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"SPECI FI CAVO 028430 TECHNI CAL FI ELD The i nvention rel ates toPSYSpPentO3ioHr
ophthal mc refractive surgery, and nore particularly to a systemfor
_conbi ni ng opht hal m ¢ wavefront aberration data and ophthal m c corneal

t opography data to create A custom zed ablation correcting profile.
BACKGROUND ART 10 The field of ophthal nology for the past nunber of years
has seen great strides in the devel opnent of refractive treatnents

i ntended to correct the vision of the eye. These techniques have evol ved
fromthe earlier radial keratocony technique, in which slits in the cornea
all owed the cornea to relax and reshape, to present techniques including
photorefractive keratectony ("PRK'), anterior |amellar keratectony ("ALK"),
| aser in 15 situ keratom leusis ("LASIK'), and thermal techniques such as

| aser ther eratopl a v . f S 6 chni ques strive to
provide a r fvely quﬁ'?g'fmmgﬁé&?%@ nof vision. Wth the
devel opnent and refinenments of these techniques, greater precision has
becone possible in refractive error correction. In early types of
treatnents, the precision 20 of SRECHFKEATIONwas rel atively coarse. To
provide correction to within plus or mnus one diopter of the desired
correction for nyopia, for exanple, would be considered an excellent

out cones The typPRECHENICAEHRIEEDL S have become progressively refined,

however, allowi ng nore subtle defects to be corrected. Myopia and hyperopia
can now be cor rihetinyention selates to systemsdonephthalmric refactive sirgeryy angd more

corfected. Pariatl B3 sitpTB comhinRdchiatud Wi lofF iheRBi6 iindll T, T0re
SHEET ( RUL bppBthelni© cofredPebpOerBpily dltaXd dré@é a custotiizedublatidiieotrecting profile.

di agnostic tools to determ ne what correction is needed have al.so advanced.

Enpl oyi ng topography systens, vision defects can be determ ned and
corrected irresﬁgﬁk@w "regularity”. Such techniques are descri bed

in U Szq Patent . % i d padd ' f‘éi!rﬁ’f&i A gery
Systemm | ssued ﬂ%pfiﬁf?@%&p 99 Pﬁ%&vfg}r?'elpggmﬂggvuﬁ opograpsﬁ ysf'gﬁn%;é%
pachynet r y thedevelnpmentiofafefractive treatments intended to correct the vision of the eye. These

techniques have evolved from the earlier radial keratotomy technique, in which slits in

the cornea allowed the cornea to relax and reshape, to present techniques including
_ photorefractive keratectomy (“PRK”), anterior lamellar keratectomy (“ALK”), laser in
15  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
20 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 using excimer
25 lasers, higher order defects can also be corrected, such as asphericity and irregular

astigmatism.
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10 sensors, and overall refractive error detection systens can detect not
only the 4 of myopia, hyperopia, and astigmatism gdegie@basrshi gher
order aberrations of the refractive properties of the eye. Detection of
wavefront aberrations in the human eye for such purposes as intraocular .
surgery and contact lens and intraocular |lens fabrication is disclosed,
e.g., in 15 Liang et al, "Objective neasurenent of wave aberrations of the
human gye. Wit hat i shind tigde, theldidgnGBtiv toblaas detonine whantosention is ficededir nal  of.
the Optical Society of Anmerica, Vol. 11, No. 7, July, 1994, pp. 1-9. That

t echni que havelalso@dyanced: Employingitopogsaphy systems vision gefegts can be detesmined g ht

f | di t [ & L ght Gl s di ; dthe
bupt | ana 118 CRENEA HresdhAlile ot Mef fefushy” sadkicAmibdesdd abibed ST | P
Fig. 20 1)pdiént™NW, 580t a32bsntitled “DaduiitiRedBLciteELases Sirgeny Systern /! [iisued

Typically, the incomng and energent light follow a common optical path;
t he i ncomi April 6,dR99.i A varistyefinew fopography systemsnPashymety spHems. Waveirgnt

det ecld, ncaons A SYRRA Snckog P adiBiton Syurbile Gad BirbcFaBllonl YR mARH LS 1 1 ©
whi ch br eafqysyia,tHypetopi) and adtignatismy butylsof higher ordemabefratians of tiee fractiveont o a

charge-coupl ed 25 detector (not shown in Fig. 1) or other two-dinensional
| i ght det enmmmemfdhesm is located to determne its displacenment A from

t he position ' ' yfqul EO lﬁﬁ?ﬁﬂg@ JREd _
aberrati ons, %&?ﬁie&n I'sp vggggr@rtﬁgéa% st gwspot s al Ifglfvxfde?égg‘{\st I‘al,?Ct I on of
t he wavef rigthoculid sifpesy sirl contactlenoind intracdutarens fabscation dsidisclosedve.g., in

mat hematical technigues, In Fig. 1, 0 is the locally .averaged. ef ront
Sl ope 1on {Tiang etcal “Sdbiestive massapeinen of SyA8 pherrations of e fiman Y vafftihe use

di spl ace”g‘ﬁtab’?ﬁﬁﬁ%‘gﬁsé R £e-fidHE SénsbEN Wbimbbofine-Ophehl Sdsie) of Antértca, be

appr eci at ed inthe art. Inprovenents to the technique of
Li ang et aVolailk Nadgfuly; 1993, pp.ilshgThattechnigre wilkbe|spmmarizedywithreferesge taand

retinal i e | it f e nar nal,. human . the tical _
Soc: ety gﬁgn]e?#g’ﬁém)\%ﬁ‘ghﬁl mqasf{d“’ﬁ%éﬂﬁ’g&??@%gg&“’g%‘?é{‘% g alnd in 35
U.S. Pat enbwhi the pdpil and- ihéiddfit bh il wetind. Albeatn (¥ Wavetramt,)as déidribedisFigeaches
techni ques 2 SUE | TUTE SHEET (RULE 26) 'i~ WD) 01/28410 PCT/EP0O0O/10375 5

for délectrigreflocied byithswesting and emerges figmithepepikr Fypicallystherincomisgard ed f or
o7 Ut 9° Sl N STl A BE YRR IRAPS R e
common optical path with a beamsplitter. The emergent beam is applied to a Hartmann-
Shack detector to detect the aberrations. Such a detector includes an array of lenslets
which break up the light into an array of spots and focus the spots onto a charge-coupled
25  detector (not shown in Fig. 1) or other two-dimensional light detector. Each spot is

located to determine its displacement A from the position which it would occupy in the
absence of wavefront aberrations, and the displacements of the spots allow
reconstruction of the wavefront and thus detection of the aberrations through known
mathematical techniques. In Fig. 1, 0 is the locally averaged wavefront slope in front of
30 the lenslet array and is related to the spot displacement and the lenslet focal length by 6 =
A/f, as will also be appreciated by those skilled in the art.
Improvements to the technique of Liang et al are taught in J. Liang and D. R.
Williams, “Aberrations and retinal image quality of the normal human eye,” Journal of
the Optical Society of America, Vol. 4, No. 11, November, 1997, pp. 2873-2883 and in -
35 TU.S. Patent No. 5,777,719 to Williams et al. (*Williams™). Williams teaches techniques

2
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PCT/ US97/21688) (" Prey") teaches a further variation using polarizing optics
‘to controvoolasfaoscatter fromthe lenses in the detector PEIVEPOOMIRE

Wl lianms, Prey suggests using 10 data fromthe wavefront sensor to devel op
>an optical correction for the eye exam ned. Mre specifically, the optical
correction so deternmined is limted to the aperture of the cornea neasured
by the sensor, e.g., the 6 mllineter circle to which the eye's pupil_ was

di | at edsmhéwdqmuagebmwandufcmsmmamm thys detected or eyegyegery andi ng a
t apering arti al O mnimze severe changes in

cor neal cu&&%?g&gﬁfgm ‘f‘é@g ?‘?ngéﬁ'essl on. These diagnostic systems
and techni ques *Iﬁeéﬁ:ahbﬂalmieﬂBPhﬁicaﬁﬁﬁW@WMB@gInt&ﬁiﬁmlApp. of both the
fundanment al__and hi gher order defects, especjally when used with the even

more ref i n@EHUSHHZL68R(“Feny bteachns afuethen weson Wring PPleBZINgOPLSS 1 Qq,nhtoh at

errglrg\r/]ed Z@aagééfﬁ%gﬁﬁgxgq‘ﬁ% eﬁ%eﬁdﬁ éeqéccgf\g/ranc g??éngn%'g}{}esu%géﬁ%o ver,

ref r ac Ve datafasih theow SvefidAEskpsor tswap(aﬁlﬁ ifdﬁcbﬁ%ﬂﬁlf&%breyé bﬂmﬁmﬂem and
according to the techniques of enbodi nents of the invention, a wavefront

aber r at i on Meggnegifically; dgloptieal c@pn@tm 59 determinadiis ligrteddo tha apesture of the 25

S gat hor ofoutRy AR b B serin . 1S Rl I HWRIHHESS Bonblifhad '

b(r)\unds ?TL thteﬂlwhet]l mbﬂe?nadnedsureﬂhf @dtsiﬂomaama, }llrey knégg‘ébusszsingfmpaiﬂgon is
t hen conbined, either hefore or after it is qyed to, create a

refracti ve blndzoreaf p kationtg mipimize feéfsmsqsgnepwléaw d henes nrer
| aser fS'rg‘fxf]sXeﬁiég}& n.30 Additional enbodinents of the invention provide
further techniqués o ‘conbi ne wavefront and topography data and to enpl oy
both in the coufhesediagnostit sysgemedndtethnigueshavoths pntermhbfoepennitmg)ne

enbodi nent, the to ra r.e- eyal uatiop.or eni ng
of patient §°’5§‘§EH Q@aﬁ%%&feﬂ &ngpyr esRsCIAlY| wh Ea g‘
corneal  ayyd@RhmYore fétthedirtfrdctive ea&aé&h%&m dufes,!vith ﬂﬁﬁio@ﬂhlit? tiat $ididnab! €

candi date, the wavefront 35 tool is used to capture t he eye''s wavefront
aber r at i on comeationttabe genthan 20/2Quwiik someday te thesumsy| Howev (lﬂlJLE 26) WO

orof 112 TGPl R Afoiind B SRRASBL Trnloal lo A PmER Sl BbE R 7 7 "

t opogr aphi geédida of the eye, and the resulting simulated

SUMMARY OF THE INVENTION
In the system and at:cofding to the techniques of embodiments of the invention, a
wavefront aberration diagnostic tool for ophthalmic evaluation is coupled to an

25 ophthalmic topography tool. Refractive data within the bounds of the pupil is gathered
by the wavefront tool and with data extending beyond the bounds of the pupil gathered
by the topography tool. This information is then combined, either before or after it is
employed to create a refractive treatment. Preferably this treatment is created for an
excimer laser surgery system.

30 Additional embodiments of the invention provide further techniques to combine
wavefront and topography data and to employ both in the course of treating refractive
errors of the eye. In one embodiment, the topography data permits a pre-evaluation or
pre-screening of patients based on a variety of criteria, such as comeal thickness, coreal
asymmetry, and similar parameters. If the patient is a suitable candidate, the wavefront

35 tool is used to capture the eye's wavefront aberration. Then the captured wavefront
3
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ablation is also evaluated to determ ne whet her the outcone (again, such as

corneal wbiggksges and irregularity) will fall within acc
gui delines. Thus, the topographic data representing phys?ggﬁmr"g*“??ct ive

characteristics of the eye and wavefront data 10 representing overall
optical refractive characteristics of the eye are used in evaluating and
generating the ablation profile. In another enbodi nent, the topography of

t he var§ ouabdrmation deta i Gsedite calgalatesancdblation préfilef That abdatibniprofileds thear nea and
the front of the lens, is captured by an_el evati on based, topography

system A duaieder thecapredsapogaphie e of theeyeanddhe rsyltingswguigted; hat 15

t opogr aphy : ' | I captures
t he overal ?ﬂﬁﬁv\@vfgﬂsg%y ﬁgé@%ﬁ F%W? W@%e?gg@%%gh’eﬁg ag*: e eye

W thin t hetllﬁn]qn'ets anddrmregulivity) wilbfallowithiaracceptableguidélines 2 Thus, the/ topographibas ed
ool i ¢ i SACE FROTTIGRANE hssical ofrack v SarRToten QL v WL ANeBoBL A o
wavef rnt  jedres , mlggﬂl : é)é]r}e %d’?h b1 ad upi |
20 ar egj.ﬁI Tﬁges% stean vg?%?%@gp%@sﬁy%r esdgg% mgte{a?ggt{l nf, IOto
be devel opanil generating ehesabldtioniproftled wi t hout the pupil area, while "tuned" by
the captured ef rgnt dat wi thin the pupi|l area. Because the captured
wavef ront dat ;%a}eégmgf@WF %WP‘E’E&%? Virous eTtH@sd’gmet%YF’ %’ghﬁbnent s
of the ey Cuheint fnd iRklof CORER R the Hoht UPAR 14, K2uptitedt By arl DEvARNPaLANt TOY

| ack the topography of certain surfaces, the captured Wavefront data 25
t hus pr ovi topegraphosystenn sA sakculatdd wavefrontablationds theniderived basediondhatavef r ont . .

I n yet,anot her embodi nent, for extrepely.irregular es, first, a course of
treat e PRokERt St RS ey faciie ST LBt oo R paniyeS s e o
gross  asYwawdffont gbepfatibh bﬁﬂié'o@ﬁbélb@ﬁ:pbﬂeﬁt@@fﬂxé%?@@iﬂnﬁﬁh@?ﬁﬁﬂ hfea. PREE t hat -
treatnment has been applied, a refractive evaluation is then performed with

ei t her t heb% enmeparingithecaletated wavefsont basedonrthe aye’s inpography maththe capturedvi de a
basi s for f ' A NE.EXE « e Shlicl: i . hi ghl
T egqul ar WA o he abaffors 801 it he Dupll AeatifE sopodrifitiaiiyderivly | 901 Y.
centroi ds cakulatedwavefront isctitmiedS basedwnl the daptured wavefroist data/withinsghe pupibgul ar |y
i oh 2Dor (e Thjp s a8 Evertl avetionky dySrrespRdig SEaiTaE fo RO AEXIGRRH 1o 1 oy
tracing algefsivittith Bfd Withobt'the BRpil &reh, il “acal byt G Havefbrit @aral NEN,

t he wavefront sensor captures centroids, and SUBSTI TUTE SHEET (RULE 26’)

WO 01/ 284 witliw therpupdl ares 7Becgusscthe daptnred iwavefonsidata eaptusesovesallizefractive t he
t 0pogr aphi G- {3 fhe dptitartiohidhedt€ Bt i8'efle, iRt the Bipography data used to calculate

the wavefront may lack the topography of certain surfaces, the captured wavefront data
25 thus provides a good basis to which to calibrate the calculated wavefront.

In yet another embodiment, for extremely irregular eyes, first a course of

treatment is generated using the topographic data to attempt to remove gross
asymmetries or irregularities in the refractive profile. Once that treatment has been
applied, a refractive evaluation is then performed with either the topographic tool or the
30 wavefront tool, or both, to provide a basis for further refractive correction of the eye.
Similarly, in highly irregular eyes, it may be difficult to capture or determine the
source of centroids captured by a wavefront tool. The centroids may be so irregularly
displaced as to be difficult to determine which centroid is associated with which portion
of the eye. In such an eye, the topographic data and the ray tracing algorithm permit the
35 centroid location to be estimated. Then, the wavefront sensor captures centroids, and

4
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are associated with particular areas of the eye. In this way, wavefront
“data for vayems4sto ghly irregul ar eyes can be better capturBGI/ER)U/108T5 t hese
vari ous enbodi ments thus permt the use of both wavefront and topographic
-data to develop refractive treatnments. Further, various aspects of these
10 enbodi nents can be conbined or elimnated, but generally, these

enbodi nents are alternative conbi pati ons pernjttjng devel gpnent ,of
refractd vebﬂsﬁéﬁﬂMGﬂc‘S%é@?Wl%g?m th%ﬁ?@@ﬁ‘&ghf:éiafhmf QQHH?&H\%W g??ﬁt’%ﬁ a.
Accor di ng f ' N 1 ﬂ.Ple emis

pr ef er abl ysxgr?ss&eq&e%i/%{ Yvétﬁ%%léﬂg@%}'%ﬂ% Pﬁhg%&t %dp%}gbrg%’fﬂévét‘%o t%gé]%ée%tvéé m nes

t he el evat highlyditregilar ¢ydsican be bettericaptacels wi t hin the eye, including both the
front and back corneal surfaces. Fromthis data},érrthe ﬁ)(éﬁ’(()‘gra h gxstem
preferably enpl Akofithesevarensgmbesiiments thuspermyf fhe uge of gyqigant

characteri gt st =1 D1 Wi ' BRI EF
DESCRI PTI M %@’%&Bﬁ%@g@?@%&sr at esH{ﬁrV ﬁg\?ﬁé@g‘kf ﬁ*\‘/o ved in
wavef r it embeditrentsdan bdQombineder 2liintnated) bagemerally, these ethbodimemsiarered

abl ation profiles devel ogped fraqm vefront ta and fromsurface

t opogr aphy ivers ng Ee%“@hg%é@’gﬁmé%a v fregfments 8$°B§°Wsl | as
associ at edmg’bgﬁgﬂ?tda& aldRhverionEgath 0 determ ne particular refractive
sti€s*or the ;

characteri eye I gures 4A and 4B are flow di agrans
il lustrating boRccasingtotfurther/featuties of thednvenfibnghel tqpography/syistem i$ | ow of a

conbined to raphy/ front treatnment syste cording. to embodi mepts of

t he :nvent WB@&F@@%E?QBW&%M&%&%P& %?M@?ﬁw%ﬁvﬁ%ﬁbng nsor

for usgsi Nrckragtitd Qitfaces Withf the ef) inchRiihg Bothith®frontird Hiaek Gofnealesuffagey, di agr am
firis inage data and the 30 use of the data

illustrating the acquisition o ] >
for a subsFErpmethis datacthe topegrapby systéin poeferablyemplays mydrazingdo detiveoak | ow
diagranms illustrati the acqui si.ti on Lri.s. data.in njunetion wth
refracti veo}(,?’fﬁ‘:l ﬁ@?ﬁf&d’%ﬁ? c thée e@’&ﬁ%?tht“flgﬂn 8?& g“b?‘ét;tﬁﬁé ‘fﬁrgg'ed on
that data, and the use of that treatnent data in conjunction with an iris
i mage to perf oBRIEFDESCRIFJEON OF THRDRAWINGSSHEET (RULE 26) This Sheet

Has Been Replaced WO Q1/ 28410 || .Iill_lll L 1prr 1 1l PCT/ EPOO 10375
Figure 1 illustrates principles involved in wavefront measurement;

20 Figure 2 is a diagram illustrating combined ablation profiles developed from
wavefront data and from surface topography data;
Figure 3 is a cutaway representation of an eye, as well as associated diagnostic
tools used to determine particular refractive characteristics of the eye;
Figures 4A 'and 4B are flow diagrams illustrating both patient evaluation flow
25  and process/data flow of a combined topography/wavefront treatment system according
to embodiments of the invenﬁonﬁ
Figure 5 is a block diigram of a preferred wavefront sensor for use in a system
according to the invention;
Figure 6 is a flow diagram illustrating the acquisition of iris image data and the
30 use of the data for a subsequent laser treatment;
Figures 7A, 7B, and 7C are block flow diagrams illustrating the acquisition of iris
data in conjunction with refractive characteristic data, the generation of a treatment based
on that data, and the use of that treatment data in conjunction with an iris image to

perform laser surgery;
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a

5 Figure 8 is a diagramill Yal ae%ti}ﬂ vari us features of an eye that can be
used as yebhdlAGIEristic iris, %1 ow di agr am pd-/psdofigisisng the -
use of storeélrls dat a andj mu tato translate a desire
treatnment into an actual tre 10 is a flow diagram
illustrating an alternative techni que enploying stored 10 iris data to
align a treatnent; and Figures 11A and 11B are display inmages illustrating
t he tedhni que oFighfefiisa diagramiiitexta}ing eariansiratnresobur eya-that capchesediacor neal’

surface togography systenms produce surface topography data regardl ess of
t he amunt&@?“g%séﬂ%ﬁn of the pupil, but the area over which wavefront

sensors col | ect pighfs SR aiagltin ARksEiting e dhd o skctgd fls ddtf allphdgethay) t he
en. Wavefront s

measurenmnent is t ensors neasure refractive effects of
opti cal el datete transtate a desired treatmendinto emactpalitteatment; accordance with certain

aspects of the jnventj.on,.a corneal, surface topography . e res a
surface area Iair:%’ﬁeni ﬁq%&'am ilystoating an a@sﬁﬁagv &ﬁﬁ?}ﬁ?%ﬁ%f&%ﬁw
measur fis anRtb aliel @ Wehidenah@i N the area of the pupil. The technique is
il ustl?zt e%si n Fi gu%lg 2, 1in 20 which ablation profiles based on wavefront

data and surf acBiguresddAzanil 1B-are display imagesiiHusrating theytechniquesnfFigure Qs f ace
t opogr aphy based abl ation profile 162 devel oped from surface topography

data. This data,, ' ' W illustrated as.- a pupil
di anet er 160. W@%ﬁ@é?@ﬁﬁmm S abla IOOI}I] profile 164 devel oped
from wavefront dagnealsarfdes@pagraphysysiemiaproduceistiface topsgrapipedai régasdlgsspi |
di aneter 160. 25 So, the two are illustrated as _(ﬁonbi ed abl atio&fgro_fi | e

166 by usiofghe amovrt\afidilation ofifhe pupih bup the sreanver epveitontsensers coligedi |

di anet 1 R ' . el GeREnFiR takenO it e 162
out si Jgr of‘g??é' up %%@ﬁ%%fép?%P?E%ﬁeganpl e, tglgc abivg?fég;r?ht)rofi l e
is first cshsots fieasiré refractivecfferts efqptical elgmetrs thabart im thetdpticakpathi.i Ines ar e
conbi ned. Gt her techni ques could_alternatively conbi.ne the captured data 30
bef ore an 266PmlaNes With g¢rtain agpeeis of thejaventon, g %1%8‘2?? SWEfaRe 1P OgTapIYSem

t opogr aphy, i E ovmkasakdse from
%?gﬁﬁwﬁg&%}%ﬁ% iD Rl WPAveRioht Sfis s

Bausch & Lo Salt Lake Gty, Utah, are especially
advant ageocaisentiabportion withirt the area ofshe-pupila (Thedechnique is-dinstrated imFigare 2, in

t opogragphy syst su S _curvat ur seful in
the precti ‘8@‘%6 ngﬁf’g Pfﬁ%’ﬁfaf% on ‘3’?1’%%?8 ﬁﬁtg(rlgé é@gigi y R‘%?%HJ‘ g'h‘ﬂ‘??“e%'g ur enent of
6 SUBSTI T¢hkbimd-Figur&Rshiowda surface topography based ablation profile 162 developed

from surface topography data. This data is valid even outside of the pupil, illustrated as

O

a pupil diameter 160. To compare, a wavefront based ablation profile 164 developed
from wavefront data is generally only valid within the area of the pupil diameter 160.
25  So, the two are illustrated as a combined ablation profile 166 by using the wavefront
based ablation profile 164 within the pupil diameter 160 and using the surface
topography based ablation profile 162 outside of the pupil diameter 160. In this
example, each ablation profile is first calculated from the corresponding data before the
profiles are combined. Other techniques could alternatively combine the captured data -
30 before an ablation profile itself was calculated. Elevation-based topography systems
such as the ORBSCAN II® topography system available from Bausch & Lomb/Orbtek,
Inc. of Sait Lake City, Utah, are especially advantageous when used with the wavefront
sensor. However, other topography systems, such as curvature based systems, could be
useful in the practice of this invention, although preferably through measurement of
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WO 01/ 28410 PCT/ EPOQ 10375 5 nore than only the eye's front surface. O her
types of @sdiegsiot hat are useful include dual canera syst eEI/ERODNOES
described in U S. Patent Nos. 5,159,361 and 4,995, 716. The ORBSCAN I1(r)
stopography systemis a slit-scan el evation based, topography systemthat
si mul t aneously neasures both surfaces of the cornea as well as the front of
the lens and iris. Each neasured surface can be displayed as nmaps of

el evati ¢n, rhoreithan onlytheeye’cfrontsurface. Othertypes of systehis-thatrane usefulsipclude

oyt aced Gl Gammera gytems soctnss dessribed o Ok Hatpnt Nog o5, 59.361 mif 4995286 .1 ¢ o
of the various opjd eﬁhmwgggﬁ@{a bystd §s PRitlsRhn StV RidrBased,? phy

ORBSCAN |1 (r) topography neasu s” are based on diffuse reflections
rat her t harsysteacthhtsimnlténeeoslyansasutes bpthesuifeess of the: cornea dsowelliast the frontofyht

rat her than, surface, 15 _curvature e of cularly reflected i mage from
a pl aci do c#‘egq“ﬁéF Fb%%&W@Wﬁﬂﬂgﬂ%&“6&@5@?&3@%%%%0@%’85%% be used
I N conbjgnat;i o, r 0 ' ' b Hbri ar ent
to thosy oidnpbalfoh: Pt G Befler.Oh, (il coFl mapLl fichiyhishy ath tiriVed 26
el evat i on- lxhe extasubBRBSGfaded of the comeagRaptnaced ppticalhcomputatioss canchecused Mys .

5,512,965 and 5,512,.96 Ri.ghard, K. Snopk. Data fr.amthe SCAN I1(r)
system can HETHHR c‘ﬂ?"@?@&é’t% esm%ggq??fmwpomlglanitﬂq gcﬁﬁémfﬁ?é*al I
refractive nf. "ORBSCANHESiopogtaphy fiddstemdrits iré baksPo@iffusdteflet@énsdat a
fromthe wavefront sensor to be Used to "calibrate” data in the topography

system Becratheethanspesalasireflertions e preciselysietast thetshrfaes /height rather-than serface

cor el e aouctatfis, Ve BsPecsiinl Sheieh ffletuont a pibfod PRIV TR 0° =°
refractive medsre surfdeé s1ope barbdised inborabinatidn with avasurefivfitofadiffdsev t h t hose
points. Thus calibrated, the topographﬁ system data_can then be used to

create an oefeetions agmilkbe ppparent;o those shilledin the ar, Fordlustrativalescriptions @bt a
fromvario ' | IQRP d‘qﬁ\pn@ﬁggg | ' cﬁt?’m del
of the opt ﬁ@g?iegl erreir,\Afsgd’l n §e eye. I’alg %‘gﬁﬁ%&’sgé?\é$'nea g@%izﬁ?#%%&e?

t opogr aphy amds3,$12,966 bylRichard KisSSmook! Data fiomahe ORBICANII® isgstemsar becoul d
provi de_corneal thickness data, and a wayefront sensor could pyovide

Dver al 120 of ogarelg andseanessf Ginsiphed i the cvpral rERot e B APIO RS WaTeirons
surface datgpggpd the thickness data, optical elenents past the cornea thus
can be nodel ed using the various sets of data. Mbdreover, ultrasonic

i magi ng and opt i} id alsaopessiblefor detadtpna theywavelont sensento bemeed to “BalibmateZur e not
only the supl2GSin RgaRY YykdR! Beblse Y A%Tbnt LAt ibddtneBledif' ' & - 7
refractive error in the eye, it can allow the software for the topography system to
25 cormelate a surface topography at any particular point with an overall refractive error
(determined by a wavefront sensor) associated with those points. Thus calibrated, the
topography system data can then be used to create an overall refractive error profile.
As another example, the data from various diagnostic tools can be combined to
provide an overall model of the optical elements in the eye. For instance, a corneal
30 surface topography system could provide surface data, an ultrasonic system could
provide corneal thickness data, and a wavefront sensor could provide overall refractive
error data. By “subtracting out” the effects of the surface data and the thickness data,
optical elements past the cornea thus can be modeled using the various sets of data.
Moreover, ultrasonic imaging and optical coherence tomography (OCT) allows one to
35 measure not only the surface topography (anterior surface), but also the epithelial-
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SUBSTI TUTE SHEET (RULE 26) WO 01/28410 PCT/ EPO0O/ 10375 5 stromal interface.

Since thgygbgp |ayer is the actual treatnent |ayer, t 00175 .
interface is the inportant surface for predicting the stromal tissue |aying
below. Turning to Figure 3, a cross-sectional viewis shown of the eye E

i ncluding a cornea 450, a |lens 456, and a retina 458. The cornea 450

I ncl udes a nunber of |ayers, such as epithelium 452 and stroma 454. These

variou$ catpmabinterfaceASirice tHestioynal leyeflf3 thesdteal éanehl thyef) thd stffindl56.
conbine tQ forman overall refractive (optical) power and a refractive

char act er finterface is the impostant surfage for pradicting the stromal tissue lapingbelow.e t o
f ti . . : A ' di " .not limted
Lo irregul ar i ribmindR MauRr, UGl LU vl 8 sllowh REBE I Rindlting %, o1 ance

(e.g., incohead50sclens 456, dnd @eetinad3s. Theicoiea 450 idchilds h hamber 6FRy&s0 and
| ens 456 to the retina 458. 15 Also illustrated in Figure 3 are notations

i ndi cat i n§ush3s epithelivip 432 and stroms 4. These vasioys sempenentsapaficularly ske t o

anal ygg r ey © . St j ortiong of the
cye LIy SOl sl End i 1s 35, CANRE bt dnvefil sBA ool iRer 3 o
portions gefractivg olaradteristic forthe eyeEEA inmnmberof fadters can tomeibute ¢o refedtiveiues 460
can typigall déafg_er | ne the thicknesses of the epithelium452 and the
stroma 45 ,'81\%{?8 o a o ).exrors, igcludimg) bytmog imited to,drregulanitinsin the4s0. There
area vari | | t | jng a
pachymet e?élglg&&%?lw %‘?ﬁgﬁt&‘ggﬁéﬁﬁgggl %@?@#é{gﬁ"ﬁﬁﬁ%&?&%ﬁégﬁls@ 5,293, 871,
entitl ed algmtien) from the coraendSCand lgnDES6etortherretina @58.neal  Layer Thickness
and Shape," issyed.March 15, 1994. Corpeal. surface fopography, systens 462
typicaly pr ov% 1&%’%’2@“‘8 r%ﬁ?‘aﬂ%@aﬁc?%vmg@&’&ﬁﬂg&am@r aphy
syst ens, wmaﬁcmmmeawmﬁerfeﬂ&@%ﬁw%m%cﬁ%t%f colgst em 2000.

by EyeSys, typically exhibit a very high resolution, ate restricted to
t he surf apertions ofe gye Ehdhesertoals zawpravide differeatitypsof dataforidifferentr ef r act i ve

di agnost i - 4 h th N I (r t opogr aph st em by

Orbtek, t %I‘Ih§§.+ ?ﬂ/&gnego%?ﬁnﬁs Hggleae gﬁaﬁé? %@I’fﬁ’ \%‘P‘fo@f tegl}mﬁq%ﬁé:gg es 30 and
surfaces typidallp defefming ehe thivkaesseslof the epitiselinir4 32 indthe sttorhs 4541 avliiel nea 450,
t he surface :[opogr?%p_%i of the cornea 450, the surface of the |ens 456, the

)
di st a%ce Proyideitheo thickpess; of the,corpen 430, Theue arg avaripty ofiWlteasenic fr om t hese
front opty : t ' | I ' |

wav ef rogtkg@}% Ors?tﬂ%ﬁ?g{a&x%dégﬁg{/ﬂ&%,ﬁacég@ﬁwg? ?ﬁg%ﬁtﬁg@?ﬁé&?ﬁ ed
wavef r ont Us8rBatent Nip 5293187 ¢, entitled I'Systers orsUltrasonisilly DeterminingCordesd data on

35 the va{ylag%#fc fésas%h\éﬁa al’qelrsguaetdll&nsh(ig’ Mb% eye, shown as_ an aberrated

wavef r ont
Corneal surface topography systems 462 typically provide and analyze corneal

25  surface topography. Topography systems, such as the previously made ORBSHOT™ by
Orbtek and System 2000 by EyeSys, typically exhibit a very high resolution, but are
restricted to the surface of the epithelium 452 of the cornea 450.

A combined refractive diagnostic tool 464, such as the ORBSCAN II®
topography system by Orbtek, typically'detennines and analyzes a variety of thicknesses

30 and surfaces within the eye. This can include the thickness of the cornea 450, the surface
topography of the cornea 450, the surface of the lens 456, the distance from the lens 456
to the cornea 450, and the distance from these front optics of the eye to the retina 458.

‘Finally, in Figure 3, a wavefront sensor, illustrated by 466, such as the previously
described wavefront sensor 102 or the wavefront sensor in Williams, provides data on
* 35  the overall refractive aberrations of the eye, shown as an aberrated wavefront profile
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8 SUBSTI TUTE SHEET (RULE 26) WO 01/28410 PCT/ EPOQ 10375 5 (data) 468. The

“wavefronweenssato t echni ques are enpirical in nature--concBCHERIBTS

characterizing the wavefront of |ight external to the eye that was

-reflected fromthe retina 458 rather than with the physical

characteristics of any particular optical conponent of the eye E. Turning
to Figures 4A and 4B, illustrated respectively, are a patient flow diagram

10 500 Sand(data) #68.cThe wavefrdnit sonsor teghniqueue empirical ixnawyeeriongemed with
cers o ° SR ety ot Brdahllo RSB RV RoBR bR AR
the eye. PysE b than willPthe PAPSIEARRMraceHbIRNE of anf Particli@Pepiital bompokenpefr aphy

system by Orbtek, which as di scussed above provides the el evation-based
t opogr aphythefeye & i ous surfaces. Further, the topography system can 15

| ' | | cpl f b .
ohysieal | conpolumite GrHigues 48 250 4B iisfnBa MEEC N, SfER iR Alv eram, 1he
ORBSCAY U( 500 ardPHotesa/ditaTicw 8itigrdi 550 Alustralifpfenbudidients abedidinghe thehy si cal

structure of all of the conponents of the eye, so an "overall refraction”
i s det er m inventioniotwhich both topogeaphyadatasand %aménmf data anegombingddin deweloping

overal | ved EPREIRHTtof Bospadfd B B e PRACIEH) BroTopQee i boRe ¥ b s
t opogr aphyORBSCAN [I@tupbpaphy system by Crbeek, twhichs discassed dbovtgsovidesthe .

wavefront sensor 102 or the wavefront sensor in WIllianms or others,
provi des elgyationchased toppgrmphi:of Varions sasfacent Futher, the topegraphy SYH#emLaRas t he

cye. oy cePfRaTaPbaling molif @ talolote 4 Halfink Kb BORRAHBIGES, ©' 11
par anet er scorhporenisaif thecsyeas deteimined by the topographysystem.nThé ORBSCANTI®nt

aberration of a patient's eyes, such as the shape of the bagk surface of
the |ens, toRAEraphy.sysiem hoysier: dpesnat dgierming yamg 8k ot Bieneal

Rt erial . i ae's ufd G & i voueRFrok iR ls SHBRIAL, Soiradirbinagd rent

first a topo examnation 1s t e patrent’' s eye and used for
screeni ng patieat’s mapifed 2efrd@tion msa “Haselink? fioopwhich tie topogtaphy Rayscde medolene

t ai t. h t hi ck bul,gi ng, and oth hysi cal
o oAty SOSERESE Vetal b i ety Pt Pyt cal 1y neui o0
eyes are rej ect Bconjundtion K#RthIRs topoiedphiytadl, # dastirdift tedlsatiea the isfyabl e

eyes are rejected as indicated by the rejected candi date at step 506. If,
however, tégscribgsbwaveftontsenson 102 ordhe wavefrant sensor incWilligms oz pthersa prayidesi st i cs

of data for the refractive wavefront aberration. This data has the advantage of determining

the overall refractive characteristics of the eye, whereas the topography based system
25 may lack the physical parameters of cettain components helpful to calculating the

wavefront aberration of a patient’s eyes, such as the shape of the back surface of the lens,
and the exact optical refractive characteristics of corneal material.

Turning to Figure 4A, in a typical evaluation and treatment, first a topographic
examination is taken of the patient’s eye and used for screening in a step 502. Because

30 the topography system can determine certain parameters such as comeal thickness,

bulging, and other physical parameters that could lead to an outright rejection, physically
unsuited eyes are rejected at a step 504, such that baseline physically unsuitable eyes are
rejected as indicated by the rejected candidate at step 506.

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

35 the patient eye may be suitable for developing a course of refractive treatment, the
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35 the patient eye may be suitable for devel oping a course of refractive
treat nen{yo dMefh SUBSTI TUTE SHEET (RULE 26) WO 01/ 28410 feqlfdepHed730375 5

t opographic 'data is then used to determ ne whether the eye |s unSU|tabIe

for use of a wavefront tool - that is whether the eye is a "difficult,"” or.
"bad," eye. In such a case, the topography data rather than captured
wavefront data nay be used to generate a desired course of treatnent. The

patients pryg ik Gadd 1§ﬁﬁﬁ useto déféﬁhﬁxet\ﬁfétmrﬂﬁé)ﬂfd i§ ufisuitabRIFoise®T apr of i | es

are determ ased e topography data for the eye. Note as 10
di scussed \batefmnt tookonthat Istwhﬂﬂ!emlldmwllga f‘dlfﬁ@lt, | Ol' ‘flhd,”l QYSI imsuchiacaserent

SubsequentOE IROBEREY Sat R i Captifed ey eiidfess °

t opogr aphy;, I | s eye,
t «‘F’lggf'efne i fxfsiégeve?gimng Eﬂﬁé@ds t¥a s&baﬂb ﬁﬂeﬂé‘tﬁ@aﬁm

the course o ped ng the | evati on based topography
and then tdbiativn|profiles ateletepmined basedaon the snpggr@hy danaffm( theeye.1 Not1as) t he

result s deter d to be avor, bl at step
Sro. 10 ° st usfow b eonrurefitt will F@ikg aRy HEnd ok Bali bhsc SR S O o)

t opogr aphig i® @hth ¥sult§ in PROER IFEved “gaoapeg&& subsed@érticoe ofhet her
addi ti onal reat ment woul d be hel pful (ste If not, the patient's

out cone, ataahwglwambcpmmmbasecbomqmn%dtop@afap and wayeffont dafa. Bahot her
el evati on ba tion.i Seplanne I,s | ast :
course, |8 e@g tﬁ@?ﬁ%ﬁ‘r%a’ﬁ ce%evgﬂ %gfl?%%?g?&lg? é%§£lgﬁ%dﬁﬁ?é§l ®that the
eye is no dl@iaﬁeﬁ-basedttaﬁogr@pl@ andithénhe ﬂﬂaﬁmbisq:ei-mmai wxstép)sm.d]ﬁ(&éiﬁ wher e
a wavefront based course of treatnment is devel oped. Wiile the f i ng

embodil&ent514) mwslsalem@gdm Qs ¢ fayosahle B‘EH%E’F"@““PB‘?““%‘&I’EPP f' ot her

h is

ot i 11 o S S13 e A fs Ulerhfi nbEroDéSfprintl, s g P‘F?Z‘a'“f“gﬁ“’z;%i as

oppolsed t @eﬂﬁgﬂmamlﬁ&mmfeﬁemme vihethee addifibng] treatmany woaldleshelpl (stepoer f or m
Tl ea_correction or su | I SC e

2sel gnee S2DbE aohdbE PURBLABNRERSAIANED ok PbERgh Fanilet b5 532 Bt oo,

Correct i Orbnaiheﬁmm&in litﬁﬁtlk Anféd &'sfep 5100 Noté thk irthivdadt@6ureé, if | Me can

pass between these eval uati ons. e stromal tissue that is cut when fl aps
are cr20at dbe topographisienalpatioreatistep 5}8 rdicates theiothe epeis nedangerao'bad’t eygpit 180 can

o rer” sondoptiblels e e S0 haR i EHBnOReld Bl ASRbR R CNERBUE",
first whether twhilé mregsmgeeinuohlmmdnsoussbsadt@ography only, basétbatibstion for

addi tional treatnment would be beneficia ose a‘ i ste 508 t he
pati ent do®ad’nexesifiher apprasshesdaay “seéY%"ﬁéPn‘JF‘E‘@ bad eyes. The point

is that different courses of treatment may be indicated for u'regular eyes as opposed to
25  more standard eyes. For example, it may be desired to perform a multi-staged correction

for such “bad” eyes, as is discussed in assignee’s concurrently pending “Method and
Apparatus for Multi-Step Correction of Ophthalmic Refractive Errors.”
Note that a period of time can pass between these evaluations. The stromal tissue
that is cut when flaps are created in a LASIK procedure generally does not heal, so a flap
30 can easily be relifted. So after normal edema on the patient’s eye recedes after some
period of days, the patient can then be evaluated to determine first whether their eye is
still good or bad and second, whether additional treatment would be beneficial.
‘Suppose that at step 508 the patient does not have a “bad eye,” either after the
initial evaluation at step 504 or perhaps after the evaluation at step 518. In that case, a
35 combined wavefront topography course of treatment is developed. Proceeding to step
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initial evaluation at step 504 or perhaps after the evaluation at step 518.
‘In that ewset2sa10 35 conbi ned wavefront topography course BET/EPHIZENt iS
devel oped. Proceeding to step 10 SUBSTI TUTE SHEET (RULE 26) WO 01/28410

- PCT/ EPOO/ 10375 5 524, a wavefront and exam nation is performed on the
patient's eye. This is preferably done using manifest refraction (that is,
w thout dilating the eye) although cycloplegic refraction (that _is, wth

dil ati éh 0524, Bevayafrontandexamination ixparfasmed enitha,patientis pye. nEhis is preferably

accommodat pon refl ex)..can . .| nahhi ARy f .10 wait
appr oxi mat ‘é‘?’@ mﬁ'ﬁ?ﬁ*fﬁ@?fgﬁéﬁ@?ﬂté{'%;&*} g‘rﬁ%ﬁ'%tatﬁ %)lair‘%@ic% g@r‘%‘% lons to
subsi de. Afeffaboh QRA is, With difktion of teqrhtisatreéyecunid cofrbsponting paralyzingpfithed t o
the patient's actual subjective refraction. |f there is a_significant

di f f er enceaccommadation reflek) ean-beised.c Imthiseveat, itis preferableito waifapproximately

i soussea FmnlE ik BafE10F thaschotfiopk T bitllel AC RS e, 7
mat ch fhe Eapoure@ Wavetroriaéfiactibflis conigiied ® the patiunt’ sacaial sublstive riffittion.sIher e

and cylinder) can be scaled to the desired 15 value to match the refractive

data or f othersin@msignifigrotdifferance,ithe treaiment ean betomminated ifthe doets desitesasonabl e
match with_t | ' l.eCLi fr | O p | nst ead

pr oceeds tffsgﬁggﬂgég%}&\xﬁde?%%ge é{g t§|’0§.n Claegttainpcf]g'ﬁxtﬁgggs, %&iggis%%dsiged bel ow i n
conjh unct}oeonjuﬁdu' X 'oﬁivgumgugxla,m,b?ﬁbeasedhd ecgmml teahd@a%tn:h the tworsesstof dafa. \B@gg o
such as fromthe captured wavefront data al on r om a conpi nati Qn o]
t{]e captgr@%ﬂ%ﬁ»m& OYQWG‘."P’BM. Hszﬁﬂ&?‘; Qﬁ@éyaﬁﬁg&ggﬁ%%’eﬁﬁﬂﬂ@t tgg%ﬁiﬂ‘ﬁ&eg?.s to
step : tl?e%ﬂ%;} n, at step , a positive
resul tgsi eY%gggnﬁmaa@cepta tg)épdaaﬁ% %?Igg%gat' step 516. If not, the
patient can be Kithe¢ taptured slavefrent datahas alreasahable niatchawlitla tHecpatient’pr of i | es at
step 510, discussed ahove, In the overagll|l coyrse of_Lreatnenpt, hqwever, it
W1 b apPROAKEAE BUTICHIR. theBrosastioy (Sfead ross B0 RareR 28, POFTEES BUASPRI by
the t0DOGT piediodgaighi o B EoriincRioR vHE FighrefB, thiS aBE pEibratb s
treatment. T e"’r(lf,]I el tﬁéef%ao%g%rg“phy dacﬁaS gionel,gﬂrgr toplograph§ dat a a?n%l

capt ur ed wearisty ofiwayia suchasdram thstdaptured; wavefront data lalone ton frony @ canbination se  of

treat t f t he e, wi LI further, be reci at ed t hat variety of
i f1erdht offbeshpifedaygbuiind opdteal ante TIREFREARES och ARceBrs Bl o0
physi cal ch3y,aHesd theablutionis peifor¥d THeif At fiep S3ZaposRive résultndeldban | | ke) can
be used in place of the topography system Further, the _captured wavefront

tool can i #esepighlepatientiouiopmerat stept3ibe of Aot the patignt cgmpbe Sythesgyaluated for
elevation based ablation profiles at step 510, discussed above.

In the overall course of treatment, however, it will be appreciated that the
25 physical eye characteristics obtained by the topography data allow an initial evaluation of
the patient for treatment. Then, either topogfaphy data alone, or topography data and
captured wavefront data are together used to develop the overall course of treatment for
the eye.
It will further be appreciated that a variety of different types of topography
30 systems or other systems for developing physical characteristics of the eye (such as
pachymeters and the like) can be used in place of the topography system. Further, the
captured wavefront tool can include a variety of captured wavefront type systems,
including a Hartmann-Shack system described by Williams, scanning systems, a variety
of other types of captured wavefront systems.
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I ncl udi ng a Hartmann- Shack system descri bed by WIIlians, scanning systens,

a variet;&L 912 tgher types of captured wavefront systens. perpideBeshsTUTE
SHEET (R % 26839 01/ 28410 PCT/ EPOQ 10375 5 Turning to Figure 4B, shown is

the typical process/data flow chart 550 associated wth the patient now
chart 500 of Figure 4A. The process/data flow chart 550 of Figure 4B is
nore particularly directed to typical data flow for topography data and

captured wavef TamingteRigure 4Bestwvaris tie typicel process/datadlovachart/55Q assodiatedit . As
descri bed above in conjunctj L,th Figure 4A the ta fl I.ns with a
t opogr aphyWith the patientdlow chart é@%ﬂﬁ%ﬁ”ﬁ%@%ﬁwﬁmm .

(pref er abl yg o Syati- o0 faiAtifdeied kﬁg@ia?ﬁqﬁ@fbﬁﬁpofgi{-afp??'daﬁﬁdfdaﬁﬁkéd‘at

exani nati on Egel ng ‘revi e at step or sulitabi * The data can be
exani ned bwavefronndath iy developitgaedursecdf rofractive ticatmentchiAs slesosibediabovednher dat a

to determine the syitability.of,the patient" f fracti

L1 eat ment . CORNIGHAR FityFAGUTE 4A, thssiath flow Deging yithafipogrephy xamipaignala o
e . CoR FO0 . |

other (I t&Ll 355 %%tﬁg%gra?ﬁic%ﬁ @&féﬂ%@l\x&l’@ﬂaﬁﬂﬁ dath FoSmaWplésurfuced)ep 556

|f the eye I's” SUit reat nent, er, the topography data is
f or war ded ssultingfrom thatkxhmination deiiguravicwed aif steph¥idfor suitabilitys The datasar or

s
| 1 gl i i | d
exanpl e, thge ?ﬁﬂg@@ggﬁrg&ﬁdﬁnﬂa&ﬁy%ﬁ&ﬁwe&ﬁﬁﬁm Acarneh that hie eye

Is a "difficu at ste€p 558, the data flow 20 proceeds to a
step 560, tobehin, anheyetthatdstoayitrggular ar otherasitpuimenni load tofrgjecting theipatienti t h

devel 03 o shevEa detpociigr St ATF B tE roaBhbatch WAL R el OB o, ©
data. Typifepinded SUCites58 Rir an avalgatidacsfarhetier diis i3 siinple dradiffitult eyel i es on
both the patient refraction and the el-evation nmap, o;!# he eye's surface to

det er mi ne This Aetermiaation; tpqs 6an bebased on ayatety of cateria, and canbeamtomaliger and an

abl ation profile i . em

coul d, ho/B¥E ,’otréﬁlgxFn%'gln%{c}%ﬁ%gﬁ{‘%%@gggt% mtlfys&#?ﬁ%%s%ége?pl e, if
the |ens tpp?rh]b data. CHthe eyeds hifdifﬁmﬂ'b E’rmfﬂml dﬁvrl\:k}]/basaep §§‘83ttbmdaf dat7 How

t opogr aphi c- based. apprgach ma e suit e where a wavefront sensor
cannot20pr dyrpereds & 2 step é&bewr}&t"dé‘é t‘PR?E'p'?PbH I Wr}n\ﬁP’[‘Jﬁn"t{%\A@?}aﬁ"P@ﬂe’ ¥18ye. Such
probl ens ' : | 'lﬁ‘&i& bd | ive ekaminition@$ eldbloned aPdévelvpial | ons

t hat affegs?&!t e aﬁwiaétngfto a%’fsﬁaalbﬁf}‘uﬁgg?v}re t he overgl Fmr?efracti{/bg captured

wavef r ont . staslapbeaurssiof defrastive tiagtment based on the clevation data: [Typicallyetusar,  an
appropr ateqewla %ﬁfbagerao ablation profile only relies on both the patient refraction and the

elevation map of the eye’s surface to determine both a desired post-opérative spherical
25 comeal power and an ablation profile to yield that power. Such an elevation-based
system could, however, take into account lenticular astigmatism, for example, if the lens

profile is captured by the elevation based system. This topographic-based approach may

-

be suitable where a wavefront sensor cannot provide reliable data due to problems with
the patient’s eye. Such problems can include irregularities and a variety of other

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

As part of developing this course of refractive treatment, an appropriate laser shot
pattern-or other refractive treatment technique is developed, the treatment is simulated,
and the resulting change in comeal profile displayed to the doctor. Because the initial

35 eye surface profile is known from topography data, and because the effect of the course
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pattern-or other refractive treatnment technique is devel oped, the treatnent
‘i's sinmul s¢@o/2s4end the resulting change in corneal profil BRCOEBMVHYED to t he
doctor. Because the initial 35 eye surface profile is known from topography
_data, and because the effect of the course 12 SUBSTITUTE SHEET ( RULE 26)

WO 01/ 28410 PCT/ EPOO/ 10375.- 5 of refractive treatnent is known, the

resul ting ofile, thickness, and other. physi.cal.topogr characteristics
of the iyegéﬁegfa%wlﬁr‘% %@%ﬁ&ngaﬁ’%ﬂ%%W&%Qﬁ qqﬁer i?ﬁé’cglf)ct or. If
t he doct or | cibhetbfs ﬁ@ te'Sofnewiid 2&"‘&‘1 this
di spl ay, tﬁ?geggpﬁe proceéﬁ%gf:?g%y e term na% d. | m‘%ﬁ?%‘%ﬁ%ﬁ%ﬁés to

proceed withe docteat Hithe doctor decides B6Ptotprecedd sithy a panrfeoofitseatmentitiasedadn this on.

The course_of treatnent devel oped in th tep 560 can be transmitted to the
| aser syst@ﬁ?‘?ﬁtg?mm‘gﬁ%é‘?@‘m%ys, or the calculation could be
performed as pﬁrtﬁ%%ctgm‘eciﬁ%n?r%ﬁéémmHeé:nne'ﬁﬁta?%gwﬂ%&%ior Aofdls Hohl a

describes a distribute systenii

In which the courses of treatnent are
t r ansniQ t ethefablatiohoThe cours¢ of freatmentalevelopedin the stept560icar be transmitted to the

im | t Jbe i ted f ti f th ' 5 ref ti
nd bl ai | BRFTEYHF B A2 REeR of ey, 1S clenlpton Soaig BF Berdormie ™' ©
abl ations gdeof the14sef SRtnRl U, PatenfRo. 51891, 152 1o ¥ohla deseibes 2 distitaitipr cour se

of refractive treatnerit. Proceeding to step 564, the results are
eval uat ed. systems inewhich she courses of treathgntate dransmisied gramp kncatiomtalacation tog

t ured f r ant | uation,. t h fracti | uatiops. . Lf th
Fesul t i ng BRtier yilize (eSokrCes; a il svsierm can e jmRfemented FoF roufing OF e vatiops oo
treat BNt jefradfveddndedblRith pRéfileldataSih tid diSclbsedsySiend A any ehdeDielublAtions bt | Ons

can nonitor for regression or other changes, both for the better or worse.

| f at steppsBymetiat step §62,swhether PRKs LASIKY on another apurseof irefpactive reatment.ent
b . . i ' b
o op e necPBs ] 64 e IAAPE SR Dy bl o B e i 021 e

on addi ti oppbgriphpevditdtionxacaptered alavefotievaluatidn, v bthek Fefragtive evdluationsni f est
refraction _can be determ ned using eye charts and  tgpogra h}c data can be
gat her ed. HKihetegyltingyis tnawﬁ%g %mccli@ﬁs thepatient’s ¢ ‘iﬂ‘ﬁge, tregtagnt isonal
capt ur f . = t '

pturgf ey g{&%lﬂglgsg@wgﬁﬁ gtﬁls 566 ?&l‘i&‘»@u Ebﬁu%ﬁdﬁd&%gfdéﬁé%?&% éxo

determne If a cements to Phe eye are possl
poi nt, if othehchangessboth for the betteryyeirkd.e, t he patient's vision has been

570, 1T enhancelhahep 3ps sEemlisite SSRaBYE RSt G ba RN TP e
abl ati on i gvailaped oAl fitthe? bfltineéiHent$\bi SWP'968. VAN, tAidtan Bk determined based on
the same data gathered at step 564, or perhaps based on additional data. For example, at
25  step 564 both the patient’s manifest refraction can be determined using eye charts and
topographic data can be gathered. At step 568, that data is analyzed, and if desired,
additional captured wavefront data can be gathered. The data is then evaluated to
determine if additional enhancements to the eye are possible. At this point, if

enhancements are not possible, the patient’s vision has been corrected as much as

30 possible, so the course of treatment ends at step 570. If enhancements are possible,
however, again an elevation based ablation is planned at step 560. Alternatively, and not
shown, if the results as evaluated in steps 564 and 568 indicate that the eye is no longer a
“difficult” eye, then a combined wavefront/topography course of treatment could instead
be developed beginning at step 572.

13
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shown, if the results as evaluated in steps 564 and 568 indicate that the

eye is ”?fdﬁ‘ﬂﬂﬁfo a "difficult" eye, then a conbi ned waveid¢RRbdol18289" aphy
course of treatnment could instead be devel oped begi nning at step 572. 13

SUBSTI TUTE SHEET (RULE 26) WO 01/ 28410 PCT/EPOO/ 10375 5 The data gat hered

at each step can be forwarded for evaluation. That is, for exanple, in the
result evaluation of step 564, any data gathered could be used at step 568
to det & m ne pOElse ddte gathéred abeachstep cah benfgrwardedder evabdationo That is, for per i od of

o bl Bl o4t 4 S i e
Gata for CBdefbriticioRsibicShnarichmedts” f6ilayBe HR5abIE tb fajth fetol of ik dnef AP L1 ©
I nt o a datthé egehastfoitherdedbilized before gatharimg the final datofortaatext odurse ofhi cal

Lhe cye.  AreGRPTPItESRRIEARY FAPIHES S Gt Brcbtined (% p dungy wrd ol ot 850 -
refragp Vg}eggﬁﬁléf& fetiin flﬂichtﬂierg& ggrg%ﬂ Ginic sﬁ%ﬁ/’ r%vr%ihfa{%ﬁ%f'% the eye

s not a Icult eye at , Or possI step 8if a
previ ous tresdtsmSathebedsintoes dittkase, thisalatadfasms aregxeellént repositopndfoaliniaaht , . first

a ray trace is . perforned on S I1(r) topographic data to deve)] op a
cal cul>/at edn W@&F Bt?ﬂ“.t H’%W%%@@E é'F‘Fg gals on tgqqey.(q,, %‘W‘ggocal
t opogr aphiyfesy rarfiPlo BeHdjus ?xgﬁ}t}&ée\ﬁ&ﬁeﬂét@ﬁﬁct{@%ﬁ%ﬁ&?ﬁr alien@Ct ual

captured waverront by a”wave tool. This calculated wavefront further
al | ows the cal Step572is begupwhen theaye isnasfardifficult eye atsteppd I8 onpessitiy froaxct ual

front datgg: tured., This all .th t t data to b
bot t e/ Sov HeatEIT A BB Epimont BefiryfR S BiE. et titnr B ' on
t ool it56'r§yu€éei§?@ﬂo§3ﬁ;od®k3€@?ﬂ“ﬂ@&p@§ﬂpﬁi8 dhnab devdiep hahlkedlatdd this

data is preferably fed into the wavefront tool at step 576 to_assist the
wavef r ont wayefronty This ealenlated wavefsons is based gn thephysicaktgpegraphigs ekopficabises,

t he captur i ' I at the
cal cul gt e&g\j\‘lg\é}gﬁ%gﬁf&ggggﬁﬁ&ﬁ@% ne ys%#E%W@°M%%gﬁ‘%{e the two
syst ens attoelt Ahisscalculated wadefcome further allowgthe zhlkeulatiore of predicted wavefioat use of

wavefront tools to determ pe refracgtive correctj.on, The wavefront
exani A8t i SAueids poEn M@agwavémée@ﬁ cApured Thig allgwe Frecspptursg (1 the
pupi | ar e%ﬁ%ﬁhﬂ@da%id&rﬁén&%at&wmﬂ&ewﬁéwmfﬁ{n@@ Beansable by afel | ve 30

correction on manifest refraction as opposed to cycloplegic refraction, and

t hus t he payefrontdoekitselfy Atstepdi74; the centraidsiare imfagticalendated and thisdatais a i s
captured, p?e%rawy' fed inte |t1|1e \%\%%ro%{ tool at step 576 to assist the wavefront tool in '
determining the source of actual spots. In many cases, the captured wavefront centroids
25  will be regular enough such that the calculated wavefront data is not necessary, but the -
interaction of the two systems at step 574 and 576 does permit greater flexibility in the -
use of wavefront tools to determine refractive correction. '
The wavefront examination at step 576 captures wavefront data at step 578
within the pupil area of the patient’s eye. Many doctors prefer to base refractive
30 correction on manifest refraction as opposed to cycloplegic refraction, and thus the pupil
area may be relatively small when the wavefront data is captured, but this small area of
data can provide highly precise complete refractive error within the pupil area. This data
is then provided back to the topography data at step 580, where the topography-based
calculated wavefront is “calibrated” or “tuned” based on the actual captured wavefront.
35 Because an ORBSCAN II® based wavefront is an analytically calculated wavefront in
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data can provide highly precise conplete refractive error within the pupil
‘area. Thiwodgtsaiei s then provided back to the topography #arares/103tp 580,
where the topography-based cal cul ated wavefront is "calibrated" or "tuned"
~based on the actual captured wavefront. 35 Because an ORBSCAN |1 (r) based
wavefront is an analytically cal cul ated wavefront in 14 SUBSTI TUTE SHEET
(RULE 26) | WO 01/28410 PCT/ EPOO/ 10375 5 whi ch the topography system does
not kndw awhichitke toppssaphy systam deessios kppw alldhe playsical paramgters pe &¥%dhe ont

data can b ' e i . ' opogr aphy

data wit hi ﬁap#%géi%pﬂ&é#%a?ﬁ%gﬁéﬁﬁﬁ%@e gﬁ“ﬁ%@%@%@é?@@%‘h&m thin the

pupi | ar eatopb?ﬁphﬁm i thity tHatpayil &red. CBAset ol thewdjhistaiehnt fetiessarys withitrthe

correspondi ngly tuned outside the pupil area. This permts a "captured

wavef r ont " Pymkes, hg mpmbyfase@welc!b?@am@mnt dgta }&tgas eerrespradinglyduned

wavef r ont . ol MRAMPNGIG. b PemitsdPicHRAA v AR Ronk ase i TRiene & tHEV ST T Ot
€ rea W thout 1 ndu

can be determn oma larger pupi | cr’'ng cyclopl egi a.

I n thi caORBSOAN II®-bassdbaltuluted wevkfivint. NAlternhtively,apigy f@dikentairoomofori t
could be used_.in comhination with the topqgraphy data. Furtlter, the
act ual cap@’ﬂﬁnﬁﬁe’\ﬁa‘!}@g?@ﬂ{ canhedetermingd fromyadarger pupil area withew indwsing 15

wavef r ont | SCl | ' .

waver r ont s ehlogia CHEMeakcrh aith Colll b e thif P APOESBhy otk Vi it contd

i rre?ul arigqudediﬁb?nbiﬁafigﬁmm&mpemplnpﬂata.r ecogni zed by the togogr aphic or
wavefront data,-and cou suggest . agai_nst .contipuing the proc re, For
exanpl e, the t Féc'&‘élt%@%%% ?@“FQ?‘PF?“B%&WHWB&%BW”&?H@:Hon of
an eyeraM t | | £, 0, | feo t | ens were
20 | acsy afeftind it b bt iRt b B3 gl ncleplitals JIBEWATRIrs. it 10 1R
wavefront dis¢rbpanciesiveouldiipdicate; fon exanple, largedriogulatity indheéptivstof thesdyemoaind

th f t i.n th i | I | at by, the t hy. t
ol at' vel yeeaeed Enh agmhicion wayelednf it e Rld qaBessh PRLES PRNITHLES o) -
al bei t per 48 poctiiu®, Kok bRirffle, he Ripdgrapliatd iy #fuifl) rdgulIEHRD!

proceeds. Together all of these sources of data thus att as a cross
veri fi cat i Gatrestionf lan 25e wither highily dregidaniens eould erpate problems ifithatdensomereas

eSS40 kA A Sk RS b, SRR S S,
ORBSCAN | | ¢he pupid wrarag ehptafed ycthé waeefrom systétlagd thdwavedrontin the pupid atedlas
measured wavefront data as di scussed above, or the npeasured wavefront can
calculated by the topography system are relatively close, (and close to the subjectively
determined refraction), albeit perhaps at a different scale, then the course of treatment
proceeds. Together all of these sources of data thus act as a cross verification of each
25 other.
Proceeding to step 582, the wavefront as measured by the wavefront tool is
merged with the ORBSCAN II® based calculated wavefront. This can be done in a
variety of ways. Either the ORBSCAN II® wavefront can be tuned, or scaled, based on
the actual measured w_avefront data as discussed above, or the measured wavefront can
30 be used within the pupil area and the calculated wavefront used outside of the pupil area.
However this data is combined, the overall wavefront is then provided to the ablation
software at step 584 which calculates an appropriate course of treatment to correct for the
wavefront error. This can be fully automated, or perhaps partially automated and

partially manual.
15
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30 be used within the pupil area and the cal cul ated wavefront used outside

of the pyp . However this data is conbined, the ovigdpkpoohgyRfront is
t hen prom}éléﬁ?gﬁt he abl ation software at step 584 which ca cuﬁgt es an

appropriate course of treatnent to correct for the wavefront error. This
can be fully automated, or perhaps partially automated and partially
manual . 15 SUBSTI TUTE SHEET (RULE 26) WD 01/28410 PCT/ EP0O0O/ 10375 5 Based
on t hi &5 cal cul aBased onthiscalculatioh, 2 conaserofitteatmeend isoproviddd at step 586 f#6 f or

f ' bl ation., This, f ' d
DO I et B ablbion” s oaR ot Bl Tt 5 ey Sebhndobid ¢,
ensure th aéov.#heofr tf‘eiﬂhétﬁ éﬁfcﬁ ab €hlculted'sh Yrep 5800 ThSure ikt B reSbitsthré HOH Cat €
th perfo he ‘ey

probl ens w rmng a treatnent on e. This step, too, acts as a
cross chechighipdispacate, which cald iridicateproblemscowith parfarining & treatenent on theGeye.

Byt om0 THESlepr {oRcacines 4ot hock, Puthgssa STl OF therkpursaog bRBRRE ¥ 3 ¢ hat
the reml t geferitly g@i‘féﬂea onthe [diRgtpR b6 detbitfindd By He'tbpiragtiy sl @ nor .

Proceeding to step 590, the ablation™is then perTorned. ter the abl ation
i s perf ordatetmine andhdisplay p ossnltans dopagraphyf and towetify batithe sesultant parametérsr ned
at step 564f agg %5 subseguent cog%ses of treatnent based on either

t opogr aphy©f th tEatpd Gyeare Jathin agsrpable ROMMEe o\ f oy ned. The conput ati onal
system enpl oy edpiiyeddiv loRBPBIOPIHE ablabioR 8 theh erferiftd! Alter thdMlatichid t he

abl ation profile generatiofn tool can be separate, can be networked, can be

conbi ned, perfosmad, asimiblarpost-operative fodiow upgvaliation iscperformed at/giep 564, and

Tk S P Ve R

gat hers daesperfommed®ot h and di spl ays that data on a single screen.
Al ternatively, however, each tool could have its own conputational system

and di spl ay, wi The epmputationalsysiemsemployedby the topneraphysysteme the wanefoslr se of
treat nent tgfr?k'axgd %‘:ét If'aﬁﬁ{: gﬁé&ﬁe g&&%ﬁﬁ&ﬁaﬁﬁw "cal batrfdfforktd an %Fr sonal

conput er, aSer systemitse her alternatives for
di stri but i combified, besomegombination thestof. Farekamplef int dtypizal/implementatiant, both ar e

Do uscn’ i REHSARIRG plegpicrtfases hpBamPBn ool 354 8 FayefiBnt #6TWRSEr ot on i <
e Sty i cop o i e
asingle sgrgen. Altemativerlr)l?, hoywever, each tool could have its own computational
system and display, with data being passed back and forth. Further, the course of
treatment could be generated on the same system, on a stand alone personal computer, or
25  within the laser system itself. Other alternatives for distribution of the computation and
display of these various systems are possible. _
Various wavefront techniques and associated devices sensors may be used in the
practice of this invention and the following description is intended to be illustrative and
not limiting. As described above, the Hartmann-Shack type sensor employs a lenslet
30 array to develop an image of a number of spots on a detector. The displacements of the
spots are related to localized slopes of the wavefront. How these fit to the first derivative
of the Zernike polynomials provides the wavefront aberration data. The lenslet array
provides a “parallel” retinal spot image point measurement. Another technique is a
scanning technique in which a collimated beam or laser is focused on the retina and

35 scanned across the eye. The reflected retinal image spot is then re-imaged onto a
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30 array to devel op an |mage of a nunber of spots on a detector. The

“di spl acexmpdssaefo t he spots %?%Rﬁmiachd)cal i zed sl opRGT/BPON10875
wavefront. How these fit to t atl ve of the Zem ke pol ynom al s

- provi des the wavefront aberr | ensl et array provides a
"parallel"™ retinal spot inage pol nt rreasurerrent Anot her technique is a

fg?i”ﬂ;” ncREFIoR i apeder e gﬁ@d@%”&%%?@bﬁg\gépggﬁmme“ Ao s
tShggt rﬁa's en ‘%ﬁ%’f)‘é‘?&%&‘g&‘rg’gﬁo@@g@ LTI | LETTIT |“| | |&%’%§ﬁ%ﬂé§| )

det ect or. imageapgtsiohehe detgotor isneaswred as a Athclion 9f scapositionwindhé edtnegrandhe
detector center regardless of_ the,l atJon- he scan, being.,on the
cornea. Thides %MW"W@W‘? guilarip ?‘?W@B&‘Pﬂﬁs neasur ed
as a f“”Ctieﬁiﬁg S tdpff ﬁ{gﬁ@ arﬂﬁ‘@ d
wavefront 1S ter%ﬁé\{g @‘&rﬁﬂw o Benn- ﬁt&Egﬂgg eé)intefgﬁ?\sl que.
Anot het0 t echtheq@qor’fhelrdﬂmtécbspom;mumbmlmm hdetectopand the ‘idisplacgmentfids f ocus
10 on the retina. Tereflectedsots are i ed onto a . detector ang the

" di spl acenfstermined re |"\7§ @%ﬁ'ﬁ%‘h’r@‘&"&ﬂe&'wv%apw ese
techni quesyy ?%?ﬁovergf’%m Wavettdht iRakurtAEx TR bHRaIFFeTRIcl VLS T On!

neasurenent 0 refractive error of the eye fromthe retina to
the surf acthcegzefmm the vetinado the surfane.qOther swarefitors iechpiques ateckriosvn areoulddpesd.

15 Cal cul a ﬂ lW;‘tvef ront Aberration from Topographic Data and

Correspond ‘eat ment As di scussed above, ORBSCAN || topography data can

be usegs to bot hﬁ%ﬁﬁﬁh%hWa&ﬂ%VﬁBéﬁﬁon&?&n%gd%ﬁﬁj@FDa%a and Comesponding
cour se-of -treat echnique to achieve this is ray tracing
corrective cornéa ation pattern can be determned fromthe geonetry of
the 20 ocul ar rAs discussed abovet @Eas(bmnmomnhxdaaoanbmsmlbaﬂmm ng
them This | ) nve don | n caI V. required
For st1 gt PRVEIRID £50 e deyelop(iiiclot bRinEt, Dhe 1 Bnig 2 o aBME Y At o7
corrected ﬁ&tﬁﬁ%m téirdetivé Borieal d&ld‘ti‘oh@ﬁﬁtlﬂrtan be defefiflined fen the geofitryop e

e retina, for exanple). A point source is theoretically

I mge plan
pl aced?tat w(éa: ahiye gusfages and thedndips ofithe mediasepargting them. olhis iRays 25

egat | ve 2 U REHET AR BT ERAnE HEHERSPcRths R Fiol S Rihe imdbing WL 1 e

measur ed crwveseraytfacinge For example, suppose the corrected system is to form a diffraction

limited image on some known image plane (the retina, for example). A point source is
theoretically placed at the intended image location (F in the figure below). Rays

25 emanating from this source are raytraced out of the system (i.e., in the negative z-
direction), first through the modeled lens and then through the measured comea. If the
optical system is diffraction-limited with a focal point at F, then the exiting wavefront M
will be planar, and the exiting rays will be mutually parallel (as they are all perpendicular
to the planar wavefront). |

30 (seeFIG. 12)
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optical systemis diffraetton=timted wth a focal point at F, then the

exiting yaygfdsept M will be gl anar, apd,the exiting raysctkpoolgs7aut ually
paral l el (as they are all EE | o the planar wavefront). 30 (see
FIG 12) 17 SUBSTI TUTE SHEH 01/ 28410 '1hlg fl eet Has Been i
Repl aced PCT/ EPO0/ 10375 } 11{id@n LL UL 1l 5 Optical path difference
(OPD): When the exiting wavefront is not planar, the corrective ablation
is calgul ated so as.to make the exiting wavefront planar. To do this, the
optical path '%@&mgémdiﬁféreﬂée@): 'Wiieri the ekiting wavefroh€is aot plasut) thee sour ce
point Fto a rererence plane Mexternal to the anterior cornea and :
ori ent ed peryectivi ahlation is calceleted3oias taemake theiexitingfwayefront plapar; I9doghisp

| ength, whjch i s_pr rtjiopal tq the ti. it tak for. . light to opagat e
From Pt o the opticeh patf epety 05, y&eaeliry e cyliBafeR s st ppfie QA7 ©
arcl engt h I I mg&gu% i ' Enackl I ndex.
Ray coordirﬁg?%}s&?’%ng)ﬁ%%mﬁgﬁe y tﬁiaearazﬁi?/bﬁﬁ?tgggg@ﬁtgn vmtht“?he
externgl riafepdedlise of¥ighte Opfibal pattplengthpwhichvis prlopettionakte the time it takestfor ough
the optical path length function for both a nyopic and a hyperopic eye.
Opti cal pdight teprgpagate framRtoM,equalsi ve. (see FIG 13) 20 The purpose of
abl ative correction is to flatten the wavefront (by -A4) in a central area

by physically front surface of the cornea (by Az). If
corneal materi g

lg(kgy)t=0 Qen(sydsnoved in the process, then the opt{bal path
difference (OPI) from ghigmdesifred planar 25 to actual wavefront, A*, nust .
al ways be posith i defines a piano wavefront, 4 = $(x, VY) -

4P( X, 30 nvariant ra el : . Now t lated to
r educ_elgi) t nglg%s sttLe mm?%'ﬁfﬂg‘!& the oy M‘%M‘é@%ﬁ r‘n’p?é% Qbe made
assum ng g, dodYdiRakS\(%, §) are defined by the ray intersection with the external reference

plane. The figure below illustrates a section through the optical path length function for

both a myopic and a hyperopic eye. Optical path length is always positive.

(see FIG. 13)

The purpose of ablative correction is to flatten the wavefront (by -A¢) in a central area by
physically flattening the front surfacé of the comea (by Az). If corneal material is to be
removed in the process, then the optical path difference (OFD) from the desired planar

25  to actual wavefront, A$, must always be positive. Given that ¢p defines a plano
wavefront,

Ad = 0(x,y) — dp(X,y) @

30
Invariant ray model: Now how must the cornea be ablated to reduce its OPD to

zero? A crude estimate of the OPD reduction can be made assuming the ray path is

18
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18 SUBSTI TUTE SHEET ( RULE 26 | ~. V\D 01/ 28410 Th| s Sheet Has Been Repl aced
‘PCT/ EPOO/MO8T/28416 | { | | 1111111’”WShE Has hanged by theCampae/isrs Then
abl ating the cornea a di st anc “ y effectively replaces the
-corneal refractive index (nc he index for air (nA =1.000).

To be useful, the abl ated Iength along the ray nust be translated into an
abl ati on depth in the z-direction, which is acconplished by the eta-factor

r11 defd neenchangss totthe ablgtion.oThemablating the corpedia distanse syalong 3 63} ?fffr?}‘ elyi ven

this, the ard r AR Told -
V\/nere rii @&ﬁgcg&?h%ﬁ%,&{e?ﬁdéwﬁ Pﬁ vgm}igig | rec@ra&g“d%l tive”i n?o t he
eye, re rTDVI;maseﬁﬂr the ablarsdtlesgth hlong\tm/myrmm be aanslated oo tah ablatibh depthiin dept h,
Az. 15 Pl anar nei ghborhood nodel : The next best approximation of the

abl at ed OF® a@msrwbmhnea@@mpélah%wm&a-t@m nedbaloywﬁhtp fore ofithds hood
di tatli
onchanged Syt Bt deftony, Yivpd s, W IRBER, B fieihfutint il Bbed T ,° oy

Ri andg he post-op ray R2 are parallel, but displaced as shown in the
figure bel ow. (see FIGpgld) 25 The ODD bet\{veen s Rl and R2 depends only
on the refractlﬁzqzﬁ-t-g—ﬂ% t hewhere TRcE ge di stances s1, s2, and
s3. The final sol utifei Ra p'ﬂl be linear, bef%usePsfd@se three distances are
all linearly proportional to Az: A4= 4( R1l) _$(R2)=ncS1+nA(S3--S2) 30 Since
OPD i s di r Astliydipsotsdopdsitivedntoithe éyes remisving Corfled phaterialahva €ifdsiane a set

of eta- 19 SUBSTI TUTE SHEET (RULE 26) WO 01/28410 PCT/ EPOO/ 10375
positive ablation depth, Az.

15

Planar neighborhood model: The next best approximation of the ablated OPD
assumes the corneal surface is planar in a small neighborhood surrounding the refracting
ray, and that corneal surface orientation is unchanged by the ablation. In this case, the

20  air paths of the pre-op ray R; and the post-op ray R are parallel, but displaced as shown
in the figure below:

(see FIG. 14)

25 The OPD between rays R; and R; depends only on the refractive indices of the two media
and the distances s, s3, and s;. The final solution will be linear, because these three
distances are all linearly proportional to Az:

A =0(R)) - ¢(R2) =N Sy +Ny(S3—53)
30
Since OPD is directly proportional to the surface displacement Az, define a set of eta-
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5 factors as foIIows: AZ = nCrll + nA (713 - T12), where rli = j=

1,j=1, 2, ?1 gulate the eta factors, define the ray vesi@soadsgand S2,
and the sur ace tangent 10 vector T that connects them In the foll ow ng,

bl and 6 2 are the unit-length direction vectors of the rectilinear
portions of the ray refracted at the posterior corneal point p and the
anterior corneal point A respectively. Ss 61, SsbSS+ T, t=1TI 11
1+ 2= & 2-factordasifollovs: per pendi cul ar di spl acement of the refracting surface
Sis proportional to S1, S2, and Az. In the following, notice that nis
the unit surface normal (positive in the z-direction) of the refracting
surface, and thayp z = 0,1) is_the un|t vectyr defi n| ng the z-direction
of the coordina ?ﬂal’ﬁt""m("’ﬁ‘ﬂ 2h(znW efeghnA:z = h2Z3hese relations can
be sol ved for t eta-factors ill and 112: st _ Zen s2 zn 25 r1l1-Az btn

noti oo ?ﬁ&f‘o AR thaéi-ffq?gw%npﬁ%&x&?&%{s&ﬁgﬁ@aﬂxﬁf”e o siace ngea” " *"
FEL"? | oeblor 1t Gomiéct e, 8 R YoBFAL T, Rl B 46 d ENEISRGTaBeA (' D)

Z- axi _ . A
S3 a3 o veRtlls bR sbALzpar AU 4*%@‘*@2*#%5&%% f.’%teﬂméé‘%?%‘%%ttﬁ%t@bz m

sl rl 1 Fi ngé hiteSortvmdat bﬁﬂAl #elyOPD fornul a gi ves 20 - SUBSTI TUTE
SHEET (RULE 26) WO 01/23410 P EPOO 10375 5

Sl=-sl i;l’ Sz =89 52, 82 =SI+T, t-‘-'-IT‘
15
The perpendicular displacement of the refracting surface § is proportional to Sy, Sz, and
Az. In the following, notice that i is the unit surface normal (positive in the z-direction)
of the refracting surface, and that %= (0, 0,1) is the unit vector defining the z-direction
of the coordinate frame. '
20
é = AZ(i.ﬁ) = —Sl ofi = “Sz oii
These relations can be solved for the eta-factors 1, and 1},:
_S1__ 20 _5 __ Zed
25 M=2""b,en M= " h, e

To calculate the final eta-factor, define the S; ray vector, and notice that S; - T lies in the

reference plane M and is therefore perpendicular to the surface normal vector t of the -

reference plane. (In the typical situation, the reference plane is oriented perpendicular to
30 the z-axis and thus th = Z. Nevertheless, we solve for the general case.)

S; =s; by, (S3~T)err=0

Solving for s3 we find
35

1.

S =83 "lz -N3
5y N

= -]
1]
o T
B|B

2.

Finally substitution into the OPD formula gives
20
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Az (3) TnC-PnA)t11l 1 This solution differs fromthe previous one by the

i ncl usi owwé/dshm beta-factor, (3, which is near one. ThiBCUBPMEHBTSON i s

very cost-effective as the beta factor is a sinple function 10 of the ray

-~ vector directions, which were calculated during the initial raytrace. The

next hi gher approximation, which would account for the |ocal curvature of
the corneal surface, would be nore costly. Mrreover, as the ablation

di spl ades the r a finite anount it becones difficult in
principle to cdl gul ate t& exakt result by anal ytical neans terative
sol ution: Ther € In point iterative solutions are(f} eded. It
makes sense to del result.in an iterative recal cul ation of
the raytrace solution. The foI | owi ng procedure differentiates between
physi cal CFhis solutioh differs fromsthe ptevmwlmnebyphn:mmlslmrwﬂm betafactor fhwhidy, and
Iterative OPD, V\hléﬁ‘lls measur ed W|th S e iterative-goal

wavef ront i§@eanqngy W@E‘P‘F?W?"s&ﬁ ‘%@n’ﬁ tP a@@‘&&rsflﬁelet tion

|terat o' ECQ}I ﬁeﬁﬁaﬁ% I

|n|t|a Stgadsag%%ﬁv vedy e Ihﬁﬁcgﬁeg?]?%ﬁlg@ggﬁﬁ E{e‘iﬁ ! ; ang il ot her
surfaces (highér appeﬂommdnclﬂﬁoﬁdded:mﬂ) fornhwhcalscmmnnea:fehd comc:ﬁ to Mand
calculate the initi opti cal h | engt Ctl ),
usi ng _equaﬂrfﬂ‘ic’lwmtlglbﬁgﬁg? F‘Eﬁt,lﬁ' BV %&F‘ aﬁgﬁﬁ“stgﬂe%‘&‘ g’?’ﬁé‘y
iteration gl amdsttts be»sbme;f &Ifﬁcunﬁnr prite éﬁ)&fdiﬂit@iﬂe\éxaéﬁ@ﬂn(b my&qv S
identical to $p centrally), but may curve p e r | er a I nt o4

(x, y) to meanside for a snooth tranS|t|on zone. Alternately the 30
transition zone ca be ,cal c | ater on the, i at i on; goal abI n
Sur fadS so( "y Ry Suidert e aﬁmfww%mﬁ 0%39% weeded 1o
t he Iteratmmememmemamm il afiedeiverebAAUIbIGD NS bltlacen: A4 |
(%, y) 41(x .21 SUBSTI TUTE SHEET RULE 26 01/ 28410
PCT/ EP00/ 1 n. Sl‘hetfellawmg@rste@lpy diffexcptiates h@tyemphwﬁl&ma ichli$ at i on
depth A2 \SkRSoStWih Bed so e Y \PATEoREM) Y derkdiVe OB, ARLE: Meafitich 20
with respect to the iterative-goal wavefront ¢g. Iterative OPD is only used temporarily

20  during the iterative process. Only physical OPD has real physical significance.

Initial Steps

1. Given the initial anterior surface z(x, y) and all other surfaces (both measured and
25 modeled), reverse raytrace from F to M and calculate the initial optical path length
function of the eye, di(x, y), using equation 1. |
2. Construct the optical path length surface for the iteration goal, ¢g(x, y). This
surface is centrally plano (i.e., ¢g is identical to ¢p centrally), but may curve
peripherally into ih(x, y) to provide for a smooth transition zone. Alternately, the
30 transition zone can be calculated later on the iteration-goal ablation surface zg(X, y).
3. Calculate the initial iterative OPD with respect to the iteration goal, which must be
positive for a realizable ablation: A¢y(X,y) = 0;(x,y) —0g(X,y).

21
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3. Discontinue the iteration when Az is small for all (x, y). 4.

Recal cul @{,(? {A%d i nal portion of the reverse raytrace fropgfepddbdrsand

cal cul at PI new optical path length $(x, y) using equation 1. 15 5.

Cal cul ate the corrective OPD with respect to the iteration goal (notice .
that the corrective OPD may be positive or negative): AA(X, y) _ $(x, y) -
4G (x, y) . Final Steps 20 1. Wen necessary, nake a snooth transition
(wi t h nd ni MerativaSteasi on of curvature) in the iteration-goal ‘ablation
surface zEx, y). The result is the final ablation surface, zF(x, Y) 2.

Cal cul ate yhecfiédlak p)wmammn\da pth AN fio8. negative: 25
AzF(Xx,Yy) zg(x y) zJ(x,y) 3. Recalculate the final portion of the reverse

raytrace f ath length $F(x, vy)
usi ng equa |on tf rﬁaﬁéa@ tﬁl?ealkew%ﬁkﬁ?g %ir?c?drf@% with respect to

t he pequ ect piano wavefront: OF (X Y) = 010-Y) OP(x, y) 30 This
approach i3 |Dts¢os1anmﬂwetemvameazx§§mﬂf@npéls(mhl d be used. Wavefront

sensor Turning to Figure 5, a block diagramof a preferred wavefront sensor

? gg i/v:tve? %hlnﬁawmbﬁ@n@eﬁiﬁ I ﬂﬁahﬁf‘&m esﬁggffz?ﬁn %ﬁ%ﬂ??ﬁf t mta(lze
It es I all tQwus P@h r céq(\ijl sﬁ%egh&?nta and for shar peni ng the focus
S B RO
“a%lglrﬁgd {i ée., 22 SUBSTI TUTE SHEET (RULE 26) WO 81/ 28410 PCT/ EI%OOI’ g0575 5

backscat t eFimadl S2epsn t he retina) through the lens and corneal optics of the
eye argh i maged by a lenslet array. Based on optical aberrations in the

eye' s opti LS WhéincebsshiSirdRy & s@id6th tfdixsiﬁbﬂr(ﬁith nifiitRih akiatidiPof cuitvabirepinal Ysi S

fromthe returned light. Generally, perform the analysis, the returned
| i ght beconesh@mmn-str&gblgu%smes;z(XaY) Fhei resultis the final gblation surface,
zH(X, ¥)-
2. Calculate the final ablation depth, whlchcannever be negatlve
25 Azg(x,y) = zp(x,¥) — 2;(X,y)

3. Recalculate the final portion of the reverse raytrace from P to M, and calculate the
final optical path length ¢r(x, y) using equation 1. '
4. Calculate the final uncorrected OPD with respect to the perfect plano wavefront:
APp(x,Y) = ¢r(x,5) — ¢p(x,Y).
30
This approach is illustrative, and other techniques could be used.

Wavefront sensor
Turning to Figure 5, a block diagram of a preferred wavefront sensor 300 is
35  illustrated. The wavefront sensor 300 is similar in concept to the wavefront sensor of
Williams, but includes certain features that make it especially useful for receiving iris
data and for sharpening the focus of light spots on a sensor used in determining the
wavefront aberrations of the eye. In general, the wavefront sensor 300 focuses or scans a

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

22
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sensor of the lenslet canera. Fromthese i mages, the wavefront sensor

“devel opswo dihsamvef ront aberration map of what correcti onBCHERNIZESSsary to
the eye's optics that would yield emmetropic, or very nearly enmetropic,
.vision. To properly orient the patient's eye E, two 660-nanoneter |aser

di odes 302, shown in Figure 5 can be aligned at angles to the eye E. Mhen

h . I d d s 302 d
P ot e o phacklgattared i e Tetna) SRR Hhe 14 41 CORRFal piee, A pe S FSR BN ( or
102) , theh@%mﬁh mﬁésegeﬂ ﬁéﬁ%b@l‘rﬁﬁﬁ&t?ﬁ:%c@@*sdﬁ%&ﬁesﬁtéﬁg%vdlﬁbst hese

beans) patient, “or ot eye E i s positioned at
appr oxi mat an gverall wavefrent aberrdtionanalysis fmmmefrcmmmghw@eﬂcraﬂy, to pedform 300

102 Al t t | at t . ted b
bhysi ci an, the @ampis throriined BinieonBss seial iages redty 4 RSkt dapSerb BRng of
an iris innde, fl!%é‘%nﬁ!@caﬁl 2 fﬂfﬂﬂm&%‘n e&%é@ﬁeeff&ﬁaénséfaé@mafromthe

wavefront sensor to reduce e overa exposure on the eye E. In this
case, ltﬂnerwavd'mm abureatioh anapt dfevhm;;mreqﬂnonsiem 1e0essary toithgheyedpoptios thaty e

i1l um nation provides | |?ht fgra i |, canera 328 di scussed bel ow.
Once the €Y@ %ld PERRTaRIe, oF Y?m E‘BP\?E? 1%ht froma Iight source

306 (e.g. a | ¢5 gl‘otﬂﬂ?gﬂfntstﬁé gati’e%t@ eye g W%&hﬁoﬂt&ﬂ%eﬂdﬁﬁﬁé 3¢2,0de)

al ong an optlcal eye Pref er abl the | aser di ode 306 has

more t han mmutﬁygumﬁoomb@@edmgt a(ngl@ to theayedh lhen spotsion thapaient’ sieoyies) |

east one T Bdrees dRaFS 207 S rabseEL sl spPt bl Bppropfi iRt of o
(e. 9. 15 Ime%%&smﬁ 3@0£oxd1029,lt§§ cbeans df die RicHHbdes 302 RbrCaPtick over

and hi gher powers are O. W and respectively. These powers depend
upon a nurmmcuugﬂmebmﬁr@epsm @r@thnswmeothgew&sag@homdoﬁeoeoes is to

i ode 300 Hprefipy o ABRCiSRE isdeEfioh e VarbSp ABr DA 120, P00

20% r ef | ecARrernatively, the psﬁdneebydEbaﬁbe propetly ohbmdgiy a’phypmi:mr teahmigxan or
beamsplltter 310, whi ch ultb mat e) roves .t he S|rq2 to nmﬁgdratlo (or
signal i nt‘éﬁ%"lleﬂ GATe MogieRr by ‘l° ngptep ing imaget theeye g tafipd hee that s

beams i  Looregh Beatidind b e TR SRR RPLIeqRS I SR BN

PCT/ EPOO’ meéieEBInﬂns bisghﬂmeasnbnezﬂ for the laser dicles 802l AdighSdyrcgyeyer al | y

passing light .line al ong, one di reflecting |ight
not pol ari &@H” ?1{ B‘?%P'!é@f hgﬁq"o @b?ﬂ??@éégafsf 8Sgk’f’vhen passed
through a trombofge théRge Brib mﬁﬂflmﬁe‘abnwoen&equhpﬁaﬂl d1%ght sbiircé 306'fe.g.,

a laser diode, such as a 780-nanometer output laser diode) along an optical path to the

()

25 eyeE. Preferably, the laser diode 306 has more than one output power setting (i.e., two-
power or multi-power modes), at least one at lower power for alignment and initial
focusing and at least one at higher power for creation of a multi-spot image in a sensor
(e.g., a lenslet camera) 312 discussed below. For example, typical lower and higher
powers are 0.5 uW and 30 uW, respectively. These powers depend upon a number of

30 factors, such as how long the laser diode 306 is to remain turned on at higher power.

A portion of the beam from the laser diode 306 first reflects from a beamsplitter
308 (e.g., 80% transmittance, 20% reflectance). The reflected beam passes through a
polarizing beamsplitter 310, which ultimately improves the signal to noise ratio (or
signal intensity) of light backscattered from the retina of the eye that is eventually

35 detected by the lenslet camera 312, as discussed below. The beamsplitter 310 polarizes
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of the light fromthe | aser diode 306 onto the retina of the eye E, at

whi ch po%d/&%m backscattered onto the lenslet array fgembdsfolsisoht
i mpinging on the retina will also be 10 correctly or nearly correctly

focused. Alternatively, other optical focusing arrangenents as understood .
by one skilled in the art are possible. The light fromthe tronbone prism
314 is reflected froma mrror 316, passed through a beansplitter 318

(e. g., 520%he liglitirecdi vealfeom R taser alicedei 306 pgenejallypassing light linearly polarized!

wavepl ate 320. The 7V4 |l ate. 320 is.oriented to prodyce bstanti al |
ci \r/cgl ar | Along onejdiregtion Q‘ﬁ%ﬁgﬁlﬂgﬁ tﬁggésqlﬂbz&ﬁl I"}El% u‘lﬁ'ﬂeé’sﬁra.nsz?&e | . d
significa f j ' Binle qﬁ,ﬁéj? ' a&m _
bagkscatte eégﬂ‘%‘:?a%?ééat{'}r}%‘%ﬁ‘ (tEe “retur %?F?gw@yromtﬁgﬁgsgwé%ug t he
pol ari zi nefitheslight from the 18< diadé 866 ontathe regina bf theglye ) at which\peint light e 320,
the light .is then focused, onto th reti.ng. of the eye . E. The ,light is
backscat t SPOECHETEA PHOIRE oA PO e T Famefhe b el Slaode | g
spot qp t Remk&ly ﬁﬁxéahgr&oﬂegﬁe%c&%ak Atlt!%ﬁtigagt SfieXPticaPlocifiiP Afaigemettfs t he
e Il ehs and t he

eye E, such as 1t cornea. On he return path, the circularly
pol ari zed asunderstobd biptone skilled in the artagpossibie. tThe light &onmuthe tpibone pyisml d

{90 T or B e e elELPN i e a0 AN D22,
above. A RefidcaReolos RanARRERLY) il irdih A4 Whubylaiatsz85 ThBAM Passos

t hrough the Itter 318, feflects fromthe mrror 316, passes back
t hr ough t lweaveplater828id oriemted toeprodure substartiallyciraulady poldnizedtight fromthe310. At -

t hi i nt, I g the lJght i.s .per di cul .arl | ari zed nd i
thus 38bo dineeipolized et Toe Bipnificihte,ss Ruf Pl BE shiralsoe B 5 . hen’
reflect ed PjowPofBdckattered light Ruirhéd {ag&éﬁh:adrmrgmoﬁmwye Etbdhe TO get sone

of the returned |ight into an adjus nt camera 323, discussed 30 further
bel ow, t heolasizing beamspliter3d0. be tilted and/or rotated fromits optinal

?%Fggnlt ati og%8#@%&‘%‘@@%@&%@%?@?&ﬁﬁe‘ﬁé‘éﬁ@%"t‘g‘lﬁ% ®Sul d have
a pol ari z ik bfidéyent TR lightiSbRREcHEAVT réflectddefrorh She fefins and @Bt . Ot her

schenmes besides tilting or Fotating the waveplate 320 fromits optinal

ori enfat i dacksosttepechlightispot oncthe reting thangpasses baek through the aptial sompenentsaf
I ncl udi ng ;35 S |.C a opt i cal t he :
wavel ront BEndp 9o+t Be 165 sRE WGPl R it e QIR Sciner /50 11
PCT/ EPOO imagdlight as retarded sgabmbyltherwhvaplatei 320Ito yiedd lightlineatlp poladeqk: of t he
resent invention. For exanple, the mrror 3 I nst ead coul d be a, device

havi ng a ®emeRdFiapiathe ineuiing lingpely pauized lght Tormed on s passage tiough |

the waveplate 320, as discussed above. A portion of the perpendicularly polarized light

25  then passes through the beamsplitter 318, reflects from the mirror 316, passes back
througli the prism 314, and returns to the polarizing beamsplitter 310. At this point, all
or most of the light is perpendicularly polarized, and is thus substantially reflected by the

polarizing beamsplitter 310 and then reflected by a mirror 322 into the lenslet-imaging
camera 312. To get some of the returned light into an adjustment camera 323, discussed
30 further below, the waveplate 320 can be tilted and/or rotated from its optimal orientation
(e.g., rotated by approximately 5 degrees). In this implementation, the light received by
the adjustment camera 323 would have a polarization substantially perpendicular to the
retuned light. Other schemes besides tilting or rotating the waveplate 320 from its
optimal orientation for providing returned light to the adjustment camera 323, including
35 changes to the optical path and optical components of the wavefront sensor 300 (or 102),
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refl ectance, such as a liquid crystal device, and the adjustnent canera and
~any focuwagi/zsafit i cs can be positioned to receive a fractPOCIWEBIO/IOBE
returned light that is transmtted by the controllable device. In such an
. inmplenmentation, the beansplitter 308 would be 10 unnecessary and the |ight
received by the controllable device would have substantially the sane or

paral l el polarization as the polarization of the returned |ight. Th
| ens| et caare eavisioped w@rimbleﬂmgeae elthp PreseRt InYen T EXHEP'S,

an f
such as a b | ' . of
| ensl ets 3@%&?%&%?@?%3&5}%?& hgxgﬁg;&gg@cg%%?%#ﬂré&?mggnn%[ elfn% optics
anal ogous fefleétinicel suchla8ta ligjuidorystal deadce| amdthe ddjugtntuit camerzcandranydodusing a
canera) coul d be used. For exanple, an |ICX_ 039DLA canera

by Son
Cor por At | GYpLiSs AatLBe PRSHiTIRAto Feetverd feaction of the Teamad ight tag i ransutied by |
35 R _ © TEW : . .
P orat ¢ e UotgtEBR devicR {rfbbeft & ilnBefiibn@ifioh the bERGSRIAF 30 Gobidh SEn>! N9
ref | eciged \mnecésbarynaind e ligh? ZeceiVed byahe pdmtoliable device wonldhave substantiallyhe

amount of unwanted 20_hackscattered or, stray ljght to | ove the signal
intensity @Psmeoewwagplww% PPQ“’“Z‘F‘H%E@ .efﬂm?‘iﬁg‘;tet array 324

focuses portio | ?rel@ | Dbi o SRSt W&ﬂ, e

opti cal conponre}ir\:lgés)feg%l%aheﬂeg%%lyg 0 tﬂ%’%y?#‘eﬁgéedfarbg,.ive v?/a ef ront eg%erration
ef fect s of suchas e TM970 hmanefadtired by Beldix, sihicH includes asharrayi of lenslets 324,d i n
Wlliams. Inp this,K regard, once the wavefrgnt aberrations, and thus phase
error - of Afioughather HRGLOLBtPraR Andari SAMGHNE ORI 20al0ERts to AR Lrsleh aRY o o
requi rggd aﬁ%@ﬁ%ﬂié’%ﬁ%&g Aate TSR Y thmea) EOI1A R used. | For'éRafnple; 8h TERT O

| mprove Vi si appropri ate account of parameters of the eye E
(e.g., the039BNLA camera byrSbny Corpératigrecdn beowsed fienhath therdeiisiet catrieca 312 and

C Ty Scathe PERLoamaeRn i bacaiel G 324 o AL EREH nlind 1Bhfienae),” '
cor r espondgeshent'(8.., OCD Bérap) of the RexiSlef@sksl 31 Dfrom RO rétoiied ¢ight fefleticl By

patient's cornea. Laser systens _can then fenove that profile of tissue

from the cthemigor 322 kEheowaveplate 20 canchalp tredugst the amousnt ofjupwarted i gni ng t he
E : gt Lens| ot

o ray Bba PRia@RBY St kg ufi Gk O SBF et e e ShBRd Briho f0RL 00, °

Irri crons, siufjdgegli_ﬁl‘he lleﬁﬂ&[#ﬁysmmspmtlﬁeds mﬁé\ﬁgmathatleh@iﬁaﬁy _’135ssé¢it£I soci a; ez,

ncorporated. This |lenslet size is smaller than the |lenslet size describe

in 25 smmmqe%ﬂwm@%}hweéw@aﬁ@e reiracipewayeisont cgpon |

af or ement | GRR#s of e dye’E SarPBe EdtbmaRel, | fmAbeR/ witat 3 &iSAosed il WillifRs SRS bl e

because

—

regard, once the wavefront aberrations, and thus phase error, of the eye E have been

25  determined, they can be transformed to a required ablation profile for removal of corneal
tissue to correct or improve vision by taking appropriate account of parameters of the eye
E (e.g., the refractive indices of eye E components, and/or other parameters). One
technique for determining an appropriate profile is to simply scale the wavefront data
such that the scaled data generally corresponds to the amount of tissue needed to be

30 removed from the patient’s cornea. Laser systems can then remove that profile of tissue
from the cornea. Marks on the eye E can be employed to aid in aligning the eye E during
acquisition of wavefront sensor data,

‘Preferably, the lenslet array 324 is an array of approximately 25 x 25 lenslets,

each 600 square microns, such as a 0600-40-S manufactured by Adaptive Optics

35  Associates, Incorporated. This lenslet size is smaller than the lenslet size described in
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of the enhanced intensity of light to the I enslet canmera 312 provided by
conponen 9{,284§¢1e wavefront sensor 300 to be discussed bglpipeohbssoptical -
path of the wavefront sensor 300 shown in Figure 5 can also iInclude | enses
326 (e.g., four lenses) and diaphragnms or apertures 327 (to all ow changes .
I n beam si zes) that are typical of 10 illum nation, inmaging, and focusing
optics, and which also can represent other possible optical conponents
oni tt ed f othe afosermentioned 5,797 1P Ipatent anddn etherrsystiems; rand i made:possiblebacause, t he
focal length of one or both of the_ | ens 326 ahqut t.he.irombone {ocusing
pri sm 314 dhe ﬁﬂ‘@%&’&?‘%@fwﬁé" gﬁﬁ?’l"&sﬁ&ﬂ,“eﬁagﬁgd’{% taY ORI %r beam
wi dt h enéﬁé Wi%ft&?glaﬁ%f B60 e di¥cudsél beldw.2ThE Oftical Pith &f B Wavelidoat r ange of.
|

possi bl e optric nmeasurenents that can be nmade Wi th the wavefront

sensor 300sefisor 300 2howmin Bigure S capealso intlude lonses 326, (g tfouclenseshandat e
selection of the lens 326 in.fro of, the.l aser o) | for the
natural diURRPhragms Wﬂﬁmﬁéé%é{?ﬁo&ﬁhmﬁsﬂﬂ%ﬁ%gélth%ﬁ'ﬂg%@g popul ati on
of pgpe i bsing SRPwhich Alsbltgn képreseRPothérepagsiblea - 5
di opt 6elrr0 |§%‘§S’“‘?§SP¥‘§?F‘%Q&%?§@2§§?&‘§7 ode gigg?!ssu?ﬁntkhat' t he I?se?l beami s
no | onger qpical domipongits smittes/fod clarity. c Box example) in preembodimentofithe s t hat can

be used to test the.patient's eve wiith .t 102).
In a nonl i AYERUQY 'E‘fggﬁ# t\mgﬁh‘if #ﬁﬂp{l‘l@f}}%ﬁl&é@%?23%@3%%@??‘?@3§$$%&§ﬁg
SYNMEL 1| CalrignP3iPcahbeltihaiged, pethpd shortenedei dcbominodaeiumaller beans sydiet 1 i cal
-13 to +3 lopters with an asynmnetrical design, as wil]l be appreciated by
t hose st aldntetingthe lenslgt array 324i. dnanethprenabodimogt; WGG@“&%&@F%@"@?@@‘F ze of

t he trQnmbone focusi rism : sk V{

par aneter SPEASUTHRED ?@cgiﬂﬁéér%ﬁwgﬁ{}%%&?he pg????%ni(%?):t Ee i%&ée%%, a
| ens 338 ciapbghriisle,Witeabpropiaté electiontof thiedensd 826 inrfrint of thertesen 306,20 adjustunber
of locations within the path to the |enslet canera 312 can. be enployed to
adj ust thefooﬂ@mmralrthﬂgbuteﬁn?@@%awﬁ%ﬂi-@es@querﬂf ase. 5?09%9‘1?13 will be
appr eci at ed ..t hat g s 4t ; £95265@%. X - h $ronbbP 30
and out of&;g%gi@t R‘;‘ﬁ,"f”?ﬁé%é@gt‘fﬁﬁb@{’?ﬁﬁeﬁ necﬁz(ég,%a?I sﬁfg?ttgﬁ’gﬁ??onbon_e S
reduced. theldskedipdd 306 such ¢hat theldser be@n is/mo longenparallel. Khispreddes 3 emainent

"astigmati spt of .its own. his ca al i.gned wi_t. ' ' haal |
found 20h cotfet utioptErs g oan be s e e abitlS ovih BB ARG 002 |
wavefront eeigs) 1s4%onmefig dxaniple] thesdi6trid sdng ks bé Modifiedfrargaed "with the
rule." as typical patient's astigmatismis found, and the I_egis_llgttoggrrera 2 6

SUBSTI TUT Bsysumsirical R@ite +Baljoptersywithns Sympmesriced fesipnty aw asymmetric
diopters with an asymmetrical design, as will be appreciated by those skilled in the art.

This can be done without changing the size of the trombone focusing prism 314 (or other
25  tuning device) and/or parameters of the optics.

Alternatively to the position of the lens 326, a lens 338 could be moved into the -
path to the lenslet camera 312. A number of locations within the path to the lenslet
camera 312 can be employed to adjust the overall range of the captured wavefront sensor
300. It will be appreciated that by employing either the lens 326 or 338 moveable into

30  and out of position, the length of “throw” necessary for the trombone is reduced.
Further, the laser diode 306 typically will have some inherent “astigmatism” of its own.
This can be aligned with astigmatism typically found in a patient’s eye E, again
increasing the overall range of the wavefront sensor 300. Specifically, such astigmatism
is aligned “with the fule.” as tjrpical patient’s astigmatism is found, and the lenslet camera
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5 312 and correspondi ng wavefront sensor 300 software can take into account

“thi s i nheyoegiiessmst i gmati sm as provi di ng an even greater rREREPH10375

determ nabl e astigmatism A pupil canera 328 is shown receiving (e.g., 20%

~of) the reflected light fromthe beanmsplitter 318. The pupil canera 328

preferably provides the iris inmage data 132 for the iris image 136 via a
control system (not shqown) sipilar to _qr the sane as the contrp] .10 system
156 di ScusHERANSOFRsRRdingvayeclropkenser s&F‘W&Fﬁmg‘F‘e@mﬁ'&t.&Wdﬂ]}ﬁmfﬂ e,
data fromg; . G ' | provi ded as
t he aberr;!@tsﬁgﬁaggpggﬁ i&e %ﬁ?ﬁ%@%&%&gﬁﬁﬂé&%ﬁéﬁpt i cal path
bet ween t he eyeAlpupildambern 328dsthmwn feoeiving(g.gn305%of) the reflected light foom thére
pupi | canmera 328 tq_focus on_the pupil .and iris, of the eye i [respective
b1 " changeeamspHieriA8a 1he SREH FAToea 08 Brfampbh s viges tedds ibags: ot 13

f ocusi ng [ . T, | @Mli?r éjﬁ?r?e' r

I mge of t %Ms}ﬁrn?a%éggp at%@é‘%%%%%gﬁde té%]?gﬁ?gﬁg%p o%g{'ﬁg&gf}g E and
t he cdOr essyswenh 1656 discussesl betow imthre tdiseussidn ofalignmiehetechniques - Towdmiwre) datent
Canera The, wavefront sensog. 300 al so . ngludes fhe alignnent or adjustnment
Cammer & 325700 §he leitlet GamErs 417 it précested 431 ultmatshyrerded af e sbIHI fathe
retina of the ; ?m:g' 9 , 50%
transmttance) erﬁ}ehélﬂé{j‘%?se?an%%ﬁ amalrigﬂ %%3?33 ?asl(p?h%tgé%ta/?‘%%g# Eﬁ'gqgtgt ics

t hat f ocustrdmbgre focusingprism 3 I wifich diovesthe pupih darnerai328 ep fore on thef pupihe

| ensl et cangr.a 312. The, adj ustent canera 32 es_it. possi-ble t

br 60 Sel v s Phis Y8 e ArSHERIVE G chatget i ths o Iegeas i moands ot theode 306
onto tjge r@kieftffor foduling®h tHOreliRR! THad HeSpupill cAmek P32 cantdiVelop b1t Shajd)
determ ni ng when the backscattered light" from the retinais in, or

appr oxi natafithe surface of the ays Erindepeadent of theadeptinofthe eye/Etand thecorresposting: nt
camera 323, .th Qt, of ..l | n the retina can be seen, which is the
ultimate %%ﬁ?%ﬁ%&%ﬁ@%@%f Ms si gnhal (as in Wllians), and can be
automatically examned for when it is in sharpest focus to aid in focusing

‘the aerial i madéscus AdjsemerntCangdra canera 312 30 as sharply as possible. In

previ ous systens, no z%tdj ust ment canera was, prqvided. Such systens woul d

rely just on a Hén¥pesironksraser 309 alsainclydesibe aligpment os adivs eamera 3244
R i e S
an n- | ens|teamaplitter 3331(erg., S0%defleatanse, 5% tmnsmittahee)c Tihe adjustnent camerai323 at
oSt 2P S B e S e S P B B bl e
(RULE 26) the lenslet camera 312. The adjustment camera 323 makes it possible to precisely
determine when the light spot impinging from the laser diode 306 onto the retina is in, or
25  approximately in, focus, and thus aids in determining when the backscattered light from
the retina is in, or approximately in, focus on the lenslet camera 312. With the
adjustment camera 323, the spot of light on the retina can be seen, which is the ultimate
source for the centroids signal (as in Williams), and can be automatically examined for
when it is in sharpest focus to aid in focusing the aerial images on the lenslet camera 312
30 as sharply as possible. In previous systems, no adjustment camera was provided. Such
systems would rely just on a lenslet camera to aid in focusing light on a retina and
backscattered light on the lenslet camera. The problem with this approach is that the
portion of the wavefront sampled by an individual lenslet of an n-lenslet array forms
individual spots on the camera’s sensor with at most approximately 1/n of the total

35 energy (or power) of the returned backscattered light just before entering the lenslet
27

SUBSTITUTE SHEET (RULE 26)



WO 01/ 28410 PCT/ EPOQ 10375 5 canera. As a result, the retina (or eye) was

exposed g bi/fHllg €Nergy (or power) that was maintai ned hs@pepgaAgssssarily.
As can be appreciated by those skilled in the art, with the present

i nvention, the overall exposure of the retina (or eye) can be reduced
relative to these previous systens because the |ight energy (or power)
received at the adjustnment canera 323 need only approximate the |ight

ener gy iﬁrcarmd -rAsaeesuitvﬂxétaina;(grbya)iwds:upbseddmoﬁghtsdnl etgydb fbrpdmer{)}ﬂm?xas- :
array. The adjustpent canera, is ysed to, disec erve the focusing
of |ight oWmainkainedhigh ynaecgssatilys %%*WB@@%@WM@M%WM €306
s inits yloune ﬁig)&lfaeraqr b o tHEERE ' ed,

t hus ai ds ?ocus{nng tﬁe’ aeri a aﬁ)r?glgglg?on t%%fqégﬁg?ec?ﬂggnrg@acbwéag@qgharpl y
as possi bl theseprevionssysteamcbecalise die iglt energyi(or povwer) reeeived atthe adjustmeas wel | .
In so doing, ac nt cap be taken of the 15 transm {tance f the.

bol a1 21 nePHReRs ALk eediadly BpsbEHIA: S lightenenm: (of BoweR secsived o indbvdunlce o
the b ' ﬁlﬁ" & Mfradn i ' i @edits di }p&mgﬁg t he
)J4 \G/!\l/awvrzp g%ﬁeﬁg rs(}m It 'gggi%%ﬁﬁgﬁ??gaqt 0 alt?giv{/&:';ltI porti ortlﬁé(;f t he
returned |fogiming of light on thémtiha from the lascl diede306 whiderthedase? dioda 306 isinuzs ed

above, the adjustnent. c ra.323 i.s use o make sure.that .t he spot . 20 on
Che ret i ndoper BaveRTads- Ahe QIS ens Satpha e TEieraRtedh AR AP BT i one
314 setti ngsial fMdpes b Hedehskt cifibla A B3haPl asPobHBITNHile the Hsef dibde 30t be
devel oped (e.g., fromthe adjustnment canera or froma control system such

as the corisimits loyer pawessodeaswellir In sozloing, aceaunteandedaken ofghe and al i gnent -

for a nuyal check or. for .an .auto ' | ements or
excarn 1 drenseARer e pelazRE belRhefic 3 B dndihe nERMRHRLE FBEIE TN
into the |gnstiiice of MR teambplitté?'382f fid dnhtilidtrbRfoR that isTBrbidded WG BRN/$ TENT S
or exam nation occurs, and not during the focusing and adjustnent period

di scussed winepkate 320 fromdtsioptimal prientationtoallowea postien ofthe setused light yoipassd at
a power | qw enoygh .to prevent ge to the retina of the eye E, such as
0.5 W Th}aﬁgm&‘gladg\?g&é‘ﬁfﬁmﬂ?gag? the adjustment camera 323 to aid in
focusi ng the | agediséliseelirabdVé, theadjustheent Cimef 32343 used todmake apeThat theagot N
many ways. For exanple, the spaqt. size on the retina can be nminim zed or the

i nt en20t y asvthe FREinginas sham aspostiblen Thismeans that the goregt wgmhoene 314 sefings o
en: . ; . d
Pavet ront e ghesked SE\PRP ACpdich i gntdent A sllialBlnte ey BBpIN g iGmIAP U0,

of the tr cxljustreenticamearalit froms & atitrol ispstem, suisch as thel dontrdl systemi 56in Figwrer opi ¢
degree of diqptri.c correctiqgn..necessary to i.njitially conpensat 5.for the
| ower or dﬁﬁ&wﬁmw'&?ﬁ“@&%@‘f@ %’aqn%ghg&(gﬁgﬂ %8"@?&? ﬁ@éé?f/e E.
Maki ng surgtieniSneasurements or examination. Such operation also allows for enhanced light

25 intensity into the lenslet camera 312 only for the period of time that measurements or

examination occurs, and not during the focusing and adjustment period discussed above.
In the lower power mode the laser diode 306 is placed at a power low enough to
prevent damage to the retina of the eye E, such as 0.5 uW. The control system’s use of
the adjustment camera 323 to aid in focusing the laser diode 306 onto the retina can be
30 accomplished in many ways. For example, the spot size on the retina can be minimized
or the intensity of the spot on the retina can be maximized by adjusting the position of
the trombone prism 314 in the optical path of the captured wavefront sensor 102 until the
spot is as small as possible. The position of the trombone prism 314 establishes a “base
line” myopic or hyperopic degree of diopttic correction necessary to initially compensate
35 for the lower order refractive optical aberration characteristics of the eye E. Making sure
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SUBSTI TUTE SHEET (RULE 26) WO 01/28410 PCT/EPOQ 10375 5 that the | asers 302
"are al i gpeslodsapn angl e that maintains an overl ap of thei PCTERB®8TVe

spots on the retina (or other nethod such as nmanually, or by visual

.exam nation of, aligning the patient's eye) with the |aser diode 306 in
conjunction with adjusting the position of the tronbone prism314 is

hel pful while determ ning the base line |level of mnyopic or hypergpic error

or cor Bectthatithe lagers302 areraligned gt ansangle-that, maintaingan e¥eslapef thedr fespective p| aced

in the highe [...10d S, [ . L . le, it
may be po%?? I@%m@g?‘feﬁ%%?‘%&g% %ugﬂ g’p‘%{% yg‘ltlszéea!l g? a'ﬂigggﬂf:ér#gf ons on
the reti nalighingah®Ppaticat!s @ye)YWith thedaser ioddd 306 fin corij@iaioni witieadjustingahe!| d
darmage the retina If maintained for a prolonged period of tine

el r . . | me (e.g., nor
than 100 pesitionfthe tomhene prism 314 ishelpiulwhiledetermining she basg/line 1%’!;9?
however, 1 A i ' nsity of the individual spots on the
sensor of [?K@Iﬁ?g%%%gg@é%&:&%ﬁwég the conbination of the nulti-powered
| aser 19 ode 306Qnde Tocusdigistachigved; dielaser diotis, 306! placedinathe AighaypdWér, and t he
| ensl et canmera 312 can all ow far. higher si glnal Intensity or higher
P.

contrast |meds for ajveryshertneriod of time: dioe exaspple, it maybsnossible tause apowennfh | n

ormi | o1 20 R iiicopdt A2 B TS mit8RE bn Hedenator BRAG BT sl Affodgh® O
324 conparigighédrintehsiy could §drfdge thé Fetifia if faiheiifedeor & protonged péridd bfitiine

provided, iT can be directly used via the Zernike polynomals to create
t he wavef r(e:g. mgrethan 100seghsuch ashorthurstds barmiess. Theshast busst dogschoweyer, be

cal cul gt ed_as,.!. £ [ es. r , system
o Carl e B e Hiteriny b B inE AL SRS & Sepdof of BHEORRIG calrdfa ©

aver age t 312, sotheepmbirikion olﬂfermklﬁapweaed Tasdridiede 306, € adjubtmientdangra shot s”
can be discarded. I n the_disclosed system freferabl five "shots" are

t aken, andPZBntheensistagay 3&%&_"{‘1&?‘7 lepsl : eryal 2eam *H_E’(‘!V higher &iSE?lage_ _
cal cul at ecin&ﬁ&ﬁ{ %x‘gﬂgh&%ﬁhﬁ%tt ?alﬂ?lt isxﬁqo%% (ij;% ggﬁ%@%ﬂt‘i)k%@ﬁn%t s 38K iraped 10

the art having enefit o at various types o
conponent sinother spsteme dThohightrgpawen jasef diode 30hmode nry allop thewse efsmaller he

wavefront ,sensor. 300 and various tical .confiqguratjons ar ossible to
For m GOnerinGiYial STERY SoHPIA A FRAATE e 1GASIEt acha, A4 COmPHPG 19 Shetens ¢y,

col i mat edgysfeiyght source, or multiple Iight sources, for exanple, one |ow
power and dOne hi gh ‘Bower, can replace the | aser diode 306. The adj ust nent

camera 323 can Ougsitbe enslet paraera 312 datatispeided: it cat be diseatiyrused viathe and t he
lensl et arie%ikg %cA)]y?leti;]? tcl &'@ﬁ% file WAVERLoAt g‘gegrafigﬁ' dgﬁ,v&- {8 Wavefront aberration

data can be calculated as the average of a series of exposures. For example, the system

e

25 canemploy five “shots” and then average either the captured data or average the
corresponding Zemike data. Further, widely diverging “shots” can be discarded. In the
disclosed system, preferably five “shots” are taken, and the wavefront aberration data
determined as the average calculated wavefront aberration.

It will be appreciated by those skilled in the art having the benefit of this

30 disclosure that various types of components can be used to substitute for components
implemented in the wavefront sensor 300 and various optical configurations are possible
to form other embodiments of the invention. For example, a high intensity, collimated
light source, or multiple light sources, for example, one low power and one high power,
can replace the laser diode 306. The adjustment camera 323 can instead be placed in the

35 path of the mirror 322, and the lenslet array 324 of the lenslet camera 312 can have more
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| ensl ets jred or according to design. Further, it ¥ikpdfiosrs
appr eci at’“égﬁg%%ﬁmse skilled in the art that all of these conponents are

generally controlled by a control system such as a mcroconputer. A w de .
variety of other configurations are possible that are within the scope and
spirit of the present invention. Practice of this invention requires

al i gnmént erffewer lenstets, Rrlesiredonactording to desipnoFasherCit Wih be apprediaeddyd al so
with the ablation profile delivered by the |laser to the eye. Various

t echni questhaseskilledin theart that al} of these comnoaents gregeprallyicgn binricentspl nay.
b qu il P ! i .
1o g an | YRR, BEGHSlsaaficRohuer, AG{te'Vifery STUMEF Conffi T Hee PSSR 0110,

i denti fyi rthateare withint the ecopeand spirit bfthielpresentineention. 15 Use of Iris Data to
Align Laser Treatnent Figure 6 shows the genergal flow of a nethod of using
a systeminple t@&OfQHgB}Vanwwmm%&nﬁ@tﬁﬂf%maﬂmﬁpmmn. At bl ock
10, t I Tds SorlaStid ' fedorgll} ' ' a4 i a using
a di agﬁostdlligdtog%‘% . [ sull él}lrtrsagl ngw;ﬁ t eéﬂl%tisbg 0 ﬁigﬁgdillaé Egin)ggfeltlcaye?gﬁ{ecan

t ake many efyer Vario@stechniquesiaes kiidwn inctheé axt fior dehievingducke bligritflerit and divp g of

the | aser ;treafpepnt, sych . ysing a corneal surface topography systemto
det erm ne h&‘?ﬁ)‘i’r\’e‘ﬁ? Prictice-of s nvatgR o Howe verpalignment techpiques using ap tinagee | y

before refgrad ifdef My_ggéﬁ/ap&ﬂoﬁﬂfﬂﬁﬁﬁ?gréahf‘rﬁ. B ﬁg%*ﬁ‘gf’%ﬁd by the

representation of the“iris Ts maintalne
di agnost i cutrently pefesrededi ng to bl ock 12, a treatnent is then devel oped
based on the data provided 25 by the diagnostic tool. For exanple, this
treatgent may treat fon 2 .-‘u.; -31!,-7 0 nyopia and an irregul ar
astigmatism T i i f anpl e, a treatnent devel oped

using the al goIFigr shbwE b geiatal 1 38 a nisthdd bRbiniaTysfER ihgIEREnSY St €M f or
Correction of Vision with Reduced Thermal Effects,” published April 25,
1996, whi @prorgding o amembodimentef the invention. 1 Atblock 1 dhe irisds bmageddn profile, in

conj uncti A t ' ' %ﬁ t No. . 32,
entitled eﬁjﬁéﬁuﬁbﬁuﬁﬁéhﬁeﬁs@% ur% gfagi‘/bsstﬁ 8 rtﬁg) dl iqgsssulgl% g&%a?'?](%el 1999.
Thi s t r eauseoft the diagnestic toolcan takemhanyfdrms Fdrexample; dit toslandensed weld of t he
iris joage. doi 0, subsequeni nodifications o the treatnent based
on 2t ¢ 1 GHaveRrSghe Ftr (RRBRe e a3 HBE & BrFa) Sistete (OpoRPBRE SURFR LR [ 3
| MAges.  determine a corneal or refractive profile. Or it can be used immediately before refractive

surgery. In any case, the imaged iris or some representation of the iris is maintained with -

the data developed by the diagnostic tool.

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

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

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

images.
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30 SUBSTI TUTE SHEET (RULE 26) WO 01/28410 PCT/ EPOO/ 10375 5 Further, the
treat nentwiotla2B410i s preferably aligned to the iris of the yEaE®mot0375his is
done at bl ock 14, where the laser aimand the treatnment pattern are
.normalized to the image of an iris of the patient under treatment. This
normal i zati on can take very general forns, such as a translation of the

ai m of he | aser, ropri,at oi nore sophisticated forms,
such as by rot af“&ﬁ%ﬂ“’e‘%ﬁn&i lg i ﬁ@zﬂ%&w&saf@mmt tEhis

mat ch t he BiBde t Br OF¢ n

bl ock 16, Itdﬁhéinlaser %‘ir’gg{errfée%?@#s? ﬁieﬁfap%?%eb?ﬁ%ﬁ@ef ﬁg t %e gI aser

treat ment imegegfundrs ofitherpatientdindet treatrmente Fhis sorfialigativisdan tﬁmv‘d?y eferal’ | S
data to thz sto "Fg‘ representat &g of the his data, in essence trackl ng the

patient's aS 2 fERng qim of thedases tojamappropraate paint.or morew of

determnin | ﬁ?ﬁs I ing a
course of ??%lg%ﬂn%ﬁgtdfxandaf enaogpt% né’!’éw‘gsghf?‘éég}@él{eﬁ%ém‘ﬁeﬁ%‘é% in a
syst eni&ccmaﬂch‘@euiniugenhmﬁ‘pmmedmtmhmmm with this invention,
refractive chargcter StIC Ogéég e to be treated are determ ned by a

corneal surface B"Wﬁ"%mmm@%s@fn@&dmtheof
these devi

charact er| StTeat et @"ﬁ*‘“ SRl Bl O el Lol ity szfﬁfa?cﬁkth% fa o 19

conput at i oﬂwstmdrepmseniauonbﬁthemhdataun esseack tracking thetpatienttyglepni zed course
of treatnent ba d on the da ovi t he stic  tool, Al though
sho;/vn ass.zg Seﬁ% ok ﬁgﬁt@a% ddi‘g&ﬁgg ?;‘“‘gﬁfwm%tﬂ’f@ﬁﬂvéd/
system4 i &;ﬁ%ﬂe {rﬁé{t or
its functlgn ‘tzérclglﬁ‘ gébe 1i|.lﬁlco&p? Egte I N many o ’fa#ed I}&Ap 8nent s
Ic:)f t he ? ;c/:s ceurse @lmﬂltgﬂslwvl!gxg,a sistenpandoiding tecthe gwéeﬁpdtm Itﬁdcemdahwwm: n

i gure em recei yes bo e trea

gener at ed B‘S' ﬁlr‘{ a‘iﬁﬁ’@/‘&@"%ﬂ'ﬂfﬁe‘éﬁ g x?ﬂutwgtedﬁ? etgLpige g}?ué | aser

syst em 106cmuiltiurfﬂam I8y $ydtent mmmwﬂbn@&edsbﬁwprﬁé&x%f'me 104,
generating an appropr| ate aser treatnment "within the [aser system 106

i tsel f. Be@eviessggnemily pryide Wlmucc)bf\@élacﬂmmpﬂqmsyeﬁbm!ﬂohgat hers

F opoar Sy ASBREH Bnfer Syl By BBl Bholonf e s iovin i el 2
pupi I or |cneatema:mmmlﬁeﬂh0u3§&eﬁ'&'eﬁmobmﬂ%ntﬁé@atkpﬁwu€dfbgﬁ the ddghost’Nd a
variety of t B' s.are known to produce cornea topo raphi ¢ data. For

exanpl e, SHOWn 3§ ascpargte workstations104y pysheas for wmgmm utgdt a, and
CRBSCAN 11 gysiens BRO HaP N0 i PIIIPOT/08853C &ewcsrk&%an $04 L6 its

functionality could be incorporated within many of the other components of the system

25  of Figures 7A, 7B, and 7C. For example, also shown in Figure 7C is a laser system 106,
which receives both the treatment generated by the workstation 104 and corresponding
iris data. The laser system 106 could incorporate the functionality of the workstation
104, generating an appropriate laser treatment within the laser system 106 itself.

Beginning in Figure 7A, the corneal topography system 100 gathers corneal

30  topographic data from a patient’s eye E. The illustrated topography system includes
Placido disk-type hardware 108 as well as a pupil or iris camera 110. These components
are known to the art, and a variety of techniques are known to produce comeal
topographic data. For example, the System 2000 by EyeSys produces corneal
topographic data, and ORBSCAN II® topography by Orbtek produces not only surface

35 corneal topography, but also overall topography for the various components of the eye.
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conponen eye. 31 SUBSTI TUTE SHEET (RULE 26) WQ&OdtpiAdsrs
PCT/ EPOO/R'%gIﬁB{“ The former systemis a Placido disk based system the

latter is an automated slit | anp-system The ORBSCAN Il (r) 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

vari et )5 of Theofoinksystean thad Pladidsl diskibagdystait ahylattr is@bhttommmed slit as
absol ute corneal height at a variety of points, corneal curvature at a

vari ety ofsys@ihtEhe QRBSCAN IR sysfempuseggurfareslevationsnanday tigeing ta determine

corneal to ' . ondi y shot" of
t he vi si blrgﬂgéﬁg%rﬁ%ﬁf@?ee}%ye 3 &ﬁ%é%ﬁ%ﬂﬁ}?@%@@@ c?gﬁg&luﬁgpl I mage
data 114 raitpetsldRtiahivdtetyiof fdtniats dnd(gathéred using a varkey of &Ohnibeay suchrageal
surface topography systens have a pupil camera that can acquire this inmage.
As is 15 fabselgtecamenl heightatigaagely of Peinty Gpmeal curyature as gwarety of peints. srdyi de
t he irlios itgggﬁedata 114 in a variety of formats, such as a standard inage
format’,” oras " a reduced format in which various iris or pupil artifacts

are identified.Bésides the ¢orhert datadd, the coradal topopraphycdsystent 100Iso acquirega t he
edge of the interface of the pupil_and iris, The iris data 114 can_be sone

combi nat i APTEsPANding:“saapshpe of the visiblesurfageofithe gye Erproyiding fisshizisand | | t hei r
interface, . Qale : i h! Il anera,
I110 can bep“gh?/gﬁé%ty o¥lﬁﬁﬁéﬂté%géﬁsﬁgmg?hgnvﬁggﬁgb' P%‘Xltca I'nfrared,
or ot her carfacatopogtaphy systamsdmye apapil bamemitbatican gequi®thisPmager Abisy, t he

[ [ ired at th ti, that th t Pl i d
i ok W7pe Tortioresadednsiovs He winil o i carnera 110 SR ProRTi he T RiRge Gate(lfdogn
before or iﬂfatv%ﬁeigqiﬂf&rﬁ’d@ QuclPas HftartfafEiniaal 'f&maﬁsor'dz la48ducel eotnmiaf i Whiche 7A

the topography data 112 and the iris | mage data 114 are preferably related
accor di ng vadousiris orpopil artifacts argddentified.s Suchpartifasts can inslude,/tbosesidentifiableje s

116. Th | at hi t t er i ned. t . 8 and the iri
e e RO e B S8t SREBHCE R, 1L e
data 114 fcofmbiition of imhgedd réctignized utifhdts of e iris) thegpuipily tiRirsintefface lor t 0Ol

(here, the | aser system 106). The data 114, however, is also useful for
nor malRPzi thersye strociprey 8 Welks ot her opht hal ni ¢ di agnostic instrunents.

islrofgig‘;: ;?! 't %’ést’igfr% PPN iR e anRe ) $ 10 cahlbe ViRt Ofd e type€ st 4 bikivfe
light, infrared, or other camera suitable to capture the iris image 120. Preferably, the
image is acquired at the same time that the topography components (Placido disk-type
hardware) 108 are gathering the topography data 112, although before or after would also

25  be acceptable.

As illustrated in Figure 7A, the topdgraphy data 112 and the iris image data 114
are preferably related according to some coordinate system, as represented by overlaid
images 116. The relationship between a determined topography 118 and the iris image
120 is maintained in the data.

30 As discussed below, the iris image data 114 for the iris image 120 is useful for
aligning a surgical tool (here, the laser system 106). The data 114, however, is also
useful for normalizing data from various other ophthalmic diagnostic instruments.
Specifically, the wavefront sensor 102 also analyzes the refractive irregularities or
aberrations in the eye E. In the wavefront sensor 102, preferably a pupil camera 122 is

35 focused onto the eye E in front of certain “trombone” optics 124. The trombone optics
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aberrations in the eye E. In the wavefront sensor 102, preferably a pupil

-canmera 1y op283fp focused onto the eye E in front of cert aPOI/EPOMASBNE”

optics 124. The tronbone optics 32 SUBSTITUTE SHEET (RULE 26) WD 01/ 28410

_ PCT/ EPOO/ 10375 5 124 (e.g., a focus or optical path adjusting tuning device

or optics) is used to change the optical path length and focus a | aser 126

onto the retina of the eye E. The tronbone optics 124 can be used to
?El gsele SFE@C

det er mPne Bl EorfORIHRLORtS Rath.adjusting tamin ¢ 9F PRJIFS) 151U ethe sych
as def ocus, d"g{% F&gﬁpgﬂdrfﬁais’a fal& l?ﬁ‘b?l&f ﬁgéetﬁﬁr&?ﬁ? é%llig%@ fombdak 2 for

determ ni ng}’o erratrons 1n e eye via a et canera 128. As

di scussed dtice 194 ean be ysedite Upterhine ahd compesatedfot thedow @rderabenttions dftipe of
systens for determning refractive ophthal m c wavefront aberrations can be
enpl oyed. €¥¢ Euisush asdefocusy dn pneembediment thegwaysirpnt sensard 020gathers, datg do%f r ont

sensor 10 . | . r | | 4 S upi |
g dat e Sbinig Pltal BbEHAE (FHHE cye T 9 Yt baled B8, At P! )
aberr a_()idornhfolve,l;]d i'arielﬁdfah@t.“éa\aﬁbﬁt_lahémbr gﬂneSEylp_e of sﬁmﬁsh fordetermi f inihig om whi ch
centroids of the spaots are deternined in determ ning the wavefront

aberrat i orrsfraww%%\meﬁowﬁwﬁen%%&mwm and pupil) image 136.
The iris inmage : as! { i} ‘ggﬁlﬁdil, The
wavef r ont sensoﬁgg}éiﬁa&g,%ggﬁgﬁ?‘%@é&éﬁfs g{eé?%qué e'3 a soﬁgé;hes&%g?znal i zed
t o each otpreferably prdvidesabeartratibnidatanlB0 andeirik {mdi pupil) shageadata132 from th88 i n
Figure 7A. The pupil.c be dil ated when the 20 e tion data_130 and the
mage. dat PUPEARERI 7% dThess dita ropELAR AN ShSHARPLPERIE (AT 68 & PP

ref 1 aqls vefighapteptofife, #8rWHich Eehiiids 6hE B aloteclfittledth Wrebmiif e Of

treatment for refractive surgery, su as LASIK These data can 1nclude
cor neal t opaxefrphabertitivns ofithe eye, asin Williaps—dandman icis (anskpupil) imagee136. dehea or

h di fferenti al files.(e. g . Usi | f ,
ond ot her 15 gk fats B57 can it puné Tiohae 1@ Y140 The Ha BlEnCRARELRE o,
as from sl130 fdaneirdnfge Qithi182 alsoGad Rorfiitied @RACK oY, ab FHiNitatddtsy arOF

exanpl e, ultrasound can be used to nmeasure not only corneal thickness, but

al so the epreriappingrefereaceframe 13§ in Eignre:tAs The pepibenas e dilated when the!
COMP O oo G4 15 0B e, oSt b S ol R g 5L 0
poi nt - by- poi nt Vaddus tgpestof eefdttioy data.can be deteithingd and enployed in dévelopingap! e,
oner al | y GRS of SaLment Fqelractive Shger fout S LASIK. THBE RGN  Gat a
130. Sim | st topdptaphic dard Waverot 3ERsor Bitadldrical RicikiebOaHs of Biher
differential profiles (e.g., using ultrasound) of eye components, and other types of
25  refractive data developed from various sources, such as from slit-scanning or optical
coherence topography techniques. For example, ultrasound can be used to measure not
only corneal thickness, but also the epithelial and other eye surfaces, the amount of
stromal component in a microkeratome-cut flap (for LASIK), the residual stroma under
the flap, and the like. These data are typically provided on a point-by-point basis on the
30 eyeE, at varying resolutions. For example, the corneal topography data 112 from the
corneal topography system 100 generally will have a higher resolution than the
wavefront sensor data 130. Similarly, certain types of data are directed towards one
aspect of the eye E, such as comeal surface topography data 112 mapping the surface
topography of the eye E, while other data may reflect other aspects of the eye E, such as
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aspect of the eye E, such as corneal surface topography data 112 mappi ng

the surf graphy of the eye E, while other data £ {750t her
aspects g&?#esg{eb;e E, such as 33 SUBSTI TUTE SHEET (RULEWZ%? %ﬁ81f28410

PCT/ EPOQ 10375 5 total refractive error found in the wavefront sensor data.
130 fromthe wavefront sensor 102. Further, the refractive diagnostic
tools could be of a variety of configurations, such as a fixed, bench-type

syst ems hagdl Rffabtivedsrrorfbandinthe waveftont serisogdata ¢80 frohpthe wavefrohtseason! . One
skilled in the art will recognize that the techni ques according to the 10
invention 182n be inplenented in a wide variety of actual physical .

enbodi nents. | ' . RN ' 9‘?“7' ;. al e
normal i zed to ?%%%‘%W%@tsg‘&dgﬁa e dg%rl%fr%{]ﬁg"?yo a %e* rgig%’i ve
t r eat ment .guéledsa fikdi; bendhrgpe pystertitiand-hekl, onmibltiple systsmeingepratedintoai s i mage

data 114 are normalized to the wavefront sensor data 130 and its iris
i mage dat #ingbptookPne:skilied in the pe il regognize that thetechniques ageardingdothe each 15

g 1020 iHiBh on B jrbiplyBisa T4 5l 1ERAofania) Bhyit eboafiients’? 11 <
di scussed abovdn oh&embodintsnt of the inventiom these datatsefsranemarmalized toeqaph otheof t he

iris images thensel ves, or instead froman adj stsr}gnt of cp‘ar acteristic

el ement's &0r AL aCEMAte SENETANOR | f?@ﬁﬁ&&@ﬁ@%ﬁ‘&ﬁﬂ? 8 tPRASERRNY A uncti on
W th Figurge,s cgﬂ% .1 4 L A5Rtalis P 1Y th b dhfae
aberratior?ﬁgrﬁg | egp%@nggﬁg%or gg%tsag]}h?%# g., via W‘f’?ﬁg %ﬁfﬁ%

pol ynomi al130 and itsl iriscinsage datanl 38¢ [For exemmple,thése two dptatsots ate nesmglized tosdachnt

100, e e (prted n 5 disglata 140 Paser o ini el ST Bid Gase 120900 . . O
are nor g‘iﬁ éﬁ%e?gg‘ﬁllﬁﬁuﬁéﬁﬂ Qh B84 imae 14D). U&S diséRSed aboVe, tBikaionmaNRzdfien

referenc n 25 Fi gure 7/B. "As di scussed above, the pupil is
pr ef er abl ymayi tesuleffomtanrovetlapping of the idsimagesithenselves, @r instead frogeadiat a ar e

acquired, gnd, these .data sets,are.n i . t hek. e
accur at e d'aﬁ’ém‘ﬂ Bﬁclb“\*a“ie‘?sz‘r’ re&emr\t/se(%tﬁ%ﬁ{sﬁg&q i’&fﬁgﬁ’?%%og“reg‘ﬁﬁi%g%’a@‘;‘?lz and
iIts corr Qﬁﬁﬁgdﬁaﬁni\ﬁﬂﬁﬂgﬁm data 114 are nornalized to the wavefront
sensor data 130 and _its iris inmage data 132__For exanpl e, € ma. : .
nor maRPzat i on d&n apaeiculaggmbodiment 5 ‘&tFéE“fSyBagW‘i’Eggg‘é? P‘iﬁ‘b@s%‘sdi agram
164 based og.8icic 31 iid ifindZetijfe b8iorhlIROR diSisARFin WHlihé fnd hefBiPolS0
(illust ratpg‘g:eggfmé%gi’ b’lidsﬁtl%#gge 552?61}”?10%5?’2% eF&ltso tﬁe dilscussi on or Figure
7A  above deVélop wapefgpmt berrativnadata showntas Ripil weave frohtabgmatiprotetg. cgontgur) he
eye, such p?ost 1805 The wavefront sensor data 130 and the iris image data 132 (Figure 7A) are

normalized also to each other, as illustrated by an overlapping reference frame 162 in

25 Figure 7B. As discussed above, the pupil is preferably dilated when the aberration data
130 and the image data are acquired, and these data sets are normalized to each other for
more accurate generation of a refractive treatment. The topography data 112 and its

corresponding iris image data 114 are normalized to the wavefront sensor data 130 and
its iris image data 132. For example, the normalization of these data is illustrated by a
30 (superimposed) diagram 164 based on similarities of the iris image 120 and the iris
image 136 (illustrated by an iris image 142) in parallel to the discussion of Figure 7A
above. The topography data 118 extends over a larger portion of the eye, such as over
most or all of the cornea, while the wavefront aberration plot (or data) 160 generally
extends only over the pupil or a portion of the pupil. Some correlation between the pupil

35 wavefront aberration contour plot 160 and the topography 118, when overlapped as in or
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nost or all of the cornea, while the wavefront aberration plot (or data)
160 genemned by2s4ext ends only over the pupil or a portion oPCTHEPOEUISIS . Sone
correl ati on between the pupil 35 wavefront aberration contour plot 160 and
.the topography 118, when overl apped as in or 34+ SUBSTI TUTE SHEET ( RULE
26) WD 01/ 28410 PCT/EPOQ 10375 5 simlar to the diagram 164, nmay be

P g o R tothg GipBBAn 165, Y b Ao ras P e GPBRRCi b b posciafiied im "
nor mal i zi NgheQkt cvER H o I8 Iinage 418 afediROd it Bt driTer HEYRllizadn, A6 r at i on

data (e.g., the topography data 118 and tne pupil wavefront aberration -
pl ot 160) , nomializing®r aupssimposingthe kopogeapby and thehvavefirontabesragion data(eigs dhe pat h

I h .q., f h .,ab ' d \ ' i nd
(oot by Sipamanhn dA¥ B8 MeCPi S Elp erhRSTgiot {603, plifible oot star o
these dat ape @ker'bf the VaridtiHs 36 bgﬁﬂgm Kb .. K frbifle Wavefent

data are generated according t procedure outlined in Figure 7A or in
Fi gur el(7 B, orxefrattivesndex (cg.i by dvetpging refactivedodices) of the eyerinorddréocomelateat es a
t r eat ment rofile 144  This ¢ be, don far .example, in a stand-al one
conput er 1# ?e_é{‘t”céﬁﬂﬂﬁ«?FaBBmE@?ﬁa t%%sgiqeﬂé“mﬁ"&gﬁet or other network, or
in a conputati oRglertiy 3htaHrd BéHerdtéd RB0EdiRY to thégrzdcé&lﬁé obMlitic8'th 7R%r

t opogr aphy system 100, the Wavefront sensor 1 or other systens. The
treat nent ipdfigure(78d as tlinstrated im Figure EC,a eomputerprogramsthes genesatas1p reatment

' lar treatnent.patt d b i d i||ust dint
ot or omont i BIVOTP L4, THEGHTR odeh: 1 exmbiEin™d fficale bomptet TR oot o
t r eat nEt Sceiebted Rethe dhteficlBelothefndtw6iky 61 ith cotiutaiinal 5ybtdne that @ patt ofar i abl e

spot size, a scanned slit, or a fixed scanned spot_ size |laser treatnent.
Regar dl esstheflasensystene 106rthe tapegraphysystem 100,3he,wavefsont gengor 102, 059ther  to t he

data 140 o f | ' t.C: C | nt.ai ned
nor mal i Zedéxs%e@fkhéfh g{%etrate}ge%?géhﬁgn%ggb@g% %ﬂ}a&e@ﬁ&a@a@m 'hg&varl us%

di agnost i cirtegalas tre@tmenepatteenl could be perfornied, as illustysted in the afcrementéorieddASENt S.
For exanple, the data 130 fromthe V\@vefrbnt sensor 1021 ould be  solely
used to crBaiert No.:3.3, 13y or a yariety of otberitypes of teatrents coyld bepedfprmed. surface

t opography: MFeloN %ﬁﬁ I " ¥ed s?ﬁnn ctive
di agno%?i cmé%ﬁ(%)l%@aat at%gﬁ&%tﬁﬁ ar g“’ﬁ%ﬂ%ﬁ%%&ﬁ'@?ﬁ‘%‘ﬁ’é?eat etr eg‘?%ﬁt S.
Advant ageosise hsgrdreiatmerft. Regarditas of the treatnient performed, itdogenecased witheespectbi ned
to yield better, o al fractive 30.treatnents. For exa e he cor neal
surface t of?otb? ﬁﬁtﬁ;ﬁ@ §>’§ bﬁf‘f&baﬁ‘?gf‘ﬂ?%sd‘m%&sf 85‘5%%%‘3 egardl ess
of the anpyérmaliFediio thé bfeditis ilags1y2.| . but the wavefront
The data from the various diagnostic tools can be used in a variety of ways to
25  create treatments. For example, the data 130 from the wavefront sensor 102 could be
solely used to create a treatment, or, instead, the data 112 from corneal surface
topography system 100 could be used. Other alternative types of refractive diagnostic

tool data can similarly be used solely to create treatments. Advantageous aspects of the
data from the various tools could be combined to yield better overall refractive

30 teatments. For example, the comeal surface topography system 100 returns surface
topography data regardless of the amount of dilation of the pupil, but the wavefront
sensor 102 may be limited by the amount of dilation present in the pupil (i.e., the
wavefront sensor 102 typically only measures refractive effects of optical elements that
are in the optical path). Therefore, as illustrated by the diagram 164 in Figure 7B, the

35 data 112 from the corneal surface topography system 100 is employed over a surface
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sensor 102 may be limted by the anpbunt of dilation present in the pupil

(i.e., t ront sensor 102 typically only neasures g pohibyg effects
of optic %ﬁo@\r“mﬁ{lts that are in the optical path). Therefcgl?ﬁe, és

illustrated by the diagram 164 in Figure 7B, the 35 data 112 fromthe
corneal surface topography system 100 is enployed over a surface 35
SUBSTI TUTE SHEET (RULE 26) WD 01/28410 PCT/ EPOQ 10375 5 area | arger than
t he di 5at emteglapgelr thantthé dilatédpupil, vhilg@he datanl 30 fromcthe magefrontsensor 10285 i s

used for the_cenjral rti,on Wi.thi.n the ea of .the pupil., In.b cases,
e dat a 1364 Eardhe conuaEparion wathinipe geeaof e mil dngulcsses, the daga £idipid *°>
nor mal i zatg [ | ' inatisl norfBsES ; é@yecﬁ% I ng
again to |g§?tgq}%?ugg§iggo%‘ﬁﬁtaﬁg%[f&§%%ﬁ#gﬁtn genera?éggfggfbl%yp cal f:g?ga 10
course of itrages 120dnd I86ch as a series of shots, a series of scanned slits

rovi ded Tor o RelPingean b Fur L, brsed o Binsfeafinens gherbied 14t SBg . °
treat RNt colufsk b7 bk Athiefle, BictPasi ks 6f sifbs, a'seridsloT8tdnned Sfits at wli%dsggeﬁ.ﬁeced to

data 148 representing the iris Image. The data 148 again cou an i mage

of the i risizesiorel vVariety dfiofiier ¢ypes of treatmept, és;provided for 4 particulattypeof lasert e of
the iris, a locgti 15 represent ati.on of .vario f,eatures..of the iris, or
a vari ety S¥pteRy r%&ﬁpﬁﬁf%‘ﬁ@ﬁgg u%@‘?ﬁi@%ﬁﬁﬁe’ﬁéﬁs SPYEY dat a 148
repr esent ghf.aihced td difa 148 Rpilaiting theirfsiiiagh. Thé @atd 148 vedif eonldVeahSmage |
treatment 146 to be aligned withthe actual iris of thée eye E when the eye
Eis to hoftheitsttself mhighcontrastrepreyentatiomipdlackisad whiterof thesirisna losations t hen

| oaded with the treatnent profile. i i Lhe 0 f ment
136, ama ¢ HEPCESAPsgR OF Vo tegipies B iy S b B ot SR naBlond bER 11
can be of jAs VB gekial, the dath 848 réprétbntationofldie inyhouRl e suitiblens allowsies . and
will typically include a | aser. 150, an ai m ng,  system 152 a_ series

of opti ca!cob!@ﬁﬁﬁﬁémﬂt 14649 be glignedowith theactual iris Afithgeye ks yhg;ggé XS 3 ir‘i_e eye
) e heD RS Mg 0 o _SysLem 195, ) oner pover, . ng o
| aser 150. The Hiethsegsysteaw06 tsrthemivaded-with thel teeatmeris peofile dacluding theni t or ed
D e Y ki M e o e RPl  B eilih °"
L L. 8t JA00PS 8146 ALY 3 el esse lgnciudaun) ol ot on
1995) . 30 typicallyoneltien laserksOp ap rimis system 152 (-0 peries of @plical gemppnentee i ri s
| (see Fi séd toi@ect light from the laser 150 to the eye E), a pupil camera 154, and a control
system 156. A lower power aiming or reference beam (not shown) typically is used in
25 conjunction with the laser 150. The aiming beam, for instance, a laser beam, can be
monitored by the pupil camera 154, which is typically an infrared camera, and can be
used to aim the laser 150 as described in U.S. Patent No. 5,620,436, entitled “Method
and Apparatus for Providing Precise Location of Points on the Eye,” issued April 15,
1997 [PCT/EP95/01287, published October 19, 1995]. ' :
30 In operation, the pupil camera 154 provides an image of the iris I (see Figure 7C)
of the eye E to the control system 156, which controls the aiming system 152. The -
image of the iris I actually provided to the excimer laser system 106 is compared to the
iris data 148 associated with the course of treatment 146. The aim of the laser head 150
is then adjusted such that the iris data 148 is co-aligned essentially with the image of iris

35 1provided by the pupil camera 154. This can entail translation, rotation, scaling, skew,
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of the eye E to the control system 156, which controls the aimng system
152. The WiOrfdg8416f the iris | actually provided to the ex@®omEpPlas®s system
106 is conpared to the iris data 148 associated with the course of
treatnent 146. The aimof the |laser head 150 is then adjusted such that
the iris data 148 is co-aligned essentially with the inage of iris 35 |
provi dggi bﬁét he,pupil canera 154. This can entail translation, rotation,

S

scal i ng’ gyvariety; of afhertransformationat funtions: 7he trewslationthatiig applivdtply iri3375 5
n

or a varie r Is ' ns{ athon that . is
appl i ed toit Izé qaﬁ g“?%a%@ﬁt%i%&%ggg?&O@gﬂ%ﬂ?w{’&ﬂ(?rh{h?’l‘fguﬁs? of |

i s sim | ar trgatment bGysuchothat the ultimats eowre of treatmeit)1whéd i is Gpplied] beiteshbiris
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of treatnefft? dreptment neegssary o redype the gptiealiefiects ag prodietadinthe in t he

t r eat ment g@&g{e | 1440 The data of the course of treatnent 146 itself
can be altere ,ﬂ{ EQlt@ e%g}il#'of the |aser system 106 or the rotational

al i gnntht of t hThepdataefithel contsead treatmene 146 itselfshn beRdadd] bethe aith of e

met hodol ogy, the irjs data 148 are used to align the iris | before the

t reat ment ?P&?{W@J&%@ .ewt!%ﬂmtefﬂ@yagmﬂwc@ammt fromthe
di scl osed eSS th ' e ternalSurface of the
eye, or a iEA I&Kkproce%ﬁigglogg%gg’é&szﬁgi}%pnggg%fﬂ?égs@eﬁé&aﬁ%%etf%te ftion of

t he cor neatreatohenti46 ispppliedng | aser treat nent underneath. Further, the
t echni ques can nd therg;gj ves to other, pon-keratectony-types of

treatments, suca3QUSIYRES AL EYR SPLEeRt campenefit the dis¢lgseddeelmiques; RRK can
; ' ' f b
appr 0316 S fpplied 16 elexiefndl AUAE!dfGhe oyl ﬁ@&g&@tﬁﬁ%{ﬁ@%ﬁég@%@ o

accurately aligned with the iris 20 0
treat ment fitst resectings poriion oftlic comea pndthen applying laseh areamicnt ahdamenth.i nal

positions. r nefits flow fromusing the iris data associated with

both the dﬁ%{%&@?gﬁcglgﬁgeﬁmqﬂt&p%aye@@aﬁm By-tRehohy patient is

0 an upr | géutmpds) duck s EREmekAEBRTAY, or OUAMAYDAE RGN bifiSadigePOs {1 ON
np

of the eye may rotate slightly within the 25 gye socket C ared to when
the pati erfeftactivecogrection.  Fhese coursesiof dreatnmnticambe gocurdiely alignedbwith thehisiad

| i t ' he b t ' h
ot t o0, it By, it M B R4 GHent Haberh i i T Breelielf.  amount
of such rtheerttically dptinal pogifidns. pr eci se correction treatnment pattern for

hi gher order deé&gtgq, he. change in the rotational alignnent literally can
rotate the eye r "‘b!ﬁsﬂ?‘?’ &romhpsing thedris data associated with both the diagnostic

and the treatment data. For example, when a patient is in an upright position for

diagnostic evaluation, sometimes the position of the eye may rotate slightly within the
25  eye socket compared to when the patient is in a reclining position. Similarly, the
patient’s head alignment can affect eye rotation even when the body stays in the same
position. Although the patient’s brain can compensate for a slight amount of such
rotation, in a highly precise correction treatment pattern for higher order defects, the
change in the rotational alignment literally can rotate the eye out of position with respect
30  to the treatment, causing a faulty treatment to be applied to the eye. The effects of such a
misalignment typically are not pronounced for fairly basic courses of treatment, such as
myopia and hyperopia, and even for a minor treatment of astigmatism, but with higher
order defects, such as irregular astigmatism, glare, halo, and the like, the benefits of the
highly precise treatment can be lost unless precise alignment with the optimal spatial -
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30 to the treatnent, causing a faulty treatnent to-be applied to the eye.
The effe@sodsspich @ misalignnent typically are not prog@ypsRHeiRr fairly
basi ¢ courses of treatnent, such as myopia and hyperopia, and even for a
m nor treatnent of astigmatism but with higher order defects, such as
irregul ar astigmatism glare, halo, and the |like, the benefits of the

hi ghly precise treatnment can. be | ost unless precise alignment with the
opti mal5 spréatradnt positioniEsbtaited indihkibiained | The2éghnitfied a¢cdoding to e ifremtibn 0375
5 treatnment position is obtai ned and mai ntai ned. The techni ques according
to the infanredyge sechlopsof Alignment | oss of alignment. Wth respect to the
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recogni tion systens has 10 on, the, unique features of gn iris, such, as
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entitlgd " “%—ég}'\fﬁ ' ' NbLi © . t hod, "
assi gr%gd t@%@éﬁggm es eg?’c c%ééntﬁeﬁr?%%%fc]mﬁ’gzg?%écg{?ﬁmﬁgv{\? Jer sey,
and U.S. RsuedNokember, 54996 4atitled TAutomated, Non-Invasivedds Rebognition Syst& 87,
entitled "lri gogni ti.on _System " hoth of which are incorparated by

ref er ence 3 k@?‘h"%ﬁ SFEFF‘ t&?ﬂﬁfﬁ@@ﬁ%&%ﬁr ﬂl‘}f 0%5‘:8‘03&%“1 S13CY,

di scusses ;588§ ehtert N4} 631,340 R6!Fion) /6 hidlisskBd Febidary 311087, eatitlkderR pat ent s
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i denti fy &Recognition System| shwthipEwhich are interporatasihy refire; imtheisn be used

to adjyst the ition of . the jris.relative.to e ca LN :
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Per sonal laddidentifytan irisnarsl alsadisqussas that g contrel mechapismscan beqused feadinsg the

S ;| ) . t, . , ,

vor el n 1 o pofition S Hi¥Grib e o R Cal Bl Ot an e BER o M pepbenb i 5

p][ o;/ihded bﬂ?ﬂﬁ:ﬁedmﬂ(gxe aﬂﬂition;dl)tmi?rbermectttdatiglthedhséesystennlfl)ﬁrxﬁmhlaﬂ'd'f g,lél?:hni ques
of these patents and otherwi se knpwn to the art, are enpl.oyed far

al i gnAnt %mweei?%ﬁﬁﬁfogm%%ﬁwvﬁéﬁ%@ﬁ?ﬁﬂo IBifeeEe
Alternati pglgy nﬂqaeﬂqﬁct%ﬁgﬁisyéiigniﬁagé‘dﬁﬁﬁ_ﬁrﬁml%,ﬂﬁssl d'té. & Scay MCBF 106 can

receive an inmage o whi ch i's then displayed on a screen. The
iris i magMaimtLadeeR NewnJerséye also incorpesatedrby sefercnee hareigvin it entinety; fusthen,

Syt om Loatsctset i omcat Apaedfe Byt el Tne aofhicnid didrokie | 2"

matching techniques of these patents and otherwise known to the art are employed for

25  alignment purposes rather than strictly identification purposes.

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

30 106.

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

35 concentric furrows 202 or radial furrows 204, Other features that can be used are
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30 106. Referring to Figure 8, the iris | of the eye Eis illustrated in
nmor e det awio,01£B4M0i ng how particul ar features can be enpl aexiEfw/03v8t chi ng
the patient's eye B for treatnment wth his or her previously stored iris |
image. For exanple, a set of points 200, defining generally circular
features such as collarattes, can be enpl oyed as descriptors, as can 35
concentric furrows 202 or radial furrows 204. Oher features that can be

used ark 8ene eriberin theabpve meferenged Uvih Ratent Noi 4,6#L349 reBlong 3vttich 5
general ly [ .n. the ve-referenced U. S. .Patent 4,641,349 to
Fl om whi cﬁ‘%ﬁfdﬁﬁ %gghﬁpétﬁbﬁﬁag’p‘&(’?ﬁw t@‘,‘"%f%&f!ﬁ?’&ge&!‘@gg!aﬂteﬂ rs, and
congeni t al Simil&1y tespupllicah be ubed in'iHe midtdhing Weli%%tt@é\%xylé‘, adslalcenféRt chi ng as

wel |, for exanple, .as a center reference point fromwhich iris features

t hen def i neefengace paintifrom syhighvisisfeatures themidefing the rotatinnal positipnafithe eyecat ur es

can be enp I I.n n_ihe,conpl exit f 10 t.he

t reat ment ?@%ﬂ“’%‘?’%&% %H gg?ﬁggiyﬁgﬁr f@@?’ﬁ@éﬁ §n %ﬁﬁ?&ﬁ?’ﬂ%ﬂ ?fl such
as a 10 eatherfeatrhent Pbé Spphean TEhe trelnitat RYotitiohallydyninakicall silhaganent is of
no consequence, so the center point can be |ocated wth respect to the .

pupi | . But treatmentfios purermyepidoehypeyopid, rotational displacementds of naiconseqhence; soe s

can be em, . | S€E. | stration of e..eve E before,

treat ment . &%%F{IQ@P%#&CHQEWI%*g%p%é?mee%u@arﬁlgév‘%?@ﬁc B{"r"ﬂ‘l@f eye
E, 15 for treataiehtymore dethiled fegtures cahi be iefriptoyRd€ar mbfY precisSd fRipistratibh bEfhe! aser

mar ks can beevég?etgted on the eye Eif the treatment is to occur before the
| aser mar k&Y re-{Eegtment, SMterpativelyy artificial features eansbeimpased upenctheye B; he

treat t : . | i f Vi r,tions of
e iy R L0GNGR, {BARME S HETL Bica, P irdHhoe, MedETaser Ml ch bY GredRlar" |
of these ttheleye Hiifthe tfeatment éstoalcctrteforethdlasemnmarks aoulf hdaheTheie the ar e

I df 20 . istrati bet t he di ti t t he d I d
tr eat rent , SBRAPSHR SR paitre takorand fbe frestment faliosied spon Hiercafier cFurbircathey o
Figure 9, ehtifgity poitioi! o vis uﬁ@o@ﬁeﬁ%aﬂﬂeﬁ%ﬁ, %ﬂt{g&ﬂ thé frfst TR

based upon the’inmage of the actual iris recel v e laser ‘system
106 ar e i1l ofthesettechniques cfeatrey ofi the visible peirtion ef th€ey¢ Ear¢ emplayed forgener at ed

144 | r oyl . a desired treatnment patfern 146 for ntrol ling the
| aser SZSOSS t eéégg %&ﬁeﬁ%@S é’ﬁ'@ﬂm %I‘BI’ g‘?ft VF*"P?E' gDy éf‘é%fz@tw 0 mgt he
di agnost i ciréatmbnt dsaippli@lioithe &y BN the treatnent pattern 146 with the

patient's eye The iris inmage 206 is provided by the pupil canmera 154 of
the |aser systehwing tafisyse 9y variaws edjusirentsihat can beymadsito tigsdesited cont r of

System  treatment based upon the image of the actual iris I as received by the laser system 106

are illustrated. Referring again to Figure 7C, the treatment generated 144 is provided as

25  adesired treatment pattern 146 for controlling the laser system 106. The associated
reference iris image data 148 from the diagnostic tools is used to align the treatment
pattern 146 with the patient’s eye E. The iris image 206 is provided by the pupil camera
154 of the laser system 106 and provided to the control system 156. The control system
156 compares the image 148, or the descriptors derived from that image, to the iris image

30 206. Based on the comparison, a variety of scaling functions is applied to the desired
treatment 146. For example, it may be determined, based on the overall size of the actual
iris image 206, that the treatment should be reduced in scale because of different focal
distances of the diagnostic tools 100 or 102 and the laser system 106. So a scaling 208 is
calculated and applied, yielding a scaled treatment 210. Then, it may be determined that

35 the now scaled, desired treatment 210 must both be translated and rotated, as indicated
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156 conpares the image 148, or the descriptors derived fromthat imge, to

the irisyopgsdP 206. Based on the conparison, a varietyp@f/rpgopbs70
functions Is applied to the desired treatnent 146. For exanple, it may be

det erm ned, based on the overall size of the actual iris inmage 206, that
the treatnent should be reduced in scal e because of different focal
di stances of the diagnostic tools 100 or 102 and the | aser system 106. So a

scal i nd 20By a sransiation.dndtrotition furetiph 2£21, This ¢ tlirn is applied tethelscaled desived 210.
Then, it may be deternjned that 35 the now %ilgée , desjred treatnent 210
|

nust bot h Weatment2t0.yie %s/ﬂeras@al'&ﬁmsm;ﬂd lwthmmgpmmamEET.
RULE 26 =) - | .
( ) %e%%%%gﬁaﬁ.maﬁ%%@gnﬁ y a translation and rotation

function 2 s I'n turnis a to the scal ed desired treatnent 210,
yi el di ng t he acAltesnativelytifithetcofitidl syStemskS6dms great endughriconpathtiopaltpoever,deer
system 106, to rf.orman actu treatnent. Alternatively, if the control
system 15618W8§£'§F é%rteaemghnjﬁ-% pulsehiode apprRpriate]y rotated apd tranglated. oFhis ac h
shot ({g €. : , : ' r . Thi s.
0" mayiOhe 2L BE Speibleafthe'cie B2 f=31ateB ceigep of ihitic 266ibh A nBlvilon
rotati on adutingthetreatment; foriexgmplec Therstheiniy image 206 cambé trackedand théhe iris -

I mge 206 c be trac a ne scal.i.ng, functiqns 208 and 212 il lustrated
in Figure %gﬁ%ﬁﬂ@@f&ﬁg@@%l%ﬁw%eﬁ%%@% ¥ 8 ERERSBEANC shot s
in the desd ' eﬁﬂ:ﬁ- Ene{? | r &fkemargﬂé\‘ nt of the
eye E cansihg?grc%g%gg?ggﬂg ottﬁ%ly-s ct)rte.h T Pg&ttdgggglsqtljne can be ’itg?conbi ned
wi th t he anovempent afthe eye Euandbeacoimmbaiatéd diot-by38at. SThistechmique ban exact :
pl acenent of .each shot or.serie f. sho i o the iris inage 206 is
det er _necf°“ﬁ’_é'? u ﬁ’&%ﬁﬁﬁf’iﬁ‘%‘guﬁpml%é@&aﬁé@@PéeF%rrbodi ment s
of the i nvygadenht offdaith Motdr $éridsVf ¥hots rélatRene the ifis imAgd 208RWetermfiiedbe fitted
with a camera or other imager that acquires an image of the 20 pupil, the

iris, or diefiere the shot exshotsare applied: eri stics of the exterior of the eye and

exports data c ngi 'rerqggi .The . f & Lye _
treat ment, sucﬁﬂgeg&%%’ g‘x%ﬁmg ag’g{rh t regpzrg‘;’n yfse%%“’[?ié’l"%%g%ﬁslc per f or nmed,
t he st or ednstrangstscan betfittediwith acdmera or othepinteges that acjuiresnimagetof thdie act ual

i mge qf the _pupil, iris, .or eye o alignt | aser ch that the
tr eat Abnt RAPH t“?m, °bP@E¥§'éF‘§‘fﬁé'§ CE!%FP%P%I%&P xmqspiélwem EXRS10 and
11 A-11B, %ﬂ?&’%ﬂeﬁ&ﬂi:@ tohdt Hnay e Tﬁe?xf‘ﬁh&&*?réffhcﬁw&@%tmeﬁ?, B Ashex¥iniéd Pt Ur ed
image of an iris 1to Insure appropriate alignnent of a l'aser treatnent
wi th the dadertreatment used in hASIKpis pkiformedcthestored imags (Quits distinctivel ustrates a
components) is compared to the actual image of the pupil, iris, or eye to align the laser
such that the treatment will fall precisely as calculated.

25 - Turning to Figures 10 and 11A-11B, shown is an alternative technique to employ

a previously captured image of an iris I to insure appropriate alignment of 2 laser
treatment with the calculated treatment profile. Generally, Figure 11A illustrates a
display 252 provided by the camera 154 of the laser system 106 in Figure 7C. On the.
left is captured iris I image data 250 captured when a refractive diagnostic tool was used
30 to determine the refractive characteristics of the eye E. From this data, and coaligned
with this iris I image 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
35 an opportunity to realign the patient’s eye E, yielding in Figure 11B a properly aligned
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di spl ay 252 provided by the camera 154 of the |aser system 106 in Figure
"7C. On tkyool/ssio is captured iris | image data 250 capt ur BOTAEReNM0AT7S
refractive diagnostic tool was used 30 to determ ne the refractive
~characteristics of the eye B. Fromthis data, and coaligned wth this iris
| image data 250, a treatnment profile had been devel oped. On the right side

of the _display 252 is real t] iris | | e 254, ich is returped by the
caner ad154edtime s I image 2§§rs#‘§ ¥ thﬁglsgggf ‘Bé“éisé\é\féWWE a?‘%‘?’aﬁ ‘flE%" theage
254 is sli PRV %1 rintne fotatidhaldnR -%ﬂ%ﬁr . 7 jjgage
data 250. ‘#’Bﬁ‘""?“‘é’r‘%%‘ st 1le%|loehy5| C|han vvlg!tl a‘%ﬂg%@s&%ﬁ&g?@%ﬁéﬁﬁgﬂﬁgn t he
pati ent' s feyexdmply, aduisorghatthephysicianicbildplaceomer identifying fehturéto SUBSTI TUTE

SHEET (RULE 26) WO 01/28410 PCT/EPOQ/ 10375 5 real tinme iris | imge 256.
Pr ef er abl ydetarrine precisely the rofational Ipcationgaelativetodhe axise ) | ow the physi ci an

to easily deterﬂgel%' I thftesth ggﬁésaé ' mrgqﬂ ;@.ﬁ.&g provi de,
for exanple, a c rsolroqpﬂgat theep S|fc"|%a cgﬁ?'%&gfgc oveiﬁ%lhlgdnﬁ??ﬁ ng

f eat url@s talignihgtthe irisn First,¢he captured iris Iintage data@50lindiaplaped ind step 260.t 0 t he
axis. Figure 10 illustrates, the st f usi .he system of_Fi es 11A
ond’ 116 | rSimlieequaty, fo Toa i Yaage 59 of theiiis T gisuiated 4t aite 262 S hentn 250
I s di spl aygd:d -ﬁ('g\ébg, qthﬁé : ' ' of ‘the
iris | is #&#A&gjgﬁe%qg?lesp 262. 1%ﬁ‘len t lgmng%ieg%?%g’e@eg@teﬁ]@% is a
Ker aﬁor 2 ldctivatps theieyg uaghemyﬁa snepaﬁ-t,rwhicheemhyl shecieahtimb émage294. \iﬁ'leesyet he eye
tracker at_a,step 264 ' ce rs the_ rea t.irreimaq 254. Tee.?ie
tracki ng JgACkEie Sater n R Kethsr 3L PRishs SeCentsting i R dryitedies A roYide
does net FoPpdtatfonal Aigrient of dkisdal al i gnnent of the iris. Proceeding to a
step 266, an axis is displayed on both the captured data 250 and the real

time i mage 254.Proteedinigtoiactep266, amaxis igdisplayedan both thescapturedidata 268end  and
det er m nes, an unt_ of tatian necessary to align the t i mages ,of the
e " i el BB ualt 254, T TR b mbite SitoHhapdion P sbBT R | 0°,
i mge 256 de@draiinesnl dmousdlofrotdtidn Meteisary @ hlign theRiveiddgdsofthé iFRJE THat @ 250.
The physician can do this manually, such as using a suction ring or by

reposi t i orRhygiciandhensyotates the eﬁ%ﬁﬂ%ﬁﬁmmﬂﬁmﬁ@%lmeQWWWde for a
"virtugl" | fele ; ' | ' th
(1 eat 200, CofteRbdne pSine'cafiufiAliE inagh 6250, Md SRl db chfs3amaiy. 10 11

eye tr ackisach asysingasidtiontringranbydepositioningthe patiery’sdiead.nFurthe| theisystemr i s |

| mage 254, and the_.physiciagn 25 th effects t rotational aljgnnment of

the it o lcoh PRGBS BB 2SiHal i ot ecpiet Seve 1 guistional yamgetating the
treatment profile by an amount specified by the physician. In any case, the eye tracking

system first provides for centering of the real time iris I image 254, and the physician
25  then effects the rotational alignment of the iris I image 256 compared to the captured
image data 250.
Other alternatives include a system in which the two images are superimposed.
Also, if multiple diagnostic and refractive tools are used, different techniques can be
used for alignment. For example, a wavefront tool could align its data based on the iris
30 outline coupled with a rotational marker or an axis of astigmatism. A topography tool
could use the same alignment bases, but also capture an iris image. A resultant, aligned
treatment profile could then be aligned at the laser using the iris data alone. A variety of
permutations could be used, and are described in assignee’s concurrently filed
application entitled “Tris Recognition and Tracking for Treatment of Optical
35 Irregularities of the Eye”. Further, a variety of user interface tools can assist the
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O her alternatives include a systemin which the two i mages are

super i rrpgﬁ? nsafy SO, i f nultiple diagnostic and refracti vigckRsofiofse used,
di fferent techniques can be wused for alignnment. For exanple, a wavefront
tool could align its data based on the iris 30 outline coupled wth a
rotational marker or an axis of astigmatism A topography tool could use
the sane alignnent bases, but also capture an iris inmage. A resultant,

al i gned tphysiciaapinchudirig the aforethehtioned cirsorpositivnihgdndi the sdfoware rotatiogof he
iris data alone. A varjiety of pernutations could be used, and are

descri bed thetreatmegtprofile. concurrently filed application entitled "Iris

Recognition an t%ﬁ%go : hrEadERs 3? ' ention el A of the
Eye". Furt her,dgh-g\’/arl et“%&lo@%sser I nter %{:ogqtfté%f@bcan airélﬁg#h?ﬁ%ééﬁ

SUBSTI TUT expldnatory fRetdof,2myl vifiouslchafgesin BETdaERBOT thailhstrated gppacatasiand

i ncluding the af.orenmentioned cursor positioning andg the spoftware .rotation
of 't e ¢ CORSHENON SROMEIION of qBeieBiR Y b e T eBAn G Rom HRTROb ¢ he
i nvengpon tﬁéﬁw.bﬁt?]diﬁ”ati ve and explanatory thereof, and various changes in
the details of the illustrated apparatus and construction and net hod of
operation may be made w thout departing fromthe spirit of 10 the

i nvention. 42 SUBSTI TUTE SHEET (RULE 26) WO 01/28410 PCT/ EPO0O/ 10375 |
FEEr ~t et vt ~tir~ 11 1l CLAIMs: 5 1. A nethod of devel oping a
refractive profile of an eye: determning a corneal topography of the eye;
determ ning a wavefront aberration of the eye; and developing a refractive
course of treatnent of the eye fromthe determ ned corneal topography and
the determ ned wavefront aberration. 10 2. The nethod of claim1, wherein
the step of determ ning corneal topography further conprises at |east one
of the follow ng corneal topography techniques: enploying a slit |anp,

el evati on based topography systemto determ ne
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15 the topography of one or nore refractive surfaces within the eye; and

“enpl oyi ngv@opgssneal surface cur t gr aphy syBCEEPOG103TELtL er m ne
t he topography of one or nore rléﬂiﬂﬁﬁ‘ymaﬂmgﬁ of the eye. 3. The nethod
.of claiml1, wherein the step of ractive course 20 of
treatnment further conprises the steps of: developing a refractive course of
treat nent based on the corneal topography; developing a refractive course
of treat mérAMMSed on the captured wavefront aberration; and 25 conbini ng
t he devel oped refractive course of treatnent for the captured wavefront
aberrations within a pupil area with the devel oped refractive course of
treat mgnt based.on tmmmmefadevebpnmmfmcmlxbﬂhoﬁantdye pupi|l area. 4. The
met hod of cl aim 3, wherein, devel opjn ri ses developing a 30

phot oref racti ve ker c4ciermy Wgé‘d’l‘,?ﬂ&“él 0 gﬁ! £EY¥S. The method of claim 3,

wher ei n devel opi ng C&g%ﬁd: ﬁﬁfe : tu keratom | eusis
course of treatnent. @%E ﬁ%ﬁﬁéﬁﬁefgg 01/28410 - - - -
PCT/ EPOO/ 10375 1111 |developirg d reftattive ddulrsel of itieatnhdnk of the elye it the determiineed

met hod of claim1, whereip the step of d vel Qqpi ng a refractive course of
treat nent 9oeahOPOFERR ?%‘g '@F@H el B@%ﬁ?’hg a refractive profile
based gn t he corneal topography devel oping a refractive profile based on

t he captured wavefront 10 aberrations; conbining the corneal topography
based profile v2.th tTe methodofdaimdy wherin the stepaf deteimining eoniealevel opi ng

1577, “The HRRREI R BrEromerses Farer aEt bF So e ReebORRERPRY pogr aphy
techniques:
employing a slit lamp, elevation based topography system to determine
15 the topography of one or more refractive surfaces within the eye; and
employing a comneal surface curvature based topography system to
determine the topography of one or more refractive surface of the eye.

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

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

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

30 photorefractive keratectomy course of treatment.

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

in situ keratomileusis course of treatment.
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conprises enploying an ultrasonic tool to determ ne the corneal topography.
8. The ma;(p sje €l @i m 1, whereirndetermning the cornealpd hePgy 20

conprises determning a surf N a stromal surface of the
cornea. 9. The nethod of cl Jﬂmmmmmm"m{ erm ni ng the corneal

t opography conprises determ*ni ig & swurfsace topography of an epithelial
surface of the cornea. 25 10. The nethod of claim 1, wherein determ.ning

t he cofneal topography and. captured wavefront aberrations each conprises
capturing an inage of the irtis of the eye,, and erein devel opi ng the
Fefractive profi e Jddwsmetbad ofelfin heatin he finoaf dexslomingA FTERKS SRUh dat a
and determ &nﬁﬁ ﬂﬁa‘&v‘% ﬁ%@ﬂ@/ lop based on the iris inage. 30 11. The
met hod ofrsgﬁgl m E) lé%@? capt usrtébr%g the iris inmage conprises capturing
an iris imge corresieveldping atrefradtive pedfile baseddntthe cameslitopagraphyav ef r ont
aberrations. 12. The, nmet hod of _.cl aim er,ein the step of .devel oping a
refractive course QV@PP&“B@d’Fmvepﬂgﬁlﬁgh?”é&%P?gﬁ“’?ﬁé"%’?@ﬂ%‘ of : 44
SUBSTE%‘UTWS.( RULE 26) is WO 01/28410 11!11111111111 HE 1111111 I!11
PCT/ EPOO/ ™S 5 evaluating the suitability of the eye for treatnent
based on the cor nealcombining thewomeakogogiepity based prafile withftheicaptured cour se of

treat nent basgd (in tpe otured wavefront aberration. 10 13. The nethod of
claim1, WRYEEPH ROg @M devel oping a refractive course of treatnent

further conprises: gkt REthéHRIcohisE oPtrehthRneHEm e combedent based on
the corneal topography;” and enploying only the corneal topography to

devel op arefractiveproffile.r eat ment 15 for the eye if the eye is unsuitable for
eval uiéi ng the wavefront aberrations. 14. The nethod of claim1 further
conpritsing the step of determning a calcul ated wavefront aberration of

the eye based gypon tyi rhkth6d 6f didith I, Wheesih defefraiinigthe coftieal topogruphy 20
comprises employing an ultrasonic tool to determine the corneal topography.-

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

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

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

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

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

35 of treatment further comprises the steps of:
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15. The nethod of claim 14, further conprising the step of adjusting the
cal cul at eWOos284100nt aberration o“ mﬁmmﬂmﬂ pon t he rE/EPI0i1028
wavefront aberration of the eye. i md of claim 14, further
.conpri sing conparing the step of the ~cdl clfl afed*wavefront aberration of
the eye with the determ ned wavefront aberration of the eye to validate
suitability of proceedi,;ng.with a rse.,of treatnent. 17.. The nethod of
claim § further conﬁYﬂgmtbﬁém?iaﬁyﬁ%?ﬁlf ent-hased on therqompealy + he -
refracti verdpapfapRyQindt r €at ment of the eye upon the determ ned corneal

t opography of 'the  eye. 18. The nethod of claim 1, further conprising the
steps of: perf orni ngdeecloping the refractivercautse wf treatewntibased on théeaptyred

eval uating_th 3{5 ef fectiveness of the course of refractive course of

t r eat nent B’PV%H‘B‘ AYeTatidhy 45  SUBSTI TUTE SHEET (RULE 26) WD 01/ 28410 |
P1212i 1iEe~="1r 1) 1 PCT/EPOO/ 10375 L a s 5 repeating the steps of
determ ni ng corneal topography and determ ning wavefront aberration for

provi dithg a fol 13w ufhe methnd aficlaimek twhenein die stépeofadeveloping avefrpetiencdurse
determ ni nge refractd normal.ities of an eye, conprising: a corneal
topography&%%mgﬁéhﬁﬁﬁac%@pﬁggﬁi de corneal topography data of 10 the eye;
a wavefront aberrati gvaléftitlg sailabiligCofitRe Byefor BeathenBlREd R the&shédt | on data
of the eye; and a conputational unit adapted to conbine the wavefront

aber r at i ontopagephyiand t he corneal topography data. 15 20. The system of
claim19, wherein th Lanal _unit is adapted o receive the corneal
t opogr aphy data and ?ﬁﬁ%\rﬁ&(ﬁ%ﬂ}% nggﬂk &P%nggfoagqﬁt?p@omeo ttf?@t}“%r neal
t opogr Ephyfotaheeyeuf tedge i uruitable FordvaRiathg thetwisveRoliedbenatioger r ati on data
within the pupil area. 20 21. The systemof claim 19, further conprising a

canera adapted to capture an image of an iris of the eye that is used for

alignment of thgg waveh ftnodUR cldd' Ifrfel éomprising the step of determining a
calculated wavefront aberration of the eye based upon the determined comeal

topography of the eye.
20
15.  The method of claim 14, further comprising the step of adjusting the
calculated wavefront aberration of the eye based upon the determined wavefront
aberration of the eye.
25 16.  The method of claim 14, further comprising comparing the step of the

calculated wavefront aberration of the eye with the determined wavefront aberration of
the eye to validate suitability of proceeding with a course of treatment.

17.  The method of claim 1, further comprising the step of displaying a
30 simulation of the refractive course of treatment of the eye upon the determined comeal
topography of the eye.

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

35 effectiveness of the course of refractive course of treatment of the eye; and

45

SUBSTITUTE SHEET (RULE 26)



wi th the corneal topography data. 2522, The system of claim 21, wherein

the irisy rresponds t berration e '
cor neal t‘d(’)(gglg%é'%ﬁy dat a. ZSOHImummmmﬂl im19, furt el?Egdgﬁg%?sing: a
| aser system adapted to provide & cdur8e &f treatment for the eye based 30.
on the conbi ned data. 24.:  The system of claim 23, wherein the |aser system
is coupled to the conputational unit. This Sheet Has Been Repl aced
111111151111111 tépkatirg the steps 65deintiRingdomeal-topdgraphyt inddeterihig /v frond
Frererr e et et 11l PCT/ ERPOO 10375 .* CL Ms 5 25. The
system of @besrationdor pREidinga followup.cavrserof sreatment of theeyedapt ed to cal cul ate
the wavefront aberration of the eye fromthe corneal topography data. 26. A
system of claim 25, wherein the conputational unit is adapted to conpare
the wavefront al@rraA systetiefor deiethiniigerefrattivel abhorinalities bf an by eompeitingn dat a
to 10 validate both. 27. The system of claim 25, wherein the conputational
unit is adapted to adpmsaltopegraphyiorladagted o provise commeal topogmphy data of 4 s ed
upon tﬁ}g W@%eé%h.ont aberration data provided by the wavefront aberration

t ool . 28. e system of claim25, wherein the conputational unit is
adapted to cal cul at & wavefrontaberritionstoobatapted to providesnwaveélfont aberrationtdata of

cl aim 28, rein the conputational unit is adapted to 20 display a

si mul at i on®oMeEke MBurse of refractive treatnent as perfornmed on the
corneal _topogr aphy g abdputifional ifitsMaiiedto¥ontbirl e Wavettbf dbeftatifiPdara -
conputational unit is |gtr|%tt‘1t ed between the corneaf t opography tool and
t he wavef r with thdeomea] tapogtapby da®5 31. A et hod of devel opi ng a course of
refracfg' ve treatnent for an eye, the nethod conprising:

20.  The system of claim 19, wherein the computational unit is adapted to
receive the corneal topography data and the wavefront aberration data and combine the
comneal topography data outside of a pupil area with the wavefront aberration data within

the pupil area.
20 _

21.  The system of claim 19, further comprising a camera adapted to capture
an image of an iris of the eye that is used for alignment of the wavefront aberration data
with the corneal tdpography data.

25 22. ' The system of claim 21, wherein the iris image corresponds to the

wavefront aberration data and the corneal topography data.

23.  The system of claim 19, further comprising:
a laser system adapted to provide a course of treatment for the eye based
30 - onthe combined data.

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

computational unit.

This Sheet Has Been Replaced
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determ ning a corneal topography of-the eye;- determ' ning a wavefront
"aberrat i wo ofi2safte eye; 30 devel o efractiB@T/EPmOﬁﬁnt based
on determ ned wavefront aberrati u!f"mlgim@m g ning the course of
_refractive treatnent based on the *detter m ne neal topography data. 35
32. A systemfor determning refractive aberrations of an eye, conprising:

47 This Sheet Has Been Replaced 1111111111111111111111111 SUBSTI TUTE SHEET
(RULE 26) WD 012%841Th¢ system oficlainy 19) whereinthe computatiorial irhit tﬂﬂagmb 10375 L

Ms 5 a cor ne 0 hy .t ool ed t.0o provide cor neal ography data
of the ey@ a‘ﬁé‘tﬁ%‘?’g‘(ﬁ%‘g’ gﬂ?ﬁ”&f’t‘&ﬁﬂp fﬁ’&&ﬂl"é’&“’t"' ag Bef r ont
aberration data of the eye; and a conputational unit adapt ed to receive

t he corneal topography data and 10 the wavefront aberration data and to
devel op a cour s26.of Aesb'stantdfwlaimﬁamminﬂmhpumﬁonaiamﬁsmdaptd&tm sets and

to nodify the coyrse o ef.ractive treatment. hased on_,t he other t he

dat a set s.coiaparg m%“‘@t‘%‘? &@Epﬂg\lﬂa@gm vefropt abesmatign Bﬁ‘éé

syst enjoc O Ui gtlﬂ)tﬁ he conput at i onal unit the | aser system adapted to
i

recei ve the fled course of treatment for |aser surgery of the eye. 34.
The system of claim 20, wherein the | aser systemis coupled to the

tati I it 35 Th I m 21, whe Nt t
Co Pocat eq ohysPlai | She st of pRing 25 ulerafhufie SaianOi) Sl isalanted3SL 0 orn
of cl ai M 23d;uhies GileulABE wasiRint S¥SHAIOnCRAMBdse® Spdi Be wiTefOMtbeRblioNAkta UNi t .

37. A systemfor devel oping a course of refractive treatnent for an eye,
conpri si ngprovided by the wavefront aberration tool.

15
28.  The system of claim 25, wherein the computational unit is adapted to
calculate a course of refractive treatment.

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

30.  The system of claim 19, wherein the computational unit is distributed
between the corneal topography tool and the wavefront aberration tool.

25
31. A method of developing a course of refractive treatment for an eye, the
method comprising:
determining a corneal topography of the eye;
determining a wavefront aberration of the eye;
30 developing a course of refractive treatment based on determined
wavefront aberration data; and
refining the course of refractive treatment based on the determined
corneal topography data.
35 32. A system for determining refractive aberrations of an eye, comprising:

47
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a corneal topography tool adap rneal topography data of 30
the eye; wp gfgr ont aberratiom m |!mﬁ ﬂ ﬂ provi de RRbAeITs .
aberration data of the eye; a unit adapted to eval uate

one of the data sets for patient swtablllty and to enploy the other data .

set to develop a treatnment profile. 35 This Sheet Has Been Repl aced

~111111121121~111Cx 48 | 111 SUBSTI TUTE SHEET (RULE 26) 1 PCT/ EPOQ 10375
WO 01/388410 11 11 1N cokieal dopb il addptad.toprovide BordBal tpupraptiidata of Cl ai m
37, wherein the conputational um%t eval uat es?qat he patient suitability based

on the togbgeyshy data and prepares the treatnent profile based on the

vavelront data. T s Shgflont BiGR T MMAS o hookAs Whbdckdk bbhalor asd 11 42
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of the eye; and

a computational unit adapted to receive the corneal topography data and
10 the wavefront aberration data and to develop a course of refractive treatment based on
one of the data sets and to modify the course of refractive treatment based on the other of

the data sets.

33.  The system of claim 19, further comprising:
15 a laser system coupled to the computational unit, the laser system adapted

to receive the modified course of treatment for laser surgery of the eye.

34.  The system of claim 20, wherein the laser system is coupled to the

computational unit.

20
35.  The system of claim 21, wherein the laser system is located physically

remote from the computational unit.

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

25 computational unit.

37. A system for developing a course of refractive treatment for an eye,

comprising:
a corneal topography tool adapted to provide corneal topography data of
30 theeye;
a wavefront aberration tool adapted to provide a wavefront aberration data
of the eye; and

a computational unit adapted to evaluate one of the data sets for patient
suitability and to employ the other data set to develop a treatment profile.

35
is Sheet Has Been Replaced
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38.  The system of claim 37, wherein the computational unit evaluates the
patient suitability based on the topography data and prepares the treatment profile based
on the wavefront data.
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