ‘%J%v?fn'é“t he wavef ront
based abl ati on pr dhiyteanbthér enbddimerit)/for extrpiklydiregutdreyes] fifst aooursesofng t he

SuLace 1 oot MigktaRd uhk Bt Rt o A WreRlove gioke D> SHEET
asymmetries or irregularities in the refractive profile. Once that treatment has been
applied, 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.

Similarly, 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. In such 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
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s the pupil dianmeter 160. In this exanple) each ablation profile is first
calculated fromthe correspondi ng data before the profiles are conbi ned.
Q. her techniques could alternatively conbine the captured data before an
ablation profi.le itself was cal cul ated. El evation-based tofor&¥hdilkyst ens

such as the ORBSCAN I | t opogr aphy system available fromB <
Lonb/Orbtek,WPr?U.zs%(f Salt Lake City) Utah, are especiall yagg@g%ﬁggéous when

used with the wavefront sensor. However, other topography systens) such as

curvature based systens, could be useful in the practice of this invention,
al t hough preferably through neasurenent of 20 25 30 6a AMENDED SHEET p B
~u~ 20p WD501/pasabh thRCIaldER0al ceoddds fiomthedopageaphiodaty, the actual gentroid lggations

surface. O her types o ste t hat e useful inc a systens
Such a5 descr PBRATRGERRE) Wit B e of e olfg T s Wiyl B FRRR” 282 K
| | -t opogr aphy h§ghty etegular €yes baribebensr captanedt i on based) topography systemt hat
si nul t aneousl y nmeasyy bot h, surfaces of .the cornea a | | he, front of
the lens and iris. %E'la%ﬁh%ggqﬂuéamgﬁxpg&thgﬁﬂc% R SR Pﬁl}“ﬁ@ wgggsfﬁgk)g"dof

el evation) 10 tbpoghdphizidatitd developatfidctverreannomny. . Fufthén various aspeats ofthgscof
pachynetry is alsqg derived firmthe peasured surfaces of the cornea.

Rayt r aced 18pt e8P L5t} ?Eﬂ%b’wr?rﬁﬁl’éﬁﬁ' gﬂ@@@?”t‘ﬁ?sﬁ °F’tt'?88m"'_§‘ﬁ§f° ef f ect
of the vari ouguemhtiveonbizReRGeifittidedeidlopnitat Slrefrative téRmemts baseg of Both
ORBSCAN || topography neasurenents are based on diffuse reflections rather

than specul ar toRoBrapbicidgiand pgveffadtdala) y detect the surface height rather
than surface 15 cUELMIG1o HileOkutiedORAIENn/BE IpoLephy syRER if TOm 2

pl aci do or other reflective target to neasure surface sl ope can be used in

conbi nati on wiprefensblyancleyatinn hasedgslit jamptopagranby tqah that determines theeleyation efht - ¢ o

those skiljsed pid b in teleys incRidingbodPRE fromtana BackordeBFsurfaces.
el evati on-| asg&%%@ahcﬁ@%g%ggphy Sé,s_t_ em __se@w_u_._.S-c.Pgtent.uNgcse-s
5,512, 965 and Fersiis d8a thytoppgraphygystem ly esplaySTAY HRsipg todREYR TN | |

system can be 20 3¢oiH- Lg&mgﬂs&%me g,lr%d{\(,ﬁgﬁiagd \Qfﬂ?&zthﬁiﬁ;ﬁ}:ﬁ Reaoveral |

refractive data romtﬁe wavefront sen t 1s also poss e for data
fromthe wavefront sensor to _be used to "calibrate" data in the topography

system Because t hBRIEY DESGRIPHONGF THELRABINGShe overal | refractive error
in the eye, it Canp?%uk@mubeat&cgﬁnaﬁreeir{verwa hewiveneitmliredmyitl em to 25
e

correlate a surfac opography "at any particular point with an oyverall

refractivéOerror (Higues ismetiagsm Hlugisdtiag combinedsplasion peafilesdeyelaped from t hose
poi nts. Thus ' t I m data can then be used to
%Fﬁé@?rﬁé)&a ROmsBRRS t@ﬁgﬁpﬁy it

Ccreate an ove ctive error profile. As another exanple) the data
from various di agn&igure3 isasutaney repssciaiogiof ar ey 2V el AsRssaginted A4ZaPsiCp el
of the opticalygt BIERRS Berbrihihd fir rdf@EtivethhradtedtcsoiRs Beal 30 surface
t opogr aphy system coul d provide surface data) an ultrasonic system could
Figures 4A and 4B are flow diagrams illustrating both patient evaluation flow
25 and process/data flow of a combined topography/wavefront treatment system according
to embodiments of the invention;:
Figure S is a block diagram of a preferred wavefront sensor for use in a system
according to the invention;
Figure 6 is a flow diagram illustrating the acquisition of iris image data and the
30 use of the data for a subsequent laser treatment;
’ Figures 7A, 7B, and 7C are block flow diagrams illustrating the acquisition of iris
data in conjunction with refractive characteristic data, the generation of a treatment based
on that data, and the use of that treatment data in conjunction with an iris image to

perform laser surgery;
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provi de corneal thickness data, and a wavefront sensor could provide
overall refractive error data. By "subtracting out" the effects of the
surface data and the thickness data, optical: elenents past the cornea thus
can be nodel ed using the various sets of data. Mreover) ulgtg aginilBti magi ng
and optical coherence tonography (OCT) allows one to 35 neasure not only

t he surface topography (anterior surface)) but also the epithelial 7.
SUBSTI TUTE SHEET (RULE 26) 0 8 JUN 200 WD 01/ 28A0 PCT/ EPOO/ 10375 5
stromal -interface.. Since the stronmal layer is the actual treatnent |ayer,
the stromal interface is the inportant surface for predicting the stronal
tissue laying below Turning to Figure 3, a cross-sectional viewis shown
of the eye E including a cornea 450) a |lens 456, and a retina 458. The
cornea 450 includes a nunber of |ayers) such as epithelium 452 and strona
454. These vari ouFigaREe aditigim llastiatisglaiouy fehtores dParCéye ARR AR Bafast he | ens
456, conbi ne ho formanp overall refractive (optical) power and a refractive
char act eri st CC¥POFHAESeye E. A nunber of factors can contribute to
refractive (e.g. ,Fw@‘isambwaﬁ@rarnanlhafu)rjn@ﬂfem&éofstdﬂcdiﬁelhmhndaimaﬁapﬁishbtm ted -

to) irregularities in,the cornegi 450 or f’rn the | ens 456, and the distance

(e.g.) in th& CHREE adesiied{FR ML AL SR from the cornea 450 and

I ens 456 to the rPRigurd0458flovk Diaftamdllidtiating arcdlteshaiive tbdhfiigue edpRy Mg Rk | ONS
i ndi catin variqoagas %es of dijagnostic tools partuicularly suited to

anal yze r'8f r 9o AR HYREP®har act eri stics of particul ar

- por t'i ons- of - t he- Bigéres-11A dikEl@Mrodioplay iaugesitlastiadey e techiigus of Bipgs9,0f dat a
for different port.i ons,or..canponent f,the eye E. For. .exa I'z‘i | t rasonic
t echni ques 460 ca%'g&“ﬁj%saﬂnl ‘9595‘8{3‘8}%%8@@ ﬁaé’?r?%%{%igﬁg?%‘@gmﬂg a‘?ﬁ"é‘? ﬂF’t’F?é‘P'i“um

452 and the stronBigd®d43 isschémaid ilusoraticheof opcabpatit Rhith dblefhingtion fofa t he

cornea 450. ‘Il;lhgrigatzla agahae}/oagci etyangf ul trasoni c techni ques that can be used,

i ncluding a pgcli’flyma e PEEPREPF S a techni que described in U S. Patent No.-
5, 293, 8715 ' ent.i.t I Jégure 3§ itasdingdram illustrating calcdatidnyof DetracaparinngerCfor deatmihiager
Thi ckness an @Bﬁ[ | ed March 15, 1994. Corneal surface topography
systens 462 @}%Q a ‘%/lff%)r'ré@é\éi de and anal yze corneal 25 surface topography.

Topogr aphy systens, such as the previously nade ORBSHOTT"s by O btek and
Syst em 2000 by EyMSPESHEAR CAR I@fir@%ﬂ‘ﬂéwa%ym@@h resolution) but are
restricted tQofhbg seitch &fpBgaphyt J}&eﬂpbkggéeisumé%og{aﬁﬁy%%%ﬁrsﬁé%e A

€ :

conbi ned refractive diagnostic_ tool 4 such as t opogr aphy
syst em by Or Hbquat ofdjlationsefithe pupilebutthecaseanyer whish avedront spasorssqojlesdatais ~
thi ckness@s Rty hadilaa6R of ihe plifinwhdARhENasurbhiest i€ @Rer. WhtiBnt 2Rsdkd1i ckness
of the cornea 450) the surface topography of the cornea 450, the surface of
the | ens 456Me3sPRg Tefract C'Istogﬂﬁ’ticﬁleeq‘fr‘é‘ﬁ’gtﬁgémt‘ﬁ theypptical pafh, Imaggordanss + he

di stance fr owith beam dspeattof artineatial, athmest yerficd tdpagrapio} sys@mssurks al |y, in
CLoure 91 2 Atel bRl b RN o Al i ) '
provi des datgordon Withit the aceaef dielpupibf Tieaechniue xdHusatied s Figiret2Dia which shown as
an aberr % edab WHOR ];)lto?iws stregfoin lw%vé'ro%P@g LJ&&E’a&@E&Lr %Lrj %all‘:ta %Pc) combined. Figure

2 shows a surface topography based ébiation profile 162 developed from éurfacc topography

data. This data is valid even outside of the pupil, illustrated as a pupi_l di'ameter 160. To

compére, a wavefront based ablation profile 164 developed from wa.vefront data is generally

only valid within the area of the pupil diameter 160. So, the two are illustrated as a

" 30 combined ablaiidn profile 166 by using the wavefront based ablation proﬁle 164 within the
~ pupil diameter 160 and using the surface topdgraphy based ablation profile 162 outside of
6
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0 8 JUN 2004 WO 01128410 PCT/ EPOO/ 10375 5 (data) 468. The wavefront sensor
techniques are enpirical in nature-concerned with characterizing the
wavefront of |ight external to the eye that was reflected fromthe retina
458 rather than with the physical characteristics of any paﬂwldquMNOptlcal

conponent of the eye E. Tam ng to Figures 4A and 4B) illustrated
respectively, are a patient flow diagram 10 500 and a process/data fl ow
di agram 550 il lustrating enbodi ments according to the invention in which -

bot h topography data and wavefront data are conbi ned in devel oping a
treatment for refractive correction of the eye. Preferably, the topography
systemis an ORBSCAN |1 topography system by O btek, which as discussed
above provides the . el evation-based topography of various surfaces.
Further) the topography systemcan 15 enploy a ray tracing nodule to

cal cul at e |a wavefront based upon the physical conponents of the eye as

det erm ned b%hwﬁ;ﬂ% o 189, anetms eI 1@8&%%%&& rbﬁﬁ@gfuamamumtf@m thBovever ;
does not deter et sica cture of ? he components, of the
eye) so an " wgps@pndmmdmgqureﬂw nr@ﬁla%%r@mmfd) %*&F& FF"E@CI%“ soHld AkermAsivel¥nt ' s
mani fest ref raghiothe dagtu?ed dlaé%@fol-cnﬁl ‘ablatiSiprotiieGRelt Was daRR RGP afiiViSRaN

nodul e 20 det enmunes the overal mavefront aberration of the patlenuﬁ% eye.
e

I n conj unct i dePagtaphy sXstesnstBeiRs W@ N II®;topogranty srytern ayailakly fgmfia

previ ousl y, deé%hb/@ﬂbt\éﬁ\mé bPSI ISREERY, GAR o8 eshRRIYAN B985 us SABS Hed With
Wl lianms or others, provi des data for the. refractlve mavefron%ﬁﬁgerratlon

This data haghe wevefrantsanser e Ve PRETPPRETAPRY FYStesiefugh pS QUEYStUIR systems
characteri stigga®t uldi@ if HR2)prabh&y Fais nfentiod POGEWHM PYefOabIe throghi ifeasutbmemy | ack
t he physical paraneters of certain conponents hel pful to calculating the
wavefront ab&fration of a patient's eyes, such as the shape of the back
surface of the lens, and the exact optical refractive characteristics of
corneal material. Turning to Figure 4A) in a typical evaluation and
treatnent® first™ a t opogr aphi ¢ exam nation is taken of the patient's eye
and used for screening in a step 502. ‘Because 30 the topography system can
determine certain paraneters such as corneal thickness) bul ging) and other
physi cal paraneters that could lead to an outright rejection) physically
unsuited eyes are rejected at a step 504, such that baseline physically
unsuitabl e eyes are rejected as indicated by the rejected candidate at step
506. If) however, the topographic evaluation determ nes the physi cal
characterdostics of 35 the patient eye may be suitable for developing a
course of refractive treatnent) the 9 SUBSTI TUTE SHEET ( RULE 26) p 8 JUN
20,04 , WO 01/28410. PCT/ EPOO/ 10375 5 topographic data is then used to
determ ne whether the eye is unsuitable for use of a wavefront tool - that
is whether the eye is a "difficult," or "bad," eye. In such a case) the
t opography data rather than captured wavefront data nay be .used to generate
a desired course of treatnent. The patient proceeds to a step 510) where
the approgriate abl ation profiles are deterni ned based on the topography
data for the eye. Note as 10 di scussed bel ow in conjunction with Figure 4B,
if the initial treatnent based on the topographic data results in a much

i mproved "good" eye, a subsequent course of treatnent can be perforned
based on conbi ned topography and wavefmt data. But generally) starting
with a "bad" eye, the course of treatnent is devel oped using the

el evati on-based t opography and then the ablation is perforned at a step
512. If (step 15 514) the result is determ ned to be good, a favorable

pati ent r¥sult occurs at step 516. If at step 514 the result is deternined
not to be optinmal) another topographic exam nation is perforned at step 518
to determ ne whether additional treatnment would be hel pful (step 520):. _ If
not, the patient's outcone) although not_.optinal) is final at step. 522.
But if so) another elevation based ablatlmm is planned at step 510. Note
that in this last course) if
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20 the topographic evaluation at step 518 indicates that the eye is no
longer a "bad" eye) it is possible to return to step 508) where a wavefront
based course of treatnment is devel oped. Wile the foregoing enbodi nent

di scusses,a tppography only based ablation for "bad" eyed),8 QUNe2iffppr oaches
may use wavefront results even for "bad" eyes. The point is that different
courses of WQRMHEAt nay be indicated for irregul ar eyes BSTVEMA%EY to 25
nore standard eyes. For exanple, it may be desired to performa

mul ti-staged correction for such "bad" eyes, as is discussed in assignee's
concurrently pending "Method and Apparatus for Multi-Step Correction of
Opht hal m ¢ R Y « fro t i i . bet ween
t hese evaf:suat(:al:cn g%g@dnT(ﬁ%)Eg’% rggc:’r?armrt“i%@tsf%g' %’f Q’Pgse%fus? %\ﬁéﬁ% ?ggg&girlg&?zdr%eat ed in
a LASI K pr ocedial eampssystenisysuchoasslescobediipA1.S. RatentiNbd$. 5ol S9(B6¢ and 4,925,716. be

relifted. So after I ' e .recedes after sone
period of days, th%%%@%%?qéﬁgto? Eér%]&ﬁ'g?e%%?ﬂ%%lgag%odﬁveaﬁg?%sﬁg tqplogrgPhy
whet her t hei rsyetgm that sinultaheapskyoneasuréscobtiesuclasss of the comtee al el ackile fromtodl

treatment wo ) facial . ! se. that. at step 508 the patient does
not have a " ﬁé@%&&‘%ﬁ%‘é?‘%ﬁ‘@%@%& %F? @éﬁa@ﬁg‘éﬁpf 8¥1°151‘fa"5’f'ep 504 or
per h ?ps afx erinclhmti?]m ahavatureor patves t A fullscbneal mzcll[i hﬁ;fachﬁga}y i8 aﬁ&dﬁﬂi&d B iromd
wavefront topogra cCour se treatnent | evel oped. . Proceeding to step

| O SUBSTI Twég%ﬁé%ﬂe(dﬁtﬂ%@"ﬁ 8?‘5“’ cgmep- Mﬁep@ﬁms 9@1‘?"2‘3@8‘;010375 5
524, a wavef raspdrtafiittle eisadlieffadtiod the ivaridie bbGdalBsinpneits &ithad thé Bluld afiéBer THi S i S
preferably done usi i @ﬁ regfr%rﬂﬁction (t hat ig) wi t hout dilating the
eye) althougﬁcg?@tow T ‘QEQETRRRY MeRTCTanfs p ?F"'ﬂPPétff‘Bﬁ_“@PCQOH%
patient’s eyeragefithePspeRdRQBHécions)® rbaisely Ubtef the BRfARE helpP@ el @i fitfabeX) can
be used. Iﬁn this eve{}g?fléfpl?s preferable to wait approximately 15 m nutes

post - di | at3 orPUrGurg Gwiasky ceflestsd image; frm a placid|og piher refective taggettos, t he
10 captur ed Wbl ikfack 8fob it t¥uséchin COMBRARSI bfdtrindupdildnP B diffuCt ual

subjective refraction. If there is a significant difference, the treatnent
can be terni fsfiesdonsasyill by gepagent tpshose skilleq inghe art. JorjiHusirativg deserintionseafdi dat e

at_step 506. theélbvitiBn-BhdeHCORBSCAN I tpoSaptiSEStein e Ubidt Rids Y 418 o 9ur €

4B) can be used to calibrate and match the tw sets of data. For exanple)

second order BEM2PPORE RO Snak Raf fremehe ORBRCHN B®aystemcan behe desi red
15 val ue 400 n@iuhtelydRd sikiIASlyItMRsiEHeA irfth the Qverail REFacBYE 8BRS BSm u&{ wésJaﬁom

captured wavefront data has a reasonable match wth the patien
subj ective r #®8ti on; the procedure instead proceeds-to step-528; where

the ablation is ph@glﬂl@gﬁosgﬁle(%IS&{éﬁ 1Ak Seb St sﬁlgya&sw&sg@ﬁ\gc&m{égure 4B)

this can be generated 1h a variety of ways, suc om captured
wavef ront datdatadn giedorneraphy fystend oBasaysg theovavefronisenson desspbesiteovneallef r ont and

topogr aphy dabfactité\érdt'iR HRGYE, Gt dah flow FHRGERN Sre 16k id o?r’égﬂtﬁ eg@.g@g?t'he

ablation is performed. Then) at step 53Z, a positiv ds an

accept abl% p&prelate agufacsiepograpy aiang perticylpr peint, withhan gysrallspfractiamerne f ur t her
eval uat ed ford&bsmidingh WRRfentabhsot) adciled WithGhosd ﬁlrtétaplv'lmﬁ% Palitljagdt&f:h'nis ed

above. In the overall "course of treatnent, howevelsp,o I e appreci ated

that the 25 [PBRSFapPRY sysican dataeanthenhedsedito crastennyeraiyrefrantive epergrafry dat a
allow an initial i ] . . t . el.t her
t opogr aphy data a?‘\é%}égtﬁ%ﬂr&?%‘gg’géjggﬁg%ﬁg& %Jﬁgﬁ%ég%%rtg@ g\%%nvgk?’%fn%%a a are
t oget her used®rovidecraaverall madel efithe eptical clemests intheteye.aFominstaricesa doveakye. |t
will furtdier i i i.fferent. types of,topography
30 syst er?? orsggﬁggogﬁ??%%& o%@é?%ﬁ%%%%%%&%ﬂ@? 5%5&5’? f°§‘§q cs of the
eye {such as ppevideaomeal thicknass dite ahd k savefeont bensorvedld provileoeraf refrivtive
t opography s L : Gant nt,.t ool .can i ncl ude a
variety of c%%tgﬁgaet%i %v@?‘r&%’ﬁl@g l)}tpg{%se)*xs eﬁé\@xs"fﬁ@%ﬁgﬁﬁg‘"g l“ﬁ;&fh&ﬁ%&%ﬂack
syst em descr ioptichl blemeiits past the)comeathus can teysddehesl)using \thve various seis oftdaar t ypes - of
captured wav ?Jh;rgggcr, %Yéatsgﬁg ima".Lg}ng and optical coherence tomography (OCT) allows one to

35 measure not only the surface topography (anterior surface), but also the epithelial-

7
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Turning to Figure 4B) shown is the typical process/data flow chart 550
associated with the patient flow chart 500 of Figure 4A 'B{lgmi)r ess/ dat a
flow chart 550 of Figure 4B is nore particularly direct ef fmical data
flow for topagsi@ehy data and captured wavefront data in JdRUEERPISES a cour se
of refractive treatnent. As described above in conjunction with Figure 4A)
the data flow begins with a topography exam nation at a 10 step 552, with

t he topographic data (preferably elevation data for nultiple surfaces)

resulting fromthat exam pation bei revi,ewed 4 itability.
The data can %F@"@ilﬁ‘ltﬁré@ﬁ B%%ﬁﬁﬁ?ﬂi%ﬂ??‘v%‘? hﬁ&ftgﬁgﬁaﬁeﬁm?éaﬁ%%%ﬁ%onbi nati on
Wi th other dahgrfas id&eqfdpbit bittacs Ertpredidting theGtroinaltispatlaying beloveye for a

refractive treatnent. A cornea that is_too thin

L hi, an eve that js.too
irregul ar or ot herTusRing & Figure 3na Froswsectionakyigw is shgwp ﬂg%ﬁaﬁh@ﬂ‘f’!“%ﬁ"shom as

a step 556. 'éoggéé?gpyﬁchéu%ymﬁbk&mf 458, THE BSRBIYS0 iNMMBY £ humbdRf 1438RJT aphy

data is forwar a step 558 for an evaluation of whether this is a

sinple or di fduck a4 epitbglénm #53 andptrome fihtessrpripusromparentfepasticlalydhe a vari ety l
of crit er{(ﬁé .:g,’&%a%%ﬁ apc?fh@ll'éngqg&'c%mb 8! ftlern 2R Bv&ﬁmfﬁ&m'(ﬂg{cgﬁﬂowéﬂﬁd af Or

exanpl e). octor evaluating the displayed topography d If the eye is
a "di fficul t,tefrectiveicharacterisjie ferttheeysE. 5% 8ymbarof fagtoss qan gopttibutetogefraivet o a

Step 560) where WIShORIMARNY) 8k AL ERIbHAG! AARNS bl RIAT B! L1

standard vi su&®acui y ualf tative examrnation Is enployed to
devel op a st acuineadiSO@uimsthe tehs 456, and the distance(ztgnimtheisense of axiefoqusing| evat i on

data. Typicall Su an_ el evat j on- l.at i file only relies on
both the patizg%%raﬁltgﬁ?ggﬁhgﬁorgﬁa&@ﬂﬂg%ﬁ%ggg |olﬁ“r?§ga§'the eye's surface to
det er mi nejdot h a deko ilkgrmedin-Figee 3tareumtaipheindicatingAariastypea bf diegwostiand an
abl ation prof i_l.lah_t_o.ﬂﬁiégl d...tepgi_t_ flif)i.’g_\z\aaL._f_S_g.(:.t}. angel evation: has ﬁﬁa}ﬁ‘l em coul d)
however, t aketoPiiPartsBREY RS IRE N Irira Y‘-’i"éﬁ&*}% ST exang e, I'f the lens
profile is capdribmebfite éyeE. ahesabblevarmeeide diffstenntypekiof dath Gpraliffexeiti c- based
ot = due to pPEHPU ARPIERG! PRVEr T SPOPESAER R dEraRea Sl ude
ata due to : bl ens ¢ i'ncl ude

i rregul ariti egprally denaiinethy tidknedsbest tRepithelitin 432md theatromh ¥4, whitle abi | ity
to actually capture the gverall re racti\as Cﬁ)tured vvavtefm . _As part of
devel opi n%}}/t hPrevids the-qyers! thigknest ¢f; the.camea $ofle Thsre aty ayanety gf piapsenic,

aser shot
pattern or ot faekniqudh td€ bdniR dséd MdIRIMg 4 Reliyihaietas welldey Relupiqut)desdribed ireat nent

is sinulated, and the resulting change in corneal profile displayed to the
doctor. BecauYeSt+Fatent oy 5@?3'%7{4»é‘}ﬂgl°au§¥s&°8éfc°ﬁb£?¥P‘é‘gq]’§m“‘f£€?f¥‘F pogr aphy
data) and bec%%?ﬁﬁﬁnéﬁﬁﬁ?ﬁha . i936edMakcR €5,1994UBSTI TUTE SHEET (RULE 26)

0 8 JUN 200g 01/ 28410 PCT/ EPOO/ 10375 Sé% refractive t gn%} nment ia known,

the resul ting profpmealspifecetenrogiaphn systoms yze comne.
25  surface topography. Topography systems, such as the previously made ORBSHOT™ by

Orbtek and System 2000 by EyeSys, typically exhibit a very high resolution, but are
restricted to the surface of the epithelium 452 of the cornea 450.
A combined refractive diagnostic tool 464, such as the ORBSCAN II®

lx a{ovidc an

topography system by Orbtek, typically determines and analyzes a variety of thicknesses
30 and surfaces within the eye. This can include the thickness of the cornea 450, the surface
topography of the cornea 450, the surface of the lens 456, the distance from the lens 456
to the comea 450, and the distance from these front optics of the eye to the retina 458,
‘Finally, in Figure 3, a wavefront sensor, illustrated by 466, such as the previously
described wavefront sensor 102 or the wavefront sensor in Williams, provides data on

'35  the overall refractive aberrations of the eye, shown as an aberrated wavefront profile -

8
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t opography characteristics of the eye are sonewhat predictable and can be
di spl ayed to the doctor. If the doctor decides not to proceed with a course
of treatnent based on this display, the entire procedure can be b rm nat ed.
I f the -doctor .decides to proceed with treatnment, at step gE2Jehe @oct or
perfornms 10 e | ation. The course of treatnent devel op I step 560
can be transﬁ?’“{@%l o the laser systemin step 562 in a vgﬁrg}g&/@?ﬁmys, or
the cal culation could be perfornmed as part of the | aser system U. S. Patent
No. 5,891,132 to Hohl a describes a distributed systemin which the courses
of treatnent are transmtted fromlocation to~location to better utilize
resour ces; 5a Yiddth)4868. The vavefmatisensoriterhhiquss atecethpiral inouaturergcaricetnadwithr i ous
15 refractive and ablatjon profilg.data in.the disclosed.system.ln any
case. the abl anmBsEEinkte st pELeLbRabil o 08 53¢ GLTREIGEI TR wefay
anot her cour sey5kathe? tanotitviee pliysihlnshatactefitios ofcaty partitularsdptipal Tompotdneof esul t s
are evaluated. This evaluation can be based on topography evaluation) a
capt ured wavefthes¥e Eeval uation, or other refractive evaluations. If the
resul ting visual agyididg toFigurdsdAardess, nm@umdwpimaegeamtgaﬁéﬁt'mm%&éﬁ of
treatnment is 20 at an end as illustrated in step 566. Foll ow up eval uations
can nonitdP f SPO erdjt prosessidatg flowtdiagrars A3thiYusiratingembadipenthaccamdingde thsr  wor se.

If at step 564;,%1 %r{ﬁ;mi%rﬁbﬁsﬁ) %@g@é&eﬂd Wabetfont &ffa 40 kodBindd fn[h%yaéﬂiﬁ nL

can be eval uate urther e nts at st?£b568. Agai n) is cah be

det er ni ned basdreatmrent fos reftagiveckermetipatof thegye. Rrefs thg 4opographe sysiepsiseased on

addi tional da t i rovidaBek f est
refraction cam%ym@g%%@sﬁ%}g%%&mgnﬁ d&%%éﬁf%ﬁﬁ?@“’géta %ah be
gat hered. At slevptidhd®sed topographyaof variqus surfagesd Furthet, the topegrapkasystgmidian i onal

captured wavef N ' ated to. _
determ nevi?f 5@%%%%&%%5‘?@3%@?%at%(}%g)g/@tbgsrgd Slgé*s]lﬁglpgyﬁét this point,
i f enhancenentsmgorentsat therys abimermined byalis teprgtspliysysteon TeORBSCANII® ect ed

mnancemont s Aepate P R e oy Bl RO Mt lte OF BRRE

pl anned at st epmpéridntsAf therayetsoae “yveraiefrantipn’sis devarminéd, suvh as oot the as

evaluated in'ste 564..and .568 i ndigate. that the e | (Welg)

i fficult cPBuen A BRnER rhbdion &t biseine: figm which e tobcerabhy Kayikan nibaule,
coul d i nsead derermieesthe pedtalbwgvefiontapeaitiontof the pa@ent’s 8yeSUBSTI TUTE SHEET ( RULE
26) Q 8 JUN , 200,, WD Q./28=10.PCT/ EPQO/ 10375 5. T at t hered at each
step can be forwar HE%PW‘B‘P %gvgﬂﬂh&ﬁt8ﬁqgrapﬁ§foo?,sa,wafv8§ror§§9§ ‘fcg')agiﬁﬁqrﬁgoui’s sul t
eval uati on of dsicgiped>@dvefnysctsir 402 ot thewevkfrontseasobin Willismaor ctherg, pbddes 0

det erm ne possj bl.e enhancenents. |t. may be_degirabl e t it eriod of
tine until thedfer Reeteehmavetou sharsion HuF gt b advanthes ofdeRraing o1 o
for a next couliesvenil refremiveetiniractdnisticsyE thereye,|wheseay the agpiographly basedisyaem be
retained for a fuytur tep.. 1t is also 10 desirabh retakn. this captured
data for &P n-i%ﬂa%tlﬁ%ﬁyggﬁp&rwzﬁrﬁgﬁegﬁ"S?mg?ﬂfp :hglgf"??oecs%‘fanltl%n% % her ed
into a dat abaseavefrdiit abetedtian bH4 patient’s eges; auchas therskape of therbgclosurfate ofi thelens,

i nformati on abo the actual .effects qof .certain courses of treatnments on
the eye) all omﬁﬂ‘%a%a?%‘ﬁ@”{%"‘b"é cha]a%.gqs@as ?%"B\’%\Wﬁ%“ 'ven better
refractive correct Tamidgto Figbire 4L, ipattypical svaluatiowarkd krkatnsenf digstra topuprephice eye
is not adfficult eye ?%gst&g 558, ;orég ssi?!gy fram 15 ste S%if a
previ ous tr eatKERnaONs faxen, ol tagypatignts eye g““@ SCRERNIPg, IN2 SiehhoRe REAISSC £ i r st
aray traagg i %&%ﬁéﬁiﬂﬁ?@yﬁé}n m«hiiddcchﬂﬁ?mﬁfs%udﬁésamh@maQ a

cal cul ated wavefront. This ca#iul ated wave rgi‘nt is basedq on the pghg{Sl cal
t opogr aphi es &plens apdgther physical prramgiersithat cou) qaﬁf"l‘l"’é‘r°“FFﬁ'g‘ﬁr°é‘§’|“ﬂ§' KeICAY o
capt ured wavefhaiited Byesard'Rjeeled and st%fQSU‘t, subh ittfat Baklrel phlysicalameilitabltleyésiuré her
allows the cal cul ati on_of predicte vvavdefron entroi ds when the actual

. ] > t 20
wavef ront dat deipdtedasindiFales byrthe SiestqdsiR ‘i‘ﬂ%“c‘éﬁ?tsﬂg'ed wavefront data to be
better eval uated apdpsPdvr, IR tofShrifhvEdvhRRtich deRrifies!fhS phystcaP ¥hdriteeridlsr ont

tool itself. At step 574) the centroids are in fact calculated and this
data is pr3&f erthgpajicnteye may be syitablefordevelaping a spursy of Jefmastinyweatmentshe st t he
wavefront tool in determ ning the source of actual spots. In many cases)
the captured wavefront centroids 25 will e regular enough such that the
cal cul ated wavefront data is not necessary) but the interaction of the two
systens at step 574 and 576 dots permt greater flexibility in the use of
wavefront tools to determne refr | [Wateh e wavef ront
exam nation at step 576 captures §g%%|?%ﬁ?gﬁggg(§?L%g§p 578 within the
pupil area of the patient's eye. Many doctors prefer to base refractive 30
correction on mani fest refraction as opposed to cycloplegic refraction) and
thus the pupil area may be relatively small when the wavefront data is
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whi ch the topography system does not know all the physical paraneters of
the eye, the captured wavefront data can be used within the pupil area to
tune and adjust the topography data within that pupil areal 83dut d¥Wn 1 he-
adj ust ment necessary within the pupil area, the topography-based cal cul ated
wavef r ont daYVé“ﬁ 28 “t‘%en cornespondi ngly tuned outside the (FPOYIEE  Thi s
permts a "captured wavefront" based adjustnment to the 10 ORBSCAN I | Q based
cal cul ated wavefront. Alternatively, using a darkened room for exanple) a
wavef r ont can be determned froma larger pupil area w thout inducing

cycl opl egi g, O?Hgglcgigggs thbf Gsed é’eté}ﬂhﬁe%lﬁﬁ-ﬁ}'ﬁﬁ@ymstu%%{abh%r &s@%‘?gr aphy

data) or it co I n conblnation wt gr aphy
Purtt Eer, the wavefgert tenhpt-thabid wmﬂnexfmonye ldat‘dtffmlt,"m ‘bush‘baqee&m stmhtawese,

cal cul ated 15 anC|es in
t he wavef r ont sﬂ%ﬁﬁgﬁl& epa%] g'lm:"s% % ﬁ%?"gg%e p‘%ly g?gptség&rgt
a- | ar ge~r r eguldasitedyounse bfteeatnynt. C’Bheqfauerhq»myeds w4 step S10) whiereathe dppropriate

t hi f t d - | d t ' t th
or oosdur o. FortoBNpRBIs it RanREY baRt b R radomaeni s B i ory N ar | ons

Correct i ongof cnsausy&baibwl“n éonfuingiidnywith Figare|4B( 1flﬂw1ﬁmpm4adna{te&a oartmbl ens if

that |ens Were 20 I fer replaced as .part of a. cataract surgery,
exanpl e. Assurf %@ﬂt&maw f"t"ﬁ‘g | FYCaf S%B}WE%F[SP’G‘FBE by the
wavef ront SYStd%Hinﬂ:lﬂdcﬁfb‘é pemea@wedbﬂcbxhanmpé yand SvaVétrsnt Uath e Buby t he

t opography systemare relatively close) (and close to t he subj ectively

det er m ned r ef8eBEERHY Alprting wilh;a “bad ays,the gqurse of treatEeat s develgped usipgthet he

course of treaidVRidn-BisQf@psitap h?%@ﬁkﬁihc%ian@ﬁns%ﬁﬁéﬁneﬁ%ﬁ%ﬁsf’i ﬁ?&%thus
act as a cross verification of "each 25 other roceeding to ste 2) the

wavef ront 8s Pddxthe equlbis detsamingd torbegaed.adayorgble Wélpgtéesum Qepurg h@tmﬁédﬁ\l | |

based cal cul at gpgiﬁ,ﬂ Aa¥Sn her
t he ORBSCAN | la€%%\§¥é€¢§%?ég %lélr?-ﬁmeﬁnlgﬁ(g'cli&e%r scal agc?ﬁo grgggég}faﬂ Eche actattjlg':lrs

measur ed wavcfherprmedat sfep 818 to sletgmmine| Whﬁb%fé‘}‘dlépnﬁl neamats\uwldl bevhelpful Gtep can
of the pupi I arZk 1 g, BY Budenfs SR oilogh BpoUARE iy AV B oo, BECVRY T T
t hen provi ded anetherelevativrbaseshabiation iseplannad atsstep$ IQ8NOW1haihn thas lasticausse, ifin
can Do 1 alRy aik Sfesipuid SahdRia By 308 e At AOBRTUEIRAR S BRAZLye TN ©
manual . 15 SUB@T*HM@HEE‘E%IQO&EV@G@ a wa@fﬁnt]iasedZ@QrsV\Qf G‘Q.dtmsdtii)deve]oped
While the foregoing embodiment discusses a topography only based ablation for
“bad” eyes, other approaches may use wavefront results even for “bad” eyes. The point
is that different courses of treatment may be indicated for irregular eyes as opposed to
25 more standard eyes. For example, it may be desired to perform a multi-staged correction
for such “bad” eyes, as is discussed in assignee’s concurrently pending “Method and
Apparatus for Multi-Step Correction of Ophthalmic Refractive Errors.”
Note that a period of time can péss between these evaluations. The stromal tissue
that is cut when flaps are created in a LASIK procedure generally does not heal, so a flap
30 can easily be relifted. So after normal edema on the patient’s eye recedes after some
period of days, the patient can then be evaluated to determine first whether their eye is
still good or bad and second, whether additional treatment would be beneficial.
‘Suppose that at step 508 the patient does not have a “‘bad eye,” either after the
initial evaluation at step 504 or perhaps after the evaluation at step 518. In that case, a
35 combined wavefront topography course of treatment is developed. Proceeding to step
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PCT/ EPOO/ 10375 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 nb)h WZ@‘
di:sparate, which could indicate problems wth perforning { ment on the

eye. This sf¥®pw28400, acts as a cross check. Further) a spoukErwhons of the
course of treatnment is 10 preferably perforned on the topography as
determ ned by the topography systemto determ ne and di splay a resultant

t opography) and to verify that the resultant parameters of the treated eye

are withi ta ceedi tg S 20 9 i s then
performeog] A&%? %ée F‘H{T‘?%‘angmblélpf%&wggmg‘ e ée'ﬁggf enﬁpiséeérf%n?l\% foll ow
up eval uati OdbﬂeSmﬁgh‘iﬂféﬁBdafﬁéu@t(&ﬁtiSGﬂathouadithuﬁ§&Blema¢;bmrgh cycloplegic of

treat ment based on ther t&gg vlptured wayv front can ~rf -The
conput at i onal fraction{ ab‘ﬁp‘f“b‘}/ 8%? P‘H@“Wi Eand e &L AR ati on.
profile genegabmRiBdit!refléxibanR uvS&H 3h eiCevehRit xbp}eﬂéﬁbm& Iweii,app:amntm-ly

conbi ned) or sone conbi nation thereof. For exanp in a typical

i npl enent at | Bhininyes postalilatien f%QQAdePC@I%mB%‘%%% tAS$ rSJW tool and
the wavefq Oné Mwm%ﬁ[ msxlsegﬁlgme tﬁegmh@é acaimubg&we fefaduogader s

data from bofh and di spl ays t hat a on a single screen. Alternatively)

however) eacthetedo siguificant Hidferene, thedroatmeentenntbs términateddf the dostardesimss pl ay,
~with data bejgg f e%lﬂ%erg{u%@gan%gtc aP$tk SOGF@chQﬁlrd}f cgaﬁcé:%’ﬂﬁ&sﬂi(d ih F eat ment

coul d be genera he Ssane system on stand al one personal conputer)
or 25 withi ncmhlmcmaswtth EigureatB, canshel uysed @tcnbbratalaﬂ@mtﬁb thegworsets ofidasa. rFagut i on

of the conpu o] fe%gﬂd %&%%@ gggegggf@aamg@ Y Bk ERedAb ThetiRsivddD! €-

Vari ous wavef niques an I ces sensors nmay be used in
t he practs cevzldetblmatchthvaﬁmmdamd)rfdwtﬁewﬂrpmeng description is intended to

be illustrative ggﬂ‘ %gt I I!m ti r des &éﬁ@%ﬁ&gﬁ/@mmé, E@rgtt mann- Shack

type sensor enpl an 1 nma a nunber of
spots on a t@bpaﬁmreﬁIMndhsmIommnsmdqﬁmwtostpp)ﬁ%mrerthd:wlmbnusa

| ocal i zed sl qpes ,of, the vef ront . the fit On rst |vat|ve of
t he Zenuke p@%ﬂfﬂhﬁéﬂgc V\%/EFLD mtﬁ’?@“ﬁ% fro? ‘é?'ra t'ioh nemg 1881 ensl et
array provi desiety of ways,|shel ds from thaahptmpobbvavefmgedqwﬂme orffmnua emmbmauoﬂnot her
techni qug.is scanni ni n _which ser is
focused g% t?lfgthecéqppﬁ%cp\gﬁv&ﬁggiagggcmqgr&pl%éagags ° eocé:ye h%ﬁ@pocgﬁsg%fte retinal

i mage spot 530 baﬁé‘mltl&ablmg&tk performed. TherldBsdp T3] EpGSiBie TesuR\Yididxm) 0 8 JUN

Z~~ 5 detector. erfect ected | ots ld fall on
the detect oraCG%?{f 8 LQugrone 2 g‘fg ?fPlJIFB‘g‘a‘b“FB?P"B?c ”ﬁ’g?‘é@%ﬁ%é%fgh t he
corne? T[]e eldvia];ﬁﬁh Bﬁb&dﬁlﬂﬁu%anmﬁlwat;sﬁpgw ﬂmﬁscd)ibolvflﬁ deit ectorfl tshmeasured
as a function of scan position on the cornea,. a e s e
wavefront is dete‘Fr’i‘?‘r@g’ Niimn-ig tf’t?mt‘ b Y?‘Fa‘ﬁ?’( "f@ﬁ@ﬁﬁ Wchni que.
AnOE Eer tfchﬂh %ﬁ éeua\rmﬂ stieyrobtaied by isstoPogriphly datamflewnan émitaﬂ e@gd&atibng)fz gcus
on the retin e o reflec are onto, a detec n e
"di spl acenen pP?“Hé’t'é‘F?‘H“ﬁ%‘dﬁE‘? é[) F‘Vé" hﬁ%ﬁ%ﬁ’?‘bﬂf @pg%phyﬁén?aqﬁ t hese

t echni ques) WRMEWavefiofit datatiré gether usédto debelyp the ovéralbcaurseaof itreatmensfoef r ont
measur enment o the overall refractive error of the eye fromthe retina to
the surface.M®E¥er wavefront techni ques are known or could be devel oped.

Cal cul ating”, a Wy @il ﬁmxep%&p Rtiaea thkba viﬁdamfmﬂagﬁtajaﬁwafﬁ@bm}d
Cot r espondi n~ Tr eat nent dlgcussed ahove BSCAN ofthgg g{s‘?&h&g data can

be used 3® Dbe¥siEmsr egypléstyétegs for developing physic aractcnsncs
pachymeters and the like) can be used in place of the topography system. Further, the

captured wavefront tool can include a variety of captured wavefront type systems,
including a Hartmann-Shack system described by Williams, scanning systems, a variety
of other types of captured wavefront systems.
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wavefront and to devel op a course-of treatnent. One technique to achieve
this is ray tracing, as illustrated in~Figures~l2-14. A corrective corneal
abl ation pattern can be determ ned fromthe geonetry of the ocul ar _
refractive surfaces and the indices of the media 20 separypagijg 20Bem .This
ts conveniently done by finding the optical wavefront reﬂred for
stigmatic i MEOH&*W a reverse raytracing. For exanple) suppOEBOYIYS
corrected systemis to forma diffraction limted i mrage on some known i nage
pl ane (the retina, for exanple). Wth reference to Figure 12) a point
source is theoretically placed at the intended i mage, |ocation F. Rays
emanat i ng B(rjom t hi Tumﬁigrtoﬁigafoam,amwmlel@bf Wtdpfocﬁdsﬂgﬁfmnaﬁ}ﬁe assoéiﬁted heh25
negative z-directjon or fromright 1o left in .the fiqure), fjrst_throug
the nodel ed | G e RRUER “t‘mﬂl’}égﬁ °fﬁ'§“?‘?é‘ésd¢héaf°€8§s4‘i‘ét&%“f 2‘1“H§"'@8['F’§5’i° .
systemis di f 4Baginbfpalticiiatlpdiréétédodypicut dhta BI6w Tér tafoghaphl dea ahdCaplired | NY
wavefront Mw Il be planar) and the exiting rays,w !l be nutually parfallel
(as they are &eyefmut datain deyelaping 8 copree of refractiv ¢t fsp dessgibedabaianpED
SHEET 0 8 Jlehhjeften withiHiduredA R Ha@ﬂ&&%&@ﬂ&@nﬁ £3Bdgra aitfatiGiheal NO
wavefront is not planar) the corrective ablation iS Calculated so as to
make the Qi tisi¢p 55&\%% toppgraphi¢ data(preferably ielevationsla@fer multiplesurfadedngt h ~( x,

y) of each ray.ds: t bk qun- ' . ference
pl ane M ext er%cas}"ﬁltn%‘f{toﬁ]ethgt%%‘gyilngé cort{ ea %ﬂﬁ'%%@ﬁ%e@%%ﬁ’@rﬁ%%%ﬁ% t he
i nt ended | i ne bofxaniinds botlOpraually opaitomatisally, land intvombinatorpwish other datafo t o t he
time it takes g.or .li 1@ ) I . S .= J
n(s) ds ray p'éll mf ff% &%gb@ﬂg?@ﬁgﬁ%&g&r gf)teeng{%gfr{e&glg %@gﬁo nﬁg‘;cétﬁeea t@;{ﬁs and
n(s) is the mbabithing Bf eyachat isgod ircbgular, Baypthércritariarcen lrad tosrejertingthe patientjef i ned
by the raycintersecti .t he external. refer e pla Figure 13.

i I>/I ustrat ég atﬂgoec %s&ﬁ?“@r#%ugr%ﬁ? #E l%%) qaglg'for 1?‘?9"3?{(;&%‘? vef’gﬁéc&of’%%a?rgrdgﬁd? h a
nyopi ¢ and a fyrpesrdédita stepeS58@Ent ancevialuptidniof lwhethethisds asimplesorpliffictlt vye. The
urpose of ablative cortrection i.s,to.flatten the.wavefron by -0~) in a
entral area B ghEuRBRIGR koo Grlok baitd op vty R sty Sd Soeltbriatehen” by
Az) . IL go; Peaianm,tdrl’sbmé cdrﬁbiﬁﬂic?eviﬂﬁfm\emgnﬂm thddocioe mnlgtﬂm;ﬂiyed opti cgil
20 pat i fference D omthe, i red plapar to ac vefront, O~
st alvays bIPREEPY A G i BRI haL Pyt S SHE s B AGY 05 -
~(x.y)-~Pgay) pfodseds bo d AaP560awhereabe t6PsiEAphy dathycoARINCEBIS rortehm%e,rma be

abl ated to reduc 't,s‘ﬂiPDto zero? A crude estipmate .of the OPD reduction
can be nmade agg’i'fﬁ'ch sya), aeuity datg i?_%ﬁ‘?%veﬁa%mﬁbcg to 4VEORN 200 5
unc ha]p?ed by Fﬁﬂia?d)&lo%ide(wreri]’fﬁb@% tedatridnt B?d Bﬁﬂﬁ@[e!@ﬁgmalatii. Styﬁﬁgﬁy,?léc)hadnptn% ?h
ray effective repl.aces e corneal refractive index (n~ = 1. Wi e
i néex fox ai r°‘>é¥P~“°E'bi*§°§dB§aP°ﬂrBf°ﬁg°. ?IQ%VEFSP Qtf?éh 'SBP%H"BH“%‘B?\‘@“W“QI%%Q the ray
must be transkRvfidn nHp@f ¢ 38 3tnifR8 t6l@déthind botl Hdestedpdse6pdrtive sphdrichl | S

acconplished by the eta-factor ~ 1 defined pelow (the formiQ - rilis
or ved | A5+ heomeal Boweang hgletin ainti i Mokl PAYYth SPOHARIIBYAHOR hscin

i nvariant ray sysaeéould however, take into account lenticular astigmatism, for example, if the lens

Pt

profile is captured by the elevation based system. This topographic-based approach may
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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si z. n0z =, where ~ 1 ----- (n~-n,~)~lIt ~bi'n 15 As z is directed
positive into the-.eyeirenoying: corneal material always requires a
positive ablation depth) Oz. Planar nei ghborhood nodel: The next best
approxi mati on of the abl ated OPD assunes the corneal surface i% | anar in a
smal | nei ghbor hood surrounding the refracting ray, and t Bt JPH @@rneal
surface origentation is unchanged by the ablation. In thi air
pat hs of th&QHPé?SB ray &t and the post-op ray i22 are para ﬁér%ﬂﬁut
di spl aced as shown in Figure 14. The OPD between rays G-~ and G-2 depends
only on the refractive indices of the two nedia and the distances s,) sx,
and s3. The final solution will be linear, because these three distances
are al |l | Bneafirefrashiveeatinontds knaynethe resgltigg profileiiekiness) apdiorier physical JUN 200 s

W oct Ly o o opdiraphy chitadienoti of e dyeund Gl dMaiuible ang¥n be RERGRARD |5

19a AVENDED Shidoctor. (f Be dostbrxizgides not to pieod witB AGoREEToEfe@iechOBEEd &n thisct or S
as follows: s} = = 711 + r )~ where ~1 _ ~, j.-_1) 2, 3
To cal cul atec{'sf%ay&hg-eﬁg%t%?cs??&ggﬁ%Eete%%ajt%lay vectors S ~ and S2) and the
sutface tangent 10f theabcor decidesito proveedwitls trédaeat, dt step 1562 theldbawwd pegforhs 1 and b
2 are the unit-length dlrectlon vectors of the recti]inear portiqns of the
Cay ref 0t dbesbiniy BecaRpoR eaPaE Rt Beloig SehsuLin P eBite B e

Dot pend cul ar e S T B St oo coud e el el al . to
S1, S2, and PPME .B‘°| Asef pystens. dj'%o%‘?ﬂj“"n {‘élc’g‘ftt%%%ﬁ.dﬁcébﬁ?eﬁmbumd ’

uni t. surf ace spaemh whithhe dovfet of thda@neht &He trasidi@dd fréth 1dchton't6 1dca6dH 189

surface, and that "z = (0, 0,1) is the unit, vector defining the z-direction
of the coor dibgterautifize psources; a similar system can be implemented for routing of the various

15  refractive and ablation profile data in the disclosed system. In any case, the ablations are
: ~'performéd--at-'step $62;-whether PRK; EASIK;-or-another-course-of refractive treatment.
Proceeding to-step 564, the results areevaluated.Thisevaluation canbe based on
topography evaluation, a captured wavefront evaluation, or other refractive evaluations.
If the resulting visual acuity is within desired limits, the patient’s course of treatment is
20 at an end as illustrated in step 566. Follow up evaluations can monitor for regression or
other 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 can 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 stéps 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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20 S - ~z(%$n) - -S1 n - -S2 n These relations can be solved for the
eta-factors ~ ~ and ~2: st zn s2 $n 25 . ~1 s-=. ~2 ~ Az bl n Az b2 n
To calculate the final eta-factor) define the S3 ray vector, and notice
that S3 - T lies in the reference plane Mand is thereforeﬂrﬁeldlé@r?m’bul ar tq

the surface ol vector mof the reference plane. (In |

si tuation) 1H@]’erence pl ane is oriented perpendicul ar 5?2/7%6091[0%73 Z-axi s
and thus tim= "z . Nevertheless) we solve for the general case.) S3 =s3
b2, (S3 _T)m0 Solving for s3 we find 35 b1 ~m_ S2 - S3 Q2 - rl13 ~s -

b2 ~ si rit Finally substitution into the OPD fornula gives 20 SUBSTI TUTE
SHEET (RUBE 26) The datarga%h@ccsat@wb mmwmmﬂmemﬁah@omawﬁﬁ 5 _ e~ez

- (s) \nC --n hi s tion |ff m t re ope e

i ncl usi on of °f‘ﬂéplﬁ'éf1§‘ rgséxﬁ éiuatbon ft@h Q?HEW%'FHPL‘!% ?‘g?fts%ﬁggs very
cost - ef f ect i t@daamtifepdssible chlintamentss Imwbaﬂ&db&mh»aﬁmﬁbﬁoabfﬁnheuﬂtﬁy vector:
di rections i ch vve e, cal dur the_initi raytrace. The next

hi gher appro\i\‘? %Is@ﬁqmp%org(ge%aﬁqgcpﬁﬁn@ﬂga é&exb‘iﬂuv&t"&re of the
corneal surf @e@&nemuht%eb&ﬂm&@ capitel Mata ¥R RO RInkd &t althiRreddtdp it RA1sdi SPl aces

t he refra ted %r!;%b gf%ml nite amount it becones difficult in principle to

cal cul at é t hde this g3ptugsd.data forclinicabsipdies and eyaluation of empisicglt i on:
Ther ef or &) legdiuQithésdd AR AW, id 46s SR Ml ABTIA EpARERH cifibal -~

ma' | ces sense to use Cc p anar model result inan ite

cul atioii of infaenatign ebout! @emteff@ﬁs ofipestainsionses of tregmonts oo the eyief dllowing i at es
bet ween physms%b Plo dYdfddrelt %o prag Ef‘ési’x %%r?ﬁ?%ﬁ%e&%?&ﬁ’o&ﬁ?fﬁﬁrﬁ;gg?%w

wavef ron~~; terative CPD respec
i terative-goal waSep5dhisbegun wlmnéhﬁmlmaudﬁﬁgm gycabsiep Sﬁ:pomsmbly;frm

during thg i g@P%Eﬁ if%p?é\@&ﬁ%%im% d%‘k“éﬁgms d Gfe nﬂmﬁ#&@lﬁmta

significance nitral Steps vent e 1niti erlor surface zi(x, y)
and al | ot heraystace mﬁo(rmqn QRBSCANJI® topogrsphiedhtd todleyelopa calewlatedyt r ace

(7o 19, M SV 8l ey LD 55 BTl SR R T, ("
surface for tomponentsaf the nyglaﬁicr thag kding/an actial eaptured wavefront by a wavefront
tool. This calculated wavefront further allows the calculation of 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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surface is centrally piano (i.e.) ~is identical to $~ centrally)) but may
curve peripherally into ~~(x) y) to provide for a snooth transition zone.
Alternately, the 30 transition zone can be calculated later on the
iteration-goal ablation surface zo(x) y). 3. Calculate the Pn%
tterative-OPD with respect to the iteration goal) which rru e p05| tive
for a realig&%}éﬁs lation: e~l (x) y) _ ~I (x) y) - ~0o (>ecTProo/103%

SUBSTI TUTE ‘? ULE 26) 0 8 JUN 2~;" ~ ' WD 01128410 5 Iterative Steps
10 15 20 1. Calculate the approxi mate abl ati on depth Az using equation 3.
2. Mathematically fit the new anterior surface to z(x, y) + Az(x) y) . 3.

Di scontinue the iteration when Az is small_for éx, ég’ E / EPQO/ 10375
4. Recal cyl atwhighthe fapearaphy,sysiesyflogs nat Kpow Q@@F?Eysl"’:ﬂ/ grappeters oG HeYe. ey and

cal cul ate the, @ﬁ@d%&ﬁ&h d&%fckh tkﬁi?,&i Withib e popil itk AuRE it ddpidt the 5

Cal cul ate the torrective respect to the iteration goalmtﬂotlce

t hat t he cor rteRagraphy eﬂ@wmgn tb@ HBB%N’P? v%aseﬁl omtbg adingtaent necgsgary yyith
-G ( X, aﬂﬂa%ea $he V?BWM&&%&@W@MMIW SoRBRELyitoRd( vm th

mnlrrumvarl on of cu In the iteration goal abl atii on surface
zd x) y). Theutsideuhe pupil ar¢re Thisrpetmitss “captored waveleank’ based adjusiment to the

Cal cul at e th r QrEYer)

~zF(x~Y) ¥ %@@%%%Qﬂ?@% }o(ﬁ @Eﬂ}aﬂ%ﬁ? ushie apor t ?l%d/nl%g?zgﬁ
reverse rayt remﬁptéra)mﬁfxtommbadetemnh«mﬁm elatgeepﬁplhaba without induging h | engt h
~(x usin ati o l,cul at.e.the .final e ‘W

rt(as)pe%:/% to tglfé(clgglfﬁ‘éc?"'%‘ﬁm % g‘f‘F?)‘H?bc eﬁ(w }m%‘ﬁ%§&?§ﬁ'5ﬁgﬁgég%l s
approach is igeluséd indbmbmatiGinwitiothe espogrplydatpies coul d be used. Wavefront
sensor Turning to_Figure 5, bl ock di 3 m, of pref er t sensor
300 is 35 iIIustrfP@gﬂTﬁ‘@aﬁaéﬁtﬁrﬁ%wﬂéﬁ’B? SV‘R%’F‘EE’QPVQ@%%%%‘%& to the
wavef r ont 155 enggefrérit détal b Emm&uhrcinbcgh-asdescxembmmmewhwfmtst ISa¢h make it
especi al 'y useful for recel ﬁf’ and fo a&lgﬁre]niﬁng tIrtFe fcoc ) of
light spots dhsceepapsiesgoulddn °aft —f?féfﬂf‘ ﬁr§°TrFF§ PUEH PR

the eye. |n -genghikd by B tepbERbRIGBE wmwdaw&d‘muﬁﬁggat agaaneontinding ht

(typically a laser) on the retina of an eye and the? qnalgxlze]s the Iight
returned (i. éhepryeedseafprmksﬁﬁmpm le'dgigyassumes a fairly re ens.

Correction of an eye with a highly irregular lens could create problems if that lens were

20 later replaced as part of a cataract surgery, for example. Assuming the wavefront within
the pupil area as captured by the wavefront system and the wavefront in the pupil area as
calculated by the topography system are relatively close, (and close to the subjectively
‘determined refraction), albeit perhaps 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 puﬁil 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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0 8 JUN 20Q4 WO A /28~10 PCT/ EPOO/ 10375 5 backscattered fromthe retina)
through the | ens and corneal optics of the eye and i maged by a | ensl et
array. Based on optical aberrations in the eye's optics, the system

devel ops an overal | wavefront aberration analysis fromthd & SUUrdkd 1i ght .
Cenerally) to performthe analysis, the returned |ight becones aerial -

i mges for YERIOMAB4Y | ensl et camera on a sensor of the | enSCEEPRLRSa. From
t hese i mages, 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 emretnpic, vision. To properly orient the
patient'ss5eye E) Buyed 6 thiscalwlaion)a doasselof tennhent isproyided avetepi S86Foigur e 5) can

be aligned at angles, tq . the e E. Wien spots on the patient's eye from
the | aser di B e ai, T coles OB HAtRGIt S SRR 3 Rl ARy RNGH asc
adj ust ment  ofoukse dfhiRathRYEERI s cARIRRE iBfep §60) td Sdhre thdd heQefulty breiR@Ns Of the

| aser diodes 302 (or optics directing these beans), the patient) or
ot herwi se) t highlyydisparafes whishicopldiudicas problems with perfaaniag § treatment gy tBeeife f ocal
di stance fromhisRRpVBYEEADE cRRNSHREK SPEHHeR A silifthtion SRS ddfkse Ve Ir¥atmbhtSs

patient's eye E can be properly oriented by a physician, technician) or
ot her hedt hpesfesably pectarmpg oy theiepagyaphp ek determinedby the topograplysysiemipe eye E
to find the t ' ' o -
reduce the o%‘r’%ﬁf‘é %@pdéé)u e ‘Sﬂ“ﬁ@ @%e;ﬂég%gh(?ﬁ%@gggg‘?&?%gé}g%lﬁgsaﬁ%%r%eed
for the | aseof tie trizted @@2re Withingbeeptablernoams.eye i | | uni nati on 304) provides

light for a pupilgcanera . 328 di S . bel o C he. e i operly
aligned, it recei 1\7re°§° |n§ﬁ? glf? g?ﬁ'gﬁ% %i’g% ogzsotﬁﬁcg%%e%%@%5lggogﬁg di ode)
such as a 78perfimmadpi stilarpopt-dpetative folldwagegvalbhiorsis perfarpied avdtepStdyand t he 25
eye E. P ferabbl { he | aser iog 306 has re than ongot utf wer
cutting 1F. cobbrakptstimeE Hrafeht Besso e R poapty s @PRmRt VAV reBOE Hover
for alignmenbepaforioedt i al focusing and at | east one at higher. power for
creation of a nuffj-spot image in a _sens e.d.) a lenslet caneca) 312

di scussed bel ow. —FoF° MWP&?‘%’VWEE‘PEV%E‘&ﬁ 'B%?y.s%mswﬁ?ép .5 ~W
and 30 ~W r esheaad theablation profite genvration wepan e ygnratg canbeosstwodked @ah bet or s,

such as how Tong thée Iasér diode 306 iis to rennin funed.on at hi gher  power.
A por £ on_of COMBGh G AP IARIPY Dot BorexSBRe TP I Bl Rentay g e
beamspl i bo er thRWRBSC AN, IS v dtion baseditbpupedphy tddladdht davedimejool woeldr ef | ect ed

beam passes through, a pol arizjng beanmsplitter 310, ich. ultinpte
i npr oves the°§‘P’(j’MgIShFB‘§) FRH‘%”‘W"&%‘B“ géﬁhﬁﬁgﬁtai%ﬂné?é\ﬁ?‘@; dla?laxs{%m aon

backscat t er ed singRciebt ARdrhativel hdwiéves, ¥acH Ballcould HRVENS sk bompihatitpiaect ed by
the lenslet canmera 312) as. discussed bel ow. Ta%ngg litter 310_pol arizes
Sk /

23 SUBSTI TUTRYStIegRd qisplpizwitglata bging paesed b T thsePrEpsh/ 10375 5
the |ight TeegittRet o Belgeferkied B tHéis@fe sptinh, onGEsimdaldny peR&sl BEmpited)br
| inearly pol arized al ong one directiqon and refclﬁg%ggn | I ght not pol aél zed

i1 that &5 r edtthithe fser syem isell OMFTAliemaaves far, qf i AgPUsAtion an

t ronbone- t ypQisplay dfthasedvaibusdystems afsbsiiblead] ust the focus of the light from
the | aser diode 306 onto the'retina of the eye E) at which point |ight
backscatt ered ont Yafighs wavafronttechpiqyes W@ﬁ%@ﬁé“l*&‘ﬁ?s‘ SEROrRNbE Bisdim®er et i na

wi |l al'so be plfdieOstthie invénttin MAMd UGN AIdriptibP i iftBhed M bENMSEAtMlNd Of her
optical focusing arrangenents as understood Dby one skilled in the art are

possi bl e. Thaoilimitings AB Aescried abens Shretipmaar Shagk fype pesorsrpmlaysia lonslet i rror
316) passggd %?%vaopﬁﬁ lof b RamBerDf sFoton a dAetHE Fing Al plicEmertP P the.

transmttance)) then throu a (U4 wavepl ate 320. The"/7/vJ4 wavep| ate
320 i s ori enispets aws related trelocalized slapasiofi theywavetrent) FHawthess|fis to thedirstidgrivativeom
the 15 linear l.agd i« Theasi gni.f i A

appr eci at od oA Al by dsE R Piebbi3BASutth b Ibcnbieb iy |

"returned |i ghividesfai“parailel? tetinalyspotiiniage poiet pedsarementa Aroterntgshnitjeeis a310, -

After passing_through the. 7114 wavepl ate 320 ,the Light is then focused
onto the ret igﬁaémgllgli%#gqél?g"Eg."cq'ﬁgc"ﬁg'ﬁ%fﬁ’legmﬁg%: e f?%&%&“?ﬁ“ﬁ: 18Cted from

the reti B85 amchnnbdacross the eye. The reflected retinal image spot is then re-imaged onto a

D
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20 backscattcred light spot on the retina then passes back through the
optical 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 perpendi cupgr i 2ifae
tncomng linearly polarized light formed on first passage through the
wavepl ate 320, as di scussed above. A portion of the perpendicularly

pol ari zed light 25 then passes thmugh the beansplitter 318, reflects from
the mrror 316, passes back through the prism 314, and returns to the

pol ari zi ng beamsplitter 310. At this point) all or nost of the light is’
perpendi cul arly polarized, and is thus substantially reflected by the

pol ari zi ng beansplitter 310 and then reflected by a mirror 322 into the

| ensl et -isTagi ng dawedbn Fbi 2 perfeot ayetallseﬂm:edim&giaepotewmdm dni thehdetdctuir cenday

adj ust nrent caner ed 3 ur ow, & can be
tilted andl ongﬁr‘Hfsﬁtogg’efI?cSVHq ‘?Z R ki oé?}?eecr? [ )gfrl]e (‘Qs%ba\é@ r# a‘?ﬁ% §é§’e

appr oxi mat elspots od&grde&et))r 1s In&amkudsasalﬁpicmﬂsmmommn trethk copinea, pwstthe slemb by the
adj ustnent c¢ ra 3 ld ha I 1O L 4wy ndi cul ar
to the ret urﬂ?ﬁ%3 W?vﬁﬁ n“ "ﬁ%‘?“ "e‘yﬁg'?[r%lgg%gs%a@%h?gr%ﬂqa&%p&ﬁ CLItI n%tnﬁ

wavcpl at e 32@0hhrquerpnovsles)iot inpati beams Battcsask irthe eye apd fmcusjom@)e r&&m&r'ﬁ@d light to
.the adju tmen a h, and
ot ool B ahiecRTBhf e fllech B b lor e SRR ARR i 100 Rl

- SHEET (RULE az@)nmettvﬂcejtd 2ghafshese gclinifwes, hpwever, amwnlzmmmomﬁp@wdml

envi si oned %‘ggﬁj Sild @e- For
exanple) t hg“gﬁf“?‘?ﬁ’é’ fr ?ﬁéggggyctg%%?agggggﬁve%%&éhpge:a gesﬁéem(t:ﬂgr?%/tr ol (Is able
transm ttancssrfmdQt@rrmmfmncteqhnmewasnoavmqrqwlabeﬁwloap .devi ce, and the

adj ust nrent canera and any focusugg;uggﬁégwacgfbnpgb%ﬂ%b;,| oned to receive a
fraction of the returned |ight fhat _ . the controllable

devi ce. I such an i npl enmefi@B{PRA8 2 56
unnecessary Aydiscusied huogatonmwHdomratphgedamcunrbeluhanbebooﬂeuicmetemu| d have

substanti al | aral |l el .pol ari Zg the on of. ‘the
returned i Q%t""p%émﬁg’ °é %%?H{ngfg et pre%g}%né 1ey/0 &° Wg%é é?@oupl e
devi ce (CCD)traemgei’sa)ussuwnnﬂgms'llmfl-m?mponaau&acnncul abllatign rgtemican bevhi ch _

nelUdes on ot Phob S350 e ALAPRIADAIEC) 055 ST
optics smparsa;bmtimgd'tma Mcm)/emeulydiomb){mg t%opt@w&ontamukﬁ(for
------- 039Dl t ensl et
carera 312 SHETRATRRF Y FOKe SORAAS el Braibl, Mpoldiatl Ltfoc@flebiif g B0

i mges on t Herma gtfftacs;ernhmﬂgl imagg en spmgtknen inage plapy thy fetiga for exgmplele. | ens| et
camera 312 fywamddi&ick & 1ip0e 42, ld gl squede! xemeaax&any biaeedat EHeQfiteRRa imagae

wavepl ate 320 can_hel p t0 reduce the anount o 20 acks attered or

nwa
stray |ight lecstipndr Rexs emapatiog framy this SQUIcrare (py '6?“5 A °vr5]8}ﬁsV Hep U R 1 aecaal
i mages. Jhe de@iiivk 8ldirddtion)r et righad msm R figur) Firgtfthiobigh thé glotielédiais dnds

initially passed through the o t| f..the t he
refractive VbaRdhioBsh éﬂ’é?srufffll fcl? 8‘8 n%?syls{‘]fgl & ‘éfr?:cueﬁﬁ}/"btég Hé"ﬁé&?ﬁaated)
simlar to Wik al 1§ tisbn3Kd d&&ﬁ@ viaRefiink Mivdlibe plhimr} dnid sherexiring dyysovill @e mneally
wavefront aberrations) E ?@ ﬁ@gse error. of tBe eye E have been 25

det er m ned, PeEs (Esdth")bﬁef‘ BFRG ‘%‘B"%{a'}ﬂéa’a‘("%’a abl ation profile for
renoval of corneal tissue to correct or inprove vision by taking
appropriate account of paranmeters of the eye E (e.g.) the refractive

i ndi ces o eye E conponents, andlor other paraneters). One technique for
determ ning an appropriate profile is to sinply scale the wavefront data
such that the scaled data generally corresponds to the anount of tissue
needed to be 30 renoved fromthe patient's cornea. Laser systenms can then
remove that profile of tissue fromthe ddrnea. Marks on the eye E can be
‘enpl oyed to aid in aligning the eye E doting acquisition of wavefront
sensor data. Preferably) the lenslet array 324 is an array of approxinmately
25 x 25 lenslets, each 600 square m crons) such as a 0600-40-S manufactured
by Adaptive Optics 35 Associates, Incorporated. This lenslet size is
smal l er than the |l enslet size described in 25 SUBSTI TUTE SHEET (RULE 26)
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0 8J UNZ200(r " WO 01/ 28410 PCT/ EPO0/ 10375 5 the aforenentioned 5,777,7
19 patent and in other systens, and i s nade possible because of the
enhanced intensity of light to the lenslet canera 312 provided by
conmponents of the wavefront sensor 300 to be discussed bel ow. The optical
path of the wavefront sensor 30p shown in Figure 5.can al so include |enses
326 (e.g.) four lenses) and di aphragns or apertures 327 (t6 8alU\dthanges
in beam si zes) that are typical of 10 illum nation) inaging) and focusing
optics, and which al so can represent other possible optical conponents
omtted for clarity. For exanple) in one enbodi nent of the invention, the
focal length of one or both of the | enses 326 about the tronmbone focusing
pri sm 314 can be changed, perhaps shortened, to accommbdate a smaller beam

w dth entering the |l enslet array - o ot her e di nen he, r ange of
possi bl e df optri.cwﬁ@&@ﬁﬁﬁéﬁw 5 tdnbe"a’%geo“é“twﬁdvéﬁ%? lst'ﬁépl\?\fga\r/é?? ont
sensor 300 ( QlpriRk a6RRoME cABANEEsh as\te mhle theexitingi vvefrorit planaxp Modp s, ¢he
selection of the lens 326 in fr

ont of_%he | aser gOG; to-ad%us {or t he
nat ur at di st r i dptical @atholengBOCe y2ef e Tay 5 firprsaloyatnd fram thesopree %‘8{)% %% i on of
patients. One.pay, églaﬁj@Mtemeﬁmi & than@iot &drida ahdGridnesd perpafidi{idargo thednterided
- diopter lens) In fr nt_of the |aser dhode 306 schEthaL &g$flqs%Empean1is
no | onger parlinelogpightrinsicy) pathilength, which js nrppprigal dp fhedime LIS I HERLto 1o ¢ an
be used tg,t eﬁgp&%fw'ﬁ@mj suaye wWith the wavefront sensor 300 (or 102).

I'n a nonlimting exanple) the dioptric range can be nodified froma

symetrical -8 to, hth a symmetrical design to an asymmetri cal
-13 to +3 di opter $ o yh=an Ee trical design, as will be appflciated by
those skilled in the artrypshi s ¢an be done wi thout changing the size of the

tronbone focusing prism 314 (or other 25 tuni n? devi ce), andl or- parapgeters
of the opti cswhei $ isrimarclewgtymeasuted alopg tierayoand §fs) tsitke edigrefrogiive index\Bay; 3g
coul d be moved i ! hie thf HRdrRLtichAME the Sk@malAefBientrsslane

T ek G Redni ‘

| ocati ons to the'lensl et canerg 312.can enpl oyed t

adj ust the ovEigure 13 illnsgrtesor seetinn thrabsW%athaa\Péf'ﬁB‘fﬁ‘]“ E’Bﬁ‘é%‘?fgw a 1”¥°%_° i“?’ be
appreci at ed tﬂ%,;,laé-cec?al gyﬁaagpagi leh@th istaayls @oiti @2 BheqruriRi@ofablatiabt@rectitro 30
and out of posi |05 he Tength of "throw! neges%w%ﬁIMr t he trfonﬁﬁl?te- is
reduced. Fur tiserfatteh thelwayefrond (byrd0lin@ cegtial e Py PRysIcRb HRisning fe fonkiacs
"astigmatisnt « e"lt caWA TH S e A ndigiafls 1 9PEEmoiddiin Biprabe®| ihemteypiical | y
found in a pa(flen S ezl’;', agal n 1 ncreasing the overall range of the

wavef r ont 26 engah dffdencE@BDY firara teydpsited Phanardte pejpal wakefiong Ady VaYiPe h t he

rul e” as typical. patient' s asti ' ' und, and the lenslet canera 26 -
SUBSTI TUTE SF%E‘PV%)'R{?JL"E“Q@"’ thhd E‘%B%Af"?f&&o 01/ 28410 PCTI EP00110375 5 312
and correspondi ngfamz.e.t_mm_s.ansﬁ 300 software can take into -agcount this
i nherent asti gnat i d=RxgDodr@8Y| an even greater range of det éPninabl e
astigmati sm A pupil canera 328 is shown receiyin e, q. %, of e

refl ect ed2s i glavariantyey medels Novshaw mpg tegpgea g%%b\{ﬁffgﬁol(wd@g%?épéﬁ%z%?é? er abl y
provides the ifacSestifaddf e OPDlLdduction cdnte made assumingehelrdg pathds a cont r ol
system (not shown) simlar to or the same as the control 10 system 156

di scussed below in the discussion of alignment techniques. To conparé) data
fromthe lenslet canera 312 is processed and ultimately provided as the
aberration data. The pupil canmera 328 is placed in the-optical path between
the eye E and the tronbone focusing prism 314, which allows the pupil
canmera 328pto focus on the pupil and iris of the eye E) irrespective of
changes in the focal length of the remainder of the 15 system for focusing
on the retina. Thus, the pupil canera 328 can develop a clear inmage - = -

---of =t ha- sui face of the-eye=E i ndependent of the depth of the eye E and-
t he correspondi ng distance fromthe retina to the iris. '
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Focus Adjustnent Canmera The wavefront sensor 300 al so includes the
alignnent or adjustnent canera 323 20 that receives an i mage of the
backscattered spot on the retina of the eye E froma beansplitter 332
(e.g., S0%reflectance) S0%transmttance). The adjustnentygangN 20§23 is in
the path of the optics that focus light on the retina of t%e eye E and is

i ndependent of the |enslet canera 312. The adjustnent canera 323 makes it
possi ble to precisely determi ne when the |light spot inpinging fromthe

| aser di ode 306 onto the retina is in) or 25 approximately in, focus, and
thus aids in determ ning when the backscattered Iight fromthe retina is
in, or approximately in) focus on the lenslet canmera 312. Wth the

adj ust mrent canera 323, the spot of light on the retina can be seen, which
is the ultimte source for the centroids signal (as in Wllians), and can
be automatically Fgﬁ% N gk bigad : ' bl N

focusi ng the aeriug I &Slg]s&lg?]blgtﬂﬂg" Iﬁgﬁgkg?ﬁﬁaﬁﬁ%ﬁdlgﬁgl él%g?%?ay‘ as

possi bl e. | reffsetéselyongplasssshegosneahnsfract| vedndex inc € bhAgo)awiftnibe prdsy iferar. ngach

syst ens woul | 4§ I keCh ol i Lhoht on a
retina and blg%q?Z'cg? {)gﬁ%gﬂ {}Pgﬁl%lgtg%ietﬁ %tg%@ﬁsﬂ%er%? 8‘3‘%’*&&“&’&%”3‘?‘3%1‘ é%g&v}n}nt h this
approach i s depthtin thee-dicectiony which i$ dveomplishkd by the etavfactnt hydefined baliow {thieiform

| ensl et of an n-lenslet array for .. ndi vi dual. . spot t he.canera' s sensor
win ot RosotaniiERrting Ay seoipit piveiotis e RaiEeR ot OF sART Y | e
returned bagksdepist ered |ight just before entering the lenslet 27 SUBSTI TUTE -
SHEET ( RULE 26) 0 s uuN 200 WD 01/28410 PCT/ EPOO/ 10375 5 canera. As a
result, the retina (or eye) was exposed to |light .energy (or power) that was
mai ntai ned high ypnecesMrily. Ag,ean ﬁesé.pp_.rg;gﬁ:éled by those skilled in
the art) with the preﬁeﬁnA)mantion§'t e dwer abjexposure of the retina (or
eye) can be reduced relative to these previous systens because the |ight
ener gy (@r RRWSE dirkQ&fhosRiNe fito tHaQ@yaFEHSHAPES &R fREeAalHlWaya8chifs h positive
approxi mate the |ight ‘energy (or power) received at an individual 10

| ensl et- of - @hiationdepdy Agrray. The adjustnent camera 323 is.used to directly
observe the focusing of light on the retina fromthe | aser diode 306 while
the |aser dlﬁ%& gEhobihobd miobi: HAWREx: REWaPproRidftiod BEhE dbdEH TP aS@HES tBe 323)
as i npl enented, S ards frocusing the aerial inmages on the lenslet canera
312 as shar gbmealsurfensds plagarijhi mal? rrighbashopd gyrepading chq refrpetingiray, padvbat pover
node as |1 I : QL ] : Hetigances of
the. pol 401 z°3mbfl s RRtudIEs BHlansiaby e MR, Bl ik ed syg RN G

ref | ect ancep836p apd@: andthe post-opiray fcrepardiel.iubdisplaced s shownciaFiguse 1hdhe) 4

wavepl ate 3 romits optingl . orien Lon te-allaw.a portion of.. '
returned |i é%td ?cgwf)eélggy %@(@Rgﬁbdctpﬁ% sé’&i‘ﬁhésnt tﬁ%%\#ragéé‘lﬁéfx %1@%;258 .ﬂt'e. Ks'g%ﬂl%%n@sﬂs]%d
above, the Qeidnsds¥eRt, a6@RE The3Aa] dofutio &dll be lingak besatse tHekothrde st ages ar@ Al on
the retina is as sharp as possible. This nmeans that the correct tronbone
314 setti ngdingatly REPROstiAl 9d%e| | as patient alignment. A signal can be
devel oped {e.g., fromthe adjustrnent canera or froma control systen) 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
into the lenslet canera 312 only for the period of tine that measurenents
or exam nation occurs) and not during the focusing and adjustnment period
di scussed above. In the | ower power node the | aser diode 306 is placed at a
power | ow enough to prevent damage to the retina of the eye E, such as 0.5
|tW Thelcontrol systemis use of the adjustnent canmera 323 to aid in
focusing the | aser diode 306 onto the retina can be 30 acconplished in many
ways. For exanple, the spot size on the retina can be mnimzed or the
intensity of the spot on the retina can be maxi m zed by adjusting the
position of the trombone prism 314 in thggoptical path of the captured
wavefront sensor 102 until the spot is as small as possible. The position
of the tronbone prism 314 establishes a "base |line" nyopic or hyperopic
degree of dioptric correction necessary to initially conpensate
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- 35 for the lower order refractive optical aberration characteristics of the
eye E. Making sure 28 SUBSTI TUTE SHEET ( RULE 26) WO O1/2810 0 8 JUN 20~~
PCT/ EPOO/ 10375 5 that the | asers 302 are aligned at an angl e that naintains
an overlap of their respective spots on the retina (or ot He8 Jvdt 8BH such as
manual Iy, 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 line |evel of nyopic or
hyper opi c eaor or correction. 10 Once focusing is achieved, the | aser diode
306 is placed in the higher power node for a very short period of time. For
exanple) it may be possible to use a power of 30 ~Win a spot size of 10-20
mcrons orsthe retina for a period of 400 nsee. Although higher intensity
coul d damage the Qﬁﬂiﬁ@ﬁ?i¢ ) Ahak,esl, sp-sg prol onged period of tine (e.g.,
nore than 100 sec), such a short burst Is hanm ess. The short burst does)
however, 15 g j I i AL Yl I @qﬁé on the
sensor of th?‘xﬁgrndsl?bejtsra%g aopEo Bﬁ) n §1g§%§b%%§g% ltr‘}]aﬁné:'n g%'g#ﬂtga‘nsﬁf i - power ed

| aser dimme 30G the adjusfnenf canera 323, the enslet array 42, anc~the

| ens~et cgmera 312 can allow for higher signal intensity or higher contrast
| ensl et inages to be devel oped by the I enslet canera 312 than in other _
systens. The hi gher power |aser diode 306 node nay allow the use of snaller
20 individual cross-sectional area lenslets in the lenslet array 324
conpared to other systens. Once the lenslet canera 312 data is provided) it
can be directly used via the Zerni ke polynomals to create the wavef mt
aberration data, or the wavefront aberration data can be cal cul ated as the
average of a series of exposures. For exanple, the system 25 can enpl oy
five "shdfs" and then average either the captured data or average the
correspondi ng Zerni ke data. Further, wi dely diverging "shots" can be

di scarded. In the disclosed system preferably five "shots" are taken) and
t he wavefront aberration data determ ned as the average cal cul at ed wavef mt
aberration. It will be appreciated by those skilled in the art having the
benefit of this 30 disclosure that various types of conponents can be used
to substitute for conponents inplenented in the wavefront sensor 300 and
various aptical configurations are possible to form ot her enbodi nents of
the invention. For exanple, a high intensity, collimted |ight source) or
multiple |ight sources) for exanple, one | ow power and one hi gh power) can
repl ace the | aser diode 306. The adjustnent camera 323 can i nstead be -
placed in the 35 path of the mrror 322, and the lenslet array 324 of the

| ensl et canmera 312 canhave nore 29 SUBSTI TUTE SHEET ( RULE 26) VO
01/28410 0 8 JUN 2' 00 PCTI PP0O0/ 10375 5 or fewer lenslets) as desired or
accordingsto design. Further, it will be appreciated by those skilled in
the art t%at all of these conponents are generally controlled by a control
system such as a mcroconputer. A wde variety of other configurations are
possible that are within the scope and spirit of the present invention.
Practice of this invention requires alignment of information fromvarious
10 di agnostic neasurenents and also with the ablation profile delivered by
the laser to the eye. Various techniques are known in the art for achieving
such alignnent and any may be used in the practice of this invention.
However) %4l i gnment t echni ques using an image of the iris of the eye (or a
portion of the iris or other identifying eye features) are currently
preferred.
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15 Use of Iris Data to Align Laser Treatnent Figure 6 shows the general
flow of a nethod of using a systeminplenented ...~ _ording to an enbodi ment
of the invention. At block 10, the iris is imged in conj ﬁtjlfﬁnZ gth '
acqui ang refractive data using a diagnostic tool. This irraLH; ng and the use-
of the di agn®otole8#ol can take alany forns. For exanpl e, PCREPIBYB7Scan be
used well 20 in advance of the |aser treatnent) such as using a corneal:
surface topography systemto deternmine a corneal or refractive profile. 4r
it can be used inmmediately before refractive surgery. In any case) the
imaged irig o c'm.ggs sentation of the iris is maintained wth the data
devel oped gy '?T’ue |a%§§€sv?'i c tool. Proceeding to block 12) a treatnent is
t hen devel oped based on the data provided 25 by the diagnostic tool. For
exanple) this treafgent may treat for a certain segree of nyopia and an
i rregul ar asti gmat [T 1@MAi $ Ma(@ar et ca’hefse)’ﬂjﬁo‘&exﬁﬁ'bﬂe? a treat nent
devel oped using the algorithnms of PCTI EP95/04028) entitled "Excimer Laser
r

System for Co i of Vis|o i t d_ &heryal ects: ' published
aori |25, 19980 SERR et taplelh ateh NG 87 SR and el BB ool
profile) 110 CQBitbiEihadnibctdthbhe e HIRWingD B] 864 BY afetfit Ghit-ldngth diRt@sh MNo.
S,891,132, entitled "Distributed Excimer Laser Surgery System" issued
April 6) 1999 vecisof theaedtilinedr pottioneofithe ray sefractednt the postéririchmealtpoine # and
representation of the iris i.nage. By, gIOi ng so) subsequent nodifications to
the treatnent q??a@?&%‘??%ﬁ?‘f‘?‘cfﬂé?”ﬁ’l\{‘i Hostic tool data can be normalized to
subsequent iris imges. 30 SUBSTI TUTE SHEET ( RULE 26) 0 8 JUN 2004 WO
01/28d10 PCT/ EPOO/ §0375¢5 Furtder. the tregatmant o tsel f igy preferably
aligned tq_the iri é‘ of ! tHe pat#’en z.saf'ni s f\% ngh!é'fét bl otc-kﬁ‘h, where the

| aser ali mand he treatnment pattern are no,rmalize%_to the i magg of aniris
of the pati entI"tRRENdGULAS f‘&ﬁ‘%ﬁ emen,o! -.wfmrﬁzfa#m._!&am%eaﬂ\}% ysg_é*ﬁér al
forms) such ag,an hafilodingdRotitle chddh RithR e shif@enBRfll (BRithi2 iR L URebRIn§
point, or nore sophisticated fornms, such as by rotation or even scaling and
skewi ng of t hef the eefranting surfacel @ndviaatch=(0 @, 1) ris thejunil yectordefining the 22dicestion) t o
the | aser systﬁg‘\F g’orgiﬁeegi ng to block 16, the |laser treatnent is thcn
performed. O OhBE &oor pie Ia"'%he | aser treatnent the system can periodically
or even ca@atinuously match the iris data to the stored representation of
the iris data, in 8ssenag(@eiHcla ngSj ok pat+®péns eye. Turning to Figures
7A, 7B, and 7C) the .general flow of determ ning refractive 15 data,

normal i zi ng t §htdaGelbtidng cmvegq&%@éé_ tos F3NaSE: of treatment) and then

applying a ------ course oftreatnent I s-showndin-a

syst emr accor di ng- t p=tiTEgrTveT &i;r : I'n-accof dancg.wi th -this invention;
refracti vescharact fst—-i‘-os-—e- n eye mé)é—&r-ea%-eg are determ ned by a
corneal surface toE(‘m_LﬁhLM_Em 100 andd% wdeet®ont sensor 102. Both of
t hese devices generally provide data indicative of refractive

char a;:t te_r i st : @9 calculnteghectyral Etlaffaaﬁfi;gfmpnhaﬁa ,ra)a:ectm;]md eoticethitsSs afll ligs irothe
conput ati ona SRl z course
of treatnent 5§£&l§%ccé)gﬁlf hfzmga@ﬁ@fﬁ? ov#ﬁg%dgéﬁ?ﬁeﬁ?jl ag n%‘g?ﬁﬁlca??%})é}%ﬁ%%ugh
shown as a sepeerrhe planek ghalie typicdlGitpationthe seferénee plane isi oricatedipsipendiculado
system | i t hat di.scl.osed.in, PCT/ 7/ 0282 he wor kst ation 104 andl or
its funct :§§nall;'\?’t?axésoﬂdgﬁlﬁemi'nﬁ'ogggﬁggléﬁ’Wf‘?ﬁ?“rf%ﬁﬁﬁ%ﬁ’i%"%t her conponents
of the system 25 of Figures 7A, 7B) and 7C. For exanple) also shown in
Figure 7Cis a | asgr em 106¢. Wi cla Lgceives both the treatnment
generated by the \/\gf‘é%?tzfon 18%3\3% g‘orﬁespondi ng iris data. The |aser
system 106 COlé| B'.i orpo‘rstatde the functionality of the workstation 104)
generat i ng an H?%H’é‘fe Mlaser treatnent within the |aser system 106
itself. B ai nni ng pA—FHg-e—+A—t-he—eerheal topography system 100 gat hers
corneal 30 topographi di*da $7 08y aThathent's eye E. The illustrated

t opogr aphy system é‘lﬁichaﬁ P agi do dingk fype hardware 108 as well as a
pupil or iris camera—tfO—Ttese—conpoments are known to the art, and a
variety of techni .ar.e kno [ orneal topographic data. For
exanpl e, the @rﬁlggw&gﬁébgﬂkﬁ%%%@%F%%E%%egcor neal topographic data, and
ORBSCAN | I topography by O btek produces not only surface 35 corneal

t opography) but al so overall topography for the various conponents of the

eye. 31 SUBSTI TUTE SHEET (RULE 26)
SUBSTITUTE SHEET (RULE 26)




0 8 JUN 200 WO 01128A0 PCTI EPOO/ 10375 5 The former systemis a Placido disk
based system the latter is an automated slit |anp system The ORBSCAN I |
system uses surface el evations and ray tracing to detenanine refractive
ezrors.of the,eye. The topographic system 100 typically ﬁ‘@hoﬁg e data
out'put 112 in a variety of formats and gathered using a iet’y

t echni ques, WQe8M284Y absol ute corneal height at a variety BET/ERMOAI3S cor neal
curvature at a variety of points) and 10 the |i ke. Besides the corneal data
112) the corneal topography system 100 al so acquires a correspondi ng
"snapshot" of the visible surface of the eye E) providing first iris (and
pupil) inmege data 114 representative of an iris (and pupil) inage 120. Many

corneal surface t Jpographyagyste have a pupil canera that can acquire
this image. As is v cussed below, the pupil or iris@anera 110
can provide the irlis_i ©PBalHi1J114 --=rn-xvanety-o ~ ormats; -such=as a

standard i mage format-or as a reduced-format fn which -various iris or

pupi | artif acThis sdlationtifférs fromdhe preBoed b by itfedfidlsieiPst thé Béthitaldot, BOSKich
identifiable along the edge of the interface of thetpu pil and iris. The

iris data 11415@8% ong Thissomstien isyeysastofiestivggs thebgtarfactoriaasismple funciorct s of
the iris, g heoﬂqypfa&)veét&ea,fecﬁdﬁs %ﬁlap@m%ca&c@aw e/ it H;ﬁ-ség %e% el l

The pup|I or iris Canera can be a variety o carrera t suc as a
visible |ighth E}P‘-‘HPPB(PW“% “@tqhéw%wtéqm&dmaécwmwﬁ thesorneal i ri s i mage
'120.  Pref er abdufacd, MouldBIforé §osﬁ9 OMioke@Yerdds tﬁpﬁalm%laegs the flfrab 3§ nfg%&%g raphy
conponents (Pl aci do di sk- type hardware) 108 are gathering the to aphy
data 112) al tfmitegmayatipbesomes difficult lw\armccplauoselcel@tetshe metaptwyanalgmcal :
illustrated igaedkgure 7A, the topography data 112 and the iris inmage data
114 arc preferably related according to sone coordi nate system as
represent¥d by ovdtcrative solutige Theefore, Bha corlingioint itetatipe snddtione aremecdzde Trmi ned

o Scussba bol s paee s e RSd el ey B 0€ Bt Ui e

for aligni ng salution.gThefollowing p(dcedm dﬂfﬂa&nhaessjemmtphysiw@l?n Wisicidit a 114)

i agnost i ¢ ARePE N resedh B Bling G maf bl PN QBB PR % mpyed " |

anal yzes the w:ﬂfrremt:lmﬁndxterﬁgbﬂgaﬂl\ﬁdveﬁor@%ah&hﬁ%om% dnlly &428 tétivordrily | N t he
wavef ront_ _sensor J['E r ef er abl é’Rupll canmera 122 is 35 focused onto t he
eye E in 20 orflurigg theder ’Vﬁproft‘,S&néglﬂ YHig PPD hes real physical signifitaacept i cs 32

SUBSTI TUTE SHEET (RULE 26) - 0 8 JUN 200 WO 01/28410 PCTI EP00110375 5 124
(e.g., a focumirgISrggti cal path adjusting tuning device or optics) is used
to change the optical path Iength and focus a |laser 126 onto the retina of

the eye E. The GiveraRisitidithiefisr sheficCA®R, Pﬁgﬁ%ﬁ@tﬁe?s@%@sr(ﬁbﬂ%&%\ﬂefmensat e

for the | ow order aberrations of the eye such as defocus one

enbodi merd, t hempdRlED BYRISCSaYiESe frowF igat andioslcalatedhs ipitialiopticalwath leggtbpt i cal
aberrations in gh&idNd ue € ra 128. As discussed 10 above, a
vari ety of other wave ron gbé(gs%)rs c%fé% er ‘type of systens for determning
refractive o@tﬁa&swu&mp&bd@aﬂlla@rmcdosmmrﬂmm SyG&cly)ASThd t h t he

corneal surface_ topo stem 100), .t he wayef sensor 102 preferabl
provi des aberrast"irp%g 'ﬁ“ﬁ%a%%ﬁ "%’Fés)‘(ig}?&a‘ ﬁéi’ "?Mg@“d‘?ﬁympf romt hey
pupi | camera 12ganpRétemeinthod@ ﬁ&b%ﬁivﬁd&h’oﬁi‘sm frasitfon 39{5é)fAl|tematél Ahe € 9., 2

wavefront 15 sensor spot profile, from which centroi the opots are

determind@ in dEansition aenegan hecaloulaed latgnen thi dteration-gor eblafion $uefacymy(x,ad. | n
|1 d b
W T'i ams- and sanciiédiste Qﬁbﬁﬂmﬁpﬂrhﬁve' @ﬁg?_%uﬁr?‘(@ \Peg thé it&aﬁémgc&.li Sgﬁl% éﬁ;@x %can e

simlar to the iris imge d ront sensor t he
iris imge dat M@Zeiﬂfw%ﬁ@blh@lml Ad(x; ) eodR, YW tHdey(x. s, illustrated by
an
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overl apping reference frane 138 in Figure 7A. The pupil can | x dil ated when
the 20 aberration data 130 and the inmage data are acquired, or can be left
undi |l ated. Various typos of refractive data can be determ ned and enpl oyed
in devel oping a course of treatment for refractive surgery)s gughpgs LASI K
These data can include corneal topographic data) wavefront sensor data,
corneal thicwomassdata or other differential profiles (e. FCIVER8Y/H?S

ul trasound) of eye conponents) and other types of 2S refractive data

devel oped from various sources, such as fromslit-scanning or optical
coherence topography techni ques. For exanple) ultrasound can be used to
nmeasur e notg only. gargeal thickness) but also the epithelial and other eye
surfaces) tsne anount stromal conponent in a mcrokeratone-cut flap (for

LASI K), the regi ~ & I P khke. These data are
typically pr ov?‘dg%ﬁlc’)lﬁwzﬁ%%}’% - %@6161%{;@ %eégllAsz %ﬁ&tehéﬁghbéye E) at varying
resol utions. For anpl.e) t corneal.to I ap, ta, 112 fromthe corneal
t opogr aphy sys ehf%g%&%%%‘é?ﬂﬁ*ﬁﬂ% °%5§/‘Pé%g°ﬁ’|%t¥gsir%§’8lyﬁti on than the
wavefront ¥ensor data 130. Simlarly) certain types of data are directed
t owar ds one as@e&iscgmﬁltuhéhee?@@?“@G@ﬁzaﬁs‘m@grf?@é{(x@()rface t opogr aphy dat a
112 mappi ng the surface topography of the eye E) while other data may
reflect other 4sRecdlalaé thefimalpoetids, of Sheciavenss r3Bract B om| PO TE asHeuiculiRbeE 26)
0 8 J UN 20Q, ¥év0opiciBgdtwlengh/¢rEa0hsifddduatiot bt al refractive error found
in the wavg§ront sensor data 130 fromthe wavefront sensor 102. Furt her,

t he refracti vesdicagineithecdrRotite OPD withizespedt tathe dteratiorygaal (noticd thgithat i ons)
such as a f xed, cb@émbeorpan@y&tgﬁuvbaﬂ&gmcﬂ,mn,yryulqt(kmem(smms :
integrated into a single tool. e skilled in the art will recognize that
t he techni queng,?pg}hbg.i ng to the 10 invention can be inplenented in a w de
vari ety ofzdict ual physical enbodi nents. In one enbodi nent of the invention,
t hese data set ggg%! l e s @ BERGERRI ONn
of a refracti vg' {}%‘%é‘?‘ ment . 'ﬁ‘?‘%f“g{’ﬁgﬁ%ﬁ%ﬁﬁ‘% git?éﬂlﬁﬁgfagggt’ﬁs Fin
correspondi ng i r itk itenatige-goaltablation surfage ne(k )l Theresulbis thedingh stlatiopsurfacensor
data 130 and its_itig imge data 132. For exanple) these two data sets are
normal i zed to ea&ﬁ(xl “other (illustrated by-a diagram 140) based on
simlarities o2 tCakulate the fina gblati@Odeptiy whivh chu never beenpgative:

136-illustgated-by-an-iri s, jogpg ). As discussed above, this
nor mal i zat 5gn my&/ﬁfgé'akfsz%&?a%‘(% rlapping of the iris imges thensel ves)

or instead frog aRcAslilae Tk srtis GHRCiePérkerateace frofEMto, ahd tileulate e (and
pupil) images, as discussed below in conjunction with Figure 8 20 In a
particul ar enbodifiralaptisal pash lengtirdafr ¥ usipg equatorsber rati on profile 134 is
processed (e ds) cidiald tht il uhEd:Rctd OFY WiR Fesplcbro thcpedteBptiminvavefiot | | | ams
and herein) to devel op wavefront aberration éata shown as a pupil wavefront
aberration (e.g.)AMdRYFYr(BIYOT0260Y) The wavefront sensor data 130 and the
iris imge,data 132 (Figure 7A) are nornalized also to each other, as
illustrated by an overl apping reference frane 162 in 25 Figure 7B. As

di scussed abov®histapgroswhiis illustsative ahd odiet sechhiquas eshldbeuwsed.ne aberration data
130 and the inage data are acquired) and these data sets are nornalized to
each other for nore accurate generation of a refractive treatnent. The

t opography data 112 and its corresponding iris imge data 114 are

normal i zed to the wiaeéfraphsensemnsor data 130 and its iris image data 132.
For exanple) the nogmalization of .these data is_ d

(superi nposed) di ag %'"ﬁéﬁ{:‘ﬁgg’ da(‘j"&ocglﬁfﬁgfag}?tﬁngfegﬁﬁ‘%ﬁ%ﬁ&gp%ﬁgggglzo and
the iris issgeillisfiatéd. | Theswavefrent skysond00 is sinilapineofictp) toithe wavefilohedensag of he

di scussion of @iﬂ.lur s gu%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.,
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above. The topography data 118 extends over a larger portion of the eye,
such as over nost or all of the cornea, white the wavefront aberration pl ot
(or data) 160 generally extends only over the pupil or a podéi on of the
pupi | . .Some cqrrel ation between the pupil 35 wavefront aber%&td'¥n2lont our
pl ot 160 and the topography 118, when overlapped as in or 34 SUBSTI TUTE
SHEET ( RULE W€)01/28430 8 JUN 20Q WO O / 28. ~10 PCT/ EP00/ 10375 P6TERMYS to the
di agram 164, may be apparent, as will be appreciated by those skilled in
the art even if no iris inmage data are used for alignment or for

normal i zati on. For normalizing or superinposing the topography and the
wavef ront gbemadistaRrediftain {te rélina) thithigh eedgisapdiyornkal Gptikd 8f tha dyet dnd inbged|

wavef ront aberration pl ot thg% Suj taagl e account nay he &ﬁken of, the
variations i nb3padenslat amay. [Pasedon eptical agerratiops,in the rye sopties, 5SS AFV519PS
data) 10 or rehlo&hil Waveffshe berr@tich anali¥is &ofi tBgiengndddighe CGénéfullydipedénm of t he
eye in order to correlate these data, as wil|l be appreci atsfﬁ?gé)%ethose

skilled in thdheanalysignibe Frépmedsiight becomgepraiabimagesparsd Ry adens BPRRedur e
outdined in F's%&e%ﬁtﬁb Rhslbttafb@l Fronf Bmsa&aF&L e WadeRt Sdhsdrideviiéps 4C0)
conputer programthen generates a treatment profile 144. This can be done,
for exanpll@) iwavefrent abefrasion map ebwhatcerrections arg necesspryite theeye's gptirsdhatd to t he
Internet or o ’nlﬁ-:trc ' W’ aki.sustemthat is part of
--the-1aser- y}}?!de%a?- D, -tﬁ%’-‘%to&ﬁ g‘%ap 5&“% R visfot .

syst em 100, . - t he- wloekopsry odent the-patioR’s eye Eomoed60-nanometardaser dfedes 803at nment

generated coul - ) . - '
reat mont _pat COPAFIFiHGe ptok 10 pubde PRGN Ty e BRYE PWARR b Gl pABAN R
U.S. Patent NE frémfigllaser diddes 302 ape mergedtinto axingle $pot, by gppreprite adjustrhent of s

coul d be rfqormed, .20 incl udi n L. . ' not si ze,
a scannedqgl i ?lje »S?Veg-opﬁ ey g@a@ﬁi@g‘%‘éf’ %‘lltjzbg@fjéa@g}r‘é @fcégfo\régﬁ@q%cgg@% ess of
t he treat ment diestingrthese pednts),tise patient; ot ctibrwise,lthe eye(ds positioriciat, dnt a 140 or .
164 fromthe various di agnost.i c.tqol and n b i 0t ai n lized to
the stored i riagprf’ﬁ‘é'&&q{ﬂ a Preffae @5@5‘%’“&%&?5@ < ?v:%gg@ sa‘.gsé’ég@sj o géﬁgol s can
be used in a Wlemmtiyelgftha\patient vey2E can baproperl padentediby a physicien sevhhieianfdre dat a

130 fromthe vefropt sensor, 102 coul d. be.solely us t reate..a
treaonent) or° 9ﬁ£‘fag‘§85mfvﬁ§(°ﬁ%’f‘35ﬁ§?‘f° "r%a('i%r?Wéé'%{a%’f?&é’ce&eﬁé%g‘ﬁ&g‘ﬁhy system
éOO coul d2be rtsﬁfbt f@‘ahdiﬁta?ctfmml I & waeeftonp ssns@f300 edneantithesog'raﬂgnpasm'emnt ool
ata can simlar sed solely to create,treat ) ant ageous
aspects of th@ﬁﬁ%ﬁﬁ? ’farcl%"bfé??gd'ﬁé'ef‘{)%f'g’cé?fﬁ‘i%%gé%nﬁilﬁt&o% V&I d
better O\r/]er al |illlﬁﬁhﬁ%tglt304§pr3ﬂdésrm]§fﬁiﬂtpﬁpi-l Eameresr?srqwcmsea bdow.glr neal fsurl;] ace

t opogr aphy system returps surface tapography., ar rdl es 't he
anount of dilati on“8f°® Qﬁgyi))g[}ﬁqﬂ?l)%tﬂﬁﬁév W%?é‘??%‘fﬁ?‘%&%ﬁ%iwmﬁé?g e

i m tedlgg Eha_lﬁapml aac,@fchwshasbamma&m@?gmhﬂwt g a?iop&t;a_) pitfi&) tibavef { ont
sensor ypi ¢ 0 sures, I active effects of 0 cal,. el ement s
Do a5 Y RS B plecstpotk e oot i 556 hakhort SR op BB g vBLeHRE G utSPam 164
in Figure 7B, pbler dimulfitpowérmodes)) B lehi ofidt headr power facalignfefigind priitialsy st em

100 s empl oygd over, 83U ace, 32, SURST] TUTE SLEET LAAE 20 inQshead ™ 20%"

(e.g., a lenslet camera) 312 discussed below. For example, typical lower and higher
powers are 0.5 uW and 30 uW, respectively. These powers depend upon a number of
30 factors, such as how long the laser diode 306 is to remain turned on at higher power.
A portion of the beam from the laser diode 306 first reflects from a beamsplitter-
308 (e.g., 80% transmittance, 20% reflectance). The reflected beam passes through a
polarizing beamsplitter 310, which ultimately improves the signal to noise ratio (or
signal intensity) of light backscattered from the retina of the eye that is eventually
35 detected by the lenslet camera 312, as discussed below. The beamsplitter 310 polarizes
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WO O1/ 2810 PCT/ EPOO/ 10375 5 area larger than the dilated pupil) while the
data 130 fromthe wavefront sensor 102 is used for the central portion
within the area of the pupil. In both cases) the data 130 and the data 112
can be reconciled by a first spatial normalization using &8elUN 28kpective
tris imges 120 and 136. Referring again to Figure 7C, b

treat nent dgﬂgmft“é’d 144, typically, a 10 course of treat 98?’970%@0:}7% as a
series of shots, a series of scanned skits at various apezture sizes) or a
variety of other types of treatment, is provided for a particular type of

| aser system 106. The course of treatnent, illustrated by a profile 146, is
i tsel f syt i the lightredeived fimecthe tesetakicde BAG Semlbsmtihglgglttheeaﬂyipolaﬁzuge The

data 148 again coul e an,i S eIf

representati ‘83“5 ?t’etffl'jrg%gnaaﬁam egqtﬁh {Iﬁgbl rlmsfl 8’5%‘: b ?IEESPO?%'p sent ati on
of vari ous flkghtisrthen missedhirongh $t)'oml|sonn-typarpmm38léfwtdnhheusede@adjmtthdbctmns of -
the iris. r.al e dat resent e i.ri.s: shoul cLbe
sui tabl t. 1o ?ﬁl‘%ﬁé‘?@%@ﬁ%@ ‘?daéﬂ’ég‘?t retﬂ%of éé?ﬁﬂﬁgbpwttlﬁhfhe act ual
iris of the BuéRschsibEontd iR 16nsRt Eﬁ,&fxﬂm&begmm@tmgm thé\Rtih@&El also/tsd em 196.

- .. The | aser system 106 is .then ed wi the treatnent profile
i ncl udi n¥f t neorsetly oneady sqrrqcﬂééacmsﬁt falaa%t » OHer pptical Tacsipg AETANEERICALS: 1 i ng

to Fgure 7C) asid?ﬁer'st%@BY SH§§kﬁl@dl§§w%ﬁWs§$lc aTu@ngtﬁtaénﬂhe iryfBéhe phigfl as a
193 nanonet er excinmer 1aser, will typically include a |laser 150) an

ai ning syst e%mszeﬂe@egﬁpmepmé& Phss QE‘S!‘ a&mkmﬂslﬁeeﬁ% di rect
00111 O ek gelaoho uksiduhntH dahvn@uBliPhJe RIS 35 a cont rol

system 156 ower almng or reference beam{ not shovvn typically is
used in 25 cwayephtct?a@ns mmmcttherddamubmallymmmrmmm@hghtﬁomthmstance) a

| aser be i . \ ically an
I nfrar ed?g?ang&qflpﬁd can g%@émag&%kh%@@}Pﬁ%ﬂt as gg%:sgl%%g in U S

Pat ent No. 5b&8&@0pfitkEkscantied light réthdaed@hie ‘zetdmée hghtaX foem thereyPEaw thdi ng Preci se

Locati on of P |nts on té\g EXﬁ!; issued April 15, 1997 [PCT/ EP95/01287)

publ i shed OCP ’oef O In operation) the pupil canmera 154 provides

an i mage of the lAﬂt&phssﬁrﬁg&BroEglgmea/ﬂ@veﬂatetme tﬂynglﬁxmext foeueadhtodhe Syst em
156, which controls the almnglé )s‘,setem 152. ng_ge of the iris | actually
provi ded to THBa ehths exeE. Thedjehtis ‘éﬁ?%’@d%"@& R theretingandthe; gat 4 148

associ at gyl VibdcRschtite & BEHLSHot@h tﬁdt@ﬁﬂaﬂ’.ﬁéﬁpaﬂéﬁbac'ﬁhﬁroﬁgmeﬁpﬁ&’b?cdrﬂgﬁﬂént@Bﬁd 150

I's then adjusted such that the jris data 148 is co-alignhed essentially with

the i mage of theeysEgych asthelensiand thecomee. Qndhe retumpath. @Sﬁmuﬂﬁw@@é‘ﬁ‘%nt ai |l

trans! ati on)inidg AEhasordied dgaibyheweveplite 30667 Tl UighOiRlaty pitbkdsa26] O 8
, I UN 2004 WO A/ 28~10 PCT/ EPOO/ 10375 5 or a varlet)é of_ ot

t r ansf or mat i BETREdicyle tq B incoming l't“F%stWéﬁ“izEﬁt ight fgrmed op S5t passageshropgh j ¢ s

i mage data 14 wi9sstae 350, asalsedsharhbbte VA pitibAI6S thé %)&'péndic%laﬂ yPolafizédtigher f or med
on the course of treatnent 146) such that the ultinmate course of treatnent,

when it 2% affshpeasses through the baspliier318 Jeflects fyam theapimep3i6, passeshagk y t o
reduce the Oﬂﬁéﬁléheesrtsﬁpjﬁ afareﬁﬂﬂlz&&tesomzmgseﬂsﬁﬂmaé ASIE gie Ol 144.

10 The data of course of treatnment can be altered, or the

aim of the | exmestsfthelightiisperpendiowiacly polarizeshand is fug swhstantially reflectasthy that
instead can pQadJih pﬁwat@ltxﬁﬁﬁerp&ﬂécta YR hirde B2Dito &tbfenhla.ﬁn 148

are used to allgn he Iris before the tréatnent 146 is apg& ari ous
types of eyecamargdld, Fmget senepﬁ the repusnadlight intosan adinsemang easng dispywedzan 15

be appl i g¢1 t fifnBepefath %ﬁ@@hvc?}ﬁw ?%?‘?:aﬁ’f:e fika aﬁx@} rotePfrom RS IKR{%P%%@MBG ofan be

perfornmed by resecting rtc c cornea and then apply aser treatnent
under neat h (e.g., rotated by approximately 5 degrees). In this 1mp1cmcntat10n, the lxght received by
 the adjustment camera 323 would have a polarization substantially perpendicular to the
retumed light. Other schemes besides tilting or rotating the waveplate 320 from its
optimal orientation for providing returned light to the adjustment camera 323, including

35 changes to the optical path and optical components of the wavefront sensor 300 (or 102),
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--Tier, the techniques can can |l end thensel ves To ot her;
non- kerat ectony-types of - ~ treatnents, such as-excinmer keratotony) or
various.types of thernmal approaches to . refractive correction. These

courses of treatnment can be accurately aligned with the ir

i f the eye)
such that the calcul ated treatnent pattern is provided nﬁr%gﬁ%r?g@ ely to
t heor eti cal IWO8H2#Hal positions. Other benefits flow frontT<FHFIER iris
data associated with both the diagnostic and the treatnent data. For ,
exanpl e) when a patient is in an upright position for diagnostic
eval uation, sometines the position of the eye may rotate slightly wthin

the 25 eyessogk@hvisiondatne drelificlitdedwithitethd sdopE ot the Sresefit Mvértivhi Forgkafpie, t i on.
Simlarly) the patient's head alignnment can affe tb‘eée rotati on even when
&

! : gnne . .
the body st ay&heimirmphi2dnsieadisauld or 8 deviog haing gicontrllablg frapsmittancgand n can
conpensat e f OpefRedndeHikh A WPlikHid SystDUelics, Ahdine Qdcl}usdnent%aﬂxbﬁmnﬁ aRy Relidifg

correction treatnent pattern for higher order defects) the change in the

rotational al Pejifsesn be positipand tg recive p Segtion of He retymedlight dhat frjzansmisied Ryt h
respect 30 t th%;&g%mgﬁgi? G@ﬂ&% IE &R hﬁ'gnpiexﬁahﬁdoﬂ, thd ts’eainF@mer 508 WeualR! i ed to

the eye. The e such a m sal ilgnnent - typi cal are not pronounced
for fairl 0 bauvinecessary swkthelightrecgived hy the sontreliable dgmige would havespbstagialy and

even for a m par . ' | Sr (PP ' order defects)
such as irregtq}%g?&égﬁaé@gt?oglnﬁlzg@da#eﬁé é}oﬁa{ﬁg&ﬂé\*&ﬁi{ekﬁhﬁeﬁ@?ﬁ% he benefits of
the highly preci seTherlemsletreamera Al ib prefeyahly anhasged couple deviceA((ICCINeamerani t h t he

011 26410° Pery Bishf 157N maprehimby Bg vt sl grlbpieiifen by 1

t echni ques acakhotiginothéraypel of camesastand othemsamplingiepics sralogoos® theé leasletqmapnt .

Wth res t he Jjris .matching and align Itsebf, a varie of

t echni quggg cahﬁ)‘bé“cz gocgpgas se@?‘rftﬁg?o%asfaﬁnge mgc‘::?nﬁgf’e T‘sﬁg'g %"%‘P"‘P%Lﬁ—éﬁé or

di gital repreo39DIA taitsa by SomgrCoparadenatan bessed forbbth the leasletkdasem 312mhdi ques
have been enployed.in re Ltio st based. 10 on th ni que .f eatures
of an iris) WEH’G%/?“B%“S’? a&@ﬁhen&gt%&yggg forgs a?rg}wqga%g? &gtﬁgh&_e?su &sued
NO\éem.aL g, lgﬂﬁmsﬁf(é.'g.t!t:_eﬁ [j'éﬁy{jm_s . _leﬁk]}e_tksﬁﬂerhﬂ_mﬁ'ﬁ_H_'m_ﬂ;gl_mﬁmlleﬁdigﬂgﬁﬂgtﬁbﬁ%’St ;%m
an od," assi,gne Vi a, sear nt er C. 0O ri nceton
New Jer sey, aﬁmm .’Séjlng?’%WPVW&w%ﬂﬁgﬂéqegqu;{%ﬁ“ t%ﬂ?‘}‘”af' ued February
3, 1987, emti bicRStatiéred 6r sh@y Aghtitd irfrovRtEé Siphal int@ikify Gfthe\bdntrastdf thel adfialr por at ed
by reference herein_in their ;,"5% <§nti rety, Tate fﬁ@%ﬁf ,t%‘gﬁe gg%ients

di scusses scal®aggs Thsdepslebpray 374 fequsssottions pf the light FnHALY R pat ent s
plijs cus ? es t h_euy@{gh%b;o;;iileawg@&ehtbaf th%%ge B o thaeitle iefrattiVeGiiiieftofttabediation d .

i dent i an irjs, al so d|yscusses that. a caontro) cha can be use
to adj uet theJ&'}éﬁ‘%i‘ Yo F cam be feteramiped; aw%tq‘ghafﬁéi'seﬁé@%ﬁ]%.'}a 8di ment
of thﬁ plres'enfegm;/@mu%?avafr&it?i:érfuﬁoﬁ%aﬁﬁms 'g%mpam&.iosWAgyszmmgl ebeenused to
aimthe | aser system . Simlar . S. t ent : D to
Daugnan, ?ésu TR 3}“‘1‘3’@4“3%8 p # Feayiredablatiop pr “?%E‘?‘%%"ﬁgﬁgp“m“‘

I dent i ficati Ofisshy & FFedBdS BRDrove Visiok by\dRing Appropristsdtc QUi Of pRahétersTE Gideyé NC.

of Mount Laurel, New Jersey) al s? inﬁo&Borat ed B(\/ reference herein inits
entirety) furEfeg- tesdpsiwindices of gyt F copponeptgeang/or oher Rarame the iris.
The pattern npbpiijRdordiertiiigd dntappRipilte Pbfilei iedimpRScalt tHehesefibmidant s and
ot herwi se known to the art_ are enployed for 25 ali gnngnt purposes rather
than strictl ys‘lcbé'i'ﬁ‘p?isﬁaéﬁq%%ﬂgﬁ& ; smdémmm%g&? W“gﬂeegﬁ‘gﬁ%%m) t he
camera 154g of rdniifyed SR thephBibRTY chiifea C Biker HERMY Sarften FEBRe fat plofild dfitssde Whi ch
I's then displayed on a screen. The iris inmage data, 148 can then be

super i nposed fremdhe enmean Masks on the eye)E ¢anbgemployed tosid inraligning the qye Edugngor ker

to manual |y agéagggﬁoq%}-wg{,efM&&,gb}%msyst em 106, or to manually verify the
ai m of the syst'em

(d

‘Preferably, the lenslet array 324 is an array of approximately 25 x 25 lenslets,
each 600 square microns, such as a 0600-40-S manufactured by Adaptive Optics

35  Associates, Incorporated. This lenslet size is smaller than the lenslet size described in
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30 106. Referring to Figure 8) the iris | of the eye Eis illustrated in
nore detail) showi ng how particular features can be enployed for matching
the patient's eye E for treatnment with his or her previously stored iris |

I mage. For exanple, a set of points 200, defining generally EijLﬁ@Jé@g' :
features such as collarattes, can be enpl oyed as descri ptor%, as 35
concentric QPHRE9202 or radial furrows 204) Other feat uPEFERRA7Ean be
used are 38 SUBSTI TUTE SHEET ( RULE 26) 0 8J UN 204 WO 01/28410

PCT/ EPOO/ 10375 5 generally described in the above-referenced U. S. Patent
No. 4,641,349 to Flom which include pignent spots) crypts, atrophic areas,
t'um)[] s) argl Cmag&rﬁi‘rﬁ@tioﬂddlSﬁWWUQpat&ltrmd&fdthérs?dlans’)uﬂdisrmap?ssiblﬁst\;hﬁadsﬁ iris
mat chi ng as we or exanple, _as a center reference i.nt from whi iris
Toarur g fhenSiibd enhner srinistee of b o 56 Eniietsmer 117 prosjasd By SRBPORSREGE ot o1
features can {3g waldHRY Shsor300 tEHAdRIuSsed 8BR N ThE Bptval pdleocdWhREohy of 10
the treatnment to be applied. If _ the treatnent is rotationally symetrical)

such as a tre¥niREAP0 shawndn Figurs Jeanalssringlydsdensps 326 (@w Surdansss) endspl acenent
(5,01 10 COnSaRRHERloraferui® 29 UIoRhigoFAbch shROBAScH B bLSPCt (O

the pupil. But with greater conplexity treatnment, nore detailed features
can be enifl oyidlymingtionydmaging, and fasusingyppiics.4nd yihichalspican opeesent pthetpossible

treatment. Al Lgrnabink6h ifthd fof Eidhity! Sftr Uk &iip1€ 3 oferhbH&H ot HON L e eye
a@von, x’c ucflﬁléllg ﬁzp or Hpﬁ

E, 15 for |oc n In the’iris-area I nst ance, ree | aser
mar ks can be invenioadhefocallengtlyef dieiof bath of the deasessdd6 abent the trombone foehising t he

| aser marks eal. ; “di ' t n.apd the
t r eat ment foﬁ%%sdﬂ sc(%rtl’e g%ggeedé#’%??&h%% 2%;? @%9§3§ﬁ?ﬁ?ﬁ %gwb%ﬁt i ons of
t he vi si bl e sentéringghelendl¢tarray 324; dn ahatheremiipdiaqeat;, thefranpeof pessibie diogtric | n al |
of these chni S th | sibl orti f e eye E ar

enpl oyed #%r %&ﬁ%glcg{sﬁgg ?%"ﬁbebe{dv?/evg% ¥%§a\mf§8ﬁ%g§q§8%§o§tl %ca? ﬁ%"hc?&%‘éf oped
treat nent, anfbretampls;twithl appropastaseléctian ofifhe lene 826 in-frdne ofthie laker 306itaadjgstt 0
Figure 9, varjoys adiustnents that can pe made ta the desired.treatnent
based upon th}@rﬂ}?ﬁﬁ&%@ﬁé&%? °rF¥°F‘§R'Im ?E?&W@EE RoRRaqanal,  system
106 are ill ugpa(;iaﬁte.dOnR%jEtddd‘lgigagaimsiﬁﬁn thie Qe ez@@)g.,tmfcﬁdpmuaﬁ)rihlflﬂﬁrw aL ed
144 i [ 5 ' t t, t 1 , X ' t
aser syst em Dl hteA0R bt 4 B Pt is o ponget gL ol PoReE Y e
di agnost i 2o t Oﬁﬂlfzs&t inﬁ!i(b{ﬁ&ﬁiﬂiatbambie@gcgftb €est mepitmgﬂg e%aﬁittﬁma wMéflrdM Ms&be(i 54 of
patient's eye, E, I ris, i.nage IS provide t he .pupi |l canera o]
the |aser sys€°ém7}og“ﬁﬂﬁ'ﬁwmgm & e pmﬁflcaé%f'@ﬂ&‘fgé{"mfne control,
system 156 cogyp@hietficdl R8 td FEE6PEAHithl syneuitabddsighte b asyimendsdl L13a8u8 hat

image) to theiris i, e 30 206., Based on.the co ri son variety of -
scalgi Z\g f unct HGPIETS;vd Y%'H"'l"&a]t‘ﬁ@g‘&é&wme InpPEeSt Y‘ﬁ‘?g&s'% In le) it

nmay be det er nTHiS dan ke witboutRBarite the $izSdfdRe ©EmBINe fsubid@ pridrh BE4 {of Bder 206)
t hat the ﬁieat nent s,g%%glpbe reduced . in scal e because of different focal

di st ances?df PREEGFY EPArfBeters PHIe OPCEn2 and the | aser system 106. So a
scaling 208 is cal&neraa@dgaadae%ﬁﬁb@dmuieﬁ&ﬂi@ﬁleﬁsssmaﬂhwﬁa&mbwo-

Then) it may be determ ned that 35 the now scal ed) desired treatnment 210

must both be Pahirtheleagletasmerantid Agnumber ofjasatignswithin thepathrtotholensistirrm ( RULE

26) camera 312 can be employed to adjust the overall range of the captured wavefront sensor
300. It will be appreciated that by employing either the lens 326 or 338 moveable into
30 and out of position, the length of “throw” necessary for the trombone is reduced.
Further, the laser diode 306 typically will have some inherent “astigmatism” of its own.
This can be aligned with astigmatism typically found in a patient’s eye E, again
increasing the overall range of the wavefront sensor 300. Specifically, such astigmatism
is aligned “with the rule” as typicai patient’s astigmatism is found, and the lenslet camera
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0 8 JUN 2pQ~ WO 01/28410 PCT/ EPOO/ 10375 5 by a transl ation and rotation
function 212. This in turn is applied to the scal ed desired tmatnent 210)
yiel ding the actual treatment 214. These data are then used Bpyu N 80K aser
system 106 to performan actual treatnent. Alternatively, nt r ol
system 156 Q04?84 enough conputational power, it is pols’bsrf%#olaﬁ?ﬁf each
shat (i.e., laser pulse) to be appropriately rotated and translated. This
10 may be desirable if the eye E displays a | arge degree of dynam c
rotation and novement during the treatment, for exanple. Then, the iris

i mage 206 $an3ihkand atiegonding wbmfrantsdnkorgoﬂ sofovarocas t@@anta actopmthis ihgeent at ed

in Figure 9 applied dynam ly to each ecl.f.i ence of shots
in the desire "tg?’@&frﬂéﬂ’mﬁ@l é‘%ﬁvi'h 4 r{m? |°£dn% %a?’;”fﬁ%ﬁ%g@enent of the
eye E can be accomcpﬁpﬁednahezslbyhmmeﬂmgsegm%nomnerm:euagnﬁrmﬂm ned
with the aim ng | aser tgchnl qu of P(géhEP 5/& 287, su&h i hat ‘Pa&saéetét

-pl acenent of beaResRliger 8o Fhespipt ¥ povidgsthe jsisimagy t8he
206-i s -det er fHeRR8inkBE 286 viaARomN kystém ﬁ’(w*sk&mﬁxb Sindlgioiof the sdheisthOtdhtrol N

enbodi nents of the invention) any of a var| K of dlcg’lOStlf? | nstru nts

can be flﬂQedsmléﬁﬁéﬁMbﬁ‘Pwdﬂﬂﬁr‘“ﬁcﬂﬁ& n 2t he
20 pupi I') theghh fe lenletUathefa 392 %g:a&ekdeuan&bmm&u,eﬁrbﬁ&m usa‘abaﬁﬁnmgrl or of
the eye and exports data corresponding to that inm Then, when a
refractive treat mefihg pupilcamers 33 1@%@&&“‘%’88'&31 P#@%‘W‘?t‘“ﬁ’é@@ﬁ"ﬁ%& K) is
per formed) thg.548 #@ﬂﬁdsﬂﬁ 1(.1%4'mcﬁm&wsrtﬁéfgaﬁﬁcsﬂem@@w@usloatﬁ&mr ed to

the actual imge o iris) or eye to align the |aser such that

t he treat ment and irs of melc)’?JEelmt}"’e&i changes in sheclgeal iﬂagw@ﬁmeﬁg}nmdqrp@ﬁ\ees fo
and 1A 1158\ salloWorirSeulifls B el Yhud Bfeibilind:2 30 R Avelog Y S tdade/

captured ifag to I nsure app riate a nnment “of a [ aser

treat ment W tbFﬂ\h@uﬁ@EoﬁthaleEdEmdemdamofme pth@fthse ‘and hycerregponding) A

il lustrates. %A ds Py the camera 154 of the |aser system
106 in Figur edgéﬁ&ltﬁ&P @,iat%l S captur ed iris | imge data 2SO0 captured
when a refractive di agnosti-e-t-o0ol- was-used 30 t-o-determne the refractive

characteristics ofFoqusAdinstngent Camerat hi s data) and coaligned with this iris
| i mage daE~~ 250) % VeRbhEsRh opééﬁ ﬂéﬁn@lﬁgcstlﬁ@ﬂlgqﬁl‘éﬂlo?%@smm chierar329nt
side of ‘the displa 'S rea time iris I mag i's returned by

the caneraol Sthabfccclms andmage @mmwmwe@mmwm 093%3 fremia ti ne i mage
oo0 Is sliont byl Bl 'ﬁagéyéy S el %@ﬁﬁ’&ﬁs"nﬁﬂaﬁc Prhsa@aaﬁu.h%ﬂmbmg dat a
250. Thi s provi I Cl'an WI

an opport unit o reall

pati ent's eyeisin uwmumrngwpucmgtfp@xsﬂmbtwqbpmp@ppgmapwﬁmﬂmmmgwtmm
SHEET (RULE 2 lens tggn]cy%% AR Wgﬁé&@gﬁﬁﬁmé #B3<bletolp! ?&ksefy' me iris |

| mge 256. Pretera | udes reference axes t hat all ow the
physici an to detefnhipe v/é@remnila@ SPQW@Piﬂmlfﬂm tha lasefrieder306 yrfe tharstinais it OF d

al S0 Provile. ofbu NP oooft, B B bl AlacknHNAIC Y ba BB AR "

i dentifying f ures efmne preclse t he rotational cat’li on
relative to t ﬂ:eratmass uFogappmxllﬁathllmﬁmuaDeshetlml%Fma 3¥2. Withfhet he system

f Fi I t I

"magedat a 2500 ERApCeaRelarS) 8Bt ffhs b e bl cab bE e i iR, T

i mge 254 of tdnrrceformelccntmndh signabpeih Willisms) g c2g be ammcaﬂueemmmpr | aser
t 106 i Ker. .

2ol vat st he "Byh Rf fidharpést (EHPOA MSaGRinNRe Jfiksles onlie BN pER@A 1270

254. The a¢e s shakplpgs pp,sabbrrimprehba dystems oo ddjustmeng camesswasprovided. éiuchg t he

iris 1) but do)?s erhs wold PeY)ir qugt on a lenslet camera to aid in focusing light on a retina and

backscattered light on the lenslet camera. The problem with this approach is that the
portion of the wavefront sampled by an individual lenslet 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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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 ti rre I mge 254. The
physi ci an then conpares the inages on the screen, and det Jq_ﬁ n anount
of rotation necessary to align the two inmages of the iris I hysi ci‘an ,
then rotates the eye E so that the real tinme iris | image é%@ﬁ atlonally
20 correspoﬁ’%&‘"’(’ﬁ he captured ins imge data 250. The phf/? O% %an do
this manual ly) 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 treatnment profile by an
anmount spexi f cantbrdiyAs inﬂ:smlhylmi retirar(or dye) wasexposed to lighe emtgy (or @mkérmmasysgt e m
first provides for er|n of, the re time iris | i 4, -an

physi ci an 25 ’F’ﬁ'&ﬁ‘"&g ity gtsicﬁ‘hg‘f ap(?F‘chtth‘??Fs 8‘?}%"‘? art, Wt 286
conpared to tlbteseﬁametmd theBeRalDékpasudbéX. thdFehimd (oRbyed E4ttld ré@isced RIAtIVI R

systemin which the two inmages are superinposed. Also) if nultiple
di agnostic anteserFaRLs; sv%e%?ﬂcgusaw Lenerey;(pr ROWERTeqeReH 3t ﬁ‘&éﬁ'"i‘ﬂﬁ“tbe used

for al i gnment canfepd 323%REMbAY appro@uaie R gt %f@ubavéﬂ jeBlvéd & aﬁﬁid?nm?ed on

the iris 30 outline coupled wth a rotationa ker or an axis of

asti gnat i ¥n lenslesebthedenslet argpy. The adiystmsnt camerad23s used tndireatly ohses thebut al so
capture an i rfo%nréui?édﬁ%fbﬁtﬁé#mh?%ﬂﬂﬁé aﬁde smmc Pa.rs&fdlétﬁ 306Wi gn%hen be

aligned at the Ing t s one. A variety of permutations
coul d be usedlpwannbvenr@nqge\s’&'hﬁ mmwtamrg&%aslmmdem gid$ facesing the

application e ' bl
Optical 3S hr%};’kﬂt Eﬁg %@*ﬁ?@ﬁ‘%%@ﬂeﬁ%’e’f %%};)E{/'%?Wlﬁleﬁ%]ﬂ ?stﬁg%%cl §nq6erface
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system for dete rac abnormalities of an eye; conprising: a
corneal topogr aphyg;c‘g‘ s&ﬂé V&uithe Sbm?t&ém%pﬂi!flus?‘bﬁ?dﬂﬁéﬁw SBPt t he
eye; a waef raithe Adtnk issisRip hopdssiBA MhiGndafls AAQNS Siredt WENIRInE 81 scddifps " at i on

data of the eye; and
are checked as well as patient alignment. A signal can be developed (e.g., from the

adjustment camera or from a control system, such as the control system 156 i in Figure
7C) from these settings and alignment for a manual check or for an automatic start of
patient measurements or examination. Such operation also allows for enhanced light

25 intensity into the lenslet camera 312 only 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 énough 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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a conputational unit adapted to conbine the wavefront aberration data
within a pupil area of the eye with the corneal topography data outside of
the pupil area. The systemof claim1l ~ further conprising a camera adapted
to capt'ure-art- image of an iris of the eye that is used forQ &lJujn2Bht of

t he wavefrongvda‘ggulgtion data wth the corneal topography pfdalsooidszs The
systemof claim wherein the iris inage corresponds to the wavefront
aberration data and the corneal topography data. 4 . The systemof claim?1l,
further conprising: an excimer |aser system adapted to provide a course of
treatment for the eye based on the conbined data. 5, The_ systemof claim.
4, wher ei n 5t hehatshedpsessy302am slignednl gn aegle '@%W%’Bﬁﬁ%ﬁ"éﬁ'ﬁ%ﬁfﬁic‘ﬁmswmﬁe The

system of cl als%er rm%ﬂaq?xtélﬁe K @éh'ﬁ%hudl@'rérﬁysvaahgnGﬁl cul ate

t he wavef ront ation o romthe corneal topo raphy data. 7 . A
system of cl alahgﬁ)mgvlmpamm step vathrthelaser digdeB06iniconjurctiog Ay dngdthepar e t he

wavef r ont aberra Lon t ata to
val i date both.P g;on °% ‘ﬁﬁ)rf(?gtsgx,%ﬁ?eh%g#@ @%egﬁ%@g&%&@mﬁé%e&m?ﬁe
conmput at i onal miyvpic ormypda;]ﬁtenloxtwcau@cﬁen. t he cal cul ated wavefront aberration
dat a based . upon the wayefront gherrat] a I ont
aberrati oaot ool . 9%?“%}:0@"’5%\55%1%%&3&%@%%%?99\% 5aqg<?)h3¥( %%%%W?’J;nal uni t
i s adapt ed t o madedod evey ﬂloct(pmedaobimaf effor examiples ittmayeerpessible fiuse Aipeweryaft em of
claim 9~, wherein_ the comput nal unit is adapted .t | spla

si nul ati on of @Wd‘bﬁ?&"én‘g? Qpé of fhgé?"r?ég aé?"ﬁ@f’f%&rf@%"b%“ﬁ%h
corneal topog rmﬁfayn@aa%? cohld damge fh St ifQhaifthinbd ok a prdlerged Peridtiof time

conput ati onal unit I stributed between the corneal to;)'“%raph t ook- and

t he wavef ront (asemoaq tham14056¢), such a shorsbugst dinhanplesyy dhe s Pest howavesy e
aberrationg of ?ﬁ/&eas@ﬁxmtérﬁitf'gf th@m‘&ﬁtﬁdi'ﬁ?&pofs%ﬂ% @HM of @ellenspdiReh t O

provi de corne pograp data of the eye; . . a wavefront aberration tool

adapted to pralr—tm constinating o emum-mwdmrémde%@ Higadjugimengcamera
conput at i onal wmg;mg@gﬁdm ﬁ'ﬁg&aﬁe&%%aﬁamwmrﬁ?gawmm a and the

wavefront aberration d evel op a course of refractive treatnent
based on 44 imessitylorhizber conasbiensletdmages to bedeyelaprd hydhedsasietrampa 3ddthage of

refractive tr %‘B{E@P&yst@ﬁﬁe%é}m i GoRliSer @bde 306 mode may allow the use of smaller

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
Zemike 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

29

SUBSTITUTE SHEET (RULE 26)



the data sets. 13 . Z he systemof claim. |2, further conprising: a |aser
system coupled to the conputational unit) the |aser system adapted to
receive the nodified course of treatment for |aser surgery of the eye. 14 .
The system of claim4) wherein the |aser systemis | ocated)ghys 2okl v.
remote fromghe copputational unit. 15 . The system of cl péfikfoontdrerein the
| aser system conprises the conputational unit. 16 . A system for devel opi ng
a course of refractive treatnment for an eye) conprising: a, corneal.

t opography tool adapted to provide corneal topography data of the eye; a
wavefront aberration tool adapted to _provide a wavefront aberration. data
of the eyd aardeverdensiots: asdesires or aerordingitodesign.: Butthgnlitiwilkbeppregigted by dat a

sets for pati Wl il lop a
treatment pr O[ﬁl gﬁﬂl;& ﬂm‘é %%ﬁa@&fg%sg%%e%@ﬁe%eh%lg gtl;n?lrop ﬁaeb%%%.gﬁ'tggti onal
uni t eval uat esysteinesuph s 2micrenempater.| Atwiddemsiety of othehconfigpotjongdre peksible and
prepares the tnent .orofil e .bas n front data. 45 0 8 JUN
200 18. A sys‘i‘ge‘ﬁ“%a‘g@‘d'r‘Hfér?§°ﬂ°oa“%ﬁ§}“§€fe‘@°e%%%§‘%cﬂ%“ﬁ‘r%ﬁi n which the corneal

t opogr aphy tool i Practicesfahiainventidnaraqdret alipieapofinfoprahtion frd varfousy st em
according.to any preceding claimin which the efront aberration tool is
a Hart man- srfﬁ%ﬁ%m%‘idﬁcaﬁlffc F‘f‘ﬂ%‘ﬁ“‘!‘?ﬂ@ﬁ?’?la%‘_ I\’,}%g dg g‘t’%ﬂ?yoli‘e %ﬁ?}' WhEcedi ng
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patient suitabili _y\’o{‘ﬁor r_efr? tive treat.nent. 21. The l§l,stem of a%

precedi ng cl D\ iR RIACHCR @ RYSnEaR- Hpwevenangimes feghfigues Ygiog 8p indgeng
neasure of a ¢fehdids bf the ejd @Rh PEiiibn Bf ¢ irdsdr othér idENEymg ehefBaftiesiits Precedi ng
claimin which the corneal topography data is a determ ni ng neasure of
patient suit dBFEXPrEgIed.of ractive treat ment and the wavefront aberration
data is a determ ning neasure of a refractive treatnment profile. 46
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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

absolﬁte comneal height at a variety of points, corneal curvature at a variety of points, and
10  the like.

Besides the comneal data 112, the comeal topography system 100 also acquires a
corresponding “snapshot” of the visible surface of the eye E, providing first iris (and
pupil) image data 114 representative of an iris (and pupil) image 120. Many corneal
surface topography systems have a pupil camera that can acquire this image. Asis

15  further discussed below, the pupil or iris camera 110 can provide the iris image data 114

' —ima-variety of formats;such-asa standard-image format, oras-areduced format in which
~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—typé
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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15 sensor spot profile, from which centroids of the spots are determined in determining the

. -wavefront-aberrations of the eye,-as in Williams—and-an-iris (and pupil) image 136. The

- iris image data 132 can be similar to the iris image data 114. The wavefront sensor data
1130 and the iris image data 132 also are normalized to each other, as illustrated by an
overlapping reference frame 138 in Figure 7A. The pupil can be dilated when the

20 aberration data 130 and the image data are acquired, or can be left undilated.

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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0%& () -#10 /d-agévn(:l)op %)avgfmnt aberration data shown as a pupil wavefront abcrrauon (c.g., contour)
plot 160. The wavefront sensor data 130 and the iris image data 132 (Figure 7A) are
‘normalized also to each other, as illustrated by an overlapping reference frame 162 in
25 Figure 7B. As discussed above, the pupil is preferably dilated when the aberration data
130 and the image data are acquired, and these data sets are normalized to each other for
more accurate generation of a refractive treatment. The topography déta 112 and its
corresponding iris image data 114 are normalized to the wavefront sensor data 130 and
its iris image data 132. For example, the normalization of these data is illustrated by a
30 (superimposed) diagram 164 based on similarities of the iris image 120 and the iris
image 136 (illustrated by an iris image 142) in parallel to the discussion of Figure 7A
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

34

SUBSTITUTE SHEET (RULE 26)



10T=1090T& () -s3: 10967& () - 6109%4T& ()-5- 1094T& () -s3

10967& ()-!1s0! 109& ()-fdnmN y3 109& ()-y109%& ()-
GLOY& ()-"!f109%& ()- YL0%& ()-!109%& ()- 10T 10TuKdEMN y3 10%| 1 109 () -

10%& ()-, Y 109%& ()-yl0%&: ()-F10%& ()-Lg 10%& ()-dEMN y3 1 %%@%‘() yl "
109%& ()-g9' 10% ()-S@ 10%& ()-g Y109%& ()- 10%& ()- &zz[<
6> 109& () - 31Q0@Rb1tkag! KOl +" 109R2& () -! X9l +" 109& () - ) MLOY&! (ECTVM@&M:’&&O/&' ()-9z
WCy3 ! 109%6& ()-1"110%& ()- 10 10
10=810%& () - 910%& () - 9710% () - WPupzX9bCi -

109& ()-f! L109®5& ()- QL10%@& ()-@ 3109%5& ()-! L G 109%5& ()-!L

i e o s e e

" 109%<& 0)- SI Uhd: art &Y' if o iEls mw@ta(a)e us¢@for AiHioht FHQr dadmalization. For

105,51 0% (- osare o Soieeinng B VBl e YA B R i)

b@ 105!, F ! 10%8pdgraphy Har148 and the Eﬂlﬁl%l&efriont abéigtidf ot 160), suitable account may

0@, >10(y@‘ ( ) 37 ]ég %‘%e@aﬂanons in optical path length (e.g., from the wavefront aberration data)

10  orrefractive index (e.g., by averaging refractive indices) of the eye in order to correlate
these data, as will be appreciated by those skilled in the art.

ththcr data are generated according to the procedure outlined in Figure 7A or
in Figure 7B, as illustrated in Figure 7C, a computer program then generates a treatment
profile 144. This can be done, for example, in a stand-alone computer 104, a computer

15  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, or a vaficty of other types of treatments could be performed,

20 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

25  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 comeal 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

30 treatments. For example, the comeal surface topography system 100 returns 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

35  data 112 from the comeal surface topography system 100 is employed over a surface
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Referring again to Figure 7C, based on the treatment generated 144, typically, a
10  course of treatment, such as a series of shots, a series of scanned slits at various aperture
sizes, or a variety of other types of treatment, is provided for a particular type of laser
system 106. The course of treatment, illustrated by a profile 146, is itself spatially
referenced to data 148 representing the iris image. The data 148 again could be an image
of the iris itself, a high contrast representation in black and white of the iris, a location
15  representation of various features of the iris, or a variety of other representations of the
. iris.. In-general,the data: 148 representation-of the iris-should be suitable to.allow the
course of treatment 146 to be aligned with the actual iris of the eye E when the eye E is
to be treated by the laser system 106.
The laser system 106 is then loaded w1th the treatment proﬁlc, including the
20 - course of treatment 146 and the iris data 148. Referring to Figure 7C, the laser system
106 can be of a variety of types, such as a 193 nanometer excimer laser, and will
typically include a lasér 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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15

treatment 146, such that the ultimate course of treatment, when it is applied, corresponds
to a course of treatment necessary to reduce the optical effects as predicted in the
treatment generation 144.

~ The data of the course of treatment 146 itself can be altered, or the aim of the
laser system 106 or the rotational alignment of the patient instead can be altered.
Regardless of the methodology, the iris data 148 are used to align the iris I before the
treatment 146 is applied.

Various types of eye surgery can benefit from the disclosed techniques. PRK can

be applied to the external surface of the eye, or a LASIK procedure can be performed by

' ”’“—ﬁfst‘raecting'a’purr'ronbfthe"comea“and' then applying laser treatment underneath.

25

30

Fiirther, the techiiques can Iend themiselves 1o other; nion-keratectomy-types of

- ~treatments, such as-excimer keratotomy, or various types of thermal approaches to .

refractive correction. These courses of treatment can be accurately aligned with the iris

" of the eye, such that the calculated treatment pattemn 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
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
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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With respect to the iris matching and alignment itself, a variety of techniques can
be employed, either using actual images of the iris or digital representations of various
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 “Automatcd, 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
mahually 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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treatment, more detailed features can be employed for more precise registration of the

eye E before treatment. Alternatively, 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
-~——the eye 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.
Turning to Figure 9, various adjustments that can be made to the desiréd
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

39

SUBSTITUTE SHEET (RULE 26)



10( 10( 10( @10% & ()- 910% & ()-ZIJFaB_@ 1010%& ()-! @ 109%& () -yy
@0%& ()-'10%& ()- 10%& ()-Z10%& ()-8:~? @ 10% |
1002& ()-g!\ ! F" 10%: () - g! 10%2& () - g10%& ()-10%& ()-310%& ()-k zX9_@
10,5 1092 & ()-z!S 1109 ()-!N- 1109 ()-,109%& ()-!\" "1000/?&)”@9‘
Y10%z& ()- #>?@WNZi bC 10! & 10% u&' () -, 9710% u&' ()-!10% u& )= "162%10z
10z, =109 & Wp-0280€ & ()-ia_}[9bC 10! & "109& ()-z!1& PCT/EP0O/10375
"10% & ()-z! 10%u& ()-!,!10% 0-0& ()-y10% u& ()- FY :!110% u& ()- i!
##$)} [ <bC 10! +MLO% u& () -! N9$! 10% u{ u& {)-! D9$! 10%q& ()-! @' f

10%munu& () -g910% u& ()-g& "10% u& () - z$$HIER&R&EY ~SH= 10! 10-u 10-u

10- u=10% ug& (t)y %&85%@&(#3 E%%%?(Ofé%%oﬁfglz @‘hxs iLnOtot/xm 1s applge.)d to the scél.loc{ ﬁt‘:s( )j 88888 (

dESH= 10!
(10‘%( & ()- 3"f Wﬂglﬂi SATE(tRE otud] BOAORUR A1) - Thes dathard thedlbed by 'theJaser |

Il " 1098535 & .
gi | 1002 ?) S’%{?‘fd% fogpepfpmm an aeppal tregtment; 31 1 9o ()-y10%& ()-=-0J.i..010"?S

H= 10!! Y1 ! 109% & (Alternlativély, ifld8®antrof ?'stcm at( éhou %h computational power, it
1094 & ()-!'1"3(!109 (& ld (! 10%: ; Sl 0000000000
1001 3" yf 10%&: éyoslsl 3ser13_ gnd;\eappropnately rotated and translated. This

10 may be dcsxrable if the eye E displays a largc 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 nianner, 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 seriesof shets relative to the-iris image-206-is detérmined
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 I 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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9&! 10%&' () -! Smyumﬂm@a]@m@@egﬁﬁpfﬁgjm@ls 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.

+—n. — - 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  cormesponds 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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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

within a pupil area of the eye with the corneal topography data outside of the pupil area.

2.  The system of claim 1 . 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.

3. The system of claim 2,-wherein the iris image corresponds to the

wavefront aberration data and the corneal topography data.

4. The system of claim 1, further éomprising:
an excimer laser system adapted to provide a cqixrse of treatment for the

eye based on the combined data.

5. The system of cla_inri .4, wherein the laser syétem is coupled to the

computational unit.

6. The systemof claim 1,wherein the computatibnal unit is adapted to

calculate the wavefront aberration of the eye from the corneal topography data.

7. A systefn of claim 6, wherein the computational unit is adapted to

‘compare the wavefront aberranon data with the calculated wavefront aberration data to

vahdate both.
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adjust the calculated wavefront aberration data based upon the wavefront aberration data

provided by the wavefront aberration tool.

9, The system of claim 6, wherein the computational unit is adapted to

calculate a course of refractive treatment,

10. The system of claim 9, wheri;in the computational unit is adapted to

display a simulation of the course of refractive treatment as performed on the corneal

topography data.

" 11, The systemof claim 1, wherein the computational unit is disfribufcd .

between the corneal topography too}.and the wavefront aberration tool.

12. A system for deterrm'niﬁg refractive aberrations of an eye, comprising:
_ a corneal topo gfaphy tool adapted to prdvide corneal topography data of
the eye; ' |
a wavefront aberratioﬁ tool adapted to provide wavefront abérration data
of the eye; and ' | , | -
a computational unit adapted to receive the corneal topogi'aphy dataand

the wavefront aberration data and to develop a course of refractive treatment based on
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14. The systcm of claim 4 wherein the laser system is located phys1cally

remote from the computational unit.

15. The systemofclaim 4, wherein the laser system comprises the

computational unit.

16. A system for developing a course of reﬁ'éctive treatment for an eyé.
comprising: ' ' o
_ a corneal topography tool adapted to provide éor_neal topography data of
the eye; ..
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 proﬁlc
17.. The system of claim 16, wherein thc computational unit cvaluates the

patient suitability based on the topography data and prepares the treatment proﬁ.le based
on the wavefront data, : :
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18. A system according to any preceding claim in which the corneal

topography tool is an elevation based topography system.

19. A system according to any preceding claim in which the wavefront

aberration tool is a Hartmann-Shack type of wavefront sensor.

20.  The system of any preceding claim in which the comeal topography

data is a determining measure of patient suitability for refractive treatment.

21.  The system of any preceding claim in which the wavefront aberration

data is a determining measure of a refractive treatment profile.

22.  The system of any preceding claim in which the corneal topography
data is a determining measure of patient suitability for refractive treatment
and the wavefront aberration data is a determining measure of a refractive

treatment profile.
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