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g (57) Abstract: A system and method are provided in which an iris or eye image is taken during a refractive diagnostic analysis.
The image is employed for aligning data from the analysis with data from other refractive analysis instraments, as well as aligning
a refractive surgical tool, such as a laser, with the eye for treatment. Further, the stored iris image is compared with the patient’s iris

a before treatment, verifying that the correct eye is to be treated with a developed treatment pattern. A variety of refractive instruments
can be used, such as comeal topography systems and wavefront aberration systems.




The image is enployed for aligning data fromthe analysis Wﬂ%&?é@o{ rom
other refractive analysis instrunents, as well as aligning a refractive
surgical tool, such as a laser, with the eye for treatnent. Further, the
stored iris inage is conpared with the patient's iris before treatnent,
verifying that the correct eye is to be treated with a devel oped treat nent
pattern. A variety of refractive instrunents can be used, such as corneal
t opogr aphy systens and wavef r cAPPEHICATION BORBATENE. 21 April 2004

APPLI CATI ON FOR PATENT | NVENTORS: KRI STI AN HOHLA, THOVAS NEUHANN, GERHARD
YOUSSEFI, and ROLAND TOENNIES TI TLE: I RIS RECOGNI TI ON AND TRACKI NG FOR .

TREATMENT QRVERNT - KRR h@pa!kﬁ'\' TECHNI CAL
FI ELD The i nvent igﬁs'r%ggggﬁfé%}g‘?{gg EWW ractive surgery,
|

and nore particularly to use o ri's cognition and | ocation systens
to alignr tive ' | r tive laser systenms with the
eye. B,%\CK " ART %S%%%@ h‘&ﬁﬁ%@% %(#roﬁhe ast _nunber of years
has seen great strid %W@E\Cgﬂﬁ VeAREE {lEEat ment s

i ntended to correct tHeEvision of the eye. These -techni ques have evol ved
fromthe earlier radial keratotony technique, in which slits in the cornea
all owed the cornea to relax and reshape, to present techniques including
phot orefractive keratectony ("PRK'SPEGIRIEATOONI anel | ar keratectony ("ALK"),
|l aser in situ keratomleusis ("LASIK'), and thermal techniques such as

| aser ther mdclQIARH@SHY ("LTK'). Al of these techniques strive to
provide a relatively quick but lasting correction of vision. Wth the
devel opnent and Thefinveatiemtedates totshaaas for ophthaines refgicded airg@yeidshor has
beconme possihle,in r fract{,ye error. correction. In early types of

treat ment s PaRtcRlarly de e usp, of gis regpgnition aad Iqcation,aystems, ta alignrefraskve se. To
provide ColiabitRTobI8 akldl Fiabtwd 1 er?stéHl{‘\gﬁ%ﬂfé ediopter of the desired
u

correction for nyopia, for exanple,” wo e considered an

BACKGROUND ART

The field of ophthalmology for the past number of years has seen great strides in
the development of refractive treatments intended to correct the vision of the eyé. These
techniques have evolved from the earlier radial keratotomy technique, in which slits in
the comea allowed the cornea to relax and reshape, to present techniques including
photorefractive keratectomy (“PRK”), anterior lamellar keratectomy (“ALK"), laser in
situ keratomileusis (“LASIK"), and thermal techniques such as laser thermal keratoplasty
(“LTK”). All of these techniques strive to provide a relatively quick but lasting
correction of vision. '

With the development and refinements of these techniques, greater precision has
become possible in refractive error correction. In early types of treatments, the precision
of the correction was relatively coarse. To provide correction to within plus or minus |
one diopter of the desired correction for myopia, for example, would be considered an
excellent outcome. The types of treatments have become progressively refined,
however, allowing more subtle defects to be corrected. Myopia and hyperopia can now
be corrected to a high degree of precision with current techniques, and u§ing excimer
lasers, higher order effects can also be corrected, such as asphericity and irregular

astigmatism.



excel l ent outcone. The types of treatnents have becone prog'rzqﬁ)iﬂy o4
refined, however, allowi ng nore subtle defects to be corrected.  Myopia and
hyperopi a .can now be corrected to a high degree of precision with current
techni-ques, and using exciner |lasers, higher order effects can al so be:
corrected, such as asphericity and irregular astigmatism 21 April 2004 At
the sanme tine, the diagnostic tools to determ ne what correction is needed
have al so advangggp i . &2 b3 n be
determ ned and coreF gdg?etgﬁ?’? ?%g%gl&glhgg&%[ﬁ t%%/cEEEI r "”r‘gl&%‘:g?ff{@”sggﬁ%ﬂ%a

t echni ques havealde advanbal Empldayisg topBeatplng sysemsS yBih, de82ts eantbetdetetimined

"Distributed,Exciner. Laser. Surgery System " issued. ri 16, .1999. A variety
of ' new 1 opdt SRS CEaretve S e teByang: Sweh CRaNaPFAT dosahed ey Sing
overal | refpaaat N8E5 891,052, dRGRM TARPYRH BXBintd N adG R kerP QYsBR Vishiea amounts -
of nyopia, hyperopia, and astigmatism but also, higher order aberrations

of the ref Aqstl by 99 dhaaridty of ndw tdpography syBnes; pachymetry\systefns omaveditvat r at i ons
in the human eye_ for such_.putposes ,.as ..intraocul ar, surgery, apd contac} | ens
and i nt r aoBtIat Pt veralE e Ve AtTor doiartion B can getect it oplyIhe ampuns o

" Obj ect i ve pippRL hRpRedia Und W En ARG, bat 4188 %ighbr brder MERAORY S thé FtrdchiGe USEr

of a Hartmann-Shack wave-front sensor,"” Journal of the Optical Society of
America, yowpertiesof lggey®, July, 1994, pp. 1-9. Inprovements to the

t echni que of Li t _al_ar ught. in, J iang and D. R WIIians,
aberrat tons AninererPn gl Rrefiet Biklionitne RutRefier Sicpessas Jour nal
of the Optimalc lﬂ@ﬁmﬁ‘gd%@ﬁd AoTRECt Gehs aN@ intrabeulNOlensl fabricAMONGF BREI0sd R 6., iRP-
2873-2883 and in U.S. Patent No. 5,777,719 to WIllianms et at

("W 1 I ansLjangw pl, ‘Qhiscivsasprsyrameshof waeesabeoptiotstafdhe hgnabeyerwith thesisemd f or

't raocur a?t SRR SR VarERbASHitey Rariiorte BBl Shliel B Ao "

99/ 27334 ( NMol.arinoi DTaly, 2¢®t, ppPCI/ URProvEHERS Id thetédhnique RRENSS R af Akt her

vari ation using polarizi ng optics to control back-scatter fromthe | enses
e

in the det tyghbrindetiapg and ReRyWilliamss  Alpreafionudngorstinal imiagequalisy ef theom t he
wavef r ont &l tcal ,correcti,on fors,th exam ned.
Mor e speci ﬁl cai P?&Q?Egé{o&u}ggzrofg%r?%gf‘ﬁlg ey éf"gpﬁ?'n%%l‘ ?Sﬁ%{‘ﬁr}i’ted to the
aperture oNowéaber, 1997, pp. 2873-2883 and in U.S. Patent No. 5,777,719 to Williams et al.

(*Williams™). Williams teaches techniques for detecting aberrations and for using the

aberrations thus detected for eye surgery and the fabrication of intraocular and contact
lenses.

International Patent Publication WO 99/27334 (International App.
PCT/US97/21688)(“Frey”) teaches a further variation using polarizing optics to control
back-scatter from the lenses in the detector setup. Like Williams, Frey suggests using
data from the wavefront sensor to develop an optical correction for the eye examined.
Mofr:: speéiﬁcally, the optical correction so determined is limited to the aperture of the
cornea measured by the sensor, e.g., the 6 millimeter circle to which the eye’s pupil was
dilated when the eye was measured. Outside that area, Frey suggests. usihg a tapering

~ blend zone of partial ablation to minimize severe changes in corneal curvature and hence
lessen regression.

These diagnostic systems and techniques have the potential for permitting

correction of both the fundamental and higher order effects, especially when used with

the even more refined refractive correction techniques, with the possibility that vision




cornea neasured by the sensor, e.g., the 6 mllineter circY§1g\ngﬁda1 t he
eye's pupil was dilated when the eye was neasured. Qutside that area, Frey
suggests using a tapering blend zone of partial ablation to mnimze
severe changes in corneal curvature and hence |essen regression. These:

di agnostic systens and techni ques have the potential for permtting
correction of both the fundanental and higher order effects, especially

when used with..the,eye ef.jned refractive rrecti.on techni ques,
wth the poleiantp SEUEIAAT fbtiedsy bt Aicansh. AgPERHIBRE ot ror t han
20/ 20 wi |l enirpayfoe applhgaavaicingdonesktic teBRKd¥ 8o re@adtiveQuRernf £6 appl yi ng
advanci ng di aﬂﬁfgst I C lf-,lt’eghrgml ogy to refractive s%?tgery are r?eléy]:jed. SUMMVARY
OF THE | NVEREdedN Wi | e ophthal mic refractive surgery techni ques and

ophthalmc refractive diagnostic techniques have becone nore precise, that
precision has lead to an increased need for accuracy. According to the

I nventi on, SAIMBRRIEY OFTHEANVENTEINN of both the surgical and di agnostic
techni ques are further realized by using an inmage of the iris (or a

portion of the iWhile ephthalmisrrefrapiveistsgenoteehydqies and ophthalinge refrictive nent
during di i s . dur i __Bef the refractii d i
por f or et CER0RicHhoideet bR 1RUGHE Iore BELRE TnddRedi S0 AR 1o gSE s o

during t heneédfenasiusacyFMecexiaigrothe MVERICH, Advaheestih ¢hd Pregifioh @R both tgPr neal
surface topography systemor wavefront sensor system acquires refractive

char act er i §uigicaliphdiagnostiteahniquasare furider realizadi byaising andmage pbHwiiniy (ar@age of

h o o ' | ! he. i rie i :
then i nt Bogkoy o Shetis bEGEY RendtFhd SR TLRREAT! Miudehent ik doplRARy { °
addi ti onal ddiimgsugéryc Befuot theatRaive peycedureifipetfiroed (e seiddabyystenpigpi | or

iris imagin canera to provide a "point of normalization" to which all the
data and a2lgnsddysrian anigs imagn stared dusngtheirgmosifhen it conmes tine to

perform the ref Fgelived LAk ERD th%'"fﬁ%frﬁ??flﬁséo@@ea}é%%e 1 b%g?‘ﬁgﬁ%%%w

| aser, another canera’takes an”i nage eilrrs,
devel oped wavefrdserdionsysest acuired rfmetivechardtenoticdith d€ theteye fudblsbr i s i mage.
This acquires a corresponding image of the pupil and iris of the eye. Data corresponding to
the iris image is then maintained in connection with data from the diagnostic system. I
additional diagnostic tools are employed, they too can employ a pupil or iris imaging
camera to provide a “point of normalization” to which all the data and a subsequent
treatment are referenced.

When it comes time to perform the refractive treatment, such as using LASIK
with an excimer laser, another camera takes an image of the iris, and a treatment
developed from the diagnostic information is normalized to that iris image. This
normalization can include translation, rotation, scaling, or other trﬁnsfbnnational
techniques. The treatment is then provided with the knowledge that it is being applied to
the desired points on the cornea. ‘

Further, the iris image can be provided to an eye tracking system, such that the
actual aim of the excimer laser can be adjusted on a dynamic basis relative to the position
of the iris.

Preferably, the iris system detects distinctive features in the iris and determines

translational functions based on those features. Generally, no two irises are alike, and

rotation, translation, scaling, or other transformational techniques can be accomplished



normal i zation can include translation, rotation, scaling, ot
transformati onal techniques. The treatnent is then provi de(¥1%:ﬁ1 29914

know edge that it is being applied to the desired points on the cornea.
Further, the iris image can be provided to an eye tracking system such:
that the actual aimof the exciner |aser can be adjusted on a dynamc’
basis relative to the position of the iris. Preferably, the iris system
detects dis e

Functi ons. bosagbkfing BRUHER thuledah s SR Gh S ARk P RRLA AU .
rotation, tmnablaﬁm@ran image offble iy ity wéll Mrﬁﬂé&&harﬁa&hstic&'@itﬁteﬁbﬁﬂleCan be
acconpl i shed 21 April 2004 based upon the distinctive features. The iris
system can ‘%&@“?S@&ﬂ}"é{u}" dnd piher prrssofghe eyre or pilpsteaiumes theficag held P rage of
the iris itgglf I of the iris,
features of t@rqesu%% dlm ﬁgﬁ hl\éggfé F%ﬁrﬁ%ﬁﬁ% fag)%r%taﬁ%%ﬁf eatures that

can help to al @ccos&hg&qdﬂatcndﬂda&:rﬁof&h veiitin, herigh alignises canbdef ore
cordl to different features of the invention, the iris

| aser treatne
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Addi ti onal lz{;‘% lgﬁ?fdé\régﬂ%maa P nrrerlllfﬁtﬁ)ec é%cﬁﬁonaﬁ’lé;aﬁi?%mnflﬁ vveenﬂ'g‘l'}f ferent

t ool s. For oeanémulsezi betweeri dlffsredatcalsca?mrbmmple,dhé msedaltzgdfnncuHseditcﬁag@ﬁan t ool
with a refractive toal such as a |aser, while

h t t
ts ﬁg gﬁt ?. rfgg%%gf?ﬁ hch a5 A dereeraphig toghwith 2 gsfractive EPOil suchas @ lwr,avmbﬁh@ at a
bet ween t hgkRRAFRLHS anll Q%taﬁ{[?lﬂal rdBlenEXRMWLEro Wﬁftfe% ﬁaﬁsﬁﬁmﬂéﬁrg‘ dat a

alternatives are possible ese various te ues,
i s mai nt ai eol andgker kxample,tadwavefranefenacd. |®theraaflmh;a$wss atatpassﬂde Ixhthe:reef ractive

treat nent .dat.a, for-.subs nt use, by ot her, fra tlve naI sis of'

treat ment t'GHPUS tefl?f‘lg?ﬁwﬁgﬁ 1gprpentda W“&f‘&@ﬁ%‘gﬂg&t F’b\’i}ﬂ% ¥ Taig analyEs n,

refers to diangpiciiadtOy kbRl dz?té(%?%s%&ﬁt%%b&%%:&%%é andlpGOyTEt 7 s,
I agnost

wavefront sensors, and t lTke used to I C measurehents to

obtain ref rtmtmmt@éia about the eye being . neasured. Refractive data

thus refers gen(;qr_la_ lé to features or character I cs of the eye that cause
51

| ess than perfe 2n, the fem Wé“@@t%ﬁﬁéﬁ’é#ﬁ?ﬁ&p@fafméﬂ Uc | ght

devices or systems such as topographers, pachymeters, wavefront sensors, and the like

used to make diagnostic measurements to obtain refractive data about the eye being .
measured. Refractive data thus refers generally to features or characteristics of the eye
that cause less than perfect vision including eye component shape, thickness, light
propagation and wavefront aberration and other refractive anomalies recognized by those
skilled in the art. Likewise, the term “refractive tool" generally refers to a device or
system that can perform a refractive treatment on the eye, such as, e.g., an excimer laser
which is typically used for photoablation in PRK, LASIK and other photo refractive
surgery. The term "normalization" as used herein will be understood from the |
description to follow to generally mean matching, equating, correlating, fitting, etc., an
image or representation of a diagnostic measurement to the first iris image such that
everything is size cqnsistem to the first iris image reference coordinate frame.

As an additional benefit, the iris data stored in conjﬁnction with the refractive
diagnostic analysis can provide a safety mechanism for subsequent treatment.
Specifically, if before surgery the iris data does not match the actual iris image acquired

by the surgical system, the surgery can be stopped or prevented. This can prevent an



propagati on and wavefront aberration and other refractive anonalies

recogni zed by those skilled in the art. Likew se, the tarmprief pagui ve
tool" generally refers to a device or systemthat can performa refractive
treatment on the eye, such as, e.g., an excinmer laser which is typically

used for photoabl ati.on in PRK .LASI K and other photo refractive_ surgery.
The term " h S RwRoRgEY i Pkiculoh i 1 I OF BEasaoF SRR AoRb
descripti orhnbgleflggﬂeﬁw to generally nmean matching, equating, correlating,

fitting, etc., an inmage or representation of a diagnostic neasurenent to
the first iris image such that everything is size consistent to the first

iris imge refenenoeyeOpblicral frtﬁé?r &% ifPerRiddiphbAB& a BRRGH Kiralichifhel 1S
data stored in conj u%ct I on eWi tlﬁect’he eefsra(]:l'?fbve (E)lﬁ-agnos%lg% ana(?ryam S gan
provi de a saf mifiactiee dimpnesticfand treainse) detaf cdmprégtiment . Specifically, if
before surgery the iris data does not match the actual iris inmage acquired

by the surgi cal adiysioahthalitye disgnesdie pr eedichiee opb pppleysg ssidditsiregactivehi s can
] . i th i th tjcul ar data,
Por  exanp) Saathe S bbnBic GRBEA, et iolf Sfe T F et b cBR o *hot her

aspect, t hepRh@&aROhlidrMeR0Hate BndHaitiAR thal dsty 88 #reférehicedof RifRg refractive
di agnostic and treatnent data, conprising: a first ophthal mc diagnostic or

refracti veraftagtive datgil oyi ng said first refractive data, the first
ophthal m ¢ di agnosti.c ar refractive tool ,adapted to .capture_said fifst

opht hal ni ¢ al i gﬁﬁ@ﬁwglﬁ{séoﬁ?éﬁ%‘? ﬂ{gg{qul{ @pngggﬂggmggmge Ay anefenee for fish
first refrapkiivedgdata; receiving first ophthalmc alignnment data being

mai ntai ned as a reference for first refractive data; means for associating

the first reheagirhvRscditig 'éﬁrsk%aéﬁ@@ﬂaw%wd&w&l%ﬁg@ﬁ@da y gni ng the
h ata; an

first alignment data wth the second al i gnnment an opht’hal m c
di agnost i calegningthedirstialignment datmpitio thersgcaelcadigament date tahd en dplithzlntibe
[ [ ractive tool, adapted to_ cap e second .

opht hal m c .di agnost i Qr re r
opht hal i cdaal%m@me e fg@I S oY BESFRTBIAC I S28cib6 Qana s GIABIestgat a.
BRI EF DESCH ﬁyame%olwgpt%\@ayﬁe second ophthalmic alignment data as a reference for

the second refractive data.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a flow diagram illustrating the acquisition of iris image data and the
use of the data for a subsequent laser treatment;

Figures 2A, 2B, and 2C 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;

Figure 3 is a diagram illustrating combined ablation profiles developed from
wavefront data and from surface topography data;

Figure 4 is a cutaway representation of an eye, as well as associated diagnostic
tools used to determine particular refractive characteristics of the eye;

Figure 5 is a diagram illustrating various features of an eye that can be used as
characteristic iris data in a system and method according to the invention;

Figure 5A is an eye diagram similar to Figure 5, showing a marker according to

an embodiment of the invention.



Figure 1 is a flowdiagramillustrating the acquisition of'iq%$ﬂiﬂﬁgp dat a
and the wuse of the data for a subsequent |aser treatnent; Eigures 2A, 2B,
and 2C are block flow diagranms illustrating the acquisition of iris data
in conjunction with refractive characteristic data, the generation of a
treatnment based on that data, and the use of that treatnent data in
conjunction with an iris inmage to performlaser surgery; Figure 3 is a
diagramillustrating conbined ablation profiles devel oped from wavefront
data and from surface topography data; Figure 4 is a cutaway representation

of an eye, as . aS i | ostic taols used to deternm.ne
particular refr a@‘%@“ﬁ%’i&géﬁgﬁwt‘féwﬁé@r -%Eﬁ%tagmggna&eg]- ram
iI'lustrati datat@rinlite 4 dafired @SathifenpinteatPachRRreftRRNRCHIARY 18 he TRl € 1 Sti C
iris data in a systemand nmethod according to the invention; Figure 5A is
an eye di agr am §igWe afs a fowdiggram Blusteringian gltermadvadeehniguesmaleying goredn
enbodi nent ; af h ' 5 21 April 2004 Figure 6 is a flow di agram
iIIustratiH%(F%Q%ﬂggxgﬁkg or%d iris data and imaged iris data to translate
a desired trBiums8A ind 8B ae displayamapésifibdiiviihg 8eaedalique of Pigufe7;i nventi on;
Figure 7 is . a flow djagramillustrating an alternative technique enpl oyi ng
stored ir Figugsids @1151%@ agliagrapsdlupieating afasgtplegnnmat berar/ omagingsysiesp| ay
i mges ill %ﬁ@éﬂ . ' l.gure 7; Figures 9A and. 9B are
di agr ans iPﬁ S rapgﬁgags%gégﬁkgﬁﬁgﬁﬁ%ﬁa egani i magi ng system alignnent
techni que accor Hignge 1(istaliagranv dlhistrativig HHegnatiee ABprintenatedh@igiedMetdriiagtis at i ng
alternative alignment techniques according to the invention; Figures 11A
and 11B ar EefYSIHAR ref i nenents of ali gnment techni ques according to the
i nvention; Figu ﬁ;ﬁ% [ igag Q%k g eina
systen1according tolgﬁgaﬁgygﬁgion; gn g%m@oFQﬁﬁLﬁﬁﬂ%dﬁﬁﬂ%?&xL&ﬁqﬂ%

the invention;

Figure 12 is a block diagram of a wavefront sensor for use in a system according

to the invention; and

5a



21 April 2004 Figure 13 is a diagram of an exenplary fixatig;]ﬁipﬁ%gojor'use
in the wavefront sensor of Figure 12. MODE(S) OF CARRYI NG

| NVENTI ON Use of Iris Data to Align Laser Treatnment Figure | shows the
general flow of a nethod of using a systeminplenented according to an :
enbodi nent of the invention. At block 10, the iris is inmaged in
conjunction with acquiring refractive data using a diagnostic tool. This

conj unct i on i t fractive d _ _
exanpl o, the 1 obieREAS ket Afadhiin e fobBPh RO IREF TR B WheliBlt, o

as usi ng aseawsonefFigamri2ace t opography systemto determ ne a corneal or
refractive profile. O it can be used inmmedi ately before refractive
surgery. In any case, the inaged iris or sone representation of the iris is

mai nt ai ned pphbl(s @p@a{mﬁm ??LE%I‘&’%I@T yjagnostic tool. Proceeding to
bl ock 12, a tre:gtt)trrent s t enﬁégge oped asggNon the data provided by the

di agnostic tool. For exanple, this treatnent nay treat for a certain degree

of nyopia and d&lseiof Iisgdatato Abipn faser Teentmd@iti s t r eat nent can -be, for
exanple, a trea eve orithns of PCT/.EP95/ 04028,
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tool data can be nornalized to subsequent”iris inmages. Further,” the

treat ment Hdeteunine asomeak armefsackivaiprefiledOr # cahbde nsddsimohedistel ydefore rfractive s i s
done at block 14. where the.|laser..aimand the treat t.pattern.arge .

ot el | zed g dn MRF e BF imRPkRlinE bot rebBSeT AR ot BAITRA with o

nor mal i zat iHedaeedeveRiped B¢ thé F&MREM tobPr M8, such as a translation of the aim
of the laser to_an appropriate point, or nore sophisticated fornms, such as

by rotation or Evsgedieaid blgckahdi adieatengissthen developed basediontthe daraprdvidede iri s
i mage that bif ﬁlep&lgfn%gttlce g)ol. %&r%%aﬁlﬁl%?{mssggaﬁ%t may treat for a certain degree of
myopia and an irregular astigmatism. This treatment can be, for example, a treatment
developed using the algorithms of PCT/EP95/04028, entitlcd "Excimer Laser Syster.ﬁ for
Correction of Vision with Reduced Thermal Effects,” published April 25, 1996, which
provides a dithering algorithm to modify a corneal profile, in conjunction with the
distributed system of US Patent No. 5,891,132, entitled “Distributed Excimer Laser
Sufgery System,” issued April 6, 1999. This treatment, however, is normalized to the
stored representation of the iris'image. By doing so, subsequent modifications to the
treatment baséd on additional diagnostic tool data can be normalized to subsequent iris
imaéeé. | |
Further, the treatment itself is preferably aligned to the iris of the patient. This is
done at block 14, where the laser aim and the treatment pattern are normalized to the
image of an iris of the patient under treatment. This normalization can take-very general
- forms, such as a translation of the aim of the laser to an appropriate point, or more
sophisticated forms, such as by rotation or even scaling and skewihg of the treatment to

match the iris image that is presented to the laser system.



621 April 2004 Proceeding to block 16, the |aser treatnent i‘lipﬁihfdbdf -
performed. OF note, during the |aser treatnent the system Can periodically

or even cantinuously match the iris data to the stored representation of
the iris data, in essence tracking the patient's eye. Turning to Figures
2A, 2B, and 2C, the general flow of determning refractive data, i

normalizing to the iris imge, generating a course of treatnent, and then

vent on.. Rt r AgeeatneiFEPERES, SOy GUR DERAREY Ol Uifadd e

det er m ned iRir BesteenEdt stinh S4LpdriIIRANRPAYvensatiRBUBinaok the iMedsah tont
sensor 102. Both of these devices gneral |y provide data indicative of

refracti ve tehdprgdrenreseniagian of thefids dafa in pssepertracking the patisRbse¥d wor kst at i on

or conputation ' .S AS ty . 1 zed

cour se rrgf treat ?}ilélrﬁ'!tﬂ Hé an%'ggre% gAf ggm%lé# iaaﬁl?%gﬁmg g"@ ?@%P?ﬁ%%%%%? L?iét?‘{pool .

Al t hough skiawNn@mmatizigpe thtifls inidek sértdting a dodrse Dl GBaatent, and tea a.pplzﬁlg a
s

distributed systemlike that djsclosed in PCT/EP97/02821, the workstation
104 and/ or cppise pfieatmerids hawicima ysism gosesingipsheinventioniReliglive of t he

ot her conp . i ] | e,

al so s hom%p%q{l—t?gﬁjrcgtog% ?gétgﬁ%g% fgtreﬁsa?/ésjeticg%mﬁé%d %f%ﬂgarl é@g?é\;gépﬁ%@% he

treat ment  gestend00dndy wakefromisktsiont 0D NBABAS dnde devicaayeaadiip gravidesiatiat a. The
| aser systen 1,06@}:({) | d . incorporate the functignality of the workstation

104, gener AqeRivE R relmstiviehasctensteeef the eva feddifion 4 ¢PmpHen verkstalignire m 106
i | f. Begj i i i : ' h
Itse fggg@hﬁﬂ% dlu 1984 Fsrs%'g\vnttﬁ'ﬁ 1§ﬁ’§cﬂ‘?@!:re5t9%%%§l$ﬁgi’ﬂsﬁ36ﬁfs§'E‘E Erg%mgﬂtt ers

cor neal rap at a oma patient's eye ustra

t opogr aphy baseslfoarthe dath pelevided®yathe diagniostiks ool p AlthanginehosnlR& saparuel | as a
pupil or iris caperg 110, These c¢conponents are known to the art,"and a
variety of WEKH# - SR ag R se e disaibited sysiemdike th%t&h%&sagm c data. For

exanpl e, t dHRE e %r@(ﬁ@ﬁsuﬁraﬁ%ﬁﬁgﬂ%fgﬁgf%%%%ﬂﬂﬂgE&quge}téﬁ"t a, and

ORBSCAN |1 (r) topography system by. Bausc ) I'nc. Salt Lake
City, U ahwithinthagesf thebthentympenchtsad thosyseal oft Fipugs AANYB, andt2GilBw  over al |

Lopo0rabhy L LIS, VLU eompanent . of e feey The Lormryystom (5 2
ORBSCAN  Hefedtnhe bETRIHSESy W otkRatiin®i0atanQRer8dndiaY ifid &fth "Phd Bsgfet er m ne
refractive errors of the

system 106 could incorporate the functionality of the workstation 104, generating an

appropriate laser treatment within the laser system 106 itself.

Beginning in Figure 2A, the comneal topogfaphy system 100 gathers comeal

topographic data from a patient’s eye E. The illustrated topography system includes

Placido disk-type hardware 108 as well as a pupil or iris camera 110. These components

are known to the art, and a variety of techniques are known to produce comeal --

topographic data. For example; the System 2000 by EyeSys produces corneal -

topograpflic data, and ORBSCAN II® topography system by Bausch & Lomb/Orbtek,-

Inc. of Salt Lake City, Utah, produces not only surface corneal topography, but also

overall topography for the various components of the eye. The former S)‘rstem isa

Placido disk based system,; the latter is an automated slit lamp system. The ORBSCAN

II® system uses surface elevations and ray tracing to determine 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 absolute corneal height at a

variety of points, corneal curvature at a variety of points, and the like.




eye. The topographic system 100 typically can produce data'gquH}z 21in a
variety of formats and gathered using a variety of techniques, such as
absol ute corneal height at a variety of points, corneal curvature at a
vari ety of points, and the like. 7 21 April 2004 Besides the corneal data
112, the corneal topography system 100 al so acquires a corresponding
"snapshot"” of the visible surface of the eye E, providing first iris (and

il) i data .114 ' ' f jri d (1) i . 120. Ma
orneal " surf acBRoRRLYF SREICHE LIz eFont oanetl RafH L0 ard it o
i mage. As améspohdiap “sibipSHorssefle ?gkwvsurrd&e of BERYya E pfovidil ffsPitis{and he iris

image data 114 in a variety of formats, such asS a standard inmage format,
or as a regupiddniage data litth regesentatise plbansiris (ansd pupilpimage 130t Manytoomgake

of the i nt BTRS LR S RaRR Ra v oip o bty Pl Bai Bubel o
combi nat i odiselisstdBgOw, thledameROI0i caf Providd tha isSintake Ul 114 iba vadidy BEPI |,

their interface, or other eye structures as well. The canmera 110 can be a
vari ety of feraas sughasastandaidimage format jopaea redyped formatin which vasioupirisar

camera Ssui ] A el hi S,.} 120 . Prefera t i,Bge i s
acquired gﬁﬂ! ﬁrentf%éscrr%%l ﬁlgﬁ%(}lfia§ﬁ{hh%tl¢ag§%§? g}g%;’ s %Eé]eélﬁbéblf ﬁl@gidbeo ©

di sk-type bfithdwaetaceldiGhapepil gallifierTHedris sallopegh Bsomdl@intbidatidn oflihAgugh
before or after woul d al so be acceptable. As illustrated in Figure 2A, the
t opogr aphy ardresognizedattifacksof ithe isis; the gapilidheir interfage.or pEher ayesirugtures ast ed
accordi ng tanpsone coordinate system as represented by overlaid inages
116. The relationship between a deternined topography 118 and the iris

i mage 120 i s nHhatanhermd10ircat bea daticty ofsartkra Cyjesatcbad Dvisibldigght finfaredpge
data 114 for éhe iris i_n@g& 120 is_useful for_ aligning a surgical’ tool
(here, the©f 9bekcamert giiapledp captues thains impge 180, Reglsrably.dhejnage 19,acapised f or

nornmal i zin : Ll b1 (] QSt G, S.
Speci 1 cal Tl epftet ERBHAHOBoRENG G RpRS b B8RP Fard Pa] 1AL

i rregul ari gathering the adpegraphy dat 112, dltheugly Before drafeheould\aésorbericespedider 102,
preferably a cagrﬂi 122 i s _focused onto the eye E in frqnt of certain

"trombone" opti ; “zsﬁlfateflﬂ’_é Fh‘-’r“&’r%n@? @fmowg_z@hzéa a(1d2 gnd thejns gaage déFa_ Yhti cal
path adj ushiengefehBl V1 AEYALE g BRbinE TholdindtS§Rteht a§ RPRAENED By BRLrlaER!

images 116. The relationship between a determined topography 118 and the iris image

120 is maintained in the data.

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 aiso
useful for normalizing data from various other ophthalmic diagnostic instruments.
Specifically, the wavefront sensor 102 also analyzes the refractive hregulaxitiés of
aberrations in the eye E. In the wavefront sensor 102, preferably a camera 122 is focused
onto the eye E in front of certain “trombone” optics 124. The trombone optics 124 (e.g.,
a focus or optical path adjusting tuning device or optics) is used to change the optical
path length and focus a laser 126 onto the retina of the eye E. The trombone optics 124
can be used to determine and compensate for the low order aberrations of the eye E, such
as defocus. In one embodiment, the wavefront sensor 102 gathers data for determining
optical aberrations in the eye E via a lenslet camera 128. As discussed above, a variety

of other wavefront sensors or other type of systems for determining refractive

ophthalmic wavefront aberrations can be employed.




path I'ength and focus a |aser 126 onto the retina of the eygqg ri-r?ﬁm
tronbone optics 124 can be used to determ ne and conpensate 't e |l ow
order aberrations of the eye E, such as defocus. In one enbodi nent, the
wavefront sensor 102 gathers data for determ ning optical aberrations in
the eye E via a lenslet canera 128. As di scussed above, a variety of other
wavefront sensors or other type of systens for determning refractive

opht hal m ¢ wavef A Qns. can be | oye | | 4 with
t Ee corneal surf ég g} l?’%g%é#@%%guri%?g ?M@g%¥sﬁ%n ﬂ%ﬁ‘?&@ﬁ?@éﬂ% §%\(’2’8’ib@s
preferably preferitds providks abérratidon daiad 30 30d aixdand pepil) MEgdddueh 132 fromahe dat a 132
fromthe pupil canera 122. These data establish an aberrati on profile
134-e.g., aPumhlcameshl22. sBiwsedats pyablish en besratin prefihil3—ednta wavedost t he
spots are d ' | 1.0 hg the vefront ;aberrat. o f .the eye,
UGBTI Bl S ﬁg‘t“?‘{g}% %G&Sﬁorf? of Jié spol 3 défe é"“%‘?sffé?eﬁéﬂﬂ“% o 132
can be si m waveftont biegrationssofl thegye, stinaWillfidms-Tasd WekRi(aehpursp idede 158 aAhel30
and the iris image data 132 also are nornualized to each other, as

i | | ust r at edirisymage dag 437 eandersimilatte therits imagerdata Bg. i Themyaygfrentsansoridatapupi |
can be dil ajgf, : o hab | i ar
acquired, oir ca\#}ﬁgﬁrsgﬁa“%g%%[lg% élg@a%glﬁoﬁg%lg’zgg%gagh%& err‘en% rq g‘é iE/ee bJaatena can be
det er mi ned awedappipg ssfednéenirainy £3®iniMigura 2AC dhepapid tat bedilagdivhémther ef racti ve

surgery, such as LASIK Thq?se,data can include. corneal t,ogggraphi c data,
wavef r ont gafionidata 13Q gndbs imags, data-asre acawired, Qsican pplaft undileted, ent | al

profiles (e.qg., I r t.S, : of
refractive data g%j\l/e (%éaeﬁ o? ?%Qggﬁ?%ﬁg%%ﬁ#% gl@ﬁeg@ﬂp%%?éﬁe%%%%m ng

or optical caherfteetnentfuyrefodvyivé aaperyuiel as EASIIEX Thedeelatadahig@dodend can be
used to nmeasure not- -only corneal thickness, but also the epithelial and

other eye <ipreslinpostap Cé’ﬁ@u}'{?" font sangerfgfa. compdisknesy data gf E‘ihékgaratorre-cut
flap (for LAgt }é)ltialtﬂ?éﬁfé;?(%i%}’@éin?&{r%n&bﬂﬂ%ge c&ﬁﬁ%ﬁehépanc?&ﬂ%rttpges'dfke- These
I on-ap -'by- asi's on the'ey

data are typically "provide n- ol nt ol nt e E, at
varyi ng r eswfrattiverdata deyelopadifipine/aribinesoonesi@ath asofporg shptvanaiag ar dftEcat r om t he

corneal topography, system 10 enerally wll have hi gher .resol uti on than
the wavefr feg‘é%%‘i/"%%“?é ‘efgbl%u%‘i- rf’ia"lr & 4‘391,’16’6%‘}‘%38%‘? t Usgfl tQyIEasuzs aot

directed t i 654 FhicRRRE Bt Ao m@%Pﬁmaﬁand%aﬁé} €98 s&rPAcBE Fhe BHOEACE
t opography data 112 mapping the surtace -

stromal component in a microkeratome-cut flap (for LASIK), the residual stroma under
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the flap, and the like. These data are typically provided on a point-by-point basis on the
eye E, at varying resolutions. For example, the corneal topography data 112 from the
corneal topography system 100 generally will have a higher resolution than the
wavefron; sensor data 130. Similarly, certain types of data are directed towards one
aspect of the eye E, such as corneal 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
total refréctive error found in the wavefront sensor data 130 from the wavefront sensor
102. _

Further, the refractive diagnostic tools could be of a variety of configurations,
such as a fixed, bench-type system, hand-held, or multiple systems integrated into a
single tool. One skilled in the art will recognize that the techﬁiques according to the
invention can be implemented in a wide variety of actual physical embodiments.

In one embodiment of the invention, these data sets are normalized to each other

for more accurate generation of a refractive treatment. Here, the topography data 112



t opography of the eye E, while other data may refl ect ot her'zﬁ%&gﬁ’?ﬁ@off t he
eye E, such as total refractive error found in the wavefroft 'Sensor data
130 from the wavefront sensor 102. Further, the refractive diagnostic tools
could be of a variety of configurations, such as a fixed, bench-type -
system hand-held, or multiple systens integrated into a single tool.” One
skilled in the art will recognize that the techni ques according to the

emboai ment 10 1 ek BBLRIFE o8 fooft P pckFleilet o REURLBRYRLFE aye,

nor mal i zed 180 acdthirti@pe ddt913210F 6 eﬁﬁﬁ?fe@ﬂﬂs@mm sedarefnoBnilefd dgbdcke
treatnent. Here, the topography data 112 9 21 April 2004 and its

cor r espondiCHT (iHpsirateddhyea %agramﬂﬁ@) based gp simpilaritieg of Hretifie imggeek20@nd theensor
data 130 angd. i hE %1 {: el . ts are
nor mal i zed%?%n&eaggﬁ% glﬁ Héer | f%slﬁ F }}1‘5 %%F E@s‘aﬁg?%glf‘%rend%ﬁ(g‘%’ gngéé‘@o %jr%gaﬁ%ﬁ
simlariti esyaésultfeorn ah svérdapging bf Cheritid imﬁl%s themhselvespgtanstedfl frorhlanst r at ed by
an iris i maa_e 142%. As di scussed above, .this nornelization .y result from
an over | appfiygimsnt ef gharaciegisticielements g thednsy aad pypil) waages@s disshsseghbelow

adj ust nent -rp{:o ke Wik sbdE sel enments of the iris (and pupil) inmages, as
di scussed Del'd I'n conjunction with Figure 5. In a particular enbodi nent
shown in Fi gur e i2 Bpattibelandiebodimentshpwn fin Figule2B ithe alroadies pastilé €34)is, vi a
fitting Zernike B?Iénom al s, _as_discussed in WIlliaps_and herein)_ to

devel op waPEIESRE (abe¥iaditingZefniks Polyaamials 25 disapised iinVakingsrnd bereindtq on
(e.g., con e.lLi-syimge
ot o 132 ( EPelon, Ryffrehl thorrlin U ShoyAlhs SRRIPNa AT follraiBll C Froddody "5
an over | applatd60.eThe wavafront semsorldaPa 130 andithelirs idBge dstadB3 (Figeed Hove, t he

upil is preferably. dilated when .the aherration data _130 gnd the .i mage
fat s aro hEQURIEED Hshtp F3G 0Meg 2 ISEREd by an AR B TR AR OIR | o
nor e accur g{ & OeRenaldieRsed a@)vﬁ?ﬁlégg%i'l YseprEféFa%ﬁe)‘@'Patted lﬂl@n {HeRgeraARafat a 112

and its corresponding Iris Inmage a 114 are nornalized to the wavefront-:
sensor dat 43036 deadmage data arke acquimdeardithese Hata sefscare esummgdized ta daeh other for

o e o QIS BerRbR o kbl S 1 ol R R e 2 10
(ZEAJ lustrat ggrbpofding frisSmabR8Ra 1 14 dre! forBATREE thelWaveidnticasstshtLrB0hdFi gur e
its iris image data 132. For example, the normalization of these data is illustrated by.a
(superimposed) diagram 164 based on similarities of the iris image 120 and the ifis
image 136 (illustrated by an iris image 142) in parallel to the discussion of Figure 2A
above. The topography data 118 extends over a larger portion of the eye, such as over
most or all of the comea, while the wavefront aberration plot (or data) 160 generally
extends oﬁly over the pupil or a portion of the pupil. Some correlation between the ;Supil
wavefront aberration contour piot 160 and the topography 118, when overlapped as in or
similar to.the diagram 164, may be apparent, as will be appreciated by those skilled in
the art even if no iris image data are used for alignment or for normalization. For
normalizing or superimposing the topography and the wavefront abefratién data {(e.g., the
topography data 118 and the pupil wavefront aberration plot 160), suitable account may
~ be taken of the variations in optical path length (e.g., from the wavefront aberration data)
| or refractive 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.

10



above. The topography data 118 extends over a |arger portlork,l%){’?@q
such as over nost or all of the cornea, while the wavefront a X
plot (or data) 160 generally extends only over the pupil or a portion of

the pupil. Some correlation between the pupil wavefront aberration contour
pl ot 160 and the topography 118, when overl apped as in or simlar to the
di agram 164, may be apparent, as will be appreciated by those skilled in

e data are used for al nt .or_for

e a1 2ot Ton. | PRReth ot A7 B teT aShHURE Fibe PrRsctiE SUeY SLENBR O he
vevel ront - apersal pBrashidhald B mghioc 1 9RBEAToAR! fer Ihctpil d euplp!

wavefront abertation plot 160), suita my b
vari at i ons prefiledti#cZhisgay he denagfdr e@&amgle m‘a stamd-hlenemnpmarm@beommté:on

cye 1 or gt it et ool nelvalk ae fop FAmBESGR| B Bt bpakRbse
skilled in tﬁé‘ﬁs&rssfsterlﬂoa]thé\ﬂf obra%QQQEW}ﬁtlhﬁrthg%%ﬁgﬁ SERBFIEY, %Folﬁ&cor d' ng

to the procedure outlined in Figure 2A or 1n Figure 2B, as Illustrated in
Fi gure 2C, Sastcmﬁpp'dfh@treqsme@rﬁneratedwogﬂrtmrmvmt)aofttr@anmmtFor@mmplceam44 Thi s

can be done e on ute 4, .a co

connect ed t8° gLﬁ t}'eﬁxﬁ'gn%)r}tlggtte& °8'f‘ﬁi’F pﬁ ‘i“‘c‘gﬁmgﬁ f@fstem
that is parfateat Not 5,891,25E0r ayﬁﬁawiaﬁm Eﬁ@s 6@@&%@:&%@&5& Bérdiaidd, t he
wavefront sensor 102, or ot her Systems.” The treatnment generated coul d be a

variety of ingledinghut got lmﬁedetﬂamm@bleeapm siragucammed skt one fixedsoanradspeoul d be

performed, as,ill trateg2é 0 nt|o d U.S . Patent 1,132,
b var | ecleeb e Reglelt oflnd nERRRen) B o T is 4B W 3IEE g
but not i g% tiediat01400r\i8HY ifrdkd ﬂ*leirﬁﬁbusﬁm&gnosﬁc fooly) BRdlcanl Hetmaififairddf | xed
scanned spot size |laser treatnent. Regardless of the treatnent per f or med,

it is genemamealiagdtnthestosdics image 2. dat a 140 or 164 fromthe various

0 aanost, oL o0 e 3L A0 RS BB (BOLORICER) by LRGEOSH 4 3

vari ety of cmméamnem.emeexmpm therdata 1morﬂ>ﬂwhﬁaﬁohh&n@6rt1@2k3@1dfbeom t he
wavefront sensor 102 could be solely used to create a treatnent, or,

i nst ead,  t [felelasgd (o ereate g trealgnand . igsieadyghe date phframispmepbausitca 00 coul d be
il ot L e e e e NN S
tool data can smnlarly be used solely to create treatments. Advantageous aspects of the
data from the various tools could be combined to yield better overall refractive
treatments. For example, the corneal 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 2B, the
data.112 from the comeal surface topography system 100 is employed over a surface
area larger than the dilated pupil, while the data 130 from the 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 their respective iris
images 120 and 136. “
Such a technique is illustrated in Figure 3, in which ablation profiles based on
‘wavefront data and surface topography data are combined. Illustrated in Figure 3 first is

a surface topography based ablation proﬁlc 162 developed from surface topography data.
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data fromthe various tools could be conbined to yield bettey

refractive treatnments. For exanple, the corneal. surface topég}ap y system
100 returns surface topography data regardl ess of the anount of dilation
of the pupil, but the wavefront sensor 102 may be limted by .the anount of
dilation present in the pupil (i.e., the wavefront sensor 102 typically
only neasures refractive effects of optical elenents that are in the

tical Th [ t f, di 164 21B,
ohe Caat b Tt capanyaieEn onBide atia iy ystrd g L ERREEO 15T Lo oyag
over a surdgifsire, a'wivefdhidfised Elﬂﬁh&rlﬁoﬂle' RadvaEpid fromdverrbdi@iagasa 130 from
the wavefront sensor 102 is wused foor the central portion within the area

of the pupgdnerally opby Yalidagithin therarealef the papil diatheter A60.05e,ahel o ara Hlustrated

iled b t [
| mages. 120 it AR PRl R g e P birel P GTRBNE 168, Ly ch
abl ation pghin!teSplAbd@emerr lwmiﬁgmg:hel§aﬂac%r1§bo‘;gﬁp}@%séd%mm%mﬁ1@at a are
conbi ned. IIIustrated in Figure 3 first is a surface topograp based

abl ati on pl@rout%dq@fzthqeuyl dq@mteﬂ:rléﬂw huﬁlﬁmenmlmg@haablapoum@em irstl Apri

i amot or 10 i Er @SR RNEBAE RPlopt 8E aRibs e SRR TDBRE52 Gebol oped

f r om vavef ek a cauld e Safed] R cbbing lthe éﬁghiréh ith Béfore dhenbidtRda pdfilk gelpupi |
di anmeter 160. So, the two are illustrat as a conbi ned abl ation profile

166 by usiWis qaireﬂ%tedfeElﬁbmon&%@htoaggraphbwsmmmucl@aﬂmORRS%N I®e pupi |
di anet file 162
ey ot OpeARthy St 480t RE Bl AR ARR ARSI ldePRpT 0T ° P2

is first givhatageiuevhen Qﬁﬂd\hﬁh aRrwaLRonticASrd Mowehed, other fopsgmplef i | es are

conbi ned. O her technl ques could alternatively conbine the captured data
bef ore an SYBieEs; Bgh aﬁsmﬁf@rq lweql systaxgss agecgleansafud in thepeagtes ofthisdsvegtion.

Bausoh & Lok OBy oyl Tl GeRiohde ol BRN SRR ERAUBCAIR, T 1"

wavef r ont ISSnﬁaEnthnt\EMGQBGMah&HQQGHQQraphy systens, such as curvature
based systens, .are_also useful in the practice of this _ invention. her

types of systensndPRBSGAN IStopoeraphy %Eﬂfd’tﬁéﬂ slig-seABrede vaten kasgd.doragraphy
descri bed dBrerfhat suﬁﬁftﬁﬁbuﬁp $ncashrds Both? SdrrHRE of'th Roméd & well as the front of

the lens and iris. Each measured surface can be displayed as maps of elevation,

inclination, curvature or power. A full-comeal map of pachymetry is also derived from
the measured surfaces of the comea. Raytraced optical computations can be used to -
ascertain the visual effect of the various optical components within the ocular anterior
segment. ORBSCAN II® topography_measurements are based on diffuse reflections
rather than specular reflections, to precisely detect the surface height rather than surface
curvature. Use of a specularly reflected image from a placido or other reflective target to
measure s.urfacc slope can be used in combination with measurement of diffuse
reflections as will be apparent to those skilled in the art. For illustrative descriptions of
the elevation-based, ORBSCAN II® tbpography system, see U.S. Patent Nos. 5,512,965
and 5,512,966 by Richard K. Snook. Data from the ORBSCAN [I® system, can be
accurately and seamlessly transitioned into the overall refractive data from the wavefront
Sensor.

It is also possible for data from the wavefront sensor to be used to “calibrate”

data in the topography system. Because the wavefront sensor describes the overall
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The ORBSCAN Il (r) topography systemis a slit-scan elevatloQ 9§%gg%
t opography systemthat sinultaneously neasures both surfaces € cornea
as well as the front of the lens and iris. Each measured surface can be

- di spl ayed as maps of elevation, inclination, curvature or power. A .
full-corneal map of pachymetry is also derived from the neasured surfaces
of the cornea. Raytraced optical conputations can be used to ascertain the

| eff ain
Seqent - crBaEe HER M QU7 SHY AR o RERGAR T b e Bt 7 o
reflecti oneonélaﬁefaesurfabmmpsmw Arany phrtiealat mmwlmazpomalkﬁfgacdﬁ aedr t he

surface height rather than surface curvature, of a specul arlé@
reflected (GpigEURGAIN %WﬁYeJEﬁ“él@P“é@f) 6$Sﬁ'él|atefié"fl!héb?ﬁ°\1@"’ct%tr Hays qaljbraads ther o

surface sI se
reflections a?%ﬂ?’?ﬁbe grg)%grgrén ?%oseré% ﬁ“%@‘#@? e aret%forgt)(;rﬂlé{
il lustrative degaranptheptianple, tltdtﬁtaefremamnmmmduc BB 3aANe Chinpinedpogr aphy

system see U, S. Patent 2,965 and 5,512,966 by Richard K Snook.
Data from pw@@wr@lwf??e@&e@mw@&k%ts ip e fYat EPyinglages agRineak| y

Lransi {i ongg il ddisng ¥sliahlcoh il MErdohfa nURDEiBYER @il sénsor.

It I s al so possi at a e wavefront sensor t0 be used to

“cal i brat ebrowtietca)msal tlinﬂ(nessrﬂngr amxhg( myeftMean(mlkhpmimlemamﬂ refindctivensor
descri bes the over fractlve er t he eye, |t can
o ow the SUPT AR cBY CrobmainE Biseths Hpis e aniese detandiths Bickness
topographyga% e bRty a&%@eorﬂea ﬂgls Wt Adke gﬁfsﬁi thé ?ﬁdcﬁﬁtsé%%fﬁétﬁor
(determ ned by a vvave ront sensor) assoclated w hose poi nts. Thus

cal i brat ed, theTummg)gr'Emeylg&yEt@m 4 atczossapctidnelvibe msimdvrmf the etl® an

over al | refr clLive erro anoth a a from various
i 2gnost | oG EaFBLh A S0, 850 ATFoR 415- e SDweA p0 Fisdiles aFu
optical el grpgés, dd&hrab@plméﬁum'isa ahf1 $(rGRE 854, THERY ViBdhs cainpdmaR, t opogr aphy

system coul d provide surface data, an ultrasonic systemcould provide
corneal t hpattinwlady thet cornearid0andehed s, swmisoe tociourh dn overall defraptize al |

el oA oL B B BB REH E SbB e A 255 e
nmodel ed UStHErbMe ty Aftallive @& sw@fefrdatta%enafwnq R8st Rcibding, bét dofliigdie 4. a
cross-sectional viewis shown of the eye E
irregularities in the cornea 450 or in the lens 456, and the distance (e.g., in the sense of a
defocusing aberration) from the cornea 450 and lens 456 to the retina 458.
Also illustrated in Figure 4 are notations indicating various types of diagnostic
tools particularly suited to analyze refractive and other characteristics of particular
portions of the eye E. These tools can provide different types of data for different
portions or components of the eye E. For example, ultrasonic techniques 460 can
typically determine the thicknesses of the epithelium 452 and the stroma 454, which
provide tﬁe overall thickness of the cornea 450. There are a variety of ultrasonic
techniques that can be used, includin g a pachymeter as well as a technique described in
U. S. Patent No. 5,293,871, entitled “System for Ultrasonically Determining Corneal
Layer Thickness and Shape,” issued March 15, 1994,
Corneal surface topography systems 462 typically provide and analyze corneal
 surface topography. Topography systems, such as the ORBSHOT™ by Orbtek and the
System 2000 by EyeSys, typically exhibit a very high resolution, but are restricted to the

- surface of the epithelium 452 of the cornea 450.
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i ncluding a cornea 450, a |lens 456, and a retina 458. The c%gg)
I ncludes a nunber of |ayers, such as epithelium452 and stro These
vari ous conponents, particularly the cornea 450 and the | ens 456, conbi ne
to forman overall refractive (optical) power and a refractive :
characteristic for the eye E. A nunber of factors can contribute to
refractive (e.g., wavefront aberration) errors I ncl udi ng but not limted
to, irregularit ®he di stance
(e.g., in the seAngé g#&?&&gggég@g ﬁdgéﬁg eorlga afgsfeeﬂgmt e cor nea 450 and

| ens 456 taopdsgap}@tsyﬂam@&)rb&il@wdaﬁyﬁbn’eﬁhmdsWEWBEatﬂrmtyoﬁGHMems

I ndi cating various types of diagnostic, tools artr | ar dt

anal yze ref@‘é@?ﬁ@@sdﬁa“‘bﬂ‘ﬁéye C'F%F%‘} welude rlzesthwﬁ)m ﬂ@tﬂoé'{ea %Qr &‘Féﬂ”sfa‘i?f t he
eye E. Thestﬁg%%ﬁ;ﬂtﬁ/ G RireH 459, (B dh treyleﬁmé thldiSah ¥ 8t ki SIeRiDhs6
portions or ents o e eye or exanple, ultrasonic techni ques 460
can typi cabltye ceher4fiOnand the; distanck fromakase dfont bptiespf tthed yeumtkka2tinandi58 he

stroma 454, Whl rovjide the overall thickness of rnea 450, There
are a variety off! mﬂf %lrsr"&“ B &AvRiroRISEnsoRd U%rdﬁ&%@iam i 35ahe ReKigusly
pachynet er ekl i< 93, 871,
entitled S(?/%(t: em fvr(r)a?%%@g{x rsalggggrhgyaﬁ éﬂ@%@%@%rﬂeﬁgrg’oﬁga yléfrép%t?cﬁness
and Shape, "the svarell rdftactve disrrai@ihf titoeyeestovaLasianabetratpd grasgingnt pyafilens 462

Syt oms,  suERaRAGh. P PRy nianh B bl 8 R A9DEBA 85,

typically exatdoteliz \fﬁ‘é Wavbfidt 6ﬁ t BkieRiA1 todtHE egé fal W&l feﬂ@ét@&'ﬁbfh ﬂh@?etma
surface of the epithelium 452 of tThe cornea 45 13 21 Ap 2004 A

conbi ned r ef58aathentban m@nbfsph)mcabmhammusmfhnas)mlamE&aAmm@nmbﬁ)gr aphy
system by bte typically determ nes and anal yzes a variety of -

t hi cknessed!™® &t surfaces within the eye. This can include the thickness of
the cornea 450, Réf&}ﬁl?rafrﬁﬁ@of’io@f@m%%ﬂ&fth&lﬁ%aﬁ%ﬂg@ﬂeﬂa'igd1 ?gi@m@ase of
the | ens 456, the distance fromthe lens 456 to thé cornea . and the

di st ance frmspméﬁeatﬂmohsuahrﬂsmcssnm‘oftShetseg@rte@0f branned slilpataggousapestofey, i n
Figure 4, a.wavefront sensor |II trated. 6 uch as,the previously
desor | bed AR T o meu B STy by pt By i ACL SR SRAr e e e

provi des dafysteRNO6t MheRuakabf trédhemCilluy@atédBy h ptdflle 348fis ithdf §¥gallyphown as

an aberrated wavefront profile
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
representation of various natural or artificially made features of the iris or cornea, ora
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 with the treatment profile, including the
course of treatment 146 and the iris data 148. Referring to Figure 2C, the laser system
106 can be of a variety of types, such as a 193 nanometer excimer laser, and will

_ typically include a laser 150, an aiming system 152 (e.g.,-a series of optical comnponents
used to direct light from the laser 150 to the eye E), a camera 154, and a control system
156. A lower power aiming or reference beam (not shown) typically is used in
conjunction with the laser 150. The aiming beam, for instance, a laser beam, can be
monitored by the 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
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(data) 468. The wavefront sensor techni ques are enpirical ?1A 12004
nature-concerned with characterizing the wavefront of ligh RIFhal to
the eye ‘that was reflected fromthe retina 458 rather than with the

physi cal characteristics of any particul ar optical conponent of the eye. E.
Referring again to Figure 2C, based on the treatnent generated 144, ’
typically, a course of treatnent, such as a series of shots, a series of

soanned S ol OERANRSAPERLA Fondlph B pofis & BT Yoy RpRPL 97 o

cour se of t[Pe'a:mP@ﬁlo,lzs‘y Ipubﬁglﬁamt&mrag glggs] le 146, is i tsel f spatially
referenced to data 148 representing the iris i The data 148 again

could be an i naé’éOP“éiﬂtlftfla@elan@rq I54eprpvides an Ws@&%#&%@ﬁ I tsep Fraves 26 9ighe i n
bl 'ack and Wg%, fiﬁo dctonﬁ'of {ykt%m ﬁ6| Qlﬁﬁhlcgﬁtrols?tperfﬁﬁﬂu gsfeﬁ'plﬁ T’h%rlhﬁué offat ur al
i7ar oy efe

or artific arures of s or co or a variefPy of other

repr esent atheifis Iaétublineprovided td the gReifienlasert Systethpl (6 i$ 48mpapd eshe ind danan of the
iris should be suitable to allow the course of treatnment 146 to be aligned

with the adfiassociedavigly the geurss of treafment 1dfe Thy aingof tedgsepbead lolistheny tnhe
| aser SYSt &gﬁsu&lﬁaﬂtﬂé&fs &Yéf@% SIoTH E&g@ghﬂﬂgﬁd{\éﬁ&gk%ﬁﬁi ratnent

profile, course treat he 1ris data 148.
Referri ng mﬁd@ib}ahaeamerhdﬁa&f‘bm cmyemtamﬂaﬁﬂatdxm;urdtmmf sealingy sketvyorod  t ypes,
such as a 193 na ter CI ner Iaser and wi | ﬁFI caII nc ude a | aser

150, an ai YARgHY gther{ranstoratignal fuctighs. oLhe ransiaripp FREE Msod 1o
direct |idgh ég@amgsenéces%%fyt&%ﬂﬁﬁwlﬂﬁ msﬁ)ssu@é%ﬁ{ﬁrﬁ% gﬁ néR GofrsE QL 1 O

system 15 ower “alrm erence typically

is used i ntreamqnuimﬁ |smh thatithe uhmdtamelrﬁﬂrcaMtavhﬂmglstapghq:d tomespnsdsance,

a | aser beam can gﬁ noni t or ed b¥ tge aaié, which.is tﬁ&rcally an

i nfrared cifdFAUrseHfrimen gcrstayy foredy FHE“‘F gffpets appradiceddffeneq in U S
Pat ent No. téa@&ﬂté@t@ratﬁﬂ"lh&' ed "Met hod and 14 21 April 2004 Apparatus for

Provi ding Precise”Location of Points on the Eye," issued April 15, 1997

[ PCT/ EP95/ 01287 Thp btaicd Hwotom:sc@tﬁaﬁatn&nt 1430i54elf dan bo plierad; aribe aimeofgherer a 154

RSN T TENTIEMAVE CE M- R 8 AT T
: ; : : :jafgt %Lghaaldag Qﬂmé%u{daordg? @ id Bhta l&@é‘r& uSdBloSien A iti§ 1 6efRshed to 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
first resecting a portion of the cornea and then applying laser treatment underneath.
Further, the techniques can lend themselves to other, non-keratectomy-types of
treaUnenté, such as excimer ke;atotomy, or various types of thermal approaches to
refractive correction. These Courscé of treatment can be accurately aligned with the inis
of the eyé, such that the calculated treatment pattern is provided more precisely to
theoretically optimal positions. _
Other benefits flow from using the iris data associated with both the diagnostic
and the treatment data. For example, when a patient is in an upright position for
diagnostic evaluation, sometimes the position of the eye may rotate slightly within the
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
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148 associated with the course of treatment 146. The ai m of 4 bgril &RA" head
150 is then adjusted such that the iris data 148 is co-aligned essentially
with the inage of iris | provided by the canera 154. This can entail
translation, rotation, scaling, skew, or a variety of other
transformational functions. The translation that is applied to the iri’s _
I mge data 148 necessary to align it with the iris I-is simlarly perforned
on the course .of . treatment, 146, such that the ultimate course of

Creat nent . THALADip S BRFisG COresTio8 GBSt e tos HEDer oet JeRnit
necessary tfafRdyeR rbth‘i’ioﬁﬂta!li?ﬁlne&fﬁt&%ﬁ? catProbite e @8 dud oF foBtion tWikerbsgRBL
generation 144. The data of The course” of treatnent 146 itself can be

al tered, oo thedreatmensf casiag alfadrtreayse to bOgpplicd thiheeye.alhoeffectadfisycment  of
the patient_.nstead can he altered. Regardl gss of the t hodol o t he

i s dat o A iEEe SR aingh pRRuscaa 4of s coHBSs STEAREHL B &t | <
appl i ed. V@ﬁ'c%%saﬂcm%ér fa, BYEevedTBRA Mit? treR@RAE bit astieRAti§h. vl WahI 1R

t echni ques. j'P K can” bed@appl ied to the external sur??c_e of the ey%?gor a
LASI K pr oc esder defeats, $yshae mregulas dstigmatisin, glare, balocandife tikgdhe bansfitsfofthee

d,t | yi I  t t t und th, . th t he.
F echni quos My PERGe Frafheal GRbpR ST prefigh SRRl it At i spftal
treat Ment s treGttfetht POsiRNfis BBtairtcd At A RAMine @ THAetIMiGuds YPESdRE té BRMiAVNntion

approaches to refractive correction. These coursés of treatnent can be
accur at el y can regeisughilessiof glignment. of the eye, such that the cal cul at ed

treat nent patterp..i ' .or reci,sely to. ' tj cal | oml
positions. O her\ﬁgié?]eesﬁ i&t?\s% &?gvvg%ra%ﬁr sai“ﬁéﬁ g%rgenﬁr;ﬁséslﬁgag{agici S@é%%ﬁgf@%é Evélit h
both the dipagnpidyed, cithetludii@adtiiAdinaRdatof thad idis of igited@piebatatithe of varfpaki ent i s
in an upri %ht position for diagnostic evaluation, sonetjnes the position
of the eye teatyres of te ériss| These teghuinues hive heen asmployegddr secognitign sydernbbaggén t he
patient is | . E.0] It N g ' ; d

B gnment QS te B o84, Rup s D bREcHo. 5300, B8 Milaes, QL

posi tion. AdshbdNoberhbed 5pa99¢; BhtitledIAitomaad, Narheasio¢ BisfRycogniiba §hdteranount

of such 15 21 April 2004 rotation, in a hi gh[gy preci se_correction_treatnent
pattern fomndMmed casgigned torlavid Sameff Resparahy Eenter. dn of Bringsiofh Afewalarsgiment

literally GaRy @tk NaS4BY L3880 PbmPeSit i QRediedbludF SPRRY, entitled “Iris

Recognition System,” both of which are incorporated by reference herein in their

entirety. The former of these patenté 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.
Patent Nq. 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
matching techniques of these patents and otherwise known to the art are employed for
-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
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to the treatnment, causing a faulty treatnment to be applied 'é? thF @\é’e. The
effects of such a msalignnent typically are not pronounce f‘(B’F'. % rrly
basi c courses of treatnent, such as nyopia and hyperopia, and even for a
m nor treatnent of astigmatism but with higher order defects, such as:
irregular astigmatism glare, halo, and the like, the benefits of the’

hi ghly precise treatnent can be | ost unless precise alignnent wth the
optimal spatial treatment position i bt ai ned and i Y

t echni ques %Bﬂ}yd"?‘ﬁ'gortagﬁ{sﬁ@g fﬁmﬁge%ﬁ)ﬁghtor@w@gy g ﬁl&nﬁ' “F% gfgn §E“‘S|I?SS‘HHE nt .
Wth respegggto the iris matching and alignnment itself, a variety of

t echni ques can be enployed, either using actual images of the iris or

di gital represeRefmiagio kigure & theurs I éfcthe ayeE isdlustnsed in moreTetatleshamingi ques

o e s R et TeapTEOHR s TSN 1oL BRCARE g ihCEp i MRl
Novenber 5y;ith336er IR0 pidvidibly stetb@ RIS fhagdORor eRdmpley & sét’df pofMeCZW) défiiig Syst em

1~
and Method," assigned to David Sarnoff "Research.Center, Inc. of Princeton,
New Jer sey genegally dixcglar feptuses sush as qolbuattes aantbe emipboyedas dascriptars, 48 6an Febr uary

3, 1987, entitled.'lris ecogni tion t " bot h aof i

I ncor por at 8@%9@4?’5?‘5?18% ?'rer?agﬁa#qq?wts?é?r %eﬁtf?ar ecﬁ.ﬂlaﬁ'ﬁ%‘ I?J(;'%%Eel?mof t hese
pat ents di gensABSdEEMdS the 2o -telérendbAd.S! PatentaNd. a64 1349 to [Fdrh,avhici t hese
pat ents di scusses the various features that can be used to uni quely nmatch

and i dent i inglude pigment spetsl cAYPE® atrpBhic gxes, tumars, andeeomeensfal RS- sm can be

used to adpust: th osition of,.the iris.r V. ( In an
enbodi nment sgpﬁ%rﬁyéﬁberﬂe%?@ﬁ?n ﬁ%\l}ge)e 1 5 mgtCﬁ@g%L I@Jgirl’ 5%%?#1@%%&%5& ?elronal ly can
be used t orgfeighédsoihtedh whichiigs fehbfes themtitfare tie rdtational psittoti offthe eye. 291, 560

to Daugman, issued March 1, 1994 and entitled "Bionetric Personal;
| denti fi caFewer axyareaten (paiuwes cambe employesh forexamples depegding onghe pomplexify of e,

of  Mount : | : ininits
entirety. PRRmert AR, iheRelReR ROUMARp I E B ARCEE L " 0
iris. The paitenbforpliehhngpiacchyperipiy; eotatimiat displgcdniain i afumsconfequbmeeso
patents and ot herwi se known to the art are enplo edwgigr al i p?rposes

rat her t haHiestenic peipt pancivlpeatechvit Fespest FoweSuply But i%!t%f,cgg’gﬁﬁr’]‘_tﬁy 0
R o L e i g PR
then be supgs Espfisededtment. | Adwridizrelyhysificiah featuiressdani bei imnposedrupoh sy eye E,
heal t hear ef(;/\rlolEncl;aet}iron,t i(r)lCl:Ingihg 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. A marker in the

form of thermal marks made, for example, with a Holmium Iaser would provide

information about rotation and translation of the eye prior to and during surgery.

Various marker shapes are also envisioned. As shown, for example, in Figure 54,

radially extending markers 201 could provide eye movement and alignment data. As

shown, reference 203 denotes, e.g., a scleral boundary or alternatively, a gray-scale .

profile determined from an iris recognition program such as that provided by

Sensomotoric Instruments, Teltow (Germany). The markers 201 have a proximal

segment 201" beginning around the approximate center of the eye E and a distal segment

201" that deviates from being collinear with segment 201". It can be seen that radial

| marker 201 traverses the boundary 203. It will be appreciated also that a marker should

have sufficient range to be seen during the refractive procedure; i.e., after the flap is

lifted in a LASIK procedure, for example. Alternatively, the marker could consist of a

17



21 April 2004 manual Iy _ai m.or adj ust the |laser system 106, %Aﬁ,g@wal 1.y
verify the aimof the system 106. Referring to Figure 5 the iris | of the

eye Eis illustrated in nore detail, showing how particular features can
be enployed for matching the patient's eye E for treatment with his or: her
previously stored iris | image. For exanple, a set of points 200, defining
general ly ci rcuI ar features such as collarattes, can be errpl oyed as

descri pt or r Qt her
features t a{ usegﬁgaﬁé ﬁgie)i;lée‘{rra C?agé [grn%ggéﬁi‘ighi A o‘\‘//écpﬁ%?"er enced

U S. Pat eninffde:edéaﬁéfa K %1% dtyec&kldlmrtwﬂbe Iused 43¢ tagso byggenba@mitng,thmyxept s,
atrophi c ar eas, ha‘rmrs and congenital filapents.  Siml t he pupil can

be used i naft¢gapp oAk Goagylafse the dysrand,agpiying it Fi)SSh&‘nE%‘t"ﬂlﬂg?'bf%tﬂbnce poi nt
from whi ch f t ye.
Lrom wht it S8l b afe el et ey Qb b0t BOSH Lothellig Yo,
conpl exi t ymafket slivmld bems:hﬂﬁﬁdetécmaﬂhefcﬁmlm dieakion df thél&ftacéﬁ procddurs In cases

rotat|onaII“% é{;me h as a  treatnent_ far pure opia. o
hyper opi a ¢ BiRi lsgflé‘ﬁaég%ﬁﬁﬂfef skould rempain 8%@%{9@5‘6@1 oF atll"ﬁét Benter

t | It
BF "t oot moapuCE BRIl AP 6 87 ROS) ahd) ik dplito. THs e @ E RRUE uBETT S 1Y

regi strat i dilativh indheces eqﬂﬁbbnﬁtmrearﬂrsaﬁiamﬂhmeﬁhbe]ﬂrmﬁs foethe, dlhnbm-Indm:a'l

features can be u nthee for location, jncludin n t

iris area. a‘ﬁ?’mpﬂg‘? ﬂ’i?é‘(% &ﬁ?‘béhq ‘3@ S%F‘EES canberiaken and thejreatment %@h E i f

the treat mgsin thérehferO FatherPsther "ffg&l rgr in

the . form of ther mar mar ke'sr nade@elith?mgg)%ﬁ;qn@?\;k\}n&t%ﬁ?& of ¢ rééﬁvmul d

provi de i bé usednapastirerh thetiris &t bt albof thest techmipies,tfeminres bf theevisihle pprt;onroft o and
envi.si one for

during surger vari ou ker .shapes are shown,
exampre. | FevEEe BRDOYRL S RAP britecn et REISIS BRSPS IPE e cve
movenent a&éata;lehgmmte ab@bBreafifient 38 aPflied 6 iRy §RGE 203 denotes, e.g., a
scl eral boundar% or alternatively, a gray-scal’e profile determ ned from an

iris recogniti ofumingfodigurebhvarious hdgustptemsittwd:amiae nBde tothp desirad

| nst rument Tel t,ow 01 hav ment
201 bog niEHBe Shed SHnTRE e H T e s L e e B Be e stemeite
segnent  28¢ zllﬁm&ddﬂéf@hﬁéa%di@mh u&gz@qhé ﬂréhﬁﬁént\’geh&a&ﬁgﬂﬂﬁﬁgrgﬂﬁedaét can
be seen that radial marker 201 traverses the boundary 203 will be

appr eci at ed desirsd trepmens patierk £46 fongonteolling 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
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 imagé 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
the now scaled, desired treatment 210 must both be translated and rotated, as indicated
by a translation and rotation function 212, This in turn is applied to the scaled desired
treatment 210, yielding the actual treatment 214. These data are then used by the laser

system 106 to perform an actual treatment.
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have sufficient range to be seen during the refractive proct o ALy
after the flap is Ilifted in a LASIK procedure, for exanpleeﬂjﬁfﬁgggfively
t he marker could consist of a 17 21 April 2004 suitable dye, particularly
one visible or detectable in infra-red light to be viewed by an infra-red
canera. The dye could further be used as a tattoo by e.g., coagulating the
dye after application or coagulating the dye and applying it to shrinked

ioed: “Such a dyds Aty B AGEHRT kit R36 P B SAREPin Bl s °C e

duration ofis Eb\ﬁilﬂl@fdr%ﬁéﬂ shet QleQtRetihifise) td be AFR6priadle retate @and tphdlated Thik at ed,
the marker should remain visible/detectable for at | east 15 m nutes,

pr ef er abl y gy bedesiiable ifrthe aye B displags ajases deareeef dynamic sotatign and grovpaenti ndi ng

that dilaty ' CHll r i gn .an fAdCl ' d pass
for the di Idgﬁ B%h@%%@%@’ %5%%@?1 gﬁéq’gheslﬁﬁg@g% idpﬁdg‘ﬁ?’%t a‘(l‘élgegil %gggést I c steps
can be t akepalbipdfuhdtionk 208 biEP12 llabteAyeih Figeet dpphédafriaaticallyud el spesifiber

i dentifying portions of the visible surface of the eye can be used, apart

fromt he i shatqr seqyenge pf shotsiip theodasisedhiypament pattem 16e In giis maaney; thep)| e
o f . : _ . N
Pystem ¢ nehoiEnRhEofeele BT ¥ Eoiipd: R0 ROE LU, BaHEhfichBeafbE0N0S] €

the eye E. combiredgvitiothEiapmning l6er teatiniquesofdfil} T/EPO$/01 287t snell thaaitheleRacrade to t he
desired treatnent based upon the_ imge of the actual iris | as received by

the | aser PReBRpLef@achshot pr series phshots relative 1 the dnsimags 206 isdetgrpineslc ¢ he
t r eat ment %ﬁﬁéﬁfe%ﬂo%]r"shbéapé%g%ig&d as a desired treatnent pattern 146 for
t he .

controlling aser system The associated . reference iris inmage

data 148 from t lhedifagnimsmbodimaitsof the irsedtiém aay bfmviriety of diagnostit  pattern
146 with the patient' e E.  The iris imge 206,is provided b e pupil

caner a 154“%5&“%?‘?5‘ qaai&?%'g%*ﬂ@m cf%’r%tﬂ’do ?rdma&%fcfh?t&cg'i‘féesc?ﬂﬁ?“%%/ °'£s‘5§t em 156.
The cont r olp 8} She s, sPGhECTRRCEe Eﬁh?%&?s%s éﬁ@e eRleribf 6t HESH drleRpSngler i ved
fromthat i'mage, to the i1ris i.nage 6. Based on the conparison, a variety
of scal i ng datamoricsposiding ta gt imaget Thiehewhionsd refrecti vertemtments sugh 6s arfFenciresranpl e,

206, that LR ETUBERUHTEL SrbAP I e Rt s iash B ARANBens 11 0y ent
106, So & conpondie)ifenfhalliBths Skl hited ORP P BT ol LA Elq AE( o
treat ment 32ach thihthe treatmentiyilbfligecasahy aechidubaed. '
In an exemplary embodiment of the invention, a method of eyc alignment and
characterization is described as follows.
| A marker is provided in a selected region of the patient's eye. Various marker
types and shapes are described elsewhere in the description énd include, but are not
limited to, thermally induced marks, radial markings, and dye markers. A first image of
the patient's eye is acquired with the pupil undilated, thus the image includes an image of
the ios ar;d the marker. Preferably, the image is an infra-red image acquired with an
infra-red camera, however, a visible light imagé is also suitable. Thus, the marker will
be suitably visible and/or detectable in infra-red light. The pupil is then dilated by light
intensity variation or chemically, and a second image of the eye, including the dilated
pupil and marker is acquired. A diagnostic measurement of the eye in the dilated state is
obtained, the diagnostic measurement preferably being a wavefront aberration
measurement or, alternatively, a topographic or other refractive diagnostic measurement.

A computer system is then used to develop a photo-refractive treatment from the
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t he now scal ed, desired treatnment 210 nmust both be transl at %qi e?)rﬁplzq(ﬁt at ed,
as indicated by a translation and rotation function 212. This™¥'n turn is
applied to the scaled desired treatnent 210, yielding the actual treatnent
214. These data are then used by the |aser system 106 to perform an act ual
treatment. 18 21 April 2004 Alternatively, if the control system 156 has
great enough conputational power, it is possible for each shot (i .

| aser puls

desirabl e ieﬁ!ia 3%?2% I'Sp F&r%%a&@é?&g é‘gﬂ%fmcg#ﬁléﬂg%% cro g??%f)sr?ﬁgﬁd
novenment dhe hmgcdrhmstprefaﬂabbrthat tﬁ@dlyeanﬁ:ﬂml \&SlblEhmd!or ﬁbtectablefoﬂ ardest L6 can
be tracked and the I|n nctigns 208 and 212 illustrated in Figure 6
appl i ed dyrfRIRuEES) st '3[93? r.fafter appligatiqn of dhedysRrdont suffisient time {g1e
desired tr s manner, the novenent of the eye E
can be accgﬂnfr%qgﬁnedg@éigc{e&géé%ﬁgtﬂb% s technique can be conbined with the
ai mng |aser techeoriing ofth@@veRRIG tEEaHod finds fukther utiliey by aligningthacenent  of

each shot or ries of shoLs relative to the iris imge 206 .is determned
before the SerfiNd e R e SSITP Hragp R BRI bY CoMBHTER BRSO thhc
i nvention, rankeefe 1ﬁ1a§@sr6reﬁlYerﬁ’:{t1vgl Y2888 hbéring dRdcBAERLAAERM G Ehlded Wi th @

canera or other imagér that acqui’fes an | e of elris,
ot her di st ifeatties én dIhatr-mctttsnellsmg&ss Sarhiladte other asgeots oﬁthetzheermpn dasmibeck port s

dat adi to t ' . Th wh f t , h
26 an oxcr R b Bpp A A RO iiar e JREFRen i SSORPTHOLY ARRTE S e
i mge (or Icﬁaegndsﬁme&hfcwm@mmmeod ﬁqeﬁeﬂaﬁ'gegeh t@ &N8p a5 bk 'mage of

the pupil, iris, eye to align the | aser ™ such at thetreatnent will
fall preci s@raymas, tba procedura mag imnoppoaaty inspatidineenegnitiont previdedent i on,
a met hod of, | t and aracterization i.s as fol]ows. A
ot er s SSUEn Rl PRPERL eflite . FAR0E bR bu S e SRR kb e

mar ker tymaﬂgcﬁhﬁg@&ugra@mwrl bed el sewhere in the descrl ption and

i nclude, but are not |imted.to, thermally induced marks, radial markings,
and dye narkers.Tha praqt@pnqrrbagﬁxempuon hémmdcmertmgsthfe?@elqwé@wpﬂeﬁamvm t he

arker - pr PR T Rl O s e SR R o B et

In this case, the eye image includes the dilated pupil, thus no iris pattern from the second

image can be compared to and aligned with the iris image of the first acquired image.
Consequently, the markers are used in the respective images to correlate, normalize, or
otherwise align the images and the refractive or diagnostic tools associated with those
images. Alternatively, photo-refractive treatment of the eye may be delayed for hours,
days, etc. and performed electively. In this case, another image of the patient's eye,
including an image of the iris will be acquired preferably by a refractive tool such as, for
example, a photo-ablative laser system including a pupil or iris camera, preferably an
infra-red ;:amera, for acquiring the image. Prior to treatment, that image wili be aligned
with the first acquired iris image and in conjunction with the developed treatment, based
upon the diagnostic measurement. Of course, through image storage, digitization, etc.,
alignment of the developed diagnostic treatments, the diagnostic tools, the refractive tool
or any combination thereof can be verified and such alignments can conveniently be
displayed to the practitioner though a display system.

A system for performing the alignmeﬁt and photo-refractive treatments discussed

above inciudes most basically a first camera used to acquire the first image which
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i nfra-red canera, however, a visible light inage is al so sui : hus,
the marker will be suitably visible and/or detectable in i n???alr"gzdoqﬁl ght.
The pupil .is then dilated by light intensity variation or chemcally, and
a second i mage of the eye, including the dilated pupil and marker is -
acquired. A diagnostic neasurenent of the eye in the dilated state is
obt ai ned, the diagnostic neasurenent preferably being a wavefront
aberration ; SLL AR 1 ' . ' r
refractive l(g’lgggnost [ C%W%E%;ﬁr@énéﬁétJﬁ;l&%kxgﬁ%&%g%ﬁggg@%%gofﬁgﬁhgged to
devel op a phWatefrontfiopagtdphe, gackahetenér dthier Fefrdveivd diaghostie mdadfierhetli A@aeSt i C
measurenment for refractive correction of the patient's eye. If a dye is
used as t I"%“]EFélrlRélPe, ar} wil] appsiciate adpies systese Cﬂﬁﬂgled?é’rqvé@ﬁg thedeyelgped and/ or

detectabl e ; ' . |
appl 1 cati orb Do FfrebGkertrien T Y EanRI R FIE oD Rt RAK acdlifh ™
aber r at i onsarinthes irhaged thegyepa chmputérasybtdm ussd fottdeoclopinf andraligiinp fhie pésto- -

further utility, by aligni. the second inage with the first acquired
i mage, pr eerJF"a ¥ W‘%%ﬁb&?ﬁdﬁ@ theasexgystan<he Hrst gameragagd therdiggnostigigel or

alternati velita dhusCaRRl dln@hPE iRt LERRARN T G0 AGTRALS kb fimeh AL SS 11

the respective images. Simlar-to er aspects I nventi1on scri bed
her ei n, dewsiteplydinkedto dther cpmpomentsdfithesyistem. t Inaamtaspett of the dveatiph,iashed by

aligning the | agnostic neasyrement with the marker on the patient's eye.
In an as pec:sF‘:?ﬂgif rFﬂ' Ct”ier%‘lf’?”&ﬁf‘swnémabﬂ‘r’i@ﬁ’t ingludesaeamera#hichis gsaddeat e

i ris patterqiife paRiter Raglcf IcASH thek HANBRad R IRABPULFAIGURGHHe /2T | OUS
iris patternrecognition software is known in the” art and I's comercially
avai | abl e. compopertef the avesll systemt Hedispiby systenh camadbeadatiagepushebedinked oped
photo-refrﬁﬁtive treatnment in a real tine sequence imediately follow ng
acqui si ti o SPVEHESSE®ng image. In this case, the eye i nage includes the

dilated pupil, thﬁﬁin?@o nghﬁasﬂ%ﬁ%&%ffi,@%lvﬁh_@ar?ﬁ%vg itélﬁﬂﬁu@?@exﬁﬁlofgnpar ed

to and aligned with the iris inmage of the first acquired inage.

Consequent |pyeviosdy eaptired inageef an etk § to insuee appsepriatd alignimvatefsa lasereeamednat e,
R
treatment giro¥ibel By SetBMeldd 54 teqsset O¥stdd@ W06 in Fig@%IC. b thedd ist@phupsdred
el ectively. In this case, another image of the patient's eye, )

iris Iimage data 250 captured when a refractive diagnostic tool was used to determine

the refractive characteristics of the eye E. From this data, and coaligned with this iris I

image data 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 an

opportuni_ty to realign the patient’s eye E, yielding in Figure 8B a properly aligned real

time iris I image 256. Preferably, the display includes reference axes that allow the

physician to easily determine rotational misalignment. The system could also provide,

for example, a cursor that the physician could place over identifying features to

determine precisely the rotational location relative to the axis.

Figure 7 illustrates the steps of using the system of Figures 8A and 8B in aligning
the iris. First, the captured iris I image data 250 is displayed in a step 260. A
Simultaneously, the real time image 254 of the iris I is displayed at a step 262. When the

‘excimer laser system 106 is a Keracor 217 employing an eye tracker, the physician then
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including an image of the iris will be acquired preferably 'lgy,ﬂ@, | &dggact i ve
tool such as, for exanple, a photo-ablative |aser systemincluding a pupil
or iris canera, preferably an infra-red canera, for acquiring the inage.
Prior to treatnment, that image will be aligned wth the first acquired:
iris image and in conjunction with the devel oped treatnent, based upon the
di agnosti c neasurenent. O course, through inmage storage, digitization,

etc., ali el [ 1. ..t yol tic
ool s, he Papis B chd VackfR @ SR AR ENE b R Feald B IS 1 and
such al i gnnsackiag spstemn on e K et dr\2 10 @rovids fbogentkring thdizisd| buttdots moterovidough a
di splay system A systemfor performng the alignnent and photo-refractive
t r eat ment s 10f QGHeRAMligaBeRtOf thedrisdes nost basically a first camera used to

acqui e the i1 lodmae OLER28 of bRl bisPAI IPGUHARS BRhrkd i SPAR O 1 he
eye, a refractive diaghostic instrunment r-maki ng a vefront,

t opogr aphy thexzaltimeimage @54 0The physidiamthen ¢emgarag thedmiagesnorethel sere@m) andis  one
skilled in the art wll apgreci_ate, a | aser. Sé;tem.capabl e of praviding the
devel oped dpIEHRIBES & pmEyRtpE rqtaton nasesaayg aligh dedwapmasssf thaieis la Thecond
canmera use ; b t | 3 ; tem used
for devel o%PTg;ég?mg{rﬁgﬂglrlaatr??% é?ﬁrg dg%ﬁ@@{eg# ﬁgﬁﬁelngggg?ﬁnﬁt%?@ﬁzed to the

| aser syst eopespheds torthd capmed misamege taa A5G ghlesphiysicianmodan doahid neaneally, r ol
system attendi ng to inpl.enentation of the photq-refractjve treatnment that
25 0Tt abl U AstRE A B SLRT GO EREoTRe PR gaddiend, RisherBp Sty 1 ne

i nvention, cgn pRORRTEr 4 efiftddt totSidH GF9ROstent’! i b Encl udes
a canera Wﬁi C?I i's usred to acquire a fﬁéd.e teéglﬁénggg?%n%@&gaggt%m}encl udes
an iris i migatmeahpwfidobyoraneuntsgecifieddyrthopkysiciaf. Infenycass;, theleye yrecking A

di spl t al dvant | .linked t || syst
Turni g & oSt ae pRovifhs YRl R e e Gupe StTaade 295 0 Bl BBt o ool oy
a previousen B MedtdtidREALShmen dfftheSirds I ImhSSIHEARAFQPGIRE Saplrk@nnent  of

a laser treatment with the calculated treatnment profile. Generally, Figure
8A il | ust r image datal2¥hl ay 252 provided by the camera 154 of the |aser

System 106 1 PRS0 F st B8 bbb, bR SARILE S hendob B ORI
{ ﬁf racti veli@Pingna:@rsar dndt SR sROwh.NSp&R¥fically, &MiR Fiduné SAOR Ris iRk TTRIssBORE W th
isiris
corresponding to an-axis in the laser system. In this case, an axis 272 is created by .

- rapidly scanning the aiming system with its visible aiming beam left to right over the X
axis. Thus, when the doctor views the image of Figure 8A, the axis on the real time iris I
image 254 is created by the aiming system of the laser itself, which is the same aiming
system used to aim the beam. Therefore, the true X axis of the laser will be known
because tﬁe aiming beam scanned by that aiming system is creating that X axis.

Tuming to Figure 9B, a further technique is illustrated for aligning the aiming
syStt:m of the laser with the display or optical system. Assume in Figure 9B that again
the pupil 274 is shown in the optical system of the laser or on the eye tracker camera of
the laser, but that the aiming beam is scanning over a line 276, which is not exactly
aligned with the X axis of the optical system or 'the eye tracker. A technician can align
the scanned aiming beam 276 with the X axis of the optical system and the eye tracking
system, rotating the scanned aiming beam 276 to the true X axis 278 of the optical
system and the eye tracking camera. Then, a line can be superimposed on the eye

tracking system, or a line can be formed in the optical system that corresponds to the true

22



i mge data 250, a treatment profile had been devel oped. On th {; Hl S04 Side
of the display 252 is real tinme iris |-imge 254, which is re urneé'by t he
canera 154 of the | aser system 106. As can be seen, the real tine inmage
254 is slightly rotationally msaligned conpared to the captured imge
data 250. This provides the physician with an opportunity to realign the
patient's eye E, yielding in Figure 8B a properly aligned real tine iris |

' 256. f bly, ,t he .di | ud f th
oy o ci o ot S 186er S ARG St Pt e alEngridan be PRacdcRoRriey o
al S0 provi @ scarig B 3RS bedn GHRCK am%dfeﬁﬁl riA Xt R Beiied Enfth@BemoV er

identifying features to determ ne precise rotational |ocation
rel ative t matdhes swithshe aligfimpnt axi¥ wiithinuthe npnm syshtenst eptheafye trackipg sysensyst em

of Figures 8 ndBB | J the iris. First, t i,ris |

i mge data SsPl’H’r %?%%é@g&rﬁ% alignmeng gan be’:ﬁ‘t’r’aﬁléﬁgﬂﬂg‘i%&j‘fqﬁ&-‘efleal time

| mge 254 of the iris | is displayed at a step 262: Wien the excimer |aser
system 106 is a Keracor 217 errpl oyi ng an eye tracker the phy5| cian then 21
21 April 2004 adiseefMultiple d'ypescofilate toeAlign Multiple B e

real tinme i nmageSg8dmsThe eye trackr ng system on the Keracor 217 provides
for centering the iris |, but does not provide for rotational alignment of
the iris. Proceeding to a step 266, an axis is dis Iayed on both t he
captured data 2 ymingito Figre 10aamothargech rigye ivits miﬁfg' ch potpalX Wien conpar es
t he i mages necessary
to align th‘mtg\%\ggﬁaﬁrgé s O?,%Elﬂgls«??j@@f %Qﬁf‘% ﬂ%g&%ﬁ%%ﬂ%g{ﬁ%%%@&td es the eye
E so that tdfeactieadiath rorr&edunbm ﬂroﬁl&agmoﬁgeaxmisaystmal Specifivally esBigagsi( o t he

captured ifris |n§g 0. The physician can do this manually, such as
using a sudiysHae -h@}l%\fneﬂ@%ﬁ%rrﬁi b aiepagrphy system S0, watrfropmxstrer the

system caggprQui r P p%“ery :
rot ati onal 9@taﬁar?g%ae¥ ?ir?é&tl M Etf?&?atv?reeg%oﬂ%%)}éw g()%#t{/%an alr'lrgﬂ ﬁ CITI ed by
the physi cuaage data, anit 1::@3{:(1 tdthllyyhiateﬁmkydtg:fomycapmmg thres.wtavpfrowtrdtl&s thieor

t h t th th
G Teat 5" Ondiorlspei Emiates Fh s el gimenaribpntsuth g B BAVHEIRARE to ¢ he
capt ur ed b{ﬁﬁ%nﬁﬁ% ptl) F cﬁﬁffﬁ-ttrmges L QeflAtE RRNOSHAHS Bye. ATt FltBleglte for

devel opi ng e axis as rllustr
mark 506 then acts as a rotational alignment marker relative to an outline of the i iris 508.

The wavefront system encaptures the wavefront aberration data along with the pupil’
outline data 508 and the reference mark 506.

Then, the topography system 500 is employed. The topography system 500,
however, does capture the iris image data as illustrated by the iris image data 510. It also
captures the outline of the iris 512 as well as the previously made reference mark 514,
corresponding reference mark 506. These two are simuitaneously captured as illustrated
by the image 516, and thus the topography system 500 maintains a translational. and
rotational reference between the iris image 510, the iris outline 512, associated reference
mark 514, and the capture topography data itself. Further, the topography system 500
can combine its data with a wavefront system 502 based not on the iris image 510, but
instead on the outline of the iris 512 and the rotational reference mark 514. That is, the

- topography system 500 and wavefront system 502, when their data is eombined to
develop a course of refractive correction, align their data based on the captured iris

outlines 512 and 508 as well as the rotational reference marks 514 and 506.
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in Figures 8A and 8B is shown. Specifically, as in Figure 8&4% bhis | mage
270 is shown corresponding to an axis in the |aser system 1In I'S case,
an axis'272 is created by rapidly scanning the ainmng systemwth its
visible aimng beamleft to right over the X axis. Thus, when the doctor
views the image of Figure 8A, the axis on the real tine iris | i mage 254
Is created by the aimng systemof the |aser itself, which is the sane

aimng system uﬁ%ﬁerﬁtgégigglsl h??%eﬂ@ls ;ig(?%%;e(arsﬁ’thét gﬁ W%cﬁr?ﬂgﬁregﬁnc

| aser will be known eam scanne mng system
i s creati ngealdudated ittoande rafarmcetgtottbatrfngmgesm a'hérurthdums inezh 5 0 isnsed

illustrate r aI| nin imn stem of the_laser th the display
or optical d@&@‘? "’% gr“-’@hé(f“ﬁé‘tls ‘é&&?ﬁlgF%"’i‘?ggylth?l‘fﬂeflsgs@ﬁovm
in the optiggml system of the Iaser or on the eye tracker canmera of the

| aser, but that the aining beamis scanning over a line 276, which is not
exactly ali gnedTiist thefldser s¥stexi SOébeEmplbgs khpms:miagsyists éself)thet Wavetomt t r acker .

A tech b th the X axis of the
opt | ool oy SVaERLAE sopblowyBe pRER PF e T3 e 0B Gt e w3tk A6 i ng
beam 276 t GebhRelhd @pdpaph sy%t?eﬁl sdo ént?@ gs%dtﬁ%th HUShER osiieadty € tracking

camera. Then, a i ner Can be superi on the eye tra I'ng system or a
| i ne can bd:etwemeﬂje topogtaghy)p}lsmmﬁ{)&gmt theawtavefront systers 302 atsn bocd-hkgriedyms 22 21

ril 2004 X r. s aimn stem, Furt.her, I S nment can
Qg :oerl odi CKH§ @8?‘??@& PrBéFesllaﬁ?‘fﬁ?%ﬁ'a?@FéX 5’&‘?1’? s %@5‘ ‘T‘E’ém%? EX and
ensuring thggergmémgg@nned ai mng beam matches with the alignnment axis

within the opti-cal systemor on the eye tracking system video display.
Transl ati onal X-Phigmaybepaticslanyvecfol whénathe yopagrapby eystem d0§ end Wawdrontse of

Mul ti pl T Data.t d T {. Syst
Turni o to S 270 ity fmRuniatus GRS ed P W e ot y
iris |imaggsemt504 eﬁnﬁl@ﬁﬂu e bmpopdry #feRn&d Mk thh’tFi?éa[ﬁjreﬁlﬁﬁ fheiréfeRhgler to

align the captured refractive data or treatnent profiles anobng vari ous
systens. SpgBks 5&‘&&“@/50@9%1@@?911@0 th¢ ¢yeusnchas adthi the medigalpent Adthouglcapt ur ed

03,2 PO AARTh AN 080 a5l S 55 et B R BBt
data, or it5 Iosm%eﬁpﬂuesﬂ d6ng with Yhat tdf@beel Ak Sy 8 bhefhOlopogaphydyseth S0 the
wavefront data, the
laser system 504 can employ its own captured iris image 518 to align the treatment. .
Further, it is possible that the reference mark itself would not be needed. If the
wavefront system 502 and topography system 500 are either simultaneously employed or
employed without movement of the patient’s eye or head, then it may be assumed that
the proper rotational alignment is maintained. Then, the wavefront system 502 need only
capture the outline of the iris 508 and associate that with thé outline of the iris 512
captured by the topography system 500. This can be achieved by fixing the patient’s
eye, Or 'b).' fixing the patient’s head and moving the two diagnostic systems into position
without the patient’s head moving. If this technique is used, it may be further desirable
to employ a rotational reference image, such as illustrated by the sailﬁoat below
described in Figure 13, to further ensure rotational alignment between the eyes when the
wavefront system 502 and the topography system 500 is used.
A variety of permutations of this arrangement are possible. Referring to Figure
11A, a topography system 520 captures iris data 522, but also as part of its analysis

captures an axis of astigmatism 524. Then, a wavefront system 526 also captures
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di scl osed techniques can allow alignment without such data. ohydtihggoacase,

I n one enbodinment, the physician first makes a reference mark 506 on the
eye. That reference mark 506 then acts as a rotational alignment marker
relative to an outline of the iris 508. The wavefront system encaptures; the
wavefront aberration data along with the pupil outline data 508 and the
reference mark 506. Then, the topography system 500 is enployed. The

t opogr aphy m&tﬁﬁ@ REDbur nBONRYE grg%%? E%cfo%f’{:l&gﬁ Stl(ﬁ)é‘&tliﬁé of th@ﬁ@seasqﬂﬁﬁﬁal?egle of

illustrate e i1ris imge captures the out
the iris 5h¥ thscivelé 52& sTheheayefioni yushnyalsmckptures ar sicef astighatisid 530. Then,

correspondi reference mark 506. These t re sinmultaneousl aptured as
il lustrat edl?‘?sﬁﬁx?sr@ als'r‘rgﬁ%nssl‘ﬁ? “é‘ﬁ’(fotcﬁli’g‘gf‘x@ ‘faEPp‘E?@F‘HE‘%éy g?s'?_ @g@ mai nt ai ns
a transl at 'sgaah 5909nd E&t@éueg‘eads SEHEIRNGG spﬁfe\é%‘ﬁ% bPid debimiquPdfsedda the
iris outling 512, associate refyerence mar 4, and the capture

t opogr aphy inl&igaré t B laf ingrafildmeinatiohd otdesi3@ria pisialled 60 & veD@fronayseonii2ne its

data with wavef r.ont st em 502 _based .not .on t jris i > 510, but
st ead on TGRSR el e hRGER AN GRS vyt ifes £ 5t inceOminTHhca Bibkh oot i
514. That igg met»b@/ef:bﬁg@ta%ﬁp%m. PRbEMR BRARRHoNBY SdsitRits of WS MunlRatiopien

their data is conbine evel op a course of refractive correction, align

t hei r dat a of fedtuminatine divdp ring 632, as icspturedtblyithelnage 334 agabos axés ofel | as t he
tati | f arks 514 d 5Q06. ,23.2 [ 004..P ly:.th

| P1 o] e BB A6 R et to BF o e oot afiepruh SF Rt

cal cul at ed pyithe foﬁﬂgﬂgﬁhf SLREESIDR ATHi PprobRiEs Ak hditidRADBaskWith WARA tokhalighr i S

i mage 510 i § used the laser system504 to align to a real tine Iris
i mge 518 dhpdata framitye tapegtaphysystops SAhargiohe wakefsont systert §26r Fegher amtisig4

enpl oys the_irj,s image 518 itself, the wavefront. system 502 enplo t he
ot e of ceifelt A Y aadamaish G R P ey S MR BECeang oy R REe ¢ e
t opogr aphy of ele38) fafier iR kivysve RO fBfradiRe Rrbh6f thBeld & caphaeNePihe Gvatafrant
bet ween t he topoj%aphy system 500 and the wavefront system 502 can be

co- al i gned system 546 wWavafsontiablatipe profht profile based on that data when the

oD, LS et O g b i e gk Y
Further, a variety of user interface tools can assist the physician, including the
aforementioned cursor positioning and the software rotation of the treatment profile. .

Further, the use of iris data or other alignment data need not be continuous. The

iris data can be used as an initial alignment tool, and then other simpler alignment
-techniques can be used throughout a course of diagnostic analysis or refractive treatment,
such as the location of the inis alone. That is, the iris dafz; can be used to establish the
rotational .ali gnment, and then the outline of the iris can be used to maintain translational
alignment during a treatment. Further, the rotational alignment can be periodically “spot
chécked”-throughout a refractive analysis or treatment, dependent upon processing

power, even while translational alignment is maintained based on the outline of the iris

itself.

Patient and Eve Validation

As an additional side benefit, when the patient lies down and the iris I irnage
(Figures 2C and 5) is acquired, the iris matching algorithm can determine not only the

translation, scaling, rotation, and skew to match the actual iris image 206, but can also
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system 502 are initially enployed to capture diagnostic datgg gpﬂ;ﬂj&y | at er
Is the |laser system 504 enployed. A tenporary reference mark at is
captured as the reference narks 514 and 506 can be applied to the eye,
such as with the nedical pen. Although that mark nay be gone when the |aser
system 504 is | ater used, because the iris image 510 was captured al ong
with that reference mark 514 by the topography system 500, the Iaser

syst em 504 I i [

treat ment. v%%tf{m e?é’Etilia;t l%%%%?@%%ﬁg{l {rhélris glr%le‘ﬁ%%j%?gmﬁh vvoul d not
be needed. fiifsafeheechamismfto anmlrsgtmt eparﬁ&ﬂaﬂllaehrmpmgﬂmmy fay ﬂiﬂ?&ppﬁ@ﬁlaaf e

ith | t d d hqQut t h
pati ent s BB HE4NS DRRanATte: e BOTSSEATFR é“élnﬁtéﬂy?ﬁé&gﬁ%mfsa%t ati onal
al i gnment h&cmﬂﬁ%&ﬁqretﬁm%%;og ‘el ha o@é ﬁaé%m% - B »g;& ture

the outline of the iris 508 an |ate t t he out eiris
512 capt uasihghypatiast hwpddfmﬂylemheﬂfdiﬁﬁes Thhiese fadlsafb mcghimisueaeby fi xi ng
the patient's . | Xi t he tient's head,and npvi,ng the two

di agnosti c Wg?gyrﬁsqf‘ﬁ]{‘l} ‘?lttﬁg%'stqm ﬁ’gﬁﬁe heiagastig afggmﬂ’é’&ds irgd at 3 ¢
this technrm%daﬁoﬁl&ﬁ@mdnhemyd%@eafahsg B 1dca ﬁ"”’? wifiéh ﬁ@%%u&t gotati onal
reference i mage, such as illustrat e sal | boat bel ow scribed in

Fi gure 13, appileﬂutaﬂardlecmwne'lifmsmtcmmam palvidprameamingsl itwenndt neatehythe when t he
wavef r ont ﬁeéﬁ!f tﬁBZ and the topography system 500 is used. A variety of
pernmutatio 5 ¢ %“éf’rrangerrent are possible. Referring to Figure 11A a
topogr aphy syst eiRe2@@irpal¥ wﬁ&rls?st&ncmsava'ﬁa&mxp&h bl dofle @dtoRtitallior ¢ S

anal ysis captures an axis of as matism 524. Then, a wavefront system 526
al so capt umagually, using a dgsplay \ﬂﬂoﬂlewmmagoldataddﬂaumnmpmtd averithé gisiimage, but
does detec h@ Ou“”l? of the iris as illustrated by the circle 528. The
wavef r ont gfﬁg‘t f4Pes gptures an axis of astigmatism 530. Then, those
axes of astigmatismare used to co-align the data captured by t he

t opography system 520 and the wavefront system 526. As a alternative of
this techni que, Wavefient:sghsol in Figure 11B, a ring of illum nation diodes

532 is installe tl t hese
di odes, illust rg'? %@-\%@%&%@ g?n% %ﬁgﬁ)ﬁéﬁm ét?azu?re%%ﬂ wa%%r&‘ft se@%ﬁgﬁél of the
wavef ront Hiustraed STRe whefrat mexfmJOds singlak lilﬁdfbmfzptllo shel wawroﬁf senbsrs g

i1 1Tum nati of the illum nation diode ring 532, as captured by the inmge
534, agai n%ﬁ‘%@r utdpcludes 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.,
backscattered from the retina) through the lens and corneal optics of the eye and imaged
bya lenslet array. Based on optical aberrations in the eye's optics, the system develops
an overall wavefront aberration' analysis from the returned light. Generally, to perform
the a_nalys;is, the returnéd light becomes aerial images formed by a lenslet camera on a
sensor of the lenslet camera. From these images, the wavefront sensor develops a
wavefront aberration map of what corrections are necessary to the eye’s 6ptics that

would yield emmetropic, or very nearly emmetropic, vision.

To properly orient the patient’s eye E, two 660-nanometer laser diodes 302,
shown in Figure 12, can be aligned at angles to the eye E. When spots on the patient’s
eye E from the laser diodes 302 are merged into a single spot, by appropriate adjustment

of the wavefront sensor 300 (or 102), the output beams of the laser diodes 302 (or optics
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astigmati sm 536 is captured to be associated with the axis f Aggfi@qat Ism
524 captured by the topography system 520. This provides an adai ti onal
basis with which to co-align the data fromthe topography system 520 and
t he wavefront system 526. Further, in this case, the axis of astignmatism
can both be based on the astigmati smcreated by the surface of the eye,
rather than the overall refractive error of the eye as captured by the

wavef r ont : e .. ab ' orafiler. A ternatives

i nclude a g)%‘}sé@enﬂgé%ﬁ% Et{‘?gﬁbﬁ@’ 4’%&5%@“%1’ g‘feségggrll H%é%%’l.d a%ét}rt her, a

vari ety of app@kimdaiél9raf,agrediffobal starks Froi the veaveftpml sehsvn 300 (6 10d).ng t he

af orenmentioned cursor positioning and the software rotation of the

treat nent pYismatiyely, thepatiensis eye Fecan de psoperlyiosiented »ysrphysigiap, ehnigiab®er dat a
need not b ' I L ] . C . LR L I gnment
tool, and ?’ hh%gﬂé%l@g%%?%%%}goy ‘é+®};lg%?ﬁmga #ggﬁlﬁ#j%ﬁ%gaogan giﬁué)efgldttﬁér’ oughout a

course of doagndsdal distaned ft6inghe waveftdnd 6énsve300 Ratdmiithe owrdlhegRsiben
| ocation of the iris alone. That is, the iris data_can he used to establish

the rot at thsrye B Inghissase, theprdis mpaged fos thalaserdiodss 30%heA light squsse, B¥e used to
mai ntain tﬁlﬂ]&ﬁl‘neﬁémé gﬁ&gdeegglgﬁ%rggg@pga;ﬁes%ggéhﬁgés% gaeevher the

rotational ali1 gnnment I 'odl C t hr oughout a
refractive anal Yhics thereye i tpoopeily atigmed) itasdeivas dighpiromesiigho gourpol@s (e.ggven
while transl ati o,na[% alignnent is maintained based on the qutline of the

iris itsePfasepdiofefichasa %FW“MW&?\“ J@efafho‘&ﬂ&?qnigéﬁéwugﬁld’éﬂﬁ@ﬁ'& it,
when t he 1 en! | : ! i | : 5)d S
acaui rod, " EeEr PrbiEbl; M la@iiol? 306 badmbee e bl b7 e lwo-
t ransl at i opowscal mulgj-povedr adddes), atdegit skexy lowenpdvedr forldigantenaand initial | mage

206, but can aJ so 5.5 -121 Agril .2004 validate the_eye E that is, bei‘n‘%)é |
oper at ed offCUE 2t ALEARCERR T HOIEE q%&g“&f:?é’“gé'sﬂf’“?’égq YAEMREchani sm
to ensure gégg.t,afcneﬁf Edridth P12 BREBEselHRRIWTERY éx§mgg:f f@frﬁal ider BRPRGREA at e

t r eat ment this patient rather than another Simlarly, it acts
as a fail sabeersrecOamVE nmd 80 @V, uespettivdly.t Thesppopers dependiipom dreinitger oper at ed
on, as even the two irises of _a si ncglre patient have different descriptive

features. Taréus sueh pshave longchalisenfiods 306 ia ipremaln fugnedamral highsr BRWSTT | but ed
systems, where Whe, fLAGPRE blfin HPIHERIeP Bioks 306 Rk (@ cRlrdin 2 beamsplitter

308 (e.g., 80% transmittance, 20% reflectance). The reflected beam passes through a

polarizing beamsplitter 310, which ﬁltimately improves the signal to noise ratio (or
signal intensity) of light backscattered from the retina of the eye that is eventually
detected by the lenslet camera 312, as diécussed below. The beamsplitter 310 polarizes
the light received from the laser diode 306, generally passing light liriearly polarized
along one direction and reflecting light not polarized in that direction. The polarized
light is then passed through a trombone-type prism 314 which is used to adjust the focus
of the ligﬁt from the laser diode 306 onto the retina of the eye E, at which point light |
backscattered onto the lenslet array from the light impinging on the retina will also be
correctly or nearly correctly focused. The light from the rombone prism 314 is reflected
from a mirror 316, passed through a beamsplitter 318 {e.g., 20% reflectance, 80%

~ transmittance), and then through a A/4 waveplate 320. The A/4 waveplate 320 is oriented
to produce substantially circularly polarized light from the linearly polarized light. The
significance of this will be appreciated in the discussion below of backscattered light

returned (the “returned light”) from the eye E to the polarizing beamsplitter 310.
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first location, the treatnment is devel oped at a second |003§i|9\P'12Mbi4Ch s
subsequently applied at a third |location. The system can prov He a warni ng
if it cannot match the features of the iris. Like aimng of the |aser
system 106, validation can be done automatically or manually, using a-
display with the iris inmage data 148 superinposed over the iris inmge  from
the canera 154. Wavefront sensor Turning to Figure 12, a bl ock diagramof a

preferred wavefr S ).y ] ' 14 . r 300 is
Bl T 1 conciet paSe HeodBPidvs Waldikt 356 e R (YR FiciRld GEPRE
certain featidh ef tHelkyt BIERR light RHackscaddryd ssefledted BbmIBE fiivih Bgd thei s dat a
and for shﬁ%ﬁening the focus of light spots on a sensor used in determning

the wavef baskscasigeeddight enos on the ielinatien passegfeack tiough the oplical compenestsriior 300

focuses Of yBS30%, Shcnld WU1hd A GBLLNC ORI Ll phSHE ERLIA PhofeRy® and

t hen anal yze ur ne Scattered Tromthe reti na)

t hrough t higndgeniphtisdeanied @ghin ®ytthe wardpldid 82@ieyielddighnivgaty pblariged ensl et
array. Based on_optical aberrations in the eye's optics, the system
devel ops  BefPeRdiculan tofha issorping lingarly pelasze tmdpnémt@wast li ght .

General ly, f.ar VAT t yrine | ' | al

| mages fort#%gva%gﬁlggl jggé%gt}?s%g%ed%%og% é%%g!aoﬁs&grﬂ% 0% %@mhéag@&%@% g%eﬁélg. From
t hese i magthen padses thamehrtbeamesptioer 3By fifleps fom e weifrooB16, phaes bickon map of
what corrections are necessary to the eye's optics_that would yie

h | d
emmet r opi cthryghfhs prisia dl4.and setpms o the polariging-peamsphiftes 540 At i Rt alhe

patient's , . q&gﬁgﬁ | %(fﬁ i | ' ' 12,
can be al i%@gﬁ(&f %@%ﬁl g% t@t"‘g{r}g I‘E g’naggg%tthggélnbs?aggﬁepgﬁgd %”{hgye E
fromthe |pdedizidg bemsspl@ier 3l0andehgedflectedbypa siitrgt 325ipei the lnslepimaping at e

adjustnment of the -wavefront sensor 300 (or 102), the outpu earrs of the
| aser di od&mesd 1{0’%‘5%0%%@@%1@ &9 ag p Jéé‘ﬂeﬁbcaﬂf‘&ézg@&ﬁ%%s?dthe

oL RN e VAIEBLS26 R Mol i O R o
Al ternati vielg, rotated ipaappeotiinateby 8 dégrees). Frethjsriogpéanhentaionethe dightrgcavadysi ci an,
oo Ol A O T eabhCar £ MOLSL oMb o luaPh e S
returned light. Other schemes besides tilting or rotating the waveplate 320 from its
optimal orientation for providing returned light to the adjustment camera 323, including
changes to the optical path and optical components of the wavefront sensor 300 (or 102),
are envisioned and are included within the scope of the present invention. For example,
the mirror 322 instead could be a device having a controllable transmittance and
reflectance, such as 2 liquid crystal device, and the adjustmént camera and any focusing
optics can be positioned to receive a fraction of the returned light that is transmitted by
the controllable device. In such an implementation, the beamsplitter 308 would be
unnecessz;ry and the light received by the controllable device would have substantially
the same or parallel poiarization as the polarization of the returned light.
The lenslet camera 312 is preferably a charged couple device (CCD) camera,
- such as a TM-9701 manufactured by Pulnix, which includes an array of lenslets 324,
although other types of cameras and other sampling optics analogous to the lenslet array
| 324 (including optics separate from a camera) could be used. For example, an ICX
039DLA camera by Sony Corporation can be used for both the lenslet camera 312 and

the pupil camera 328. The lenslet array 324 forms aerial images on the light sensing’
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correct focal distance fromthe wavefront sensor 300 to red'gﬁg‘pghgo@verall
exposure on the eye E. In this case, there is no need for the'laser diodes

302. A light source, eye illumnation 304, provides light for a pupil
canmera 328 di scussed bel ow. Once the eye E is properly aligned, it receives
light froma |light source 306 (e.g., a laser diode, such as a

780- nanonet er out put | aser diode) along an optical path to the eye E

Pref erabl y, ejéhiéntl@geCcd _91‘3%')%@ %ﬂé%l&%&ﬁefa@%@ f%?th‘é%tﬁ%!fe?%ﬂﬁeﬂé&&&h 9

(i.e., two power or nulti-power nodes), at |east one a power Tor
al i gnnent ahel mipt 323. THeovaveplate 320ctan helpaa seducetheamonngdfamwantedr f or
creation of_a nulti- in a sgns,or a | ensl et &;ghmera,) 312

t i .e.g..,
di scussed bt@CB%?ttT'—rS‘_ri %’E%O I @?teoc‘ﬂﬂ“&%ﬂt ?%@gﬁﬁg&lﬁioﬁﬁﬁ‘x’“ﬁﬁ%@ eqegay 5 yw
and 30 p. Wirfa8sd)ePd 1ot -arrh 83 FRAVE IrflfR SPthe HRA 3t 1 gg‘ng{mﬁé@ct ors,

such as how |l ong the | aser diode 306°s to remain turne I gher
power. A pcdhraugh theforticel deapenéate of thhey¢ Ese thatlihedefra0ige Wavefront@bteation from a

beamsplitter,.308 .(e.d.,-.80%transm ttance, 20% ref.l ectancg).... The refl ected
beam passes"'ffeﬁgé’rgélﬁ %’e %%q“a‘?f’l% ‘W_@‘“ﬁga Pf‘f’t‘g}?atf:sl Sc %ﬁ&&hﬁfiﬂ%ﬁéﬁv

i mproves t hggAHONRE heOw®At stdkriaBordsOhnd Shopse LRSS Bﬁﬂh&h‘:}re Bhalié B&n
backscattered fromthe retina of the eye that is eventually detected by

t he | ensl etdetsamined, theyp cambe @ansfuaed do b edquired FWlatidnepmslel fot tesrovalldf cpoleat | zes
the. light received fromthe |aser, diode 306, .general]l assin I,ght

[ near |y pdisSie o sGegi Habtiie B Lol BiRE aperopuftf Aciomnit RgRa Ot BN 2o
in that di re@E.gd.ohe iR tipOIndide Bfleye E baporefits! AMorRARs parallifrioOmR
tronmbone-type prism 314 which is used to adjust the focus of the |ight
from t he | dedhnquederedademinng an approprate peofidd isto simplesale the wamtfeontdatant | i ght

backscatter I ray fro | i ght. i-0pi ngi ng .qn,the retina
w1 ar o 0th Bt fhe'spRed ST RBCAl Bleetlebih o e Bty o FRURHBRAW b e
tronbone premovéail#omshe pdeacs estned. MouResySiens @an thef rerdeVeIBEt prbfile v Hsse
beansplitter 318 (e.g., 20% reflectance, 80% transmttance and t hen

through a Xtom hacemea: Makpon teeyxEsande epplayed spad inaligningthe dye Edupingduce
subst anti al{’%“igﬂﬁ&ﬁ%a{akﬁ&&kﬁs%&%-l ight fromthe linearly polarized |ight.

The signi ance o e dppreciated in the discussion bel ow of

backscattered | iRpbferablygtheeadlet(@fag 324 &l 44r 406 of agtbximatdlP0s k129 ekt to the
pol ari zi ng beanpsplitter 310. 27 21 ril 2004 After passing through the ?J4
wavepl at e $oeh 6Q0hsquaregricrons, usBas a 6 Sopangfached by Adaptive Optics .

Associates, Incorporated. This lenslet size is smaller than the Ienslet size described in
the aforementioned 5,777,719 patent and in other systems, and is made possible because
of the enhanced intensity of light to the lenslet camera 312 provided by components of
the wavefront sensor 300 to be discussed below. The optical path of the wavefront
sensor 300 shown in Figure 12 can also include lenses 326 (e.g., four lenses) and
diaphragms or apertures 327 (t6 allow changes in beam sizes) that are typical of
illurr_ﬁnat{on, imaging, and focusing optics, and which also can repreécnt other possible
optical components omitted for clarity. For example, in one embodiment of the
invention, the focal length of one or both of the lenses 326 about the fronibo,ne focusing
prism 314 can be changed, perhaps shortened, to accommodate a smaller beam width
entering the lenslet array 324. In another embodiment, the range of possible dioptric
measurements that can be made with the wavefront sensor 300 (or 102) can be changed,
for example, with appropriate selection of the lens 326 in front of the laser 306, to adjust

for the natural distribution of poor eyesight in the general or a select population of
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retina of the eye E. The light is backscattered or reflect e'%fggp%dge
retina and the backscattered |ight spot on the retina then pagses ack
t hrough 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.waveplate 320 to yield light linearly polarized "~
perpendi cular to the incomng linearly polarized |ight forned on first

Per pond cul Saegts, SHHE HERD s 6 Bpufion Hed G BRRe Bh -F Hiomi b el oh 3175
reflects friheildskediods 306 sudh that rdseBbdaatis notlbgew hiralléle THid prdvideda cén

returns to the polari zi nag beansplitter 310. At this point, all or nost of
the |ight idfsseinsEnRiFs thalcan b uied o tesithe pafient’'s eynwith shgwavefrant sgnsgr 300

ref 1 eoted e kb 1Raloahi i QAR oo o O v R EL R £, Y 2

mrror 322 intothe I'enslet®imagtny ca sone t he returned

li ght into symmaificatBent8 duperawdR 3 sytiheaitabasion torahReymbetrival -1 +3
wavepl ate 320 can he tilted and/or rotated fromits o%ipn?‘% orientation
e

(e.g., rotAHeRfEHWVikha ymmetqa) designe 8y wilkhe appseciated by Hedhini thearts he
‘e 9 : . Ry
Subst ant 1 ol Te c¥be i€ ifHoliF{iflfihe S e b SRR 314 (ROHRD |

tilting or tomingdevige)adnd/onpuapictreofiROdofticam its optinmal orientation for
providing return light to the, adjuystnent_c ra_323, including changes
to the optical pggﬂnﬁﬁ"&iyotﬁtthws‘ (S#Fe‘ﬁf‘%:”%ﬁ?g?% %gﬁe?lﬂmm%‘@ﬁ%‘f" the)o ™ (or
102), are miViothe Maslefithedd $12.7% hhlﬁ‘@gr H15d4iBnd @'ﬁhﬁﬁ@@@atﬂfto GeRdidtSent

i nvention. For exanple, the mrror 2 instead coul e a device having a
cont r ol | ableamerahhiantteroplayed to adjfidt dint auecat] rasgeedfl the captiiied watrefrontstmdor

posi 1 oned 1B TR0l YoArprelauc FErbYAORIAGNY Ekist Hadons SRR SO PN 1t ed
by Lhe comintelt 3bRittYibe fonglilof> e ReddiDicP FRIhAirb ABond R AREAIB P! | L1 er

308 woul d be wunnecessary .the I'ight recelved by the contro bl e device

woul d have Buther, sha lasaridiode 386 sypieallywill hawe sombe jnbérand “astigroatisas’ dflits own.
pol ari zat i .0f the.returned light. The lenslet canerg 312 is preferably a
char ged co_ﬁg\‘%_c%ewﬁ %“‘E%&gﬁ a@ﬁ?&"r“ﬁ‘,n ty@ﬁ?,lh’ % n‘i‘W@’fﬁﬁs ’fa&’@f‘hr ed by
Pul ni x, whiifidteisitd (e @Verdll raigt dY tRfwdvefiohtdeRsod 360, Spdcifaughalh AgierhaRes of
cameras and other” sanpling optics analogous to the lenslet array 324
I ncl udi ng 1® & as dypieal patmant @ an ()0 raan
(i ncl udi pligned “séthah “fas dypieal pathent'a pstigmatismbie fomddande lensketpme
| CX 039DLA.canera by Sany Corporation,can_be used for both the Lensl et
caner 312 AR ERESRORRn paETR: Sor iEor e G ke tayp stuie it o
i mages on taiRgrharisM asSRBEIdNG an even greater range of determinable astigmatism.
A pupil camera 328 is shown receiving (e.g., 20% of) the reflected light from the
beamsplitter 318. The pupil camera 328 preferably provides the iris image data 132 for
the iris image 136 via a control system (not shown) similar to or the same as the control
system 156 discussed below in the discussion of alignment techniques. To compare, data
| frém the lenslet camera 312 is processed and ultimately provided as the aberration data.
The pupil camera 328 is placed in the optical path between the eye E and the
trombone focusing prism 314, which allows the pupil camera 328 to focus on the pupil
and iris of the eye E, irrespective of changes in the focal length of the remainder of the
system for focusing on the retina. Thus, the pupil camera 328 can develop a clear image
of the surface of the eye E independent of the depth of the eye E and the corresponding

distance from the retina to the iris.
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28 21 April2004 element (e.g., CCD array) of the lenslet capg B i from
the returned light reflected by the mrror 322. The wavepl ate 5 can hel p
to reduce the amount of unwanted backscattered or stray light to inprove
the signal intensity or the contrast of the aerial images. The |ensl et-
array 324 focuses portions of the light that has initially passed through
the optical conponents of the eye E so that the refractive wavefront
aberration effgg I(eﬁloﬁng}:J?:‘? eye E can be determned, simlar to what is

di sclosed in WI this regard, once the wavefront aberrations, and
t hus phase er r orfheofavefrentayrsoE3001@ad ke alsclenploys mednagehrsyd asdfiketion
transforned to g required ablation profile for renoyval .of corneal] tissue

to correct &S s svoyndn Brgues 1Q. akhefaxatiop target33tds Hlvemipaied By 2 jghtanet er s of
the eve E sofrcd 336 i afight lphen Dk n@focky Gnffe Bkt cafpfl/ 0% Ot her
paraneters). e tec ni que etermning an appropriate profile s to -
si mply scalfecusbdzbwqufmmﬁlctdmtthc ra;ma hThdnﬁkattdmetatgeaZBwsaia&fal wharetha héryal
corresponds to t of t| eeded t ved fromth

ot | oo el rom Hederile) Siray 3R i bYRER: 106A B ORI 5PN TR epiiets e
from the cohfigp 3y &Bnéﬂ?%fﬂ%??oﬁnb%ﬁ@ogﬁ’cs@ml 8 ydiOmalidarlifbcBldipNi g 1 he
eye E during acqui on of wavefront sensor data. Prefera , the |l enslet
array 324 |p$owddesaa11r1mg©foraimﬁ)mxIDntaIg¢t38325a noriimitieg sxaople of which i6he squar e
m crons, suc as a 060 uf actur Adapti ve tics,., ,

Associ at es SailRRaLPR &Pﬁg&‘s“ﬁ‘ﬁﬁl a’é‘ﬂ}q& S*"?,quﬁeﬁ"lagi)‘%ﬂ‘&ﬁ Thrcfixating) et
size descr 'tQ%Qt 33 &é&&h@éﬁ@ BRfYhe g&%téb@? éﬂc%uac”}%%} 28081 dictuliffage or
systens, andis nade possi.bl e because tﬁ enhanced intensity of [ight
to the Ienssb@te—-cmr&y spmczon:ntovsmdbhygammdrbgnhcsexﬁE—-tohewluelvwrﬁom sensor
300 to be SCUSS ow The o al path .the vefron sor 300
Shown i i FiSEIING B eg Eqf it Prerb ik Taadd Biptedly it B5iettS Reobitish 288}

di aphr agns geéusaRablalposit. SR indgR o tHeAT%afbAREES allBwb 8RBye F@TdcdshRinfmits,
typical of illumnation, imaging, and focuSing optics, and which al3o0 can
represent @slifithe proagsi wire far@pftamalluch campaid émelimipating eﬁeﬂwng ﬂurafﬁeyts ofeye

exanpl e, one enbodi nent f th ention he fdoc th of one or
both ot 1 e FeReabagahSibiBon by e st Gaed i red s oo iR el
changed, peEha#Réa 8 enesthertwords; 8betiR fHiABbA B ét@aévedeéﬂhelpant ering

the lenslet array 324. In anot her embodi nent, the range of possible
di optric prevent to acertain extent, the eye E from focusmg at less than infinity.

The fixation target image forces the eye E to rotate to its “normal” rotational
position, thus minimizing rotétional errors from the diagnostic analysis. Thus, with the
fixation target 334, a rotational frame of reference can be defined relative to the eye E.
An asymmetrical image, such as the sailboat in Figure 10, that c-:an be viewed at infinite
eye E focus is preferable for helping the eye E maintain the normal or a pre-determined
rotational position with respect to the fixation target 334, even with slight head
movgmerit. The fixation target 334 can also be used to adjust the rotational position of
the eye E in conjunction with recognition, location, and alignment of an iris of the eye E,
such as that described above. A simﬂar image can be used in other components
according to the present invention, both‘diagnostic and treatment, to eliminate or reduce
accommodation or rotational issues.

It will be appreciated by those skilled in the art having the benefit of this
disclosure that various types of compbnents can be used to substitute for components

implemented in the wavefront sensor 300 (or 102), and various optical configurations are
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measurenents that can be made with the wavefront sensor 300249@'%2%% can be
changed, for exanple, with appropriate selection of the |Iens ﬂ I'n front
of the laser 306, to adjust for the natural distribution of poor eyesight
in the general or a select population of 29 21 April 2004 patients. One way
to do this is to position the lens 326 (e.g., a -5 diopter lens) in front
of the | aser diode 306 such that the | aser beamis no | onger parallel.
Thi s provi . i i i - 4N ; st the
pat  ent s ot Kplolloher BnbBincnll S RP S Riom Tor CRIAE, A ERIAES L
exanpl e, t bellidiatytlight sousceyer maktiphelightdbhices) forexamples pnedow pavedr an@ono +8

di opt L f trical I gr nmetrical -1 3 dj opt
W Ch an asYighamet e aenticq e e fiod="25B" 158 AR sent Sompeck igd Bnlibretl Y n ¢ e
art. Thi spGrf handpaR ofteMitior 9@9%&1@7 fchQeSird§ 304 of iR IbANKTRARAEafQUSI Ng

prisn1314'For ot her® tuning device) and/or parameters of the optics..

Al t er nat i vean/have mdre opfesier lamslets as desired nsa@2alingito design 3 Fartheruit vithbe noved
into the ath.to,the le et.canera 312. ' A nunber of |ocations within
the path t Somaiedhy fhase SRUEL e Aot s PO PR he overal
range of t B&t&ﬁl&a%g%omesggte&t, SR A micA¥Bmplifer WA Wid@@aﬁ&?bﬁﬁ&éﬁ ed that by
enpl oying either the lens 326 or 338 noveabl e into and out of position,

t he | engt hcarffigurations/arepwssibledhat afeowithindhe scopd omdspist efdhe pregent myentierr., t he

| aser di ode 306 typically will have sonme inherent "astigmatisnt of its own.
This can be aligned with astigmatismtypically found in a patient's eye E,
agai n increasi ggnéihgopverall range of the wavefront sensor 300.

Specifically, such astigmatism is aligned "with the-rule" as typica
patient's asti githe foregding disclastire andidesenptiemef] the inyantigreare Jiustralive and

correspondin vefis ont. sensor 300 sofiware can G ~this
“her ent - aGETgLY SIArad: SR RRs hankeL PR o Gt ol B Do AGERUR and
asti gmati sBansfubtil dndaadRE oS ritonThay B e&ELkithe\d dé?arﬁng fraRthefpirit éfe
reflected light fromthe beansplitter 318. The pupil camera 328 preferably
provi des t H€pyendionmage data 132 for the iris image 136 via a control
system (not shown) simlar to or the sane as the control system 156

di scussed bel ow in the discussion of alignment techniques. To conpare, data
fromthe lenslet canera 312 is processed and ultimately provided as the
aberration data. The pupil canmera 328 is placed in the optical path

bet ween, the eye E and the .
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tronbone focusing prism 314, which allows the pupil canera 328 to focus on
the pupil and iris of the eye E, irrespective of changes in the focal

| ength of the remainder of the systemfor focusing on the retina. Thus,
the pupil canmera 328 can develop a clear inmage of the surfq@@mgﬂ ﬁ%; eye E
i ndependent of the depth of the eye E and the correspondi ng % e from
the retina to the iris. 30 21 April 2004 Fixation Target The wavefront
sensor 300 (and 102) al so enploys an inage used as a fixation target 334,
as shown in Figure 10. The fixation target 334 is illumnated by a |ight
source i36, and allows the patient to fixate and focus while the adjustnent
canera is focused by the prism 314 on the retina. The fixation target
334 is useful when the aerial inages fromthe lenslet array 324 are

brought into focus onto.the sensor of the lenslet canera 312 by adj ustment
of the tronbofeysish (o aligning rpfiactiyectisgnosis ansk teatpert|date, peropiisieg an | nage

for the fixaf®epkaaaed d1§§fbst1@oﬂ@ﬁ$éﬁ%%d?9m§1" not&’fgrlsﬁ’i@fr&awla?laﬁhhﬁe

sai | boat on vvater ilTustrated 1n Figure 10, tT on

poi nt . firfiephthalmi éﬁgnqsae greteﬁagwegpql@ﬁamtn@tw@u@ sm@lﬁmep almiat' s brain a
Pi Gt Ur @it @512 364 Hkntlth Aot fta b8 terBhce BF ERFirkiSBkdovS g, OD) ect or scene

being viewed by the eye E--on wh ocusing the eye Ewith a
pi ct ur e- | i kKECCRIigist opbehaimig alignmgnf data bangmetginedsas anefenence dofusting to a
poi nt. Heile@mee of the fixation target allows the eye E to focus at

infinity, as if the image were far away, which can aid in elimnating or

reduci ng t h@e@iﬁf@bwo@ﬂme fipst sefeastivio data with the sacondirafiantivesdathiby aligning
| Mges gl ef& d&ia \é@&{d% &éaﬂ&moﬁﬁtﬁmﬂﬁgwﬁ&m bp other

words, the i ge t he flxatlon t vent s prevent to a

cer t ai Feflagtivaiool qrmdomﬁ sqeoRd mﬁfap@mtm @@phﬂ@bslctdqum ¢rrre£rs,cuv¢ hwlfixation
target addMQO E&Htﬁl%%eéd?ﬁ gﬂﬁaﬁnﬂz 911 1éHt RBata Qs b?’ forelle &{lﬁ@ H-le Ol AN e

posi ti gn, mnimzing rotatio errors Iagnostic anal ysi s.

Thus, dﬁt@h the fixation target 334 a rotational frame of reference can be
defi ned relative to the eye EE  An asymmetrical inmage, such as the sail boat
in Figure 10, that can be viewed at infinite eye E focus is preferable for

hel pi ng t he2. ehe system of claim 1.isompoisingla fst ephfabmigatizgnosticet refrattive itanial
POSi ti gyl shRSRGEaRivE Bta the Bl OPnhARREHiagtttic &Y RBaWive oSl dadfiba fead
capture said first ophthalmic alignment data and maintain that data as a reference
for the first refractive data.

(')

3. The systemn of claim 1 or 2, wherein the first and second ophthalmic diagnostic and
refractive tools are chosen from the set of:

comeal topography tool;

a wavefront aberration tool; and

a laser adapted for refractive correction.

4. The system of any of claims 1 to 3, wherein the first and second alignment data are

both one of the following: iris
data;

astigmatism data; or

his outline plus rotational marker data.

5. The system of any of claims 1 to 4, wherein the means for associating is a
computational unit adapted to calculate a laser refractive treatment pattern.
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novenent. The fixation target 334 can al so be used to adjust the rotational
position of the eye E in conjunction with recognition, |ocation, and
alignnent of an iris of the eye E, such as that described above. A simlar
| mage can be used in other conponents according to the present invention,
bot h di agnostic and treatnent, to elimnate or reduce 24 APt i on or
rotational issues. It will be appreciated by those skilled in the art
havi ng the benefit of this disclosure that various types of components can
be used to substitute for conponents inplenented in the wavefront sensor
300 (or 102), and various optical configurations are 31 21 April 2004
possible to form ot her enbodi nents of the invention. For exanple, a high

i ntensity, | Iimated. |ight, source r omultiple Light sources, .f.or
exanpte. ”on ThsayBBlEAL Ak B UAES ok wBivel the it b eRoeBAPERELEUT A ode
306. Theertddaptet nealigrcthebisars3sch. can i nstead be placed in the path of the

mrror 322, and the lenslet array 324 of the |lenslet canmera 312 can have
nore or fewer lenslets, as desired or according to design. Further, it wll

be appreci AtHe syiteistaty Rélhingdl o6 ddhfpridirg & ledhctivelcofbctiontruaRApPRACNt S
are geperal _g@fjco. trol | ed l%y a control system such as a mcroconputer. A
wi de v ?lpg?i} %ﬁh%?aﬂe&b?ﬁ I°GOPRSH8s are possible that are within the
scope and spiréfrictiot didiRofticcRRNbdiplaEs prRideGeRatiE @ita alhif the paaatdeye,

di scl osyre, and %escriﬁtion.of Lhe i nvention are illustrative and

expl anﬁg’fﬂ“&“ R EFLEASTVE AAGNASUG (091 COTERILISEfes in the details of the illustrated
appar at us aaérst 6@eraabgitedd RGGird® fife gusifl atieifs iRl Bthdsatiehdeyel t hout
depar%ii"%gqef r‘gmééd%%.s(}r);ﬁt ofa@q{he in%/jgnl?i on. Saag?fge%%yé%om al 1. A
syst e i e BT dirgosts (ol adapiet i mEoddeTagvG DA AR | sing: a
first opfdspatdinEsatialiyeidtédinR datagtprogintivg tHedibt i Rhae, Bgd sai d first
refractive d ophthal m c di ostic or refractive, tool

ita, t he fir%s {agqnfr
adapted to apELFEER adanted &9 2Bpl T SPHFT Of ZeiTagHe Heatsnh I i PAUCRAESIEXS: t hat
dat a agharefitthe 1RaGH stk cobipriséd: r st refractive data,

a second camera adapted to acquire a second iris image,

a laser adapted to apply the course of refractive treatment, and

a control system adapted to receive data derived from the refractive characteristic data and the
iris data and to align the iris data to the second iris image before the control system initiates the
course of treatment.

8. The system of clair 7, wherein the control system is coupled to the second camera

and the laser.

9. The system of claim 7 or 8, wherein the refractive diagnostic tool comprises a

wavefront sensor.

10.  The system of claim 7 or 8, wherein the refractive diagnostic tool comprises a

comeal topography analyzer:

11.  The system of claim 7 or 8, wherein the refractive diagnostic tool is adapted to

determine comeal thickness or other differential profiles using ultrasound.

12.  The system of any of claims 7 to 11, wherein the refractive diagnostic tool
comprises a hand-held refractive diagnostic tool.
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receiving first ophthal mc alignnment data being naintained as a reference
for first refractive data; neans for associating the first refractive data
with the second refractive data by aligning the first alignnment data with
the second alignnment data; and an ophthal m c di agnosti 5 Qh.“¥ﬁ%ractive
tool enploying second refractive data, the ophthal mc dlag OS¢ or
refractive tool adapted to capture second.ophthalmc alignnment data as a
reference for the second refractive data. 2. The systemof claim1,
conprising a first ophthal m c diagnostic or refractive tool enploying said
first refractive data, the first ophthal m c diagnostic or refractive tool
adapted to capture said first ophthalmc alignnent data and nai ntain that

dat ' e laim 1
or 2, “wher et 1 nerye@fn oty b bR Pl PENef B hsc syl ARt Sisef 0,
tool s are chdisplay coupied tedhesecond canamraeand the gorfral systerncanid;adaptoditostisplay the

aberrat] : ggﬂwe vy refractive correction. 4. The
systemg%cgﬁ%ﬁ%q%?g%?‘gilﬁgk%éﬁéd , eéri[glh%dt he first and second alignnment data

are both one of the followng: iris data; astigmatismdata; or his
outline plug,rotati 7Rl t of .cl.ai 1 to 4,
wher ei n the§%ean@{efsg§k@gssoc§§f?] 'hﬁfstoig’%g&nsﬁtgé ?6(;%1]12({1 Sf]};ﬁ%‘? lsa%{g%%g’st o]
cal cul e¢repaxe hnd b alignfthewstéived irselatate the ssatridaria im8@:. 21 April 2004 6. The
systemof any of clains 1 to 4, wherein the nmeans for associating is a unit
in a |laser adapted to align the laser's aim 7. The system of any of
clains 1 tol¥% cchprsystempfany ef ¢laintsi Mo ldpfurthet ¢ommprisigt r unent for  bei ng
aligned wt eent’ s.. >0 lLsing: a refractive diagnhostic tool
adapted to %?@ﬁﬁéﬁ%gﬁea%%ﬁ \?’3&%@%&%}"& he patient's eye,

a third camera adapted fo acquire a third iris image, wherein the second refractive

diagnostic tool is coupled to the laser system, and adapted to provide additional refractive data for

ok
(O=

the patient's eye and additional refractive characteristic data and corresponding spatially related
additional iris data representing the third iris image from the third camera.

16.  The system of claim 15, further comprising:

a computational system coupled to the refractive diagnostic tool, the second refractive
diagnostic tool, and the laser system, wherein the computational system is adapted to receive the
refractive characteristic data, the additional refractive characteristic data, the received iris data,
and the additional iris data, and is adapted to spatially normalize the refractive characteristic data
to the second refractive characteristic data by aligning the received iris data with the additional
iris data.

I7.  The system of claim 16, wherein the computational system is adapted to develop

the course of refractive treatment for the laser system based on the normalized data.

18.  The system of claim 17, wherein the laser system comprises the
computational system.

19.  The system of any of claims 7 to 18, wherein the laser comprises an excimer laser.
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wherein the refractive diagnostic tool conprises: a first canmera adapted to
acquire a first pupil and/or iris imge of the patient's eye, wherein the
refractive diagnostic tool is adapted to provide refractive characteristic

data and corresponding spatially related iris data repr esené e&&&ép&bfl rst
iris image; and a | aser system adapted to apply a course of

treatnent to the patient's eye, wherein the |aser system conprises:

second canera adapted to acquire a second iris imge, a |aser adapted to
apply the course of refractive treatnent, and a control system adapted to
receive data derived fromthe refractive characteristic data and the iris

data and to2@l i ghhetdystennr ofangaf alaims 7 tel4; dadied compdsingrage before the control
systemi n|t|at es the . course f treatEchgve 8. The slystem of claim7

wherei n t he® EGRYRHONESYFERCPWp gt laser systerp pd | aser .
9. Theadagpaédoreakive ad refrdctive cﬁara&b&@dhe tiatatah@ tHesifis aah,l 1y ﬁe\dﬂ@}ﬂﬂh@ %bu:@e bpol

conpris wavef ront. sensar stemof claimy7_or rei n the
r ef racf‘?e%@gh‘? eatgent @4@&0‘6%%08%@@ er%@?‘ﬁ‘éeéfe%%é?%tﬁw ngrmal W&

The sygissipf claim7 or 8, wherein the refractive diagnostic tool |s
adapted to determ ne coneal thickness or other differential profiles using
ul trasound. 12. The systemof any of clains 7 to 11, wherein the refractive

di agnosti ¢ gpol ne%aém&ﬁ'aaanaenﬂhaah%leéﬁfstémeo SHhag8agt i ¢ tool . 34 21
Apdl 2004 13. The systemof any of clainms 7 to 12, Wherein the | aser system

furthePOIEB‘r‘Fﬁ‘i“? di splay coupled to the second canera and the control
system and adapt ed to display the second iris inage and the received iris

data overl a . The syste y of clains 7 to 13, vvherelnthe cont rol
systemis a%f;pt tje"ﬁwt% @&%ﬁ%}f ‘g% fﬁ 60 QICPBWIIBIRE 2 laseresysistn foF 2uPIYAZA to t he
seco ndcdtﬁ'sesoﬂréﬁﬂﬁve feBatmERGto Rt efe, AW lagh sﬁtah Receiingthd Sourbdlbft Ner
conpri si a second refractive di agnostic.tool conprising:
ﬁ'a five treafment in association with spatially related iris data representing an iris image of a
patient's eye, the laser system comprising:
a camera adapted to acquire the iris image;
a laser adapted to apply the course of refractive treatment; and
a confrol system adapted to receive the course of refractive treatment and the iris
data and to align the iris data to the iris image before the control system initiates the course of
refractive treatment.

23.  The system of claim 22, further comprising a computational system adapted
to develop the course of refractive treatment from refractive characteristic data from a refractive
diagnostic tool and to provide the course of refractive treatment in spatial association
with additional iris data representing an additional iris image from am. additional camera in the
refractive diagnostic tool.

24 The system of claim 23, wherein the confrol system and the computational system are
comprised in the same computer system.

25.  The system of any of claims 1 to 6 comprising a refractive correction instrument
from being aligned with a patient's eye, comprising:

means for determining refractive characteristics of the patient's eye;

means for acquiring an image of a surface of the patient's eye while determining the
refractive characteristics;
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a third canera adapted to acquire a third iris inmge, wherein the second
refractive diagnostic tool is coupled to the |aser system and adapted to
provi de additional refractive data for the patient's eye and additi onal
refractive characteristic data and corresponding spatially rel ated
additional iris data representing the third iris image fromthe third
canera. 16. The system of claim 15, further conprising: a conputational
system coupl ed to the refractive diagnostic tool, the secdHd\&R0Gktive

di agnostic tool, and the |aser system wherein the conput ati onal systemis
adapted to receive the refractive characteristic data, the additional
refractive characteristic data, the received iris data, and the additional
iris data, and is adapted to spatially nornmalize the refractive

char act eri sfnesnsda @evetogutgma:oaﬂse@mfbﬂfaeﬁt@@émmq@agm Rftdrifing réfhivey
aligning the recelved Iris data wwth the additional iris data. 17. The
syst enflaracterstics; 28d wherein the conputational systemis adapted to devel op
the course gbadsabt aﬁgduygea téﬁ%aﬁv@mne‘c%n iRBulRaekitR ttfetp%ﬁbﬁt%%gé b?@h%ﬁlﬁ%]

nornmal i zed data ) BIFS.ystemo claim1l7, whereinthe |a

conpr i Hegcy IEBSﬁQfﬁ‘ﬁS %ﬂeﬁtﬂmwtiswem@wﬂteew@ﬂgemh@s@nm 7 to

18, m?gc@ivgdwglélgﬁgén%%ggétﬁﬁsnmgl mer laser. 35 21 April 2004 20. The
systemof any of clains 7 to 14, further conprising: a conputational system

coupled to the refractive diagnostic tool and the |aser systemand adapted

to receive jhie rgfls9abin\? cRARICHARL iR "i‘n@aﬂgfér*l?%l Cg%éta&teseafo devel op

the course of refractive treatnent, and to provide our se

r ef r actalipetiveesafmeRt spatially normalized to the iris data. 21. The system
of claim 20, wherein the |aser system conprises the conputational system
22. The system of any of clains conprising a |laser systemfor
applying a eour@@sﬁﬁtemétfﬁaﬁpf@msr’e@tﬁréﬂmpﬂ@né patient's eye, the | aser

system reC@éﬁfsﬂ@hrﬁéi@uEé&%ﬁ&;u%aﬂ%&ﬁﬁﬁﬁéh&lﬁdﬁ@%ﬁﬁﬂ@ﬁh éﬂfﬁééﬁc' ation wth
spatially related iris data representing an rris _im patient's eye,

the | aser syEfiapiveshgmpsficipstrumenbprovislingss frasipneef af@mfrqné t@mapiwnd nage;
pachymetry measurements, linked to the first camera;

a laser system capable of providing the photorefractive treatment including a second
camera used to acquire another image of the eye;

a computer system used for developing and aligning the photorefractive treatment linked
to the laser system, the first camera and the diagnostic instrument; and

a control system used to implement the photorefractive treatment linked to the
computer system and the laser system.

28. The system of claim 27, wherein the first image includes an image of a marker in a
selected region of the eye.

29. The system of claim 28, wherein the other image includes an image of the marker.
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a |laser adapted to apply the course of refractive treatnent; and a control
system adapted to receive the course of refractive treatnent and the iris
data and to align the iris data to the iris inage before the control system
initiates the course of refractive treatnent. 23. The ?X?%eﬁgﬁ% claim 22,
further conprising a conputational system adapted to de B course of
refractive treatnment fromrefractive characteristic data froma refractive
di agnostic tool and to provide the course of refractive treatnment in

spatial association with additional iris data representing an additional
iris image fromam additional camera in the refractive diagnostic tool

24. The systemof claim 23, wherein the control system and the

conmput ati o stemare ¢ i Lh the sa onput.er tem 2 The
ystem of -2t 10F Suan At ey SETBRs3 3 22 wta AL Fend 2R 0t e Ehee] T

i NSt r ucaRmdras dre onfrded egmetas gnd theivirtdpectivediriaged insludy en ingapRwliaghnger Means for
determ ni ng refracgtive characteristics of the patient's eye; neans for
acqui r¥ @t%ﬁeg’ﬂﬁﬁg Y& surface of the patient's eye while determning the

refractive characteristics; 36 21 April 2004 neans for devel oping a course

of refractiye.treatnen Si the .det.erm ned refracfive. characteristics;
and neans f%lr"l;]esé’ﬁ fif Bga@qr%s?:‘ ket Prqyides dntp oF alignpsat ofat i ent !

s eye thy findtimagdvnd thoethectmigeed i mage of the surface of the patient's eye
wi th another inmage of the patient's eye received by the refractive
correction instrunment. 26. The system of claim?25, further conprising nmeans

for applyi rap. The sesbsth SEclaim 3 1,6FHeash kM@ niafleR idWEkible iR infralied lightiop Bl 104st 35y Of
clainms | ;Co %F ‘chgr;lyqr‘#ésm%é la first canera used to acquire a first inmage

i ncl udPHYeANEY gds@pplicle eye: a refractive diagnostic instrument
providing at | east one of wavefront, topography and pachynetry

nmeasurenents, linked tao the. fir anera, .a |l aser system capabl e of
¥ ovi i g (e ThhSyGrm ef et d b of 52 atebnie Siid v e S0t

34. The system of claim 33, wherein said laser mark is a thermal mark made by an

appropriate laser.

35. The system of any of claims 27 to 34, wherein the refractive diagnostic instrument is
a wavefront sensor, and further comprising a second refractive diagnostic instrument
including a third camera used to acquire a further image of the eye including an iris image
and an image of a marker in a selected region of the eye.

36. The system of any of claims 27 to 35, wherein the control system is adapted to

correlate and normalize the developed refractive treatment and the acquired images.

37. The system of any of claims 27 to 36, further comprising a display that allows an
operator to see an alignment of the developed treatment and the acquired images.

38. The system of any of claims 27 to 37, wherein the refractive treatment includes a

LASIK procedure and the marker is visible when a comeal flap is laid back.

39. The system of any of claims 29 to 38, wherein the marker traverses a gray scale
profile of an iris recognition pattem of the eye.
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‘camera used to acquire another inmage of the eye; a conputer2$y®Hﬁngsed for
devel oping and aligning the photorefractive treatnment linked to the |aser
system the first camera and the diagnostic instrunment; and a control
systemused to inplenment the photorefractive treatnent linked to the
conputer systemand the |aser system 28. The system of claim 27, wherein
the first inmage includes an inage of a marker in a selected region of the
eye. 29. The system of claim 28, wherein the other imge includes an image
of the nar ki) Tha3yskdm APany of20irhs 28 to 3P evisyeit ¢hm mirkangorogrises an ikli@¥hdving 9,

wher ei . | east f i first and second caperas,.are itnfra-red caneras
and. ¢ topBimd 33kl Gk gl stertehl B prO RS RIS AR By Rb R f e

r egi onlighntehecenyee. 31 . The system of claim 30, wherein said marker
provides information for alignnent of the first image and the other inmage.
32. The systemof claim 31, wherein said marker is visible ininfra-red

| ight for atl. Thasystckh of duimid@®svigtdir saitl distalsedendnt isnadepllinest widl8. The system
of claim31 or .32, wherein said nmarker is a |laser mark. 34. The system of

cl ai m 3 PIRKERALSEENCHY | aser mark is a thermal mark made by an appropriate
| aser. 35. The system of any of clainms 27 to 34, wherein the refractive

di agnostic j.nstrunent s . a vefr.ont. sensor, and further conprising

Second 1 ef A tht AT ghelaint 41 HHErsit i 1) SPAPRCI (4T R & 72 ASP0A BROTLR 1t o
acqui r# jsis késohition page ofthelepe eye including an iris inmage and an inage of
a marker in a selected region of the eye. 36. The system of any of clains
27 to 35, wherein the control systemis adapted to <correlate and nornalize
t he devel oped refractive treatnent and the acquired i mages. 37. The system
of any of clains 27 to 36, further conprising a display that allows an
operator to see an alignnment of the devel oped treatnent and the acquired

i mges. 38. The systemof any of clains 27 to 37, wherein the refractive
treatment includes a LASIK procedure and the marker is visible when a
corneal flap is laid back
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39. The systemof any of claims 29 to 38, wherein the markeb{lpgVsjgaes a
gray scale profile of an iris recognition pattern of the eye. 38 21 April
2004 40. The systemof any of clainms 28 to 39, wherein the marker conprises
an indicia having a proxi mal segnent and a distal segnent, said proxinal
segnent extending radially froman alignnent center. 41. The system of
claim40, wherein said distal segnent i's not collinear wiwth said proximal
segnent. 42. The system of ABSTRACT QIHEHE DISCLQSUREL al segnent traverses
a gray .scale profile of an iris recognition pattern of the eye. 39 21
April 2004 ABSTRACT OF THE DI SCLOSURE A system and nethod are praqvided in
which an iris orP’tA@gfé‘m? ﬁ%@@eﬁﬁggmaw B innich an wisioEye {raagsi 15 takea dieng a
anal ysi s. ki i d i: QLN : i i th
data fr om oarecvB AReh SR ARAGME e imdt (PRI Plof l b Patg FRAPARE Byl
refracti ve vitirdptacfibmeagladr refsactivie asalysid instewments, tab weHas elignifig s réfretiverent .

Further, the stored iris image | conpared with_the patient:'s iri's before
treat ment , VB {ﬂ"ﬂ&“?*h%&a vl ﬂgﬁggerérqagn% Eg-*%“’ﬁ B soredrismage i

devel oped thRpARRWithARE pRidht’s ﬁfis\’lférféx‘éttﬁéaﬂcnf,%ﬁgﬁﬁ% Gt the %Bﬁéuf%?é R t6d8 be
used, such as corneal topography systens and vetront aberratlon systens.
40 treated with a developed treatment pattern. A variety of refractive instruments can be

used, such as corneal topography systems and wavefront aberration systems.
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