TI TLE: CUSTOM ZED CORNEAL PRCFI LI NG SPECIFICATION 5 TECHNI CAL FI ELD The
invention relates to systens for ophthalmc refractive surgery, and nore
particularly to a system for combi ning ophthal mc wavefront aberration data
and ophthal m c corneal topography data to create a custom zed abl ation
correcting profile. BACKGROUND ART 10 The field of ophthal nol ogy for the
past nunber of years has seen great strides in the devel opnent of
refractive treatnents intended to correct the vision of the eye. These

t echni ques have evolved fromthe earlier radial keratotony technique, in
which slits in the cornea allowed the cornea to relax and reshape, to
present techniques including photorefractive keratectony ("PRK"), anterior
| anel | ar keratectony ("ALK'), laser in 15 situ keratom leusis ("LASIK"),

and t her mal i ques s gg ggkgip éﬂfg | keratoplasty ("LTK"). Al of
t hese technizﬁggfstrive # a& ' é@ é&ﬁﬂ%?ﬁHEH%Ck but | asting
correction of vision. Wth the devel opnent and refinenents of these

t echni ques, greater precision has becone possible in refractive error
correction. In early types of treabRBRIEICAREON ecision 20 of the
correction was relatively coarse. To provide correction to within plus or

m nus one_diopter_of the desired correction for nyopia, for exanple, would
be consi dered an TRSEEIGARFIFHR come. The types of treatnments have becone

progressively refinagyeniBRngnar ' i SHRL fects Lo be
corrected. Mopia and hyper op; 6{082#“%?@?8%@%%%%%%%35ggrggryh?“&ﬁn%rggr ee of
preci si on wi patienlarlydn sysierh frpamdiningrephtisimy vesvefromrab@atioasenand hi gher:

der defect I h herici.ty and.i I
et gati am S e BOB R 7 HE¥ g CHEE T SRR b Bl Bt B what

correction is needed have al so advanced. Enploying topography systens,
vi sion defects cdBECEAETRIARI] and corrected irrespective of their

ent 111 od B st i bt en B et Gy 16 rar e Teo PR R RS 1000,
A vari ety ofthfiésyeloppsat epriyacsys reamentp indéndo ta sorsysthe misionwathefey@nThese
techniques have cvolv;d from the earlier radial keratotomy technique, in which slits in
the cornea allowed the comea to relax and reshape, to present tcchniqﬁes iﬁcluding
photorefxactivc keratectomy (“PRX™), anterior lgmcllar_ keratectomy (“ALK"), laserin
15 sit keratbuﬁlcusis (“LASIX™), and thermal _'tcchm'qu_es such as laser thermal keratoplasty
(“LTK”). All of these techniques _strivc to provide a relatively quick but lasting
correction of vision.
With the development and refinements of these tccﬁhiQucs, greater precision has
become possible in refractive error correction. In eé.r]y types of treatments, the precision |
20 of the con.'ccltion' was relatively é;oarsc. To pro;\/ids correction to within plus or minus
one diopter of the desired correction for myopia, for examplé, would be considered an
excellent outcorme. The typés of treatments have become progrcssivelly refined,
however, allowing more subtle defects té be corrected. Myopia and hyperopia can now
be corrected 10 a high degree of precision with current techniques, and using excimer
25  lasers, hi'gher order defects can also be corrected, such as asphericity an.d trregular

astigmatism.
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10 sensors, and overall refractive error detection systens can detect not
only the anmounts of nyopia, hyperopia, and astigmatism but al so, higher
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., ins 15 Liang @t s@he rimE surement of wave aberrations of the
human eye with the use o%u%%r(?%%n\éﬁm E£WTrWC%§%‘S'“%MrnaI of

the Opti cal WQ%Q?dWCmmPan tkviﬁigmphisyskdms 71510&'41’:56&5 4896 deﬂa?rn%njc 9. That
renceto Fig. 1. A beamo F

techni que wij, upari z
froma | aser %&ormc gvc V}‘Lﬁ'et”alff%l ar”itbhtsug}bﬁ?r}éféq‘i‘% ag geseribedin Ué\/var d t he
pupi | and i §’atechde5189nm31 bxeutrﬁt‘Dﬁﬁabu&d@@[ﬁ&%éﬂ@\é&fthcn@sxs SLE! ggeribed in

Fig. 20 1) i f te th etina and energes fro
Typical ly, tA?IDe 1% %Sf% n‘g ?ﬁ%&y ‘ﬁ%‘?ﬂ"“ﬂhm}'ﬁte%m@mﬁzamm wmdfmad pat h;

t he i ncami ngudslog;hhnd SvepIDid eHhdtivie BBy debiR i &?E!IHR h with a
beanmsplitter. The energent beamis appl l?e to a rﬂgétgnaﬁtﬁ %Wﬁéﬂm%f%tor to

detect the ADOPPabYRFAQPI2.80E AstgmiEsBAUbRlSe, mighaterderabematiomy obfhe k¥nRstiat S

whi ch break ug,c&hgok&gh, einto an array of spots and focus the spots onto a
charge-coupFe 25 det ec (not shown in Fig. 1) or other two-dinensional
| i ght detector. DEE?éhors%wawcgonqabemt@ds trnhdhalmmyBEOﬂ sush gllx:?&lcagsemant A from

A :
the positi Oﬂ'nd"éﬂal:lggr §u§gc‘9§’5}cﬂcoﬂ&%H@Xs dnfl i ‘ﬁ‘g“gﬁfg nfglprpqg\gwn }Séﬂéqg}rrgggég(gt.iiron of

aberrations, and t acenents o
e vave! r obiarantick HkjcdbeaumRomTor: of Wevedterriadns 00 SethFAH SR ¥RPWE yse

ot hemat i cabe § pGRALAS R Ml oo P L 2CBLLY, aver aged wavefont

slope in front of 3 e lensiet art

di spl acemen¥ohdd. Noe7, Velys1994, pod & mmen@ﬂhudhys W1l b&shmmAsz 8 with x%h:%%cp?o
| npraovenents to the techni que of

appr eci atedﬁgy 1t Rage skl Led i n the art
Liang et al &re t augﬁll&h rdo R At pother suigplelighpsource ipdiractedi ons and
retinal i meigeagliak puyil @rﬁd ns hm:mtunr asraﬂhc PAiaN AGyem (o QaMehdhe, 9f deﬁ&gb%g% fﬁca'
Soci et yppf: rd }?/ : venber, 1997 din 35
05, Pea et DB e ¥ sind it P i s aplcebipahg ncomnirs t cachos
t echni ques.cmeg&t fight fdébmatmmywab@ndfa&bktﬁﬂ@c ﬁf&dnﬁr%rhgl'ﬁ isrlﬂoff ?m?qbtﬁg rations
t hus det ect(_%gujl&{ rﬁ%g]né r geﬂg ands t heJI abrication of intraocul ar and
contact |enses. |nternatigna P DBt ¢ Pstacatbonm 1o aprdipd wia Hemnermat i onal
App. * Shack detector to detect the aberrations. Such a detector includes an array of lcnslets
o which break up the light into an array of spots and focus the spots onto a chargc—coupled
25 detector (not shown in F1g 1) or other two-dimensional light detector. Each spot is
located to determine its displacemeént A from thv position which it would occupy in thé
absence of wavefront abcrratlons_ and the dxsplaccmcnts of the spoté allow
reconstruction of the wavefront and thus detection of the aberrations through known
| mathematical techniques. In Fig. 1, 6 is the locally avcragcd wavefront slope in front of |
30 the lenslet array and is related to the spot displacement and the lenslet focal length by 0=
A/f, as will also be appreciated by those skilled in the art.
Improvements to the téchnique of Liang et al are taught in J. Liang andD. R.
~ Williams, “Aberratio_ns and retinal image quality of the normal human eye,” Journal of
‘the Optical Society of America, Vol. 4, No. 11, November, 1997, pp. 2873-2883 and in
35 U.S. Patent No.. 5,777,719 to Williams et al. (“Williams™). Williams teaches techniques
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PCTI US97/ 21688) ("Frey") teaches a further variation using polarizing optics
to control back-scatter fromthe | enses in the detector setup. Like

W] lians, Frey suggests using 10 data fromthe wavefront sensor to devel op
an optical correction for the eye exam ned. Mre specifically, the optical
correction so determned is limted to the aperture of the cornea neasured
by.- the sensor, e.g., the 6 millinmeter circle to which the eye's pupil was
di | at ed whenf®isleaNRE AhgEtipaa s for usimiths jabrratineg thag et foy epuggesy sdusi ng a

tapering Dbl gRG7RACPE PRI andRlAkLAE,Lo M nim ze severe changes in
corneal curvature and hence 15 | essen regression. These diagnostic systens

and techni ques haliéendiengdeent Publiciton WorwiA78Bh@ntecntivadtApn of both the

f undanent al i . » t speci ally.when used with . the even .
nore. refi nedﬂ?gp{[}fg agglt&lq\glggég;&ry e)(c}tg ‘f‘%%s ?gléﬁ‘ﬁf‘aa&é%?“ %‘quﬁ%z‘%g%qcﬁfq sa°k hat

vi si on cor r btkisoatter frofnghd lenset ivathe 28kR0r astipl LskgTeallaymb erFrt P eugddedriisiddonever ,

i nproved, 20 chni ques for applyin dvanci ng_ di agnostic technol ogy to
refracti %/(g s%%gp Vq cr‘é’avcﬁ‘f%tcfgg?%ﬁﬁﬁ\v/gﬁ?WP%C?WENTqu fretehemsgdt em and
accordi ng t oMohespeeifibiygthe sptadal &ff&édbﬂ@ﬂ&crﬁﬁncﬁh@hﬁnﬂ!@%&x@ﬂpenﬂr Jayef ront.
aberration diagnostic %gg{hcfor opht hal m ¢_eval uati on is coupl dc to an 25

- » - . e .
opht hal mi ¢t SPOGraEHHYe SERSPT 58t ReC BRHBCIRT Eialn tq Which Sherrys’ sopi bvas pupi |
i s- gat her ed dibyed WienWay ek aBMmcbARtd. abstsik it g8k F-8x4.80d Jg%?’ nkhe
bounds of the pupil gat her ed . bg/ the t olpogra hy t dol .%QTP%{I%H ntg mari on is
t hen conbi ned®FR8F PHEE GPlat ¢y todpingnize severs chamgsh dyeainead cevatatesand hence
refractiye teeehr@issiofr eferably this treatnent is created for an excimer
| aser surgery system 30 Additional enbodinments of the invention provide .
further techni quesetcodizEepicasteaged eohniques dateopogetantinl forgteanatin t o enpl oy
both in the &Rtbk&sH FholtBafuhAond &l LAGH] r of the eye |n, or _
enbodi nent, the topogr?ph(%/ dat a “oerm %ﬂg{gf oﬁ%—%@%ﬁsU%P%%l%%%cﬁcnp‘%sgq &ntﬁeeni ng
of patients HasEd Tme rhpat reépstivsicogrsticarttdinigues vithshe possibdlity thit ekihess,
corneal  asydRRLdhto BALk: 8al2bAD RALHIBLEES the dork L RALLENL oS, Sui tabl e
candi date, the wavefront 35 tool 1S usegbt ct)hccrgc’ﬁ#u(r%{a&%ﬁigr’é?goé’cgmv'efront
aberr at i?8n. tFH@uEHer apphritg edyangivg fliagrastic Bcbnddmrtoatfraniveatrgerdyardised t o
cal cul ate ameailsation profile. That ablation profile is then

SUMMARY OF THE INVENTION
In the system and according to the techniques of embodiments of the invention, a
_ wavefront aberration diagnostic tool for ophthalmjc c;»)aluation is coupled to an
25 ophthalmic topography tool. Rcfréctive data within the bounds of the pﬁpil 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 coﬁ1bincd., either before or after it is
employed to create a refractive treatment. Preférably this treatment is created for an
excimer laser surgery system. | | _

30 Additional embodiments of the invention provide further tcchrﬁques to comb-ine-
wavefront and topography data and to ex.:n..ploy 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 comneal thic}cncss, comeai
asymmetry, and simi_lar parameters. If the patient is a suitable candidate, the wavefront

35 toolisused to capture the eye's wavefront aberration. Then the captured wavefront
3



sinmul ated on the captured topographic data of the eye, and the resulting
sinmulated ablation is also evaluated to determ ne whether the outcone
(again, such as corneal thickness and irregularity) will fall within
accept abl e gui delines. Thus, the topographic data representing physi cal
refractive characteristics of the eye and wavefront data 10 representing
overal | gpti for ' haracteristics of the eye are used in

eval uat i ﬁg ag%jéa%gndé%g% P%% t§ ﬁ%dgﬁtfgg? f%?luoﬁrpé?fifﬂlc'e%?‘ﬁ%gaﬂf}? H‘é’ﬁeéﬁ%ﬂi ment, the
t opogr aphy ofmilhed vathicauptufeiabprgesphafdatae teyes:, sdahe asulihpambneat and back
of cornea and the. front of the, lens., ibﬂc tured by an el evation based

t opogr aphy $y4t8h® AROSAPEAICA R REY B Tier d51 %5081 (Reaipsesh H&PIGAd based on
that 15 topagtiaphyardatagulshRPwal fadyihiAetastsy slieMnA 1RKeHE Rbhagl then
captures the overall . , L o , .

wavef r ont - alf8R TFRIEEN GRS BILSIELCE BT Ve AharacstHisg pedftiBe ee-ankey arglzont data

Wi t hi n-the. rgpfchtid QaralThRal re DY GOMRR RGNS t}?@éﬁ%@#é&ﬁ"\%@ﬂ%t based

on the eye's topography with the captured wavefro rom ef ront
t ool Wit hi n2phecsiRyinE e dAationpeoftlopogr aphi cal |y derived cal cul ated

wavefront is."tu . K r vefront. data with in fhe pupil
20 area. This. apf%&&gg-ﬁﬁg\eg&?lacf‘{)%vé%#%ﬁ? ?y\%ﬁaa%%%srf%%%ﬁaﬁl\#ﬂ%e)fcr%%ﬁ%nt, to
be devel opetheffornt and bak oficohenamhttic it thb tte leheispdpiutedaryea elamtidndasdduned” by
t he capture wavel ron daga_, within the .| area., Because the captured

wavef r ont dg- a c%’f%?'rﬁe%n'o%‘ecf‘lacfl a[e’rlae arv%é‘f“itgggmérf‘ls&cncﬁmf’ Bt 9Bt conponent s
of the &ye, tapogtaphy Hea Loippgraphacinadystets adwivefeal ol thtecaphhe tepetdqont may

| ack the topography, of certain surfaces, the captured wavefront data 25
t hus provi d%égﬁécgné'é%g%agg |'?%”&S'O\R%f%ﬁozf‘%o“g%ﬁs‘iog'?’:itcgc'f”ﬁ nthf-BeRiared TWaWef ront .
In yet anot-bgrompirogithendlculited waxdft@nedsyd bif the@yd'akopdyRphy Hith &le BptGRUr se of
treatment i gvaggfpc%rt%t edthusi n theﬁ%@%r %phi ¢ data to attenpt to renove
gross asymietri o eSOBF FASHITAAGY PEET R RURE. 3 e S PRREERRBI3HY fiasivednce t hat
treat ment heslcilaed waeqfpdt edfturdr Bisa6h té@aRuAUAERnt dtal iR, BELEAT med wi t h
ei t her %dﬁe %‘_ggog{}.ap ic tool ﬁL the 30 wavefront tool, or both, to provide a
f UFther's| Y4

basi s f ARG B B GrresppRdingdreatnmingite be fveloper feir ghl v
irregul ar eyress witlin aRy widodd the pepiil dred) @hiaRubeE® WithdedpalEa Wevelldg: datour ce of

centroids captured by a wayefront tool. The_centroids may be so irregularly
di spl aced a”s"%‘é’ LE%PLH%{%%T%A%%“‘P% RtBMR R RfreatiatasapRErs veellagisstvat ed with

whi ch por t i efor dithd dpticaly@mpofeBticththasy ey Rile thBeofopRREY AR sadgtacand the ray
tracing algorith ermt: the 35 centroid |location to be estjmted. Then,
the vavef r off AIREGY AT Bs ool efscertai gurfaces, the captured wavefront data

25  thus provides a good basis to which to calibrate the calculated wavefront.

' In 'yct another embodiment, for éxtrcmcly irregular eyes, first a course of
trczi;mcnt is generated using the topographic data to attempt to remove gross
asymm_em"es' or in-egulan'ties_in the refractive profile. Once that treatment has been
appiicd, a refractive evaluation is then performed with either the fopog'raphic tool 6_r the

30 wavefront tool, or both, to provide a basis for fﬁrther fcfractivc correction of the eye.
Similérly, in highly irregular eyes, it may be difficult to capture or determine the
source of centroids captured by a wavcfron"t 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  ceatroid location to be estimated. Then, the wavefront sensor captures centroids, and
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4 5 based on the calculated centroids fromthe topographic data, the actual

centroid locations are associated with particular areas of the eye. In

this way, wavefront data for even highly irregular eyes can be better

captured. Al of these various enbodinents thus permt the use of both

wavefront and topographic data to develop refractive treatnents. Further,

vari ous sp%ﬁts of these 10 enbodi nents can be conbi ned or eli m nated, but
t

gener al | PR Galc wate serkions SPRdhtRpPgiePkie ARt Rcokes condiord loedtings
devel opment z6f o468 LG ohiceat MRRLP1RASE R RAL . |AROOLAANI £, (Al @ and

wavefront data.- According to further features of e 1 nvention,
t opogr aphy %ﬁétﬁ%ﬂafpt'@fcéﬂa%bﬁytcpmp@r@vat| on based, slit |anp topography

tool that determ“ﬂﬁg %Qs% \@h@ﬁ’sactrdb &2‘%‘% C%F agtk vgfbs0 r&&cg@m W thin the

eye, including bot e front an neal Surface s dat a;
- the topogr apépegraphst data prcbfvép;atyfryctenpbmmsayutthsea,cvangustﬁpdﬁs"d;f\mcsan overal |

refractl ch cteristic of . th oth withi nd w t hout the pupil
area. - m%@%&ﬁ PBTTeNe tﬁfﬁﬁﬁv&‘ﬁ% E’l’tgﬁf’(f}%‘ﬂ% %HSE.E@P%&“@E“%?Q%U pl es
i nvol ved | najmmerﬁvanummmsmmnﬁng R20c1bprgbrt &f ZefiaStive tdaBHEndBdstd S54RI NY

conbi ned abI ati on F m% de eI ed from wavefront data and from surface
topography §2Pp g‘%“% 5tvvay representation of an eye, as well as

associ at ed di agno&tcbﬂmgttomdxr&cuﬁ:e'dre% of Getplehiise t}{}%édﬁwh%ysrté?ﬁ factive
characteristics of th s 4A and 4B are rans

i 11 ustrati n§ ReERYEEt eé’ﬁ ° Qf”é‘i"cgsaltt B oposiepysolthat deiseninsy Baekvatianpfof a

corbi nedst opeecaPO M rARYEH U8R thel oy MRS SHS HRMGAE & BicRormt A s&?RQQ“ ments of
the inventign, Figure 5 _is. a. block di a%ram of a preferred wavefront sensor

for use in : rc§9§t‘%ﬁ‘i‘¢é‘§%@@8¥‘ﬁ@%%“%§ﬁi fﬁ@fémemptpys Fiy(ftacingeao dedve anl ow di agr am
ilIlustrati ngvéra@ra%awébﬂat&&n@rtcdfrmescylcr@ﬂﬁw@t%aanaw gl}% éﬁ;t%; of the data
re bl o

for a subsequent |aser treatnent; Figures 7A, 7B, [ ock flow
chparams L1 st o088 AR BB POELR BE AT O 2 treat %‘APCLAEQdW on
that data, and t P@ut&EtlIﬁEhﬁtE@nn&tb@@-h@BﬁEd o AverfinCRARiURGLON Wi th an iris
| mage t?o Figure 2 is a diagram illustrating combined ablanon profiles developed from
wavefront data and from surface topography data;
Figure3isa cutaway representation of an eye, as well as associated dtagnostxc
tools used to determine particular refractive characteristics of the eye;
' ngurcs 4A and 4B are flow diagrams illustrating both patient evaluation flow
25  and process/data flow of a combined topography/wavefront treatment system according
to embodiments of the invention;-
Figure Sis a blook diagram of a preferred wavefront sensor for use in a system
according to the invention;
| ' Figure 6 is a flow diagram illustrating the acquisition of iris image data and the
30  use of the data for a subsequent laser treatment; |
Figures 7A, 7B, and 7C are block flow diagrams illustrating the acquisition of iris
data in conjunction with refractive characteristic data, the generation of a treatment based

- on that data, and the use of that treatment data in conjunction with an iris image to

perform laser surgery;



perform.laser surgery; 55 Figure 8 is a diagramillustrating various
features of an eye that can be used as characteristic iris; Figure 9 is a
flow diagramillustrating the use of stored iris data and inaged iris data
to translate a desired treatnent into an actual treatnent; Figure 10 is a
flow diagramillustrating an alternative techni que enploying stored 10
iris data to ali (e § seadisgat jllaadif) guoesteidbfsandn 14Bual endiespley | mages
illustrating, the technique of Figure 9. MODE(S) FOR CARRYI NG QUT THE

| NVENTI ON c%%‘é?tcgiﬂﬁf”a%e t opogr aphy systems produce surface topography data
regardl ess of thountned 4l i JoJiTa) s rea_over which
wavefront sensors col | ect . 15q%II§t§ltalm?s;&aﬁiE%nH{g§év Ef;étéﬁh;%%?ézﬁ??no(ﬁ%%g }ﬁlg pupi |
when t he ne&dirtefentat 8 desiee Aealpgvidfoomtacseisatsenteasur e refractive effects
of optical el enert , i L th,. | accordance wt
certain aspects %%gﬁltr%\g@%sr?\%%?lo , g“‘gsg%a%gg%f 2E2]%11}} 5%(2“%‘88%?‘5%9/‘“@5’9 m
measur ed0a suydaete digea teamgey, andan the dilated pupil, while a wavefront

sensor measures tnal_ . tio ithin the area of the pupil. The
technique is ill l%u?%[ieléx %nﬁqgléé]ﬂcr%mém?y 1“?12’%&%?3&‘?‘?55}& SERBAdiEred based
on wavefront data and surface topography-data are conbined. Figure 2 shows
~a surface topogr MPPEFIFER GARRNVING QUOTTHERINGE2NTEYE! oped from surface

t opography data. ~This, data is valid even oytside of the pupil, illustrated
as a pupil di an&géreﬁl%g‘?mr‘Sp%?‘n%’&r%?m&S %’\L‘}B‘fersblﬁf@%‘ag%%maw 442 BRadkst i | e
164- devel opéthe aimomm afalilefisrosfithaimipal, bst tReRes avdr WHH WavdddnbsikdbaLne area
of the pil, di.apeter, 160...25 Sq,, the.t re illustrated as _a conbi ned

abl at i ogypr 0 tlallseﬂ%gg B{/%&%@W%@W&f#@ﬁ?}m BEEBEIEBE Httaksy Y efefrt 164

wi t hi n. t he spuspislmetisaersfent i6Qfanbropiiag clohens Wi 289y doRIQLARY Rased

ablation profile 162.poutsi.de of t pupi |. dianeter 160. In this ‘exanple,
each abl ati 6f ?%‘F?‘ W&gfg‘%?‘ﬁ‘ PEECR 8?@’& F‘h‘@é%l% £ GRITEHSLE BT eRpTARINYSEat a

before the nprafidearnceaconhicnedn e ARtARENRUSSwEA S dds6r Rakine! v
conbi ne the_captured. data. 30 before an ablation profile itself was
cal cul at ed. aﬁf’gt%?ié’? 54 t &588f %wp%ygbfeﬁ%hmwew%mmxmsm@m 11(r)

t opogr aphy shsheilaaia pclidsaf M BEEH did QIRLEREK gradiCarPlr Sal t Lake

Cty, Uabh, are gg&eci al |l y advant ageous when used with the wavefront
. combdined. Iigure 2 siows a surface topography based ablation profile 162 developed

from surface topography data. This data is valid even outside of the pupil, illustrated as
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 jllustrated 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 proﬁlc 162 outside of the pupil diameter 160. In this
example, each ablation profile is ﬁrsf calculated from the corresponding data before the
profiles afe combined. Other techniques could alternatively combine the captured data -

30 beforc an ablation profile itself was calculated. Elevation-based topography systems |
such as the ORBSCAN II® topography system available from Bausch & Lomb/Orbtek,
Inc. of Salt 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



sensor. However, other topography systens, such as curvature based systens,
could be wuseful in the practice of this invention, although preferably

t hr ough neasurenent of 6 5 nore than only the eye's front surface. O her
types of systens that are useful include dual canmera systens such as
described in U S Patent Nos. 5,159, 361 and 4, 995, 716. The ORBS CAN |1 (r)

t opogr ap is . aslit-scan el evation based t opography systemt hat
si mul't ang%ush?rﬁ”fg] e dhesye i Tt Foslaees (hertynss ebpiieasabateed Usetasintlues fr ont

of the | ensd@N@arhdrh SystdraChcRBASERR %%aﬁa‘%crﬁ%sb§ fé%)ﬂ gr\é%%ﬁ%bggfs of

el evation, 10 inclination, curvature or power. corneaf
pachymetry is al sedeRBYCAN HBtopoetehyrevatcaried S@Wﬁmcbsamm 1Py

Raytraced opdjsea] th&QiRutALLQNSERAR. sgertain the vi sual  eff ect
of the vari ou}J; optical conpo eﬁt%nrw?t lf‘Lf‘lihées ST G Srlgs mc@@h‘éfnt

ORBSCAN | | ( rthe fanp aeft iaishiacirencsawedmmtase amc Idaphglccb;ns dhgsfafeRvitRh] ections

r at her t n I reci se ect the surface height

rather than ‘églﬁﬁgé‘z fég%%é%éoure Al%olégwcaéméﬁé?éﬂ‘? ém”?'ésfﬁl@éj@éﬂsqffﬁége from

a placido orthgn‘rfresurfrdesrulrfemswﬁmctwrrgetRi)mracmsum@oﬁiybﬁtfaﬁ&@s &h8PEsgaN be
urenent -of- diffuse reflections as will be

used-in -con%glg agl{t%nv\/én ?{nteq%ﬁ
apparent to Thosa LRVISFEFen 1?96Vﬁf‘?us@BFMF?WWP%?IW’@E“%%PW@HS of t he
el evati on- bmgtﬂxpntcmsmm 0@ Jopb gAY madibyte Byt B8baS@EondifPuse RaH {%
5,512, 965 angiSm 512 9 ard K. Snook. Data from the ORB c%f\N II(r)
SR Ryt e

system can Bé ALHTF QBRI figfect Hgrruriacedirdght rathes thah eurbager al |

refractilde datenrireOUsd dre: swwﬁmﬂmt@q&%gé frothfa platidt) SOuRL Setebl R of ok gata
fromthe vvavefront%éens&rpi:gm e used to "calibrate” data in the topography

system BecdU¥EEH 5e%< By cogbinatippwih nsasuoment|of diffued r act i ve

error in thee@y@ond s ﬁﬂ%&bb@%t&@&o&@ﬁdll&@‘hﬁh@% ?QP:IIEQ@:RW ags}é}ﬁp SHEMto 25
correlate a surfaceﬁgopo%@ﬁgé% at any particul ar poln overall

refractive &pfdgrvatp By B®rperapntystanses V. Safsmm aneleSW 968 t hose

poi nts. Thusnaalsibpes Bﬁm&hﬂﬁ@@@ﬂ@&@hﬁ%&@ﬁh@@ QI; b% used to
create ?{)1 overal | refractive error profile. anot her e the data
0

from var? oug U g Gae Femtipslydragsifonsd l%ﬁm%e@lltr%fraopwgdatdémamhowevﬁoht nmodel
of the opti saisoel ements in.the eye. For instance, a corneal 30 surface
t opogr aphy syste#? gul d prgetl de surface data, -an ultrasonic systemcould
provi de coneal IS SRRYSIRLR T dafp fom thpwerefrentsersmnsobe swdita“qpliuictle over al |

refract .i V€ data in the topography system. Because the wavefx_‘ont sensor describes the overall
refractive error in the eye, it can allow the software for the topography system to |
25  correlate a surface topography at any particular point with an overall rcﬁacti\l/c error -
(dctcmdncd by a wavefront sensor) associated with those points. Thus calibrated, the
topography system data can then be used to create an overall refractive error éroﬁlc o
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 comeal
30 surfac; 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 tfuckness data,
optical elements past the cornea thus can be modeled ¢ using the various sets of data.
Moreover, ultrasonic imaging and opucal coherence tomography (OCT) allows one to

35  measure not only the surface topography (anterior surface), but also the epithelial-
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error data. By "subtracting out"” the effects of the surface data and the

t hi ckness data, optical elenents past the cornea thus can be nodel ed using
the various sets of data. Moreover, ultrasonic imagi ng and opti cal
coherence tonography (OCT) allows one to 35 neasure not only the surface

t opography (anterior surface), but also the epithelial- 7 5 stromal

interface. ¥ tr I i . ctual treatnent, | ayer, the
- stromnal gi n?gr géggﬁg&f hs(e%](i%ndf)éor Ogélag la %rtrlgg}?gacéugfﬁ%a&@mt atyf’ﬁéhctsl%n?gronal
tissue | ayi igetfeleowhe TmportangsuriacéfagpreeicBing theaitostit 6864 la9Rabelwew i s shown
of the eye. E includin ._cornea 450, . a fens,4§g, and a retina 458. The
cornea 450 inclu 8?‘%%3:%5? of CIPHETIEOnal We ps SpOwaSY thketye Brindsdingad st roma
454. These \amtods0, A0MRABENNE a BRTat45EUITAE Lt A50LQ 16858 RNBEL,AGkL he | ens
456, conbine to forman overall refractive (optical) power and a

refractive EW&RrasEPEhGlYm Pt stpaa 3k TE?SCNaﬁBWR?ﬁ?ﬁtam!csladmmq:ont ribute
to refragti ¥emed £50and thONEE 491 EoABRE FALHAR) oBLLR lie?rac{iﬂec(lo tcxiéai;% out ot
e fen

limted to, irregularities in the cornea 450 or Int 56T Bhd the

di st ance (ergractiyarcharpstesisiisior 8t exe Betforumbangf faatves cantconmiputk tomftdotve or nea

450 and | eng, 458 | 8 Also illustrated in.Fiqure 3 are
not ati ons i g%ébaﬁ%&%ﬁ?ﬁ%ﬁésﬁ? ?égémg]%é]éllgaglﬁgg{ ]ilréuﬁe({té)bllnscﬁlg??ti'cégfl ey suited
t o anal yze=fFemrail aran thederst43ér anclithe distene-(eigs in te-safse paa téfoctsaig

portions-of ;i hes. A S- rovi.de different types of data
for different ngﬁrﬁgeoc}%gg%%égﬂcgs ‘g%%qf) c%%aﬁ%l' For exanple, ultrasonic
t echni qi&s 460 céalso illygiatdlin ¥igdet Parrnomtioisdndibattignasselysds of BRgaSitihel i um

452 and the;stromm. 454  whjch.20.provide the overall thickness of the
cornea 450. t#&%&f%%m% ﬁoé‘f‘é%?omﬁ'fi?tf"g?ﬂﬂ Pther ehagactinsticsot PRRICURE N be used,
i ncl udi ng apprichyofsheeyeal: - Viedst-tcbs @n paoidd dfferefesdsiodaata il difkres Pat ent
No. 5, 293, 87c}mogsn(t)ri tol ed " %/sfltgm f (c)g | t rasoni cal Iy, Det er m ni ng Cor neal
Layer Thi ckRess and Shape, i Ssted™ Vel ERamRle. ulgaspnicegrhaigyes 400reace
t opogr aphy typsthbydetdhiiné ypittickieysep bpmit ditiafidmarsal a aalecs%&ga& whRicgur f age
t opogr y._To r aph stens, . such as’ the previously made ORBSHOTr m by
O bt ek%d gfgﬁg%lﬁ%ﬁél%‘c é%%t?‘ef%?‘b‘ééq VFRERATR A iVagety eF Yltpsogle r esol ut i on,
but are resthiigieschat cart breussdirificiadingd pidhgmert bh@bll W #5Hhigl deb&iwanmnea 450.
A conbi ned eér ti 09 pastic tqal 464, such as the ORBSCAN |1 (r)
t opogr aphy Sy t%ﬁ%i/(’% 'B?‘ggﬂ F?‘chéiagy §fer derdy iespadcaliy PeterminingeComedlar i ety of
t hi cknessesLayer Thickness and Shape,” issued March 15, 1994, .
Comeal surface topography systems 462 typically provide and anallyzc corneal
25  surface topography. Topography s'ystcrps, su;h 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 cpiihelium 452 of the cornea 450.
A combined refractive diagnostic tool 464, such as the O_RBSCAN Io®
topography system by Orbtek, typically determines and analyzes a'van'cty of thicknesses
30  and surfaces within the eye. This can include the thickness of the cornea 450, the surface
topography of the comea 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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L . . . he
30 and surfaces within the eye. This can include the thickness of t

cornea 450, the surface topography of the cornea 450, the surfage ﬁf t he

| ens 456, the distance fromthe lens 456 to the cornea 450, and the _
di stance 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
descri bed wavefront sensor 102 or the wavefront sensor in WIIlians, <houn
B 7an aber rat el wavel ront protT e B el o e aa nR o R o or

as an aberr wav.ef r.ont ofil.e : ( _

t echni ques }ihgpaé%izwlgé% W?‘%Hﬂ%&%ﬁ:‘@t&éﬁggﬁ Hdhe fuetthat W@ﬁéﬁﬂae&c]céﬁom thgreml;lgti -
wavef ront of45Birghtr thxt efdigle plh_?si&zhl@hﬁé/c@crlsh@stqf‘%ﬁfpd}*ﬁédlzﬁ'%hﬁgal csﬁp%&ep?of e
458 rat her than \gi:th the physical characteristics of ahy partfcu gr op
conponent of "° t¥fe*eye E. Turning to Figures 4A and 38, |Irlogstg?t gta Low
respectively, arerugnip@td Bpbred k&%@'hﬁ,ﬁln@&}amngngc%vép ara atwélﬁflo% agram o
di agram 550 il lustrating enbodi ments _aqltl:or ing to the Qu\; ntiol o

bot h t0|589][ éﬁﬁﬁnglapaca . Wégf“l%g_ R@Hyt@p:ﬁ?@@é@mye Pdmd:ef gtrsgxcl mfg(ﬁcgth gpography
treatment fgrven8Ed RCLHYED glt &Y &b Y. -
systemis an Y ORBSCAN T (%9 tp% c?gr af‘)ﬂ{’/ syt By ‘51?“ *%ﬁl& YR cussed
above provi @dsatnpaat ;%e@@w@wrmsedofgb@qglr ipdigat:jjz, mﬁ*ggﬁ%@n%'ﬁﬁ??“o |
Further, theydpaeLKaRbY, ] oS8R oy A

cal cul ate a wavefront b‘%’?é‘ﬁb%ﬁ ?‘}]‘%Y pﬁ)ysi'gg’lc a%%é%w%ﬁtab@@{pmvx . °O -
Ly e e ol oot f ?{ﬁ%uss%aﬁgcem Fgﬂggl struct lﬂlrb,;g'f)t%mg%lppo? t Eey
igﬁ%gmerlm?gmg@%%ead’gg%? Bg%mggalgé?/%arl%ﬁ??te Pé’??‘g\é)t“f based ¥RondRa BiicAkd, such as
from t he ~"paomphrient afelni dyess deredningt yahe wpsg@phyRgseh TR ORENPARLEN t he

Ravscan mpdule 20 .determ nes.the overall wavefront aberration of
the_pat | ont POBRY PR Ro BRI 450 H ek HITE Ciedpugr A pye o F Al a tiaver 1 ont
tool such asompeneptsef iteieyk yso adesedralDREravINe iy RUMERASAEL 20R0M i he _
wavefront s J(EXeld in i\pi’l I ifarrs or others, provides data for t e refractive
wavef r ont agercr af TORICSTRHECHRl 85 f aeselfs” Hamantichye spogmply Reyscagmodiie

over al | 20 ef detetniines thhavadt whvedionCabeahitidd 6T tRySuiethi@lygas the topography based

t 25 may | a ical paraneters of certain conponents hel pful to
iglscﬁlmati ng %/he ﬁl\l}é)&ﬂ"?'rc o(trﬁlalé}bg?sr@??%%ﬁ‘éfmoj' ap‘éf‘icg’ﬁ'f‘t'tgdéy%‘_}s. theprevigusly he
shape of t hdesbaibdd wawefratsendor 10Bol hE % avefftisenbt? i©WaHamOBE bhls, f5Hkact i ve
characteri S&Atg ?or?}fxe r%ﬁ'%&%%lwa@rggtIagtlzr'cation. This data has the advantage ofl '

the overall refractive characteristics of the eye, whereas the topography based system

determining

25 may Jack the physical parameters of certain 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.

Tumning to Figure 4A, in a typical évaluation 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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Turning to Figure 4A, in a typical evaluation and treatnent, first a
topographic examnation is taken of the patient's eye and used for
screening in a step 502. Because 30 the topography system can determ ne
certain paraneters such as corneal thickness, bulging, and other physical
paranmeters that could lead to an outright rejection, physically wunsuited
eyes are rejected at a step 504, such that baseline physically unsuitable
eyes are? rdpRAFPHicHinta isdico asesido ldptetrhime mbptbert tbeleyran dndathble dbr st epa 506. | f,
however, th r.aphi i.an tera.nes, t,he,.physi cal characteristics
of 35 the S‘%%V?gﬁ’tg‘ tg(ge qn%aﬁysg\léﬁjc?ﬁﬁrtﬂ‘ aebﬁgglsfaomdﬁ@\“sllél Bbikﬁa’ éyﬁoh}%gaf’m’
refractive tthewpognaphy ddrveraebthtippgured acefdat datd May BEGsd16 derdepatet er ni ne
whet her the y.edis unsuij t abl e tf:l_gr use of a_ wavefront tool - that is

whet her t he GYEY QU “HIFFPERh (1 he Pient pageeds yresten HOs where dheczppeopriatehe

t opogr aphy dladion piofieds abd@fermaiet basd W@Jo?@&ph@%?& BRMheRGe USEH £ 0 generate
a desired course of treatnent. The patient proceeds to a'step 510, where

t he apprlﬁpridéstcgsse‘?;\ 19Vilp Forpinstp with r‘%‘r“ﬂ‘é@é?‘%ﬁHé@alwsmﬂohaswenﬂ@pography
data for theogyeaphiNaiats Rsuldtéh dinsen el »i i I i Fi gure 4B,
if the initial trpeat ment based on ]tiﬁgg\,étao g%ar acgﬁ'icaggag%{ag&{rtggﬁ%épi n a nuch

i nproved " gdBatneayean be perfparegihasd anembinedfopography amhw aedimnbéatpeBitor med
based on congj r wi el f t ener al | starting
W Th o "badtoaras. SARRE AR AR NEHE connt o iherl eexRR gl

el evat i on- b&¥¥atanopasedt DpRgraphycRngd ftlean thheblativnag peforingd pex ftey Std IA(sted St ep
512. If y6st : hEsH i e 1ned to be good, a favqQrahle
pati ent lﬁesﬁﬁ?)ltg%%?%l%%&step Elt'aél%é. I £§a'51 mé@&ga%?ﬁmtsﬁgo?%gmtts{eipﬁ&e erm ned
not to be ot stempl4 thporshivis detspoiped phii to bexatihaatriotier tdpogpPhic @k ARthatdn it ep

518 to deteryy i.bl |1 nt uld be hel pfu ep 520).
P ot R e O S Ul L R R B rodf L o b
step. 522. B&#0). fIf 8¢, the patiinkie putedrev,atthoughbmsaslirat)) ia fingint kep sPaNBedr &, step

510. Note t ' i rse,. if 20 the taqpographic. eval uation at
step 518 indi c%%rgéytahg ti%%%abgél}eénilssp lﬁrénﬁdc?gﬁ@%ao‘%ﬁg‘hagy’equsﬁfﬂ%mepgssi bl e
to retuld tohedbpyeraih; evalvatien &t sw\5e8 irntiiatdd B%€ the @YU [sSfd 18hgdra@BRAERE, it 8

devel oped. [ t r ' nbodi t discusses t opogr aphy only
pased. abl at Pon e PEah ¥ E3R0 IR Y B bt Ui ot torsd U «
even for "bad" eydile thithbropoingtembogdimehadisclisiet @ t@iizraphy bERDagdd dbiLdh fENt Mmay
be indicate ol S_as opposed to . 25 re standard eyes. For
exanpl e, it dbn%di cgéesr' é@gx:"%pggp a? %C%;%aryfuéF %&gfem f".is‘-ﬂ?teé'ﬁgg"rc 8r¢ s -ohhe point

is that different courses of treatment may be indicated for irregular eyes as opposed to

25  more standard eyes. For example, it may be desired to perform a multi-staged correction
for such “bad” eyes, as is discussed in assignee’s concurrentl y pending “Method and
Apparatus for Multi-Step Correction of Ophthalmic Refractive Errors.”

Note that a period of time can 'péss between these evaluations. The stromal tssue
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
peribd 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 aﬁer 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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for such "bad" eyes, as is discussed in assignee's concurrently pending
"Met hod and Apparatus for Multi-Step Correction of Qpohthal mc Refractive
Errors.” Note that a period of tine can pass between these eval uations. The
stromal tissue that is cut when flaps are created in a LASIK procedure
general ly does not heal, so a flap 30 can easily be relifted. So after
notrmal e maﬁtzgn t-he atlent s eye recedes after sone period of days, the
patient can eanwf)vé:ﬁé’{)%ﬂlﬁéf‘é@m?@r‘déP@f@ﬁnﬁé of fheprtigetelier Thikéd prefeyadlyi s

still good %n@agnaaﬂqm b r at ment, wo

benefl cial. ose tf\egfxgg? tﬁ%@@&h@ Wlﬂﬂ’m Jh%tg ?g%tc geaétgﬁ%ﬁh Wa\};)ggélc bad

eye," eit heFCfé‘%CPé‘P (thp{ds, |“hiht¢laPOIEQfa¥thtlcmtm & asd eprSpehdarg peilhapsonht er t he
eval uati on a wavef r ont raphy
course of t?ﬁ%ﬁ%‘n’gﬁ‘?ﬁ?’g“’éﬁ@e‘f opea&%P?%E:hésec crr‘ntgﬁt ‘%‘?B‘gl" 1P A aé’?ﬁ’x‘%gvgvefront
and exani natibeniniitss pest-flidative dondilati breinpateld abdrisiory®.suldids Atstdy ghemabl y  done
usi ng if i dilating the eye) al t hough

cycl oplrrggl c%%é u%rgg‘rca'? ?%Jﬁn? P&‘”FOW & cowa{pﬁé{ﬂ”ﬁ%ﬂtlﬁﬂt et subjeative miragtiany df and
cor r espondi mtg:rq:)araa;lignzﬁdagt d@iffertehe, tha@eﬁméﬁdﬁ:hlb@&xfnﬁfakc@ﬁ th%%l@ctgﬁdéégé‘ﬁd In this
event, it is @ eferabl.e to \Agallt approximately 15 m nutes post ation for

di lation i ndEEESARRFPEITISHROENC @08, Cattaid diffprames. as Aiscuseediapt ur ed
wavefront r eérluamctmo@ WwithFi@eePB/ &6 bk @sddhs cRrALRLd ﬁa@ﬁmquo%gt@o?ﬁﬁth Vﬁor

refraction. there is aS|gn|f|cant di fference, the treatnent can
t er m nat ed FPUEIH% seqpadeer gesiatiens SPhCEC‘s@IdtCWh@dcr)rFaabﬁe?aé@ttedhecmmcdjate at

step 5065 Ceﬁmatdmﬁtblﬁﬁﬁrr@m&:ﬁ%da%§oxdﬂo§8ﬁl§r9ﬁ9pdsgs conj unction with Figure 4B,
can be used to caljbrate and match the two sets of data. For exanple,
second order abelrt3t F@HE ¥pEPR ditichas pireaserable roateh-thsiwapagento t he desired

15 val ue 't osurEstiRe tdiRicti@f; fra (iiréc\é@urg%sfbaﬁ brdcfbis @ &Eé %W“ng%etgc ablFt;lont e

capt ur ed- wavef ront - dat a- has- a- r easonabl e- mat ch- w t'he-
subj et t i ve- PEPPHL thsgiscutsed Belg e eeniwns tion with Aégue éaB,,ttbmcsn bogsrtcmedﬁ% wher e

t he- abl atloaaﬂeﬁ ol ARNRER adod iKCUSRE b Gldon w th Figure 4B,
t hi s- caﬂq g n)é?at%g ina vari et? of V\g,;g%tlsd%c rom ﬁom‘tﬁlﬁﬁqoﬁr ed

wavef r o e sapded Brvetruhingd teppesiphatdaen The pwkccmnethcapmscwcﬂ warepf ront and

t opogr aphy StHI,c’thfEhEc MALRAUHRIIABD THACHE gre the:
abl ati on |sbc§erforrre Then, ﬁat s:ﬁg 532, %£g|atséc\%gwr°2§sg }X\QI eTds an
(3 1

accept abl e HAFP'ENE PHFEIHEO™R 2tste Knot,ﬁherm@cnttdaebpaxmnevmdfer further
eval uated fgevaioh BuRlBRESSEHIAR & 910, BLQkidBs.al Sstep 510, discussed

above.
In the overall course of treatment, however, it will be appreciated that the

25 physica]‘ eye characteristics obtained by the topography data allow an initial evaluation of
the patient for treatment. Then, either topography data alone, or topography data and
captured wavefront data are together used to dcvelop the overall course of treatment for
the eye. .

It will further be appreciatcd that a variety of different types of topography .

30 systems or oth;r 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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In the overall course of treatnent, however, it will be appreciated that
the 25 physical eye characteristics obtained by the topography data all ow
an initial evaluation of the patient for treatnent. Then, either

t opography data al one, or topography data and captured wavefront data are
together used to develop the overall course of treatment for the eye.. It
wi{l further be a eciated that a variety of different types of topography
30 systems or ot h'glr-mg‘ﬂé@@ﬁs‘mf"(ﬂ shiewielsdly tygicpipysiessélatadior detrteiS0sksiocatedl t he
eye (such as ke caf, be use ace

t opogr aphy silwst?g%%g%t o &gﬂ sbb‘%fﬁ tjc%éA‘d wavetfont: Cﬁtatfg(o‘{)c ﬁﬁé@tﬂé"‘ a

vari ety of cépisumen palawefarlodtrecttgcpm tm%.%ﬂoMfﬂﬁdoWMy&iaH&hﬁﬁaﬁtﬂm@haCk

syst em descrj be scannin stens, a variety _of other types
of captured wavgxtof%?t%{! E&dsetv gsﬂ%mg Ja_fo‘g‘e’r%frrﬁ?;ﬂ‘éwf GeaamgRir ésAscribedalpVedn t he
typical pr OC&ijilrdﬁbr&wfthMuﬁé‘l@Atthé&ﬁa ﬂs\'ir(be ia¢ @fh a‘tt!pfa% E}h&eeﬂﬂﬁﬁﬁ% af4 OW chart
500 of Ja(?ure 4 f"é‘g dFrocess/ data flow ¢ art 550 igure 4B is nore

C

parti cul af | yS'@# fopOERRRIG daia (Preterably efeyptiqna3mdPamhiipatuafaeasdl capt ur ed

wavef ront dafeguliing ﬁemeha@mﬂmau&mat%%ﬂéwé@étr tsisX for EEAELITE Nne AR, dgSCr i bed
above in conjunction with Figure 4A, the datsgeﬁf owrbegl nlg@w&??t a b

t opogr aphy eRefemfted hethamanpaliy Oé%‘é‘ﬁnw‘z‘”)f Whe i qombinabep with phtiec daiatta
(proterably @hauaid @bsdabiy orndphidpl 8e5F { A8 cLaSHLL Reoheomd fat

exam nation being reviewed ‘at step 554 Tor sui ¢an
exam ned botqﬁioﬁﬁ%walciyyﬂwlsammﬂaoatWﬁcrmalqanmdrtnnmcnmg\mwmtﬂem,t her data

to detefgm ngohhes §§feh%§5: Iftee %Te i ﬂﬁmglgtfor%tam? n %ewg\%rr ef ract %afa isg,

treatnent. A cornea t an eye P's pPFé‘B}EPf
other crit erfogvasded 4Téa€iﬂpt5(58rf@t] @Cﬂtvalmgnctrmf mthcethxts is 4 Sophorndifiitul egé.ep 556.

| f the eye 'ﬁu§&ét£xﬂ9o é)ﬁxotrootcraﬁ%%g o NQUEY rowﬁxgt?e tO(E)?] raph daia is

f or war ded- a step 5 for’ an eva ion 0 e ast’irrple or
difficult eyleanuall' loF sprafecaembinatian ivath, fdrooam;ﬁanhé)oochnseﬂuMgahd/ﬂspleieyl of

criteria, a ut nual SONEe Cco a for
exanpl e, t hgg Ct o?%@allﬁ&(?%%egfstahgl cqul ryg’ad" F%‘:p%gffgghé} ‘ﬁ%‘?"’éa HAP‘I” the eye
is a "di20fi qubdeeds tora stdpah0,' whare ttattom@hSB&,a i bxjdhatiéh, ff&x(ﬁﬁda&@lepﬁvﬂﬁeeds to a
step 560, unction,. for np

standard vi sua?ﬂgcw ty 8%% ﬁh%utgtfl ta?m\?éu%waﬁtnﬁgtyl:%?? ‘%cé’cl@Prﬂl oyed to
devel op a staadadrcduseof séracﬁvcnefama:mt based bn thateiwationhage drpitatifeuet avat ion
dat a. Typl C@lévﬁmons U&Qd ation profile only relies on both the patient refraction and the

. elevation map of the eye’s surface to determine both a desired post-opcrahvc 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 coorse of refractive treatment, an appropriate laser shot
pattern-or other refractive tneatmcnt 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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el evati on-based abl ation profile only relies on both the patient refraction
and the elevation map of the eye's surface to determ ne both a desired
post - operative spherical 25 corneal power and an ablation profile to yield
that power. Such an el evati on-based system could, however, take into
account lenticular astigmatism for exanple, if the lens profileis
captured by the el evation based system This topographic-based approach may
be suitabl e erﬁr@tiaCWathkntjmmanrcaamrgcmomeaHiicldr&s:r @hd albepaia due to

probl ems w th kS 8y Such can include irregularities
and a vari et yPO oérg ﬁpﬁ%%rag ”?:t'ocﬁ F&HsHE ﬁ%{l ”g'faf BEtictahls 2afrag badisRiagetal | y
capt ure the thydoabd. If ferdactot d/eexdeapmu& @ebceatbME £ ke ofieREh: tAkeGVEIsOPI NY
this course

refractive treatne an appropriate |laser shot pattern or
ot her refrac‘f?R}%y £hi6es MPCEF%WH‘? E‘h@”i“élaﬁ’ével oped, the treatnment is
simulated, and tiheherd@stel boivs ERADERA MithGRERARAL 2P O the
doct or. Eecause the initial 35&2?e surface prof |a éégssézﬁwgw(# 3%% opography

data, ard bdBupRaigmelhercppse oigreafrprat deyplaped imthe Eiela)ﬁﬁ(}@ﬁrbamtanmttbd eatherent i s

known, the ngeukyfstendinigf 3d aphy
characteristics Jgf t?\e t'get{/e 23? gbé}%ﬁ%m?ysp@{% %@&b{ngﬁgﬁ 4 aﬁ %emg’ggﬂl ayed to
t he doct or. Paft of Hee lasse steryeliSdBajemdo. 5B9bA 3% wddiohla ddscribes adissébundd t r eat ment
based on t h's?stcﬂ'ﬁ RIS thd &ﬁ'ﬂ&%ﬂgf t[‘t%ﬁﬂérﬁ%fc%?mﬁtt%d fr%%étacea{n?g?%]t(%ﬁwltger f or e

doctor decides to proceed wth treatne
10 the abl atheéwutrbﬁer@e@rp@easfmhareatcnem bel éviplempred for rédtig SF €2 vaBBuscan be

transm tted ari et f or the
cal cul atllson %fgﬁngé’ %Oﬁ%&gg&tk th %r ?P 5815 %ﬁéﬂf’rﬁsé}a’gf&ﬁi %a aéomlf%"t"ent
No. 5, 891, 1@Qrfp@nddoﬁrnsapéé%ovhcbesP&KdLAﬁﬂﬁbmmihcrw&temrbﬁadﬁhbﬁ’eath{&ﬂt. cour ses

of treatnen e Iocatl | ocati.on t better utilize
resour ces; %ﬁ%&ké@&%éégmﬂlgé%g mcvﬁ%@%tﬂﬁﬂf" uafign ¢an g B3redi e var i ous

15 refracti Vepographyio¥adtition, ma@ﬁllrddewaiaﬁanu mﬂmb@orﬂbﬁ@h&&@@a&y&%atibﬂs any

case, the a for et her - PRK;
LA- S EK-, orﬁat?{%thﬁﬂﬁm cY%ruéleagg‘ 1-Sr“’e F("fL é&[mﬁ‘etswmesmnﬁgm is

t o- st ep2(564at arhendrag Silistrated & mepestal l‘u‘alledﬂﬁ&muﬁm&k b héitor Edtle hﬁno@@&ed on

t opogr aphy 8&1@% Lgn red wavefront eval uation, or ot refractive
eval uat i ons é % Y Il’)%[glﬁ rtatlf?cnlljl A Y S4cuity is within desi red I imts, the

patient's courselfot sttep 664 ﬁlemctsu]t.SaIQGetahm&Eﬁ £ Go BSoprhdlShé phiRe dan vat ep 566.

. Fol I ow up eg\gal.h'ﬂa%d f%? ?ur?her crﬁggéc%l%xrxtsfa%tcp g% eASgSaﬁnO rt]lns can be determined based on
the same data gathered at step 564, or perhaps based on additional data. For example, at

25  step 564 both the patient’s manifest refraction caﬁ be determined using eye chans and
topographié 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 cvaluatcd to

determine if additional enhancements to the €ye 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. Altematively, and not
shown, if the results as evaluated in stéps 564 and 568 indicate that the eye is no longer a

“difficult” eye, then a combined wavefront/topography course of treatment could instead
be developed beginning at step 572.
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ot her changes, both for the better or worse. If at step 564 the results are
determ ned not to be optinmal, the patient can be evaluated for further
enhancenents at step 568. Again, this can be determ ned based on the sane
data gathered at step 564, or perhaps based on additional data. For

exanple, at 25 step 564 both the patient's manifest refraction can be
determ ned using eye charts and topographic data can be gathered. At step
568, thatd data i sliwrfalagathdredaherchfstedesi befbrwardeltiot bamadtios aphatiedomavef r ont

data can be h a.ls then_evaluated to determne if

addi ti onal enha gecréﬁrrlgﬁr% gésﬁﬁg\? uém%%/glsé?pes o%‘gfaeg.athﬁfedtqwgﬂﬁdlsﬁ@ at stqp 568

enhancenent stogie@rmit ppaisd duhencetrents PRt B dsivibfl 1M AaSpHB8 B GRELGGE €d as
| f

much as 30 pgssibl e, so the caoyrse of treatment ends at step 570.
enhancenent 5&3%‘3 libaag‘ér?rﬁfét? ‘h?fgl\ljﬁaﬁ? gatheringthefinad dasy farj aorexbeasisst Wbl ation i s

pl anned at stejan&fibut AldefliRahy ¥ited 8 ci0de reSHONE; Al | as
eval uat ﬁﬁi n, st etﬁs 564. anpd 56% 2?‘Jndi cat ect hatrct he e;eal flrns‘ﬁgngcq"gl?]%eatrl&a

vdi fficuld iable odptain ts Gantered dia ferrdlisive) stuskirs gnd prajuationro§ empfrical eat ment
coul d i nst eadsuiRe GABvRLMNEY dREGIENER YA -SSR c?%c%%:n 13,3 T{‘yeofoé'gtma?ﬁ]?at her ed
a

tTEpOSit )
at each step can be forwarded for eval uation. i'SPOY'8 e, in the
resul t eval UBIIBALGraboutdpre ol effipnys efaenaigatiressed reanedtsha thsed, glovaiep 568

to determ neRQspsink! 5 HER be desirabl e t it a.period of
time until the eye thas @ggr!t heﬁ és‘?a t%"{clnze rﬁegffa(%g‘ée Cd’é’feﬁ%?’?'%’é%atﬂ"ﬁﬁaf‘ - data
for a next coursetH572tis eepunehen thourye Ganen diffiguleyy acaps 555 dr fadsdlERembe

r et ai ned sf org @, Jadtipll Eres; ' Q desirable to.retain this captured
data for ol inre fstﬁgﬁgggqécﬁé}‘%ﬁ\}g Ua ulqtgél% e@ﬁ%ﬁyi"cg}g“sre&ttﬂd‘!’g‘?mcgﬂtﬁered
into a dat apay&aceihpefamedor ORBS N BRcepb@ihid @0 de9tiyp atalehlariical

i nf ornati on t he. f .of certain courses of treatnments on
the eye, al |‘gﬁ9ﬁ8"" %ﬁ%é%g%dﬁ?@@“zaio%f‘g% ‘?BPW&?J treograRhey Rl qpsical

refractive compeuentonf theorye fratherrbangsingeant ®ualSiapRudiiavesrohEg I whigront he eye

is not a diffic st 8,."or possibly from 15 step 568 if a
previous tr é{'ﬁl'rren Scﬁ%glar%égvﬁl"%g%i%ﬁmg alécg"évﬁc @Qfé{lmoa of Rredicisdowenchent | fir st
a ray 2Paceentsoigevharthednoh vaRBEGABth iy dabtubaD QUIsMBIG t1atand& devel op a

cal cul at ed i i | cul at ed wavefrqnt is based on the physical
t opogr aphi es‘wggﬁé%@? %étl @%%Frf)%vneun Bf RHe VEE WaxeRaHs oabsrisertileby B8 act ual

capt ur ed wawevelsont tdn) itselfvemestapciT, the oaltoidhisinGad chib@hed p@uaf 4ok further
al lows the '%?éfgﬂﬂt@tféé)igto%e &5\?6%"0%& ?o%ll m¥e%fg78 rt]g assist the wavefront tool in
determining the source of actual spots. In many cases, the captured wavefront ccﬁtroids
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 determinc refractive correction. |
The wavefront exanﬁnaﬁon 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 I® ba_scd wavefront is an analytically calculated wavefront in
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20 centroids when the actual wavefront data is captured. This allows the
captured wavefront data to be better evaluated and nore varied wavefronts
to be useable by the wavefront tool itself. At step 574, the centroids are
in fact calculated and this data is preferably fed into the wavefront tool
at step 576 to assist the wavefront tool in determ ning the source of

actual spots. In many cases, the captured wavefront centroids 25 wll be

regul ar enoughicl tehopdpatphysestanlicasinat ledwiaMBE pigRicadatandids Bohe BRE@RSary,
but the interact]

on of the t systens at step 574 and 576 does perm t
greater flexiBi¥i ‘(/’a‘fe%of‘ﬁ%ta‘i?é‘mg’e(‘i?ed\kﬁ%‘? theREPH 6t b thee adadiugithe refractive
correction. bhegrayhyafat:onithie XapEpALaaN FikeddnaRe RYGuaaRhHSSyRUshLIRNt data
at step 578 wthin the pupil area of the patient's eye. Miny doctors

prefer to ba¥@VEer WEdPRASTaphY-baver edltylyad waveiini dasais thepfcomespoadingy tapsdos ed
to cycl opl eaigsiéahe pebil aRs BALpIS o HORPUPL bverBhOBaBY RS Blhy el v smal |

when the wavefront a is captured, but this sm ta can

provi de Wi gHPRBRE AT H@-hasednalautatadefavelzerity dltempdvel yiusing a dadvenedupoth, far ea.
This data i n { . raphy data.at .step 580, where
t he topogr ape%%l %’sae w&@gﬁ@g&ém@%@ﬁgﬁa H?’geg@gﬁiaﬁﬂﬁlwt1815u°?ri%ned" based
on the act ualyclopisgiar dulthimseet, tiordata @bldBeatseitiout CRESOANphY Bita 2 srsduld
wavef r ont isocmglogbgr%%lghxmg%cctﬁéoag%% y\é%efront in 14 5 which the

o}

t opography system does not know a si cal paranmeters of the eye, the
capt ured wavef r ofurttiert thecanabepussedvaefrbit data Rén Péighivhpasddaa teQafcungdand
adj ust tll}e | area. Based on the adjustnent

£t r data within that pupi
necessary m%%v?%g?tﬂdggytﬁﬁﬁﬁm yfr&f,rc T%OTS%&PQ%?-‘B%%VEQP%I%HCM wavef r ont
data i s thenlicoprasgandldighigate tfoeckampls; Slade itrBguIRUPIn thabBos of BieTyRAbM tS a
"captured warg_c%fr.c%% v asted ag%lust m&*ntf to.the 10 \ﬁRBSCAN (D based
cal cul at ed WBCERFEhDY UK PRREFRR{CPE Kavefinaf (e and Spuld seggest dasifist copinusganpl e, a
wavef ront caiwe jrecedietee rFur eednle,ale. t8pd g4y d Bk dmey LRirWi ik tledsnduci ng
cycloplegia.~ln this case, .the data could be used w t hout the topography
ta.or o1 ¢ aslriet Gt a g Preatiasonl T biopns sy lenset
Fur t her 20t heataatplatedea phtt bealc MavQTsHQEty, BhatRarsRf ROuERIPAE @dvdtdont Wtin
cal cul ated .15 vef ront dat :q% ensgre t here @re no gross discrepancies in

B s

the wavef r R PEGRR & pRird BfH TR ART e vaveioont énthimphRil atse par ge
-irregul ari tylculated bg tiegxbpgaply syien e geld@iely £1850 HMdZRA: RYthe Hﬁ)jcctiycly
topographt gk e Lk or) A6kit failpS & 4 dbrS e Iemte, (S the source of treatmeny
_proceeds. Together all of these sources of data thus act as a cross verification of éach
25 other. _ '
Proceeding to step 582, the wavcfront 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_avcfront data as discussed above, or the méasured wavefront can |
30  be used within the pupil area and the calculated wavcﬁoﬁt used outside of the pupil area.
However this data is combined, the overall wavefront is then provided to the ablation
software at step 584 which calculates an appropriate course of treatment to correct for the
wavefront error. This can be fully automated, or perhaps partially automated and
partially manual. |
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the procedure. For exanple, the.topographic data assunes a fairly regul ar
|l ens. Correction of an. eye with a highly irregular lens could create
problens if that lens were 20 | ater replaced as part of a cataract surgery,
for exanple. Assumi ng the wavefront within the pupil area as captured by
t he wavefront system and the wavefront in the pupil area as cal cul ated by
t he topography s¥ltsa1tspem e relati velé close, (and close to the subjectively
det erm n&d ref r aCEFGH" N CHERIAT e f FAYSE Sk UGHTREY fehrayided a8 stb 886 foren t he

course of tpedbiEAE theRbRESLABhis JAGRLIdTRFeadhdnt RfcokNESE: Saﬁﬂﬁ%@l%vﬁonq%% thus
act as a cross verification of each 25 other. Proceeding to step 5827, the

wavef ront aSOPREaSUTEEMe (tusk aygajedateshin stapcito) & enpree Gedthwidshlts ire nGRBSCAN 110
based cal cu di‘é\ﬁa\fﬁg,rm&h collt Hdi2B ﬁgcgalmnf') g?rg%'m}/%galstg%}/%%{t op cséa'g![zlu;lr]er

t he ORBSCAN H(r) wavefront can be tu or sc

nmeasur ed waVefSrsim: tagaass 25 avss cherke dFuatbov e sinmilatibhef teasusedt vaveément can
30 be uggd W dhlH thg, RUR the cal cul at ed wavefront used outside
of the pupif ar ea.ytp ﬁ(())weveolrn L?itl%go%gﬁqg Pdef F%gﬂ&ef??é’g’éﬁpé}‘éﬁtc%ef ront is

then provi déetetmint hed display & eaultmofopugaphy andiceRibpthawid fbultat patk@tes an
appropri ate epurse f treatnment tobgorrect for the wavefront error. This

can be fully aﬁﬁ%ﬁfﬁ?g&‘f A VISRV IS FLYBPYTSE |y aut omated and.  partially

manual . 15 5 BasetbcedtiighioStepdHo,thaiilfton i@ tea PedmRh. Wi@AHEBBLaribs 1P OVi ded
at step 586p%9r Berf.or.rri n(g the abl ation. Thi's course of treatnent is
ofiin PBh

conpared to » BTER1AT P oRsRdg foliqy pR evabtatiop ésnerfermed at gieh 584, adl cul at ed

in st ep1560}utiseqensetuset Bokeathen: beulohTitBERoftiha h?},i&ta?fux%h%@[eﬂ%ﬁ’ ahi ch
coul d indi ;Etergrobl ens with performng a treatr?e t on the eye. I's step,
too, acts a$SBYEY"B¥4- check. Further, a sinulation of the course of

treatment is 10 phefsahalhionRekienERbIOR4 PhYs@s & .hgd by the
t opogr aphy systemto %_gternn‘i %e aﬁ%%@?%@‘%ﬁ?%@o@%&g%ﬁ and to
verify that '9ohenf & ablatinp PRl praettian togfl cuthee sepaateetin by setavoekad, tn be '
accept abl e pshBEBed, BF 58St N4t R0 PR £5 Jahqg) LR il rfQf med.

After the abl atl-i on is erfor_r1 rregl, a si %g{%r é@ﬁ%@%ﬁ%’@é&%ﬁ%@%ﬁh :

eval uattbn the %‘?‘fm slevatiaapagggopemephy 160l eud equryefrors denl yesildf

Ito re re ?th mre ][lte . P&ﬁpl@y QRh&td behpltiRardRtiar fafhekRlTSGH v¥R%GEE BPkys ﬁﬁpdata-glx?

: a single screen. Altematively, however, each tool could have its own computational

system and display, with data being passed back and forth. Further, the course of

treatruent could be generated on the same system, on a stand alone personal computér, 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 liirxiting. 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 thése fit to the first derivative
of the Zemike 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

16



. The. . conputational..s_ystenenpl oyed by the topography system the
wavefiont tool, and the ablation profile generation tool can be separate,
can be networked, can be conbined, or sone conbination thereof. For
exanple, in a typical inplenentation, both 20 the ORBSCAN H(r) el evation
based topography tool and the wavefront tool would enploy a shared

conput at i onack: unit_that rgat herqjﬁc%gta fromboth and displays that data on a
si ngl e screeti™ ™At EPraprel ge %‘f‘l,‘“@é?:wofsd‘éﬂulcb%llloﬁt foF §endeun

conput at | ona{egaraly&t&mm@la@hudh@ph@)éeanvueir% dﬁ%@co%%.“%mcﬁﬁﬁ&&e@l@ﬁk offid forth.
Further, the course of treatment coul d be generated on the sane system on
a stand al ort€2geiRO6A m%éﬁfﬁi‘?féﬁ megiurezs gifeastian eisean pesdionspsicerridassid |

O her al ter nat b¥eSof B8 witeSiloh RUEEARO sif & tgﬂ{% zfnoghg‘%cns&jétspl ay of
these various systens are possible. Various wave ront -t echnl gques and

associ at ed deshngges. deathor tschregrelpeovidse doriinput heamspliactdssia thé eyiehing fodmwent i on

and t he {fol | ow deser i pki IS, p.ntended to il lustratlive and | not
limiti nglfo Aso(?] e(:g%rtl ﬂ%egmarggé\}fg%h Jtpﬁtéc' alr—?alrnfaﬁ%‘g%’lt%ﬁgg%t?rfﬁg ﬂ?eﬁl%gcmt Vs a

| ensl et 30 aleteaypined reaiveltom anmemggecyt Al sfundetechiiqsRHoweost, e dRAIRET OF .
The displace rzli%%cofrthcg. s(g%ts are related to_| ocalized sl opes of the
wavefront. HOw 't RESB PIT P8 P TEraRt e oAt oethe grerelh elrgtiyeearap of ynoni al s
provi des t hehaeyedfonotite rabans aleisoffaddaOaher e ft@DELRT @k haYkmoh QY L&RS ba
"parallel" retilnal spot image point neasurenent. Another technique is a
scanni ng t eSf¥IeRTE i n which a collimted beamor |aser is focused on the

retina and 35 scanhethtiagt Wevetrb@ AyeratidRoh abb&simt AL LABE-TBIRISPOt S
then re-i maged omigat@entl6 5 detector. For a perfect eye, all reflected

i mge spots woul'd fall on the detector center regardless of the
| ocation. of the g—ééﬁsqﬁ?ﬁ ﬁ’%ﬁ’-ﬁg}ﬁégééﬁrﬁéﬁpoﬂfﬁ@yﬁ%cﬁpéééFﬁé‘ﬁ? botgfcalchlate | mage

spots on the vistReit@hd tSdeTEIdE dIcEeks@f-BedtBit! DA 1eRhni§EAB PRSI thQMs 912 the
cor nea, and""'t'.h'eéil ope of the -wavefront is determ néd simlar to the

Har t mann- ShERRTE-EhEPEICHVE R \é@ét.“’“/ﬂ?&?fﬁéﬁn Pedatsirinsd T e geemetor ofi thput

beans tbat ectwssefrictivBeurtites afith PRISs dOhOMelil Sepafitihh them! Py €f | €Ct ed spots
are imaged onto a ﬁjeéec orﬁélglnd the "di splacenent” is  determned relative

to an emmet FEPIrECRYRA el ARG PUCRIHHIEH ORI SoaUBhERF SEEmalicd MR Vi i n

that they previseeayaaciag! BarlexapRf fuppése IRADIHERBNsted] is iR rRueh@lbdef ractive
error of tgglétg{e fromthe retina to the surface. O her wavefront.

t echni ques HORT C8rsOEs B b Enasq MABF §he fptina, 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 wa\;cfront).

30 (see FIG. 12)
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15 Cal cul ating a Wavefront Aberration from Tooo. -aphic Data and
Corresponding Treatnent As discussed above, ORBSCAN 11 topography data can
be used to bourn calculate a wavefront and to develop a
course-of-treatnent. One technique to achieve this is ray tracing. A
corrective corneal ablation pattern can be determ ned fromthe geonetry of
the 20 ochil ar refractive surfaces and the indices of the nedia separating
them This is coOypes eamhldiffeckone (DD i WHidWe bRiein Rlal &aint WaepRR L thE €qui r ed
for stigmatic irragi qg Vi a reYer se raytracing. For exanple, suppose the
corrected sySYEMITSATY PP RIS $ra5&d make thr exiting o ay efeqe plenars dieslokhiown

i mge pl ane {HehsELt) f L e i theoretically
pl aced at the ih%t eﬁgﬂggﬂfﬁ%tge%ﬁ)gzgﬁag%wﬁ% ?%lt ?zﬁgﬁ% ?{1;%?%1 Lﬁcefoélrv@e.poﬁgysm%
emanat i ng freierehdclae i aeered & thaybtedoedrmes tndbridhel Seysdnaifulat todhe 1 0 the
negative,z- di ton), .first.through the npdel ed | ens and then through the
measur edI%or %é%%% *‘m? #e“gh&pé%cgpagk}gﬂf‘éﬁ&h_‘l”'g‘rggi‘sfﬁrf’&(&l?‘?%iq thetimedt gkasHom f ocal
point at F, liieno plpagxd o twayefuaRnt M will be planar, and the exiting
rays will be mutually parallel (as they are all perpendicular to the

pl anar wavefront)—30 (see EIG 12) 17 5 Optical path difference (OPD):
Wien the exiting maxgheont nisgdopt planar, the corrective ablatign is

cal cul ated so as jto make,Lhe ex{ting wavefront planar. To do thrs, the
optical path | engttr{x;—y)yof—each ray is first calculated fromthe source
point F f | ane M external to the anterior cornea_ and

ori ent edisge?g}é%r is?%tﬁggr%{eggtt%ﬁ%eaiﬁc%( ﬁlp%@gaayi Z?"rqé’?ﬁfls é’?&i‘ﬂd?a TefeGtivaindsat h

:c engt E , vm-th:Ray-soqndiow-(ui-y)rmd-dafmeﬂ-bguteir%aini&sct:ak@ﬁ%ﬁ%--evn\c}]énmﬂhféz_@n&r ﬁpagat e
romF to ual,s X =.fn S r path 15 where s is the

ar cl engt h ne%lglﬁergf cﬁ%ﬁdgw%"é’q“ééﬁ%fﬁo“ﬁé%@%%% gl Rathdenetle fungiéon fegex .
Ray coor di natatls a myopi¢)anda@ypedpiaegk. b}pdchl%a&ﬁlﬁn%mtiﬁﬂ%ﬁtﬂogmww th the
external reference plane. The figure below illTustrates a section through

the opticai padde Frenggh function for both a nyopic and a hyperopic eye.
Optical path length is always positive.

20

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

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

wavefront,

| A0 =0(x,y) = 0p(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
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(see FIG 13) 20 The purpose of ablative correctionis to flatten the
wavefront (by -A4) in a central area by physically flattening the front
surface of the cornea (by Az). If corneal material is to be renoved in the
process, then the optical path difference (OPD) fromthe desired planar 25
to actual wavefront, A4, nmust always be positive. Gven that 4p defines a
piano wavefront, A$ = $(x,y)-4P(x,y) (2) 30 Invariant ray nodel: Now how
must t he Torvnshaiged byt abthtivo. M@anhg&e@acwmsmw{) aldng b ugleefastivdmt e of
the OPD redu n be de. ass ath is 18 5 unchan ed by
the ablati onl%bifg%ntﬁeg G i rafthvc’ %%-3%3%‘? é”édfx gﬂf&ﬁ §a= L 4P0) 0). To

effectively bermspfua,cbsmlhted Ibﬁgthaaahvltk&frﬁ)aﬁﬂixlst\be tiaRE@¥d {nfCarrablatidd @ptWid et he
i ndex for air (nA = 1.000). To_ be useful, the ablated |length II)ongthe ray
must be tr ansAEERHAn; Wi @aﬂcmpélﬁwr%%wtﬁ fagiox Hedeflzlf?‘éib?]@‘&l(th@fPHWflth is

acconpl i sheddyed hetneha | Kasbe Gibén ﬂﬁfﬂhggﬁilata i h(fwacfl@reg%rh fodel i<°

derived in the next section).” Gven this atl on
invari ant0 ray nodel is .10 s z n Az = where T11 t (nc -nA)111 1 AZ bl

n As z is direct egzgoa tM/e into the i\}/‘e gienovieag corneal material al ways
requires a positTtve @blathen’ dep‘f’ fppre 1 =15 Prgngr nei ghbor hood nodel : The
next best approximation o the abl at ed OPD assdmes the cornea] surface is

planar in a gopld mﬂaae@géamq% T A LR ol g

corneal surface orientation 1s un 35 case, the
20 air pat hspositive hblatioe-depthy Ay. R1 and the post-op ray R2 are parallel, but
di spl acelcg as showmn in the figure below (see FIG 14)

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 comeal 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 Ry and R, depends only on the refractive indices of the two media
and the distances s, s, and s3. The final solution will be linear, because these three

distances are all linearly proportional to Az:

30
Since OPD is directly proportional to the surface displacement Az, define a set of eta-
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25 The OPD between rays Ri and R2 depends only on the refractive indices of
the two nedia and the distances sl, s2, and s3. The final solution wll be
| i.:near, because these three distances are all linearly proportional to Az:
AO -4(R1)-$(R2)=ncS1+nA(S3-s2) 30 Since OPDis directly proportional to
the surface displacenent Az, define a set of eta- 19 5 factors as foll ows:
Az=nC711+nA(113-712), where tll -Az, j=1,2,3 To calculate the eta-factors,
define tRe rfastoxsestfoliavss, and S2, and the surface tangent 10 vector T that
connects them In the followi ng, bl and b2 are the unit-length direction
vectors of the rg&%ilinear portions of the ray gefracted at the posterior
corneal point P = terio orngal pointSA, respectively. S1 = sl
bl, S2 = s2 1b2, &2 :ncgﬁl 1‘3’4’,\%53 :ﬁ?ﬁ'l %ﬁ‘:[ﬁ'hé}iﬁemenﬁi’ ’gr di spl acenent of
the refracting surface Sis proportional to St, S2, and Az.. In the

fol I owi ng, riatdatrelatcat ena-faitsrst Efint tHetra P Uk A€ S, BRI SN A RO Sy Binbdhe t hE
z-direction) of the refracting surface, and thatz = (0, 0, 1) Ts the unit
vect or . déf i rYertgr T Hiat gonvicpts themonin tsf fotlreingoby dichBy erefthanmt-lARthMirechdh i N) _
-S1 p = SzovntOTh ®$ reHations.can be solved for the eta-factors Ili and
712: 25 S2 YIPEOIRAGCYNsapqgtiens of theray reitagiad at the posteriar nained tpaint 2andr

define the & dn@¥io¥Eshedl poRd, R _'@@el);_hat S3 - Tlies in the reference
plane M and is therefore perpendicular to the surface nornmal vector to of

the reference plane. (In the typical situation, the reference plane is
oriented perpendSegedsab;t 0 308t hes,b,aXi s Qédcs{wqyto =z |gNeverthel ess, we
solve fas the general case.) S3=s3 b2, (S3-T).tn=0

The perpendicular displacement of the refracting surface 8 is proportional to S;, S;, and
Az. In the following, notice that fi 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 - '
o = Az(ioﬁ) = —Sl.ﬁ = —Szcﬁ
These relations can be solved for the eta-factors N1 and 73:
§4 i.ﬁ S i.ﬁ
25 1]1'3"_:_* » E—z‘::—,\
Az b, ed M2 =227 7E, on

To calculate the final eta-factor, define the Ss ray vector, and notice that S; - T lies in the
reference plane M and is therefore perpendicular to the surface normal vector m of the

reference plane. (In the typical situation, the reference plane is oriented perpendicular to

30  the z-axis and thus 1 = Z. Nevertheless, we solve for the general case.)

S3=S352, (S3—'I')Oﬁ1=0

Solving for s; we find
35

BEbl'ﬁlzsz—53_ﬂz‘T}3
bz.ﬁ] Sy T]l

Finally substitution into the OPD formula gives
20



Solving for s3 we find 35 bl in S2 -S3 712 -713 b2.msl1 711 Finally
substitution into the OPD fornula gives 20 5 Az = (3) (nC -OnA)1ll] This
salution differs fromthe previous one by the inclusion of the beta-factor,
O, which is near one. This correction is 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 higher

approxi met i on, which woul d account. for the local curvature of the corneal
surface, would bg nore coatly. Moreover, as the ablation displaces the

refracted ray by $rF nrte aypunt it becomes difficult in princi®le to

cal cul ate the exe,ci-_r_gé,uﬁ_‘bﬁhnal ytical - " nmeans. 15 Iterative solution:
Therefore, at a certain point iterative solutions are needed. It Mapes
sense to useThiheolpypdrediffers frodehe pesioht onerbyahe intiasiah of e Reafaetdraj whclof t he
raytrace soj utjon, e foll.owmn rocedure differentiates between physical
OP%/), whi ch i‘sslfllgé&é’ééu-?[g‘a C%”iChO? &%@5 OSEHICHYE 35itnbr kA i iomeimple Tgpgtion

i terativid ORB,thevayvhctbsdireeacis) @fich Weteltalce@RRE Ghurih®the R 6 hit /g jidick vV ehoRad:
wavefront 4. .lterative OPD is on(létéqlused tenporarily 20 during the iterative

process. Onl§BIRyRIREMmaBeh Which woulld accpprsdordag losal guivriwsapktae comaglt i al St eps

1. G ven t hesurfatd, wahldabetedre dstis UMARES eZ lf e amd&ﬂﬂs;ﬁlxdcs%ch@ﬁ'aé xfa?%?% (both
measured and. .25 nodel ed), reverse raytrace fromF to Mand cal cufate the

| ed) . > rayt

initial opti@die yRAALY BHGERS diffiFyin BANGPIE fhealcujase the exact ragylt by shalgticajuat i on
1. 2. Constriednst he optical path length surface for the iteration goal,
4(x, y)..,.This surface is centrally piano (i.e., 4o is identical to 4
central I]35), but rHsRtYgsation chepshere At yertain pointliferativg)solutiops aw ndelefiok a
smoot h t r anshiledBeid® RFuse MetpBinast8hdl r - 30 transit-i-0n zone .can be

cal cul ated I'ater_on ..ﬁl_lé_,.i__tcer,_gti Oﬁ@%gg}:ﬂ?ﬁﬁg{e}r %tﬁ{g%#cgggggfgthf JayHace

solution. The following procedure differentiates between physical OPD, which is

measured with respect to the plano wavefront-¢p, and iterative OPD, which is measured

with respect to the iterative-goal wavefront ¢g. Iterative OPD is only used temporarily

20  during the iterative process. in y physical OPD has real physical significance.

Initial Steps

1. Given the initial anterior surface zi(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, 0i(x, ¥), 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 fo ¢p centrally), but may curve
peripherally into ¢(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: Ad;(x,y) = 01(x,y) —dg(x,y).
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3. Calculate the initial iterative OPD with respect to the iteration goal,
whi ch nust be positive for a realizable ablation: AOI (x, y) = O (X, Yy)
- 40 (X, y) . 21 5 Iterative Steps 1. Calcul ate the approxi mate abl ati on
depth Az using equation 3. 2. Mathematically fit the new anterior surface
to z(x, y) + Az(x y) . 10 3. Discontinue the iteration when Az is snall
for all (3( yt)em s tRecaI culate the final portion of the reverse raytrace
fromP to M an %\FCYU| ate the new optical path length ~(x, y) using
equation 1. 15 5. Calculate the corrective OPD with respect to the
iteration goal CEW%%‘@C?MPXIFT@@ abgagion depth vie ugRPequayioh. posi tive or
negative): O4(x, = 4(x, y) - 4G (x, y) . Final Steps 20 1. Wen
necessary, n%ké"lﬁgf‘s@ﬁ%ﬂwfﬁtrthhsw rgpri¢nsutiicend Cay-Waei, af.i on of curvature)
in the 1Qeration-goal ablation surface zGx, y). The result is the final
abl ati on sur3.ad¥scontdaexthe Mratdn »GﬂJn%'x@EzﬁaJH’b?alflg‘ abl ation depth, which
can never be negative: 25 AZF(x,Y) = ZF ? Y) 3. Recalculate the

1; i ??Laioor; lt ﬁml Wecliifart ﬁq\é%ﬁﬁpcgaaﬂ mﬁﬁ%czvl&gﬁ}a%rL% &4&? gfﬂgéanléiccg aLe e he final
uﬁcorrecﬁed @%g\\?\ntoplhé% ?'lst% Hé(g’?}ﬁ?& erfEgen Bl ano wavefront: A4F(x Y)

fggﬁdajﬁgésdncﬁé Iafmhéco"%%%\?eaﬁp ' S et usttr ve L@%%%a&%gf%@:@?&zg' (rq;(ransof a
preferred vvaveigr on%ﬁ Jsensoraygtlfdws’émﬁ%“?g%ﬁgt 4‘@% TRES Waved Fon. sgnsor 300

is simlar % lgsncept to the wavefront sensor of WIIlians, but includes
certai ngeat FE'at make it especially useful for receiving iris

. When necessary, make a smooth transition (W1th minimum variation of curvature) in

the iteration-goal ablation surface zg(x, y). The result is the final ablation surface,

ze(X, y). :
2. Calculate the final ablation depth, which can never be negative:
25 Azp(x,y) = zp(x,¥) - 21 (x,)

3. Recalculate the final portion of the reverse raytrace from P to M, and calculate the
final opﬁcal path length ¢x(x, y) using equation 1.
4. Calculate the final uncorrected OPD with respect to the perfect plano wavefront:
AOr(X,¥) = Or(X,¥) ~ 0p(x,y).
30

This approach is illustrative, and other techniques could be used.

Wavefront sensor
Tuming to Figure 5, a block diagram of a preferred wavefront sensor 300 is
35  illustrated. The wavefront sensor 300 is similarin 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 (e,
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data and for sharpening the focus of |light spots on a sensor used in
determ ning 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 5
backscattered fromthe retina) through the lens and corneal optics of the
eye and imaged by a lenslet array. Based.on optical aberrations in the
eye' s opt i5cs batiseatyat fedm demeds QP Hirodn tRViesAdnld wavef ' al ysis
fromthe returned Q%‘Qt Generally,@?o perform thgpgﬁga?fgi%%?%%g&é@ur ned
|i ght becomedYAeF1SHl AihgRdef 87 pRIFIAPematiamn & e excanentizs ohe stemetesdopof t he
| ensl et canehoELDMEbRGR AbaRE6Sand AR HAY BEEARNCS RRROGASYS) RS A0
wavefront aberration map of what corrections are necessary t'0 the eye's
optics that RicARRlYSi BF Framablishs peaomes perisb mpagaetoringd bymisnsleqamerakng on. ToO
properly ori bietarsral O0xnan ter | aser di odes 302,
shown in Fi 93%0%%2%5%]9 al | S‘hg‘gofg%hc%%%faggs’f}%%%%%Vécﬁpr%@l‘?p%bot s on the
pati ent ' 40eyavaverdnt gherration Imeg of Witedeectido@ ammecaser-groth Byets dtis thel € Spot ,
by appropri at, b e vefront. sensor 300 (or 102), the

out put beamsR%F%éafegg%&mg{cbégg}}hﬁﬁr\ﬁ%wg PesS'%-recting t hese beans),
the patient, or oTherapese oritth heqppderEsiege BOSict660RRHoREter 184er didREY 03I Mat el y

at, a precisg, focahdi fromthe vefront_sensor 300 (or 102).
Al ternati vel 3*}‘% ‘2’%%#?%12‘%3?8{9%‘%3@%%}%&E‘F&iﬁ"eﬁ RSB erithe patienshp¥s ci an,

techni ci an, ErfromothedaschdiabidsBOAme: mergddiintdysivgls sk, Iy dppflsH G adihstABnd Jf S

i mage of ,the eye gfr&?tsfi nd é{]@ F&) correct focal distance fromthe wavefront
sensor 300 t 0 redie M SRaohs &t EF %%Bﬁg‘ﬂﬂ’g%ﬁmsf’%c@ﬁ@@dcﬁﬁoﬂﬁrgpt@%se,
there is no dieednf drest benlspsy paieRi@otRIWise And & isspg!s'i'f.i&%d aEX%f

il lum nati on, 304, p{ vi des I.|qg t for-a Eupl | canmera 328 di scussed bel ow.
nce the eyeBTPTAIeDH 3 Drecipq 1R §istanpe frammghs, wavefioghensar 389 torLDZht. sour ce
306 (e.g., Alttastvelylitinteticatscdye Bxad bd BRpEANSHIELE D i iSinode)

al ong an optjcal th to th WSS. ;/e E?Q)Br‘e?e.r ably,%%%%’gg&ﬁcg%égg% has
nore than on& %’u}t‘%@‘?“ﬁ’o S t‘f‘?“ﬁg forkimg at anjsis paagerof ske eyg Eitp fipdwer nodes) ,

at | east20necontect ford idigpioe FrofnQhic #hve@dABIhs2RE0 tdYebih@lthe & REMTIKRG AN, at
| east one atthhi)?ekﬁr &l\é\s)/er fqr creation of a multi-spot Inmage fn a sensor

s
(e.g., a lensf&¥ ¢a case; Degq 18 Y Reed Jonir dner diefles 3QAnpIlight soyrseceae | ower

and hi gher iplomrasion 864, prévidds WeRiTor Bpapll cahREPERIdiNBL¥d bdB§Se powers depend
upon a nunber of @0 factors, sucq as how long the | aser diode 306 is to
renain turned on Z§ce Wé,ﬁ)ﬁm;yahgncd,nmccxycs light from a light source 306 (e.g.,

a laser diode, such as a 780-nanometer output laser diode) along an optical path to the
25 eye E. Preferably, the lascr_ 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 tumed on at hi gher power.
A portion of the beam from the laser diode 306 first reflects from a beamsplitter
308 (e.g., 80% transmittance, 20% rcﬂ_cctance). The reflected beam passes through a
polarizing beamsplitter 310, which ultimately improves the signal to noise ratio (or
signal intcnsity) 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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A portion of the beamfromthe | aser diode 306 first reflects froma
beanmsplitter 308 (e.g., 80%transmttance, 20% refl ectance). The reflected
beam passes through a polarizing beansplitter 310, which ultimtely

i nproves the signal to noise ratio (or signal intensity) of |ight
backscattered fromthe retina of the eye that is eventually 35 detected by
the Il enslet canera 312, as discussed below. The beansplitter 310 pol arizes
23 5 the i ghie lightceteired ffanptietidser diade060geneall 308ssingansr Mdaty passidag | i ght

| i nearl ol ari .al.on ne.di.rection and reflecting |ight not polarized

in that yd?r e%%*.‘%ﬁn?dﬁ%gﬂ%%%@f?%ang ighyAet Rozﬂ“tzﬁgw tbéfsf@@gﬁqnhr gﬁlaa'zgd

Lronbone- ty plighpid hen bdednhionth & soubed-ty: tatrols e (A8USto Lfust HE bdigNt.

fromthe |aser, dj. q? 30(?) ﬁagto.tcge retina of the eye E, at which point |ight

backscat t er e%{%%l‘%’ 1 e frspreiods, 308 entorthretipgof theyye Ermpwhishpginotighthe ret i na

will also bebakﬁsc@@éré@sﬁtbyheqénsmaﬁ&yyfr@rﬁrtHcEngthl Mn@@@ﬂ%@{?k@:r%g%q%lia%/ﬁlb\é, ot her
oné skilTed In

opti cal IOOCUSi ng.arrangements as understood e art are
possi bl el? ThEPTFEner Feapiremety fesitsen dlismat vly. 3Mkeriopticad fdcasihg drrdngentests i 1 r or

316, passed ihiasad ANBPh4t;  (e.g, 20% . reflectance, 8Q%
transnittance), andofaﬁgﬁ thrgégé{%g{ae a@%\/\%’\%g%ca{[ﬁcg%ﬁ rol‘ﬂg‘eﬁ%ncb%%ﬁPate 320
is oriented 1 ipradigeied frompsmirrer B8, Ipgssed thoatlghnlbgamepiater 2E8(elg. Qots from t he 15
|l i nearly pol agj | gt e sivani f.i cance of is wll be appreciated in
t he di scussi %ﬁkaﬁgf’o%%mgg’éh%g SR rté%iﬂpfoé'ﬁlf a ?‘L‘{]ﬁ?YF@\AﬁP“’( $3% Tedé4ir ned
] o e ooty ki g
roug e wave e , i i.s then focused onto the retina
of the e1§/52 éfﬁleﬂép?lf”gﬁ% liggt. %&E’ﬁ@&%ﬁgé’é%i‘ wikbg appresipted ipithe discussien na and

the 20 backsteitw of edkicagéred smmﬂeaa@‘rreﬁdﬁaau?mepfr%%ﬁ@ﬁye@&kméhf ough the
opti cal conponents of theg/g e E, such as the I'ens and the cornea. On the

return pat h,P %'Qﬁbreéﬁls%l_ftfe larized image light is retarded again by the
wavepl at e 320 t o Afieelpassidgdhtougt e ar4 _\Va\QBﬂa@:rﬁ??fﬂc ligﬁtrigﬁ{lglfgc%ﬁlﬁgfonttot&ehe
incomng |i nearalagf polarized |Tght fornmed on first“passage r'oug% t he
wavepl at e 378Unaf G wyedis sk lighbis backacasiored iopreflotted fimnpibe paindiasdithar | y
pol ar i zed | 1iabtscAGrddiesh BRR 86 elBi A, 08, BEATBALLL Leropdlfctelleats from
the mirror 3%6, sses back through t h&e prism ‘% ,g;'%hr?(fprﬁg ﬁ?‘r?gorfc(?tsﬁ%e
pol ari zi ng %ﬁ%‘g’ﬁis?‘f theylgns and thefasnego Omtthe retum poath, thostrcwlfcly peladidzeght i s
per pendi cul dfraye gt & refa@dbd 28R by helWAHSpISHRSH LR SlahSGhEg Dy the
pol ari zi ng beansplitter 310 a_ndy_t hen r%f.l ect edﬁhy ll %Lgerag pg%z?%t o the
| ensl et - i madiem§D cular to the incoming linearly polarized light formed on first passage through

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

through 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 1cnslct—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

returned light. Other schemes besides tilting or rotating the waveplate 320 from its

optimal orientation for providing retumned 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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canera 312. To get sone of the returned Iight into an adjustnment canera
323, discussed 30 further below, the waveplate 320 can be tilted and/or
rqotated fromits optimal orientation (e.g., rotated by approximately 5
degrees). In this inplenentation, the light received by the adjustnent
canmera 323 woul d have a pol ari zation substantially perpendicular to the
returned |ight. Other schenes besides tilting or rotating the wavepl ate 320
fromits 5opgferarisionideandatd ioplufiat withiothedioyg of e praset ihveghibn.t BorteR@nple;

adj ust nent c a. ol nel udi 35.changes to t optical path and opti cal
conponent s o?n %goﬁz\%f’ért%aﬁtcogfg%&d%ﬁﬁﬁ? Pe aﬁ?ﬁ?‘,’ﬁ]a%5’4‘?§“§’l“éa”8%‘}dsi oned and
are i ncl udedreflettaice, fuhleasciqead ofystahéeve eme e ddfiv@mnt OnerFohd £%aF0RsRg t he
mrror 322 instt ead could be a device having a controllable transmttance
and refl ect SPHEE CALRFAOSIHENG T adfariomet lEf‘eRﬂU&fé@fi lightithetis trapsnySechisht

canera and amy cbaediablgevieth SEhCARMPRmBRSSdn, OB Bhrk B IiHECRISSoAd b4 act i on of
the returned |i ght ttp:‘gittﬁfiég transmtted ‘the controll able device. |In such

b
an i npl ettent BCHTSATY H%‘ﬁF‘?efYcérbyé@Bc%/éﬁlaélctﬁéVi%W@ﬁNd@éssuhssamééﬁ’d t he
l'i ght recei ved shife éM{araienidialJ.a64 Qstﬂ@ﬁélﬁ?zawfqhm&?nt ggi,tt,anti ally the
0

sanme or parallel polarjzation_as the polarization returned |ight.
The | ensl et camershedanslet camgrad b3 isprferablyashayecs couplpldevide (CER) ¢BLD), caner a,
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error, of t HerosghethE optipabedmpane®s oflthe eynE e that thé efractive Wevdffoansteati®d to a

requi red abl.at1Q8sMEeHd | .of, corneal .tissue correct. or

i nprove vision tgy ta ?én%‘jgg{)%%%%%@' eslfcg%gﬁﬁ "D'baglsp%sfcg%ﬁag} ‘%‘me'hg‘ ‘é&?e
regard, once the wavefront aberrations, and thus phase error, of the eye E have been

g

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 paraméters).I 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 ﬁssue needed to be

30  removed from the patient’s cornea. Laser systems can then remove that profile of tissue
from the cormea. 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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E (e.g., the refractive indices of eye E conponents, and/or other
paraneters). One technique for determ ning an appropriate profile is to
si.nply scal e the wavefront data such that the scal ed data generally
corresponds to the amount of tissue needed to be 30 renoved .fromthe
patient's cornea. Laser systens can then remove that profile of tissue
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e 179§ Fd300 (or

dioptric 15 asurenents that can be made wth t
102) can be MRERGRIC, W MPP&P&#EISQICCWW%ﬂwﬂm%naﬁ@nseﬂmmﬁraoaﬁohdijestl ens

326 in fr ontfdpﬁhetria@lrilmb&gg,ongor%g&S ?ge&c{_\ﬁ nat dll%ta)léllogutl on
[

of - poor eyesi ht in the geriera popul ) | nts. One
way to do t hP&ieps. Pye paxitq %ﬂu&nﬁ@opc@n@nmwa’@ (¢ga a—-5dd1pmpldal§)xh(ﬁl‘a;ﬁboﬂ n

front of th@elasaiodd s no .l.onger .
paral | el . Thi 5. pr ovi deffégu%g@?ty%ﬂi%@@%}}ﬂﬂfo Edl 3"‘?‘6‘{“%*’? f""é%sr? HFEsed to
test the?batPlEsst maliopyers fiat panttecisodipdest dmpasem'swem thd @avelOR) sendod 360

nonlimting | & a hbQinsth ifie ma symetrical
B o B 0ot org. & po e RELIL Mt R ER Voot FElR 13 o 15

di opters wi tYTERFtEc) niia +8 @aptcmﬂgmsynascmdl Hedign @pmrasghakedaby3tbose
e Tommn8t vith an LRl s a0 RE GRS i b8 G0RRY, Wal D F ek @

t ronbone f ocu3| ng prism
is can be done without changmg the size of the trombone focusmg 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.asﬁgrnaﬁsm

is aligned “with the rule” as typical patient’s astigmatism is found, and the lenslet camera
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25 tuni ng device) and/or paraneters of the optics. Alternatively to the
position of the lens 326, a | ens 338 could be noved into the path to the

| ensl et camera 312. A nunber of locations within the path to the |enslet
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-di stance fromtqg retina to the iris. Focus Adjustnment Canmera The

wavef ront sensor - £ the alignnment or adjustnent canera 323
20 that receives TR vwaBGe %nsboRAGKSS ed..spot, on the retina of the
eye E from %tbea_r nsplitter 332 (e.qg., E%%% cr% %8?%%8‘@‘,’“@5%"““3323
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that focus Ibeghtpi@r 8329 E150B%efdctdnt d is kndependent of _the
| ensl et camera t}3:)12. rTthgeagggl ust neérfg&ggn%“%g&?%ﬁe SlrF? BLBPY camerg 323

precisely Isinthe path of the optics that focus light on the retina of the eye E and is independent of
lthe 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 isin, 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, thc spot of light on the retina can be seen, which is the ﬁltimate
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  assharply 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 forrhs
individual spots on the camera’s sensor with at most approximately 1/n of the total

35  energy (or power) of the returned backscattered light just before entering the lenslet
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determ ne when the light spot inpinging fromthe | aser diode 306 onto the
retina is in, or 25 approximately in, focus, and thus aids in determning
when the backscattered light from the retina is in, or approximately in,
focus on the lenslet canera 312. Wth the adjustnment canera 323, the spot
of light on the retina can be seen, which is the ultimate source for the
centroids signal (as in Wllians), and can be automatically exam ned for
when it i8S i f2Spar pestrefulicths mtmaamrd:yehwimp&enga E@ﬁcﬁ&gy%rﬁomg%tg,gsthe
no

| ensl et cane shar ossi ble, In previous systens,
adj ust ment cgﬁalerﬁégﬁglgg?%w %lysg‘éﬁgl é@?@&ﬁ@t%wspé@cﬁmmcm with ®nsl et

camera to ai grdsentimensomehel dvehll eRposard &t} t on the
| ensl et caneps The. géobl emwith this ap roa?k;(glrcﬁ?lgl 8@%&3&‘3%% ‘%R of the

wavef r ont sarrp PR BT RY STER G Al clhé‘i’l‘sﬂ“é‘tgyé‘?r p@weﬁ%@dw tmadﬁxytrﬂcar s

i ndi vi dual spmharaemh&eldh PoxPmBe HSHQi i mately 1/n of
t he tot am%ﬁ%g (%éh(or pgr\/\%p) Xof tﬁeﬁql; Qm‘%ﬂ’ ac §E? ﬂaplrﬁih‘%/d‘fa&st
er

before e ¢ ERgetapray. 2?hf5actzmmracamgaaz3 B3utd o diketly sﬁdeﬁ,@ KeOr eye)
was exposed fqutihgbt 1i @RS the étﬂ{ i ned hi

unnecessari | .u,&sgcarllgﬁe g_gpgr eél ate E{kﬁé%c‘é\?o;m"fége ager fiede ‘S iRish the
present i nvetMtYeEROWeHROdY apqijuetxpomﬁﬁm bampRideRttd( s smg)ocgggg e

reduced rel ahdnse st ens, becau the | i ght energy (or
power) receiyed g%&es mg‘gﬁﬁg{e%&% cgzyrr%?rsg ]2"3"511?8%53’?% pssxdlinge 306t he

| i ght  ener gyis(#ts lﬂ)‘(ﬂéwwqbren@icwedvcat Taso dongl, ubodulcad O kﬁd@ﬁ betheOf the lenslet
directly observe the focusing

array. Ty a ed
of Iight on féﬁ}e& retlzrzla&?r m m%bacgrenﬁ HFB%@ g dhepramepkives 308dhe  di ode 306

isinits I—mmw@thcm@dﬁspli‘ﬁh&Edm&ﬁ&ﬁ&i]ﬁor@&ﬂ@&ﬁhﬁag’mu%%u&cgﬂé BLB04 ed.
thus aids fo g‘:[#bflr aerial imges on the |lenslet canera as sharply

as possi bl e oS & ogfipyen Bf8tion 18 allpw jatpgrtiop\eé therenemeditiptietogasel | -
In so doi ng,baakmlhatad_mmeﬁ:ahﬁKﬁﬂBOf the 15 transm ttances of the
pol ari zi ng beansp and the beanisplitter 308, the

ter
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pa;x;nt measurements or exaxmnatlon_ 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 HW. 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 pqsition of the trombone prism 314 establishes a “base
line” myopic or hyperopic degree of dioptric correction necessary to initially compensate

35  for the lower order refractive optical aberration characteristics of the eye E. Making sure
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adj ustment canera or froma control system such as the control system 156
in Figure 7C) fromthese settings and alignnment for a manual check or for
an automatic start of patient nmeasurenents or exam nation. Such operation
al so allows for enhanced light 25 intensity into the |enslet camera 312
only for the period of tinme that neasurenents or exam nation occurs, and
not during the focusing and adjustnent period discussed above. In the
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intensity or hi glmfcememénrsﬁséan{eemizeéawgg Eie&qzbﬁ& F‘ekef&g Hhe lenslet

canera 312 than. in other systens power as e306 node
may al | ow t &Yk ynoguals foireate the wavefront abcrrat.lon data, or the wavefront aberratxon

data can be calculated as the average of a series of exposures. For example, the system
25  can employ five “shots™ and then average either the captured data or average the
corresponding Zernike data. Further, widely diverging “shots” can be discarded. In the
disclosed system, preferably five “shots™ are taken, and the wavefront aberration data |
determined as the average calculated waQefrOnt’ 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 hi gh pow.cr,
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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20 individual cross-sectional area lenslets in the lenslet array 324
conpared to other systens. Once the lenslet canera 312 data is provided,

it. can be directly used via the Zernike polynomals to create the
wavefront aberration data, or the wavefront aberration data can be

cal cul ated as the average of a series of exposures. For exanple, the system
25 can enploy five "shots" and then average either the captured data or
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general | y cewrangdypesfedsd. a control system such as a microconputer. A w de
variety of other configurations are possible that are within the scope and
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alignnment of information agnostic neasurenents and al so
wi th the abl ati ofigwedfshpes thel gevarnlebvoyf 4 Method B Gsih@a ERGm ¥ femeffidd OUS

techni ques arg. i t. for achieving such alignnment and any nmay
be used in the p a\(??f]gglb%@ﬁleﬁ{%m}%\%?ﬂq%n& vrthe gis 1y fmeged it echni ques

_uz [ ntg_ ?n_ [ rﬂzg@nc@f:pn whbar'rq)uiri;ng:f:fradraca?tle ubing a?ﬁg%%dcq?%lofgshgshg}ab?}%%@ e;)t hter

i dentifyin r reen referred, e o I's ato
Align Lase?fls‘?')régglt ?éér# B%l%éﬂ(?ég%%gﬁmy {%@'Bg REFXADS, die teel can hevseddvadf  usi ng
a syst @@ i ipleévasae efithe Jaser- traatmimgutivasansiryidesHheHe irf-ek tdpBBraphyY §Rebd- Al

bl ock 10, td&rinfdeS dotndal BRI adiiTe 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. |
' Procecdipg 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 dcgree.of
myopia and an irregular astigmatism. This treatment can be, for example, a treatment
developed using the algofi_thmé of PCT/EP95/04028, entitled "Excimer Laser System for
Correction of Vision with Reduced Thermal Effects," published April 25, 1996, which
provides a dithering algorithm to modify a corneal profile, in conjunction with the
30 distributed system of U.S. Patent No. 5,891,132, entitled “Distributed Excimer Laser
Surgery System,” issued April 6, 1999. This treatment, however, is normalized to the
stored representation of the iris image. By doing so, subsequent modifications to the

treatment based on additional diagnostic tool data can be normalized to subsequent iris
images.
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conjunction with acquiring refractive data using a diagnostic tool. Thi's

i magi ng and the wuse of the diagnostic tool can take many forns. For
exanple, the tool can be used well 20 in advance of the |aser treatnent,
such as using a corneal surface topography systemto determ ne a corneal
or refractive profile. O it can be used i mediately before refractive
surgery. In any case, the imaged iris or .sone representation of the iris is
mai ntai nedl with Firthedabatraovak opetis pyeféraey di ggo asthé &ist (Tohe pAieAC adehiing t o

bl ock 12, a trea nt .l s the evel oped based on the data provided 25 by
t he di agnost ?%netaggfof:f( I]—%’er}ee{(ca‘ﬁf)F et af'ﬂiaggfhf’gé?q?éﬁ‘tpaﬁﬁ‘? arg BRafiged tg theer t ai n
degree of  nympcaf amitisai tierpag@iibader @S Atn@ABITLS AorhRiAtib %eayél&crggéhepa% for
exanple, a treatnent devel gped using the algorithnms of PCIT/EP95/ 04028,

entitled "ExEmrersuthaed ragsRiienefiths aimcef thelaser manpAppipsiawpoisitt ¢t iReduced

Ther mal  Ef f egdphisticAtetPlons 86krAR LY kotdBon dr396: sl ' I thering
algorithmto r?z‘if. 1(";y_ a_corneal p?o?i I en, in cscgnj &ﬁ%{iisg{]ﬁ&k?ﬁﬁ}eﬁg%nﬂo

di st ri bul®d pichniss impes thapistpserentrgd to the Boar sy8em. entitled "Distributed
Excimer Laser SupgelVin¥Sbiem 16| ek iOmead 299, Thi st reat ment
however, is normalized fo %ﬁgeﬂ165’tu?)c?lg%gr3prgété§%h§?%rﬁowg‘t @é"?tﬁ urngte By
doi ng so, subsuduemenidiystanntanges odicaltyme evdm eatinmntly hasethe iisdth thi onal

di agnostic tgal t |ized.to subsequent irjs, inmges. 30 5
Furt her, the@llsf2 ftgg%n'g%rg?ﬁg{agg {;ﬂlkg%ﬁr e%élrnaeﬁfcﬁc%ﬁrfcgﬂ'@ TRAUEARS $¥S' s of the
patient. This is TwoingtaFighicoTX, 18}, andfi€y the porerdl Aiverof de fEraiMthgd BRadiveat ment

pattern e 'ﬁﬂlt the . image of .an iris qf the patient under
treat ment. T%?érﬂﬁif)ﬂlrl rrg |gzt§1chérrlls LT e‘?g@fﬂ%ra%?codléﬁqé’?%amﬂifﬁ%‘% thep, applyas &
t ransl at ion ofurdeloé traatmeof is-sHoavntiaagystém asdordifPIoahd indéeica O TivhecoflandBkieh
sophi sti cat etgl..?f. r such..as by rotatiqn or eyen scaling and skew ng of the
treatnent to dg‘ﬁ%l R r%jf%decnl"? ?hé"yaic é%cstog&? °¥°st°éfg§ &g fesreiedbyaer system
Proceedi ng tanidabaikfaiStopdgrepHyayeemt100 ahd® Mavdffont S@korROnf BLIESE thék not e,
during the 288l Lreat nent Bge .SY.Stem gaegliager iodically or even
cont i nuous! y*frat cREHE Y PR S e datdn 6 e e T OrET W repra s chthese-of the iris
dat a, hi r20es mfmxmmk;;ung wloAe tAtiah be&ﬁﬁnyfﬁatﬂtbﬁal uhit’10} (ri;gshmnla,gw 24 N 7B, ﬁnd
7C, the gene ow of determ.ning refractive 15 data, nornalizing to the
iris inage, "rg'%artlce% é‘fsly}'[’ﬁrélz 4 CobF g_tg%afdilf‘?tg’éf%é’i’}tﬂ}e datprokidad Bp freydisggostic cour se
of tr eat nenttools -Adthough shownas 8 yaiaite @6ketadbi D4l QuchlA€ fdrmée i 4 &8Sibuted
I n. -accordance _w tkh . . ) o
system like that disclosed in PCT/EP97/02821, the workstation 104 and/or its
| functionality could be incorporated within many of the other compoﬁcnts 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 cormresponding
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 comneal topography system 100 gathers comeal -
30  topographic data from a patient’s eye E. The illustrated topography system includes
Placido disk-type hardware 108 as well as a pupil or iris camera 110. These components
are known to the art, and a variety of techniques are known to produce corneal
topographic data. For example, the System 2000 by EyeSys produces corneal
topographic data, and ORBSCAN I® topography by Orbtek produces not only surface
35  comeal topography, but also overall topography for the various components of the eye.
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this invention; refractive characteristics of an eye to be treated are
determ ned by a corneal surface topography system 100 and a wavefront
sensor 102. Both of these devices generally provide data indicative of
refractive characteristics of the eye. In 20 addition, a conputer

wor kstation or conputational unit 104 is shown that is used to create a
custom zed course of treatnent based on the data provided by the diagnostic
t ool . Al Phoullit fermesasydem & sBlpedatiok el sgsain; othe 12045 is S ahtoaBtelQnit U§g | N a

di stributed t | i.scl osed in PCT/EP97/02821, the workstation
104 and/ or isﬁ%%Uﬂcidﬁqﬁhgws%%%cf ngf% PYEES WTRY Hashamip dstermise ot her
conponent s okfreiize systsefithe2ye. oTheRogug Bshic/ Aiste FBL00AAc G cal BrodGadp] €. al so
shown in Fi q)l{lreutZ%ils a | asqex'l[§ system 106, = whi ch receives both the
treatment generated by TR UL REEA §ANe6d vsing 2 veiate efferhtiiqngs, sheli & dat a.
The | aser sybbtaimetomeaitislght ANCALHPYRbSInisN@ NGl 2Rl § Ya oy Lhe wor kst ati on
104, gqur att'hn an appropriate Igtgerbtreat ment Wt |r?'t%%%rpﬁt¥izs)@r%léi€/§f'§m 106
itsel f. "Begi ‘hﬁlﬁg in Figure 7A, the corneal topography system 100 gat hers
corneal 30 tOPOEeBRB] the 8athda HEQTI & RALILN | FovstSio/ ol usLr at ed

t opogr aphy system i ncl udes Pl acido di scL-ty%) oﬁéﬁxd’mﬁfq%mﬁgg QRIS as a
pupi I or iriSTeRRBdiAS {EPshpHes thecdsibloarfcs of tieeykBopvovidmgttiie ia§ tandand a
variety of tReinhEdadh ¢4 KAWL corneal t oraphi c data. For
exanpl e, thep%gystelr% 2000 %@Eye@@c%?%gg% ¢ oulpﬁgﬂagcﬁg@o%ﬁgbﬁ?‘ecaélat a, and
ORBSCAN U r Sutfegsdepagpippy systanbhask a prpiticaoresa that cagpkyuifkithi ageze3 AGor neal

t opogr apby, sidter alssQsQVEIAL! for.the various conponents of the
eye. 315 T_h__e“_i‘r_(_)_rsrr_l_a_rs sys('?‘lérrﬁh % @%gl%ﬁg%él/ag’grﬁl kcaﬁgrsoé’ﬂﬁsts%’c“é ageflaly et er i s
an aut onat €dn giveety ghfermaysuenes ditedaRBREAN o4t dr £USEOeE fRmabVIRGE

el evations . Ng. & term.ne .refractive errors of the eye. The
t opogr aphi c%gggl{sgﬁf %@‘&’%‘{}%ﬁ‘ %%f‘ %3%/ ’cgcé]n%fﬁe'o%ﬁﬁén Ascandpglpdn theseddengifighlgar i et y
of formats alvieghe dige efithasitagaca of eieipeply af ik ETHINHOEAS 11686 heaSmeabs 0! Ut e
corneal hei .3 .vari et f points,..corneal curvature at a variety of
poi nts, andggxrfsﬂ%ﬁgn ?(fiax'?éi.ge %‘éjgr F‘fﬁ%glzf ‘%ﬁmé‘iﬁsr?gg?e 158t pupdl, thepsdnterdaaseer
t opogr aphy othst eymst@Ctusdssowaliqui res a correspondi ng "snapshot" of the
vi si bl e surface V iding first fris (and pupil) inmage data
114 representati %e g‘gkﬁla(% 1|Ssr &?%ir)l’\‘c@cﬁﬂ | |a)va{1?{.§§tcai%;§ Ughyudsieatiblesur f ace
t opogr aphy bght wfmradaomotberpamptia suiabbr @ caftaie thadtis 3QagH 129. Haitsrab) . As is
aks @?ﬁh@_
image is acquired at th_e same time that the topography components (Placido disk-type

hardwarc) 108 are gathering the topography data 112, although before or after would also
25  be acceptable. |

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

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

35  focused onto the eye E in front of certain “trombone” optics 124. The trombone optics
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15 further discussed below, the pupil or iris canmera 110 can provide the
iris image data 114 in a' variety of formats; such as a standard i nage
fqQrmat, or as a reduced format in which various iris or pupil artifacts
are identified. Such artifacts can include those identifiable along the
edge of the interface of the pupil and iris. The iris data 114 can be sone
conbi nati on of inmage and recogni zed artifacts of the iris, the pupil, their
interface, or4 (2@ atferas cegpiicet patfcadivseng tmingalelice Theptips)ps Lsed ko tianSe GAMEr a

110 can be AL GRITR sych as.a vyi,sibl light, 1 nfrared,
or ot her caao }/fgglspﬁwléﬁé‘ RS g%p%%r&grf%%%&? p]e?tf“r?’é) g’ef%%f @E?YQF@BP%/, t he
i mge i s acquticetR4tanttassndetimiee idiadontpaRsalcTPOGE BRNYrdEOIRRREMH: $f (R aci do

di sk-type har re) 108 are gathering the topography data 112, although
bef ore” or af_ct)%%\?\?\%cglaa%go‘é‘g' ?’ﬁgmb%m 4B waveNgnt senses d P2gathers datEfagur e 7A,

the topogr apkicrsatiee dpti2alaeritis in theéeye RoR adésRt dehdhra f:E ,@in&%&@l y rel ated
accor di g to,. sonme coordi n%e%gy?tem as represented by overl ai i
€

I mages
116. The®r elPBPYSAYATHY BEP AU SRS @thebpae plgyRipms f@ datwdminiive | rigs

i mage 120 irsfravive bgtithashid \Ua\lch@n%E@adoﬁpcﬂsoc%@w,ed bel ow, the iris inage
data 114 for the iris image 120 is useful for “aligning a surgical tool
(here, the |aser A$y¥theihr ¢orpsal surfrse trpparaphyisystemkdfethe wiagefadns sensorsgbul  f or
nor mal i zi ng pekFe @bl RN YA bR HRE 13 Bl MaGuS3gnos i A st ruments.

Speci fical 3]/)?1 heyv\#/;velfr(gnt sensor 1%§ma%gémg%gﬁﬁl)§g’§g? %aeta }g]’i%%t Qe

i rregul ari t iPEBi ggmera}hd?.r Bhasoaza priatlishearegterition profilad 3dereaf. rovdvesopsor 102,
preferalky @eRUpPL R &odadhl £ nto.the .eye E in front of
certain "tronboneﬂptg%ti.ésolZA&hsl' cgﬁ?lfigﬁg%gg gsp Fggte%ﬁg@m%?ﬁr‘{“é‘.“&t?ea f ocus
or optical -paveirertjabertations efuh ey, sy Véidliaps—egmidian &js (afid peRY ih&eCNENARe t he
optical pat k;d &gt Bagdne . a. r.126 ont etina of the eye E. The
trombone opti csglzilt_ c_a%&g?é&g(ﬁaﬂ ??ﬁ’aé‘%%‘r%‘a %ggﬁﬁig‘g c-g}‘r‘p%?]@gf”ét SFPRROT B4R | ow
order aber r 280 epsthefritimage dye 132 alsmhnamatiedduowsch dierpnqliesraedibiyRat , t he

TR e N R T
ot her wedef atmatigrdara il 30 and the fmeage dyp eredeqsiyat 6@ be lefdlgta@e@itni ng
Lornesl S P AR Rl ok O SERURLED ot
' course of treatment for refractive surgery, such as LASIK. These data can include
corneal topographic data, wavefront sensor data, corneal thickness data or other
differential profiles (e.g., usingultméound) of eye éomponcnts, and other types of .
25  refractive data developed from various sources, such as from slii-scanning or 'optical
coherence topography techniques. For example, ultrasound can be used to measure not
only corneal thickness, but also the epithelial and other'cye 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 corneal surface topography data 112 mapping the surface
topography of the eye E, while other data may reflect other aspects of the eye E, such as
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preferably provides aberration data 130 and iris (and pupil) inage data 132
fromthe pupil canmera 122. These data establish an aberration profile
134-e.g., a wavefront 15 sensor spot profile, fromwhich centroids of the
spots are determned in determning the wavefront aberrations of the eye,
as in Wllians-and an iris (and pupil) image 136. The iris imge data 132
can be simlar to the iris inmage data 114. The wavefront sensor data 130

and the iYi stolahrefaciatearot 8Rndirsthe aaecfron SalsdrzReh 130 fag theQb Nefront@Snsor
illustrated an overlapping reference frame 138 in Figure 7A, The pupil
can be dilated when the 20 aberration data 130 and the inmage data are

acquired, or can Huethbefhe refrattib@dieghosatobRUSUIMERE 2 Whridi§ b %ﬁg%ﬁx%ﬁgﬁsta can be
determ ned and en%_%%/eg iR devel oping a course of treatnent “for reéfractive
surgery, suchCR& 1IRed dentptme sysiems, kaad-helde PumBltiplesysiems integragt mpha ¢ dat a,

wavefront sedisé todRt@ne Killed w6 - r_differential
profiles (e.,é. , .tusi n euI t rcaglgglﬁtg? %Fg%égmggmnggﬁéﬁct%sl{ﬁslécﬁcf%‘frﬂ‘é]ﬁ? b‘ﬁes of 25

refractilfe dBreatigeew kejewlamesipdima widesvasioyrd estualsphybicd emfbodimegtsi t - scanni ng
or optical cohengpgeehaRed - ) r_.exanpl e .-ué)trasound can be
used to measure not . onl y c%‘?%gaeglﬁﬁﬁgirﬂgg%?d%%fc%ﬁggfrﬂ@zé fag3eh PRET and

other eye sUPFREBRCUHE gammsation obh refect enmadatmentp Biess) theitBpakraphy ld@lsan at one- cut

fl f L ' * d 1 f.l ap, the |ike. Th
o (1o, LA ot b LR DSt Py BRd LS ke, These

data are typically pro poin S
varyi ng resol3gtanéHsrskoagedaariii2e Fot bente, et twORNYSAPRY ndabAizdd & &M t he

| ¢t .00 | | il h hi.gh | ut th
The w5 o Eote BRI A A SO ool o it Tyl arad e

directed tovids isagerids (iepmedd byfantiicineige 142). AaGhscasses bR i@ Ation

t opogr aphy mappi ng, the surface topography of the eye E, ile

ot her data %&ﬁr eé I é%'?gg%%*'ap%@%gg?’gubsf‘mcaﬁ‘és thgrasatves Qdnstead fomn an t ot al
refractive edusmenoofidhaiantetibte adanahy ke SRS pudal Anabd? af BﬁEﬂgEJZ‘ﬁ%eWef ront
sensor 102, Eur %.ref active diagnostic tools could be of a variety

: ther, t 'E
of configurati oﬁé’feﬁog‘ﬁ'& ¥%%fi xed, bench-type system hand-held, or
mul ti pl @0syst ens In apagedhedntiotintnd shoing FeedOPB, thOR:akbh bRtd [s4ibe art
w |l recogni h t he chnj gues according to the 10 invention can be
) gp?o%csc&‘c via fi 1k ? 3 i il i
inplenented’in a w e \}5_ ) o) H’éﬁ“ﬁlﬁy"éldtséllssé%’o‘ﬂilh@m &nd hereiphte
enbodi ment . devaldrewaveiient dverratidndaseshd@h as & QLsil Fh Rl MBrkA6S L, SakRsot her
' plot 160. The wavefront sensor data 130 and the iris image data 132 (Figure 7A) are
normalized also to each other, as illustrated by an overlapping reference frémc 162 in
25  Figure 7B. As discussed above, the pupil is preferably dilated when the aberration data
130-and the image data are acquired, and these data sets are normalized to each other for
more accurate generation of a refractive treatment. The topography déta 112 and its
corresponding iris image data 114 are normalized to the wavefront sensor data 130 and
its iris image data 132. For example, the normalization of these data is illustrated by a
30  (superimposed) diagram 164 based on similarities of the iris image 120 and the iris
image 136 (illustrated by an iris image 142) in parallel to the discussion of Figure 7A
above. The topography data 118 extends over a larger portion of the eye, such as over
most or all of the comea, while the wavefront aberration plot (or data) 160 géncrally
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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for nore accurate generation of a refractive treatnent. Here, the -

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

narmal i zed to the wavefront sensor data 130 and its iris inmage data 132.
For exanple, these two data sets are normalized to each 15 ot her
(illustrated by a diagram 140) based on simlarities of the iris image 120
and the 1iris image 136 (illustrated by-an=iris imge 142). As di scussed
above, th?s ML hatieenm Hdymaebetnpafenoas will weppicappididy tefse shed i S

i mges thens i Lustment of chayacterjpstic

el enents of ?Jﬁ\é?ﬁvjcg;f(dgggg %ﬁ%ﬁ%Q;Qtﬁggce%fogjﬁgg“ﬁcgcﬁsf%%orﬁglwn'i Plconj unct i on
wi th Fi gure Bormmdizing oasyperitipotingihe ¢opogripineaid thdwavefront Abegbtich dAR (eleh@he
aberration p i i rocessed .g., via fitting Zernike

pol ynoni al s, {ogébj 5@1 s’%ﬁi}%g z}nﬁt@wqpﬁawnaﬁ’giﬂg apEralPRplot E60) gwirahle peopaverasont
aberration det@kehaivthe asiadomlipiobtiva psth 1agth (8RS bR thOWaldrddt abef @B PY P! Ot
160. The vefrPn't. sensor datfa 130 and the iris inmage data 132 ?FI gure 7A)
are nortal i Z&GTATEE X a8 hO Y YEEInEFETRqtve indicsy @ thpeyain endertb appilag
reference framee dié? ai WilBe dppeiefa€d H5-th A sHilSE SR, above, the pupil is
preferably dilated when the aberration data 130 and the inage data are
acqui red, and t he%@etiek datazse gengrasednseording 2 the poocedurh outlihet infRdgure AArce
accur at e gengrEapireBoLs ifludi@l i t.opoqra data 112 and
its correspondlgdng iris i rruggcgqﬁg%gg%lﬁqgégﬁﬁgﬁe{ggg?etg%%nfnﬁtg\ﬂéﬂ?@f‘%ht
sensor dat a B8fleddd- Thissap be dorenfng exatenle in 8 fand-gpneeocamyukes 104 hcomputer

nor mal i zgg | Odbnbctdd RS bSof t . (superi sed i agram
164 based on simlari tiLgxgén%tbtﬁ?]&el&:ﬁ@@,ﬁ%&?@@%&ﬁ@hgaﬁw{{ggg a W)é'g%l 136

(i 11 ust r at ed"B{Es8iFYstEmslOp thetopeaaphy sysiomrIf0 bt Wareftdnesasacl02 sor@sthedf Fi gur e
7A above. T : - er..a larger_ portigon of the
eye, such as#%&ggpwngggﬂ%ﬁﬁgﬁgﬁe%%étc ﬁg& E%??\%&a?{y SRR he F\Bgﬁ’éaf“i‘fg?rta“
aberrati on prégulpgreagagm patiescepddbe parfoymediat Bhstsatahinythoafererdehodi l. or a

portion of thg.pwRi kg ' j etween the pupi|. 35 wavefront
aberration contour pl ot'%%spg%%bﬁéﬂot%geﬁgﬁoﬁﬁ tilea&'i ,IP?ﬂ?l‘%bcd?Féﬁ"F‘a‘iﬁped as in
or 34 20sj rin¢lading.dut het lighitediterm ve6idhle smy sibe aappRE@Elit, odsStixddlskadaed spot

i ated bl ' f iris i dat
Ioed Tor ol Fpanba onpy Refulibre S Gt B BRrd bt 2oy BY “Ch B8R Priposi ng

t he t opogr aptibeatitr HMPoriad Epmahe varines diagiostic thatspardecag be rtalt@ainédopogr aphy

data 118 angohifiRHR he WRYVE(L ration plot 160), suitable account may
be taken of tohe vari at ieonse%ilﬁpglt&gi%?g?' path length (e.g., fromthe wavefront

aberration data) The datafrom the various diagnostic tools can be used in a variety of ways to
25  create treatments. For example, the data 130 from the wavefront sensor 102 could be
' solely used to create a treatment, or, instead, the data 112 from comeal surfacé |
topography system 100 could be used. Other alternative types of refractive diégnostic '
tool data can similarly be used solely to create treatments. Advantageous aspects of the
data from the various tools could be combined to yield better overall refractive
30 treatments. For example, the corneal surface topography system 100 returns surface
topography data regardless of the amount of dilation of the pupil, but the wavefront
sensor 102 may be limited by the amount of dilation present in the pupil (i.e... the
wavefront sensor 102 typically only measures refractive effects of optical elements that
- are in the optical path). Therefore, as illustrated by the diagram 164 in Figure 7B, the
35 datall2 f_rom the corneal surface topography system 100 is employed over a surface
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10 or refractive index (e.g., by averaging refractive indices) of the eye

in order to correlate these data, as will be appreciated by those skilled
in the art. Wether data are generated according to the procedure outlined
in Figure 7A or in Figure 7B, as illustrated in Figure 7C, a conputer

programthen generates a treatnent profile 144. This can be done, for
exanple, _in a stand-al one conputer 104, a conputer 15 connected to the

| nt er net? or 2R AEReriRantby flatedypuph, whitetip datatl3® fram thy waesfranbensorslOpar t  of
-the | aser gyst@fine Leff pddier LRRAHAREY o BYS e ;i he wavefrqot sensor
102, or other -s _gt%ms.pThe_treat ﬁi%?yaiééébmﬁgggb C&S%\gﬁﬁ?j@tﬁﬁ?éf‘ﬁof'

t reat ment s. Upgtatzelddrgpn be reapncilpd bieg firsaspatinbadrmelitatipattiap therqedpdethe iris

per f or med, il d in the aforenentioned U S. Patent No. 5,891, 132,
or a variet ?fﬁ% eséﬁgda%?{i;bes' of treatnents could be performed,. 20

i ncluding, but nBetfehingidgaid té Bigua Mabhsddl o tbP@éaufibt@endated MY efbiGlIyta OF a
fixed s?@nngdurgeoorl Si zg | aser treat rrgnt. Regar dl ess of the treatient
performed, o5 ¥ HFRREPLSEE RitcResdd SRYE: 2 eaey Hecnaed slitaat wrioasepeftasm t he

various di aginesbf £vire) of ot 6 peasr tRAASILNTE BiRaLd fHY ﬁ@ﬂiéu@ﬁ‘{i}éﬁe%f%ﬂ& stored
iris image 142. I@Geﬁ%tafro t he various diagnostic tools Can be used in a
variety of WAVER{Y: COrEh pleireatment il Retstedyra rrefilepH6, is ithaf gatiadlyl30 from

t he wavef r opdfesade8 @ dékﬁ)&g:x@yﬂe&nhﬁ &ﬁ%?hﬂag‘é.s §¢le Qa2 GhELEn Sulid %%‘n%gatéf:dolg’e

instead, the_ data 112 from corneal surface topography System

used. O her °hthedqsiselfyahigh pragragrepraseptation ineblaikagdogtiteof theads, adadation an
similary beepusesta®® dhind el 6 ke BAL e SIGANL adeous, aspects of the
data from t.h_éﬂisari ous tvool s could be pohgfag%e{yggyoﬁleraébtgcesf?“elrmg\?gikglI
refractive 3t tIp 8scrBrihe datrbt8 wspugagnitasiontdsthedds shwald sumuitalsie td alpogthaphy

System 100 cali SucitichRCf 1oboRRAARN dBLAD SAPLLESR PlpLAG ATRURL  of

dilation of the pupil, but the wavefront sensor & by the
amount of df9 ke rdtedhydhedaser pystanh80Gupi | (i.e., the wavefront sensor 102

typically only nggs 1. . f.optical elenents that are in
the optical path). %\eg?)és?%? g?ézlgg%?'ll?%dfsetﬁ?é etge %‘;’/"le’ﬁrcéip&?@&r’gﬁ?%eﬂﬁicn Fi gure
7B, the2B5 erurse of 1zatnepid 46ad thoririe dita 448 .f Referringo FigaphyC IS ageNs 1i S

Gata 130 11 o0 Goicl 8 SRy or 9pl, Son pEH 988 ki A BRI GBI hortion
wi thin the &Piallpinchude 2 jaseri 150, ampiltgsystamels? (t.8e adaie of 3ptiancompdaenat a 112
iC?ins be recopghl&dirky lightffforﬁﬁw $R& 1580 ﬁ%re% lEf),Zaa[;L{pl Q:arlﬁ%ll'aq%J zt]n I arcql;xterglpeCt 've
~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 Bye,” issued April 15,
1997 [PCT/EP95/01287, published October 19, 1995].
30 In operation, the pupil camera 154 provides an irhage 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  Iprovided by the pupil camera 154. This can entail translation, rotation, scaling, skew,
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i mges 120 and 136. Referring again to Figure 7C, based on the treatnent
generated 144, typically, a 10 course of treatnent, such as a series of
shots, a series of scanned slits at various aperture sizes, or a variety
of other types of treatnent, is provided for a particular type of |aser
system 106. The course of treatment, illustrated by a profile 146, is
itself spatially referenced to data 148 representing the iris inmage. The
dat a 148 Sagdira ventiy ¢f bbentransivagaiondffundtions.r T transkatify that ibhgilied onthe ast

representation.d g.b i of . the.i.ris,.a. location 15 representation
of various flea%urésbgif tcﬁgg?wé@d?‘“é" \E’aerl?setlﬁsg?ﬂ%ﬁﬁ’éfd’?%eﬁl‘)@ HBFShs of
the iris.. trehmegebds, ahch-thhiehedatimard 4Bursepli anndratwion ok apgliBe, cofrbpoadioul d be

sui tabl e total | ow t course of treatrment 146 to be aligned with the

actual iris of ‘PH& %l}ﬁécagn%@?fefsﬁ’é’%{fgu&e the opics! pideqts aspredicedinthee | aser

system 106. ukhenehagaergigsiem 106 is then | oaded with the treatnent profile,

i ncl udi t he ﬁg}lggurs? of treatnent 146 and the iris data 148.. Referring
t

to Figure 7C, @1 the cpuspg ofitesgtment 14fpitsH can e pltased; opthe pigmefthe such as a

1193 nanonet eiseLsysieHEI00 ¥R rotaB Bkl Widnkment ¥1thE Bhd Ve indehd'ds b@dt%&?r 150, an
aimng system 152 (e.tg., a series of optical conponents wused to direct
spe

l'i ght from teeandieseet thedalpgy, thedripgata 4arpiusediarbgmtht 5k I bafoge thecont r ol
system 156. tRalRWe146%9Wpglied! M ng or reference beam (not shown) typically is
used in 25 conjunction wth the |aser 150. The aim ng beam for instance, a
| aser beam can Netowoipasef ext hygerneanhepefit foomthealitided mbtinidues. SPRE pircal | y

an i nfraked , i | aser 150 ,as descr,.bed in
s "patane RarPiluo BRAGR At 5hf L BLIL A oA P R e R ng

Preci se Loc‘@t!?’féﬁcmngpqiqw@ﬁmhet dvencyed thensipplgihgAmer treabentud@feath. _
[ PCT/ EP95/-0%38Ke: - tﬂﬂ@&hﬁiﬁﬁﬁ—c%}ﬁﬁ‘t sk Pvest ?oi}ern%% ﬁf'%t&%g"er ation, the pupil

canera 154 provi des an I'mage O e Irrs See EPEH the eye E to
t he control tsgEeain sUSH as ergindr kemritooy,or tvhsowsitppas @f sshAnppbdachesiide | mage of

the iris | ' t he excinmer |aser system 106 js .cqonpared to
the iris dg‘fcfgag%%%g%ég%{f ?ﬁgf&f %u%sﬁg?ﬁéea('%%nrtg%n ?actci’%lgeﬁ)f@’rﬂ‘“gﬂ’ék.‘ th1’H’érTPai m of
t he | as@p hehthe 39 sujhsthathlencaimijlaist tedtrsert Ipatidrais prbeded msreGadcaely48 i S

Camer a’ 164, PR cAg e bR 0T on, rotation, Scaling skew 365 or
a variety of ot h@thet bens§fsdlovefrommaing therics danassofaedtwirtokiohe eagidiat i S
applied t 9 BfMthk bR ment 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 hi gher 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 spatia! -
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i 148 necessary to align it with the iris | is simlarly perforned
Ionrm?ﬁedggﬁrse of treat?/rent 146, such that the ultimte course of
treatment, when it is applied, corresponds to a course of treat mentt
necessary to reduce the optical effects as predicted in the_treﬂ men .
generation 144. 10 The data of the course of treatment 146 itse I_can te of
al-tered, s0r the aimof the lager system 106 or the rotational a |gpﬁﬁn
the patiént THIPERHOREM QL&Y FRmainRénsdr dhe sshoifjueshecontithodbt ogystidnhe
iris data 148nasdecdlSRH 168 obhliighehfie iris | before the treatnent 143 I's
applied. Various types of eye surgery can benefit from_the di sc_.l ose o a
" techni ques. PRK ég‘ﬁgrech%é’ P BISinesdching md@hgumemtnahl_f,&wraﬁayefﬁtgﬁ@%‘s@%{ﬁé
LASI K pr oCeauicepfiyae RamBeitfl iRl koo i Sl esecti ng 2 por

Hews, ofvRripusc hni ques
a and then applying | aser treatnentnf :
ﬁgﬁniend- 't rﬁ%ﬁﬂﬁﬁg B8 intso Tdeebroteshnioes e dbardmpiyyddiR e ofitiod $y8RIMIBALY Such

[ - arious t of thernmal approachés to .

?Zf (ragg![ :Isre icéz)g;%%%ynf?%é\éé%lgﬁ’r%%%%o St i) CE 15,533458@@ Wides ettabl y al i gned
with the iriisugbNoventive Se1896, srided thabmatae, 16t Bl s REERLTRAS Bakd er | S
rovi ded nor, %is,elx.to eoretically optimnmal positions. ner "benefits
1I‘O | ow from uéﬁ%gfet 455 l?%?a‘?ﬁé{’sdsﬁa"gf%ﬁc@ﬁc Ecbﬁt'ﬁﬂ% hEPriticalgnasew dersand t he
t reat nent d&n@U-S;@BtCBKHUm,e‘H,WQ@FﬁnQ@fﬂ?%uéﬁéb&aﬁ;@ﬂ@é’h%ﬂ&ﬂéﬁoﬁﬁ%' on for
di agnostic eual i sopetjnes, the position of tHe eye may rotate
slightly wi R ng%?‘ké@’étc&gg%‘bgg&t“%afﬁﬁa?%zpr@ted\hﬁeqfcrpm hewxtri iartheif s ina
reclining postirbiyor‘ffhe%m&gfthﬁseﬁa&ﬂ;s da%h&sgpgagﬁagnggg‘g?ﬂ 05 gﬂn n%ﬁn]{aﬁgrg "‘at hgc ey

tation even the body stays in the s . . _ _
pat ent s brh G GO AERECY B Vi feghiroslioln bofseic tmiguay atdan. | n a

i s 3 i I fects, the
hsiidentify @a HOAnd BICRLRRRdes B3 b 85 Mirdl RlechlgeL, QL Gl defiect o,
(r:“hgglgg P:]efhe.lr. ot%fghona? al i gnnent eIsi terally can TOtATE tct‘iléede‘?@ St g f

iti i PR s gelaive i dheamarardnan embodimegt of thequbseyt invadioRRNt t 0’ be
posi ti on wi PRYEPLeT r5gelal hodim _
oPpl 60 1 e Gheakinstocat S s SR OB0Iod Wizl 812 7
ronounged for fair asi c_cour se: ) | > ! ¢
Iﬁyper op?g, %?‘fﬁmé@bﬁ'z\é&rs_(’a t?rpﬁ‘éﬂmaﬂr’éwﬁrémr?bi, 169§tt|ag¢mturt]lsdn Blbﬂfct.ﬁ/&![ tg Ih: Eger
or der def ecPasomUlien@icatioh 894t BadildnIHR WngTLis 91a8% Sieq ltoafgi?Sc&ﬁ'PISESO feci e
t he benefifﬂﬁoof the highly precise treatne can be o p _

al i gnnent H“ttll'?é‘r%p]%}i"ﬁﬁfrs@p alg9 Hcorpgrated by reference herein in its cntiréty, further
discusses the “optical fingerprint” provided by the iris. The pattern matching and feature
matéhjng techniques of these patents and othe_:rwisé 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 irs 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
ma;nually aim or adjust the laser system 106, or to manually verify the aim of the system
30 106.

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

35  concentric furrows 202 or radial furrows 204. Other features that can be used are
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5 treatnment position is obtained and mai ntai ned. The techni ques accordi ng
to the invention can reduce such loss of alignnent. Wth respect to the
imis matching and alignnment itself, a variety of techniques can be

enpl oyed, either using actual images of the his or digital representations
of various features of the iris. These techni ques have been enpl oyed in
récognition systens based 10 on the unique features of an iris, such as

U S. Pateht Renerghysieaciing in e Wdvdesfereateddl. S, Patdns Buet)64NG340td ETonk, whiQ96,

entitled "Autoq ( - | ive Iris Recognitiogn Syst and Met hod, "
assigned to DaV|FdPi%% r%@??"‘%é@é%r% Opégﬁlfcé?’, Iﬁ?‘fﬁ'.“@@%i"ﬁ%@%‘?ﬁ”“%w Jer sey,
and U.S. Pat &mtiltty, the, (B4{l c842 wsed iRlitnmaehinghs well, S6REmPRDEUA 3, 1987,
entitled "Iri ecogni.tion System"™ both ich are incorporated by

ref erence hef %Ffﬁﬁ?erP (f%ﬂécform Y%l%msi%?aé‘frﬁ &T’hgg{‘“ﬁ ptagpnal pesiiongfitenes.

di scusses scatwagyr gretatiaes ante LnpogeR tir@Ramplb Qlepdrdidetin B cIhifSEAAL ent s
di scusses.the varjous features that can be use% topéuni C%E%Iy %an{ﬁgh tyzlgf;lltd

i dent i fy?%n Fre; Aty toheapplinds d{ e Heatispitis ptationalbolymmasteahiseeh as@n be used
t o adj ust t hgeath@fil for afvobia®r hid i . - n :
enbodi nent of e? he pr e_gﬁeh;t yioglveﬁ??gﬁj,pragkﬁgoyngl%&l#g@%ﬁ%&aﬁagﬁﬁ%ﬂﬁ& ﬁoy can
be used to aMCERer PeiBieian By locupd Wil ressichtd the pypil. BuSwith@rdaadr entnpiRity of

229t 960, L oubRuiRhord Sl RS adve SRS AN SBLILAL o BLORBL LB |

Personal ldentification System Based on SrEF reERa g

Scan, |nc. ofyebefare treatmat. Agmatiyelysayificial fsguien cortpcnmbed upyn refege Ence
herein ipsitgreRbtib€tiNolndidd {hREY ins HesC t "optical . fingerprint" .
provi ded by__.t__[rl__e___i__r i__s._.l,qr%eﬁ_gpla_fg%rna%n%t gﬁﬁﬁ%”é?fgmfe %g UraTh g icﬁcﬁtﬁ%é’é’hni ques
of these pat 8¥%{€8€ Eifithgtamgnde toisoubefare thedaser harks eoelayiealy qUed, alic 25

al i gnment  pugRESRE ] ' ification purpases.

Al ternatively, 9'3‘?‘. f%\t@%{;ﬁ?# g%,gnt ded%%ér%rrn %&?‘g ¥6 s?%ﬁr:%gé?r. g&’@?“én‘?tﬁf% can
receive an idepiifeingfportipas pf the visibldniudacd of thdeym caki Bphsay efhaf froth HE LREN .In The
iris inmge dg . h ri.nposed to,all t he physi_ci an,

t echni ci an, o% _afotglﬁ%rt&%glgﬁ%sh%gtrugg\?gr e%s’?quo . ﬂﬁ‘QF Fvoélﬁﬁﬁp?‘ﬁéﬁﬁ%’t t he

| aser sy} eneg3Batiar betweemtleudidgnysticasystéy, thia devalopedfredthents yst tBehct3d 106.

Referring t%g&gwt%gppl&g%&ggfeé of the eye Eis illustrated in nore
h ar.  f

detail, show ng ow particu eatures can be enpl oyed for matching the

patient's eye E fBimingéaFigentd, vasiouhadjisments thar canmbem:dy$d thedbaread iris |
a0, 2 AR Sl 06 A 5 BTl S
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 assécia.tcd
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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35 concentric furrows 202 or radial furrows 204. O her features that can be
used are 38 5 generally described in the above-referenced U S. Patent No.
4:641,349 to Flom which include pignent spots, crypts, atrophic areas,
tunors, and congenital filaments. Simlarly, the pupil can be used iniris
matching as well, for exanple, as a center reference point fromwhich iris
f eat ur es 3 hety defdsReot gl at i ition of .the eye. Fewer or greater-
f eat ur es caﬁwybe e oned,&%tgﬁﬁgﬁg%?%@ e%%IHéFWdS S?PIFﬁéO%ﬁfﬂj%&cﬁ f 10
the treat rrentfcafrbcfggI%Mﬂlqil@zithclaﬁumheeatm@mﬂmrfrheiss diitadd thenadel by SeMRRL i cal ,

such as a tgyeal, @R r i.a or hyperopia, rotational displacenent
is of no conggﬁuence?f’és?fjo %ﬁgcg%ﬁt?eea?n%i nt can be located with respect to

the pupil. But wiAllermgtiselyef tteaoptrebsydiym afe his' @84tRBE gh ggggp%%aﬁgﬁﬁééggr :

features ca ed for,. e precise registration E'bef ore
treatment. Qf P gsrs ﬁ’ﬁ‘%ﬁ ,S;’%{r({'g?llraﬁr EFIS?)é%P‘EI?%Oﬂéaﬁelbeothwp@s@dampmd. Tihés eye

E, 15 fol0 | gustbeodesirabirci v ¥y B disgl41g ailirkS d@&of FHRhml nce . three |aser
marks can bedu%egltcﬁrd on --the'eye E"if?t.h_e_treatygrééndmﬁn@?t%no TPV BEbre the
| aser mar ks WoOF HeAEATCLforaramplee Thep, dhprigs imagesi06psn batrabieduakes and t he

treat nent f atdligehcsonmdshauead skt helsqd-dentifying portions of
the visible ﬁurface of the eye can pe L“sﬂgg‘g‘eggﬁﬁwf‘}w Y Q?thFchﬁr? al |

of these telhPfiGaRNFOIshte he desired Ueasinbhtepaiemt 46N I0thid MenRY @eE ar e

enpl oyed f ormad@meWf el Ak FUn dj agnostic.system the devel oped
treat m&*gt5 and the act uegl trlggagrr%ﬁtgn%%%gﬁiﬁ)‘%f eydssl"tob T]H\ét"@’élq\*fcaﬁrﬁftni ng to

Fi gure v &PTBIREd Wi the aimingdaseh techrique dSPATAERG /01287  u6leSiaf B ex Lt €2t Ment

based upon phRehtMBEeRh shitoraGidak o fd .as received by the |aser system
106 are il fpustrat ed. Refer r‘?%égg’g%*}"r‘# rtsdoahl‘f’i" 8&?‘8“‘75(3,’“35?1@6/? Psdstermined gener at ed

144 is pr ov PEOE the shos opshetssare appliedeat nent pattern 146 for controlling the

| aser system 1067hJB@ A L erence iris jmage data 148 fromthe
di agnostic tools is ugég’?%ﬂ)ﬁrﬁ%}l& {)ﬁi'ee YRRy offatariehof diggnogtich t he

patient's eySTEMenthEan hejfytedvithea QO6rd or quicoing@s thY abi8reP HRihact 3FBL2 154 of

the | asep syst; .06 Qv to the control system 156. "The control
system 156¥§%§n§)ﬂ§:’g§ 0’? ﬁg'e?%g%%%?gg}”ﬁ‘mfﬂ‘ég ERTTXE195106 theeayr vedieposm t hat

i mage, to tFA¥aFTSPeNdiRELolnt 2Gee. Bhemdvien aﬁf@a&i@ﬁﬂ@ﬁ&rﬁ:ﬂ? sudh 243h b&didePf

scal i ng - f UNpkiRSmies: L | the desired treatnent 146. For exanple, it

may be determ ned, b_fagsgg x%%.ﬂts Pg’ 1%9%;051“(:&’%?%%0’6? IpAge QEitsdistingtives i mage 206,

that the treUEPREARLS)SIHoomparbdtortbel ared imigesof MespupaC LS (b 1Skt fnh et OCal
such that the treatment will fall precisely as calculated. |

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

a previously captured image of an iris I to insure appropriate alignment of a laser

treatment with the calculated treatment profile. Generally, Figure 1 1A.illustratcs a
display 252 provided by the camera 154 of the laser system 106 in Figure 7C. On the
left is captured iris T image data 250 captured when a refractive diagnostic tool was used

30  to determine the refractive characteristics of the eye E. From this data, and coaligned
with this iris I image da:» 250, a treatment profile had been developed. On the right side
of the display 252 is real time iris [ 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

40



di stances of the diagnostic tools 100 or 102 and the | aser system 106. So a
scaling 208 is <calculated and applied, yielding a scaled treatnent 210.
Then, it may be determ ned that 35 the now scal ed, desired treatnment 210
must both be translated and rotated, as indicated 39 5 by a translation
and rotation function 212. This in turn is applied to the scal ed desired

t reat nent 2 viel.ding the tual treafnment 214. These data are then used
by the |§se%&1€>}ﬁ§§t‘%k ifg‘bge%ﬁgg’f#&b}%gﬁdé%?éqxanclweéa@fmme.axm thevalawithel y, | f

the control phystiemadl&silnasediRaba@sauaikag A O0R) PN a0l drovidtS
., laser pul se) to be appropri at el ro?ﬂat ed and

possi bl e forf e:;t(ch %hotﬁ%éi &g 1

transl at ed. 'THi"8™PTo? A&yl at hephysigipecquid plaes exgeidentifysiglfeansestol ar ge degr ee
of dynani c wetahine pranely Ry RIMEBLal 1AM dNItiDe Lheqfent . for exanpl e. Then,
the iris inmage 206 can _ge tracked and t_healms)egtéljltl{wﬁ%u?'uncti ons 208 and 212
illustrated i n FFgYFel Gillapmtesdhs stspnafising thy systereathigapetiA b 113h@t or
sequenceo of aBABRSthE Rrid M H88d dablrli S8 MENL jpattern. 146. I n this manner, the
nmovenment of t%gﬁ eye E can be ggcg%%%ialﬁagegﬂ%%@?—%ﬁ?&yf’d*Ffﬁsé“H?éS@hni que can
be 15 conbi AEBMEREMsh theapatitimg ilmagel54toé dherifighie dipldped 41ERES/ B3 2Hheqysh t hat
the exact placsngn . t or ries-of shots relative to the iris
i mage -206 is deter n‘isg{éecfg%g(g %?%rﬁcﬂ%zﬁﬁz&pq@?"%ﬂb?ﬁ Heker dhpphysisiantthen ef or e,
i n enbodi nefgtyass thereye ittagken i acstep 284y witith Benvert tRtrYal GfneGin t e e

i nstrunments ¢ Lite i th amer r other imager 1hat acqu?eres an
i mage of thterg‘g% %ﬁﬁh "I,’“ ‘?‘ﬁecfaf?f ,ISBPVb@ﬁgfffca?%waq@ﬂl%&el butdpesctas proyidecs of
t he ext &Y i oforoftatidnal dignmendofakqigst s data corresponding to that image. Then,
when a refractivg %J[at ment 25()ph as _an exciner |aser treatnent used in
LASI K, is perforned ri5d® &P &P i2fatis iy displaved ogibsthi theeapieed daorirvdt 5) i s
conpar ed t otht el tinkumhgd 2HRYEhO bhfsREnRAHR dompabdshe AacfYSh Qs%g"’?'g"é he |aser
such that ths d‘t_nrieat ment will fall precisely as cal ctlated. “Turning to
Figures 10 and 1TTAZT FECURHRRfaton ngpessary kt ipithetwodahatsqplthetios BnPhoy  a
previ ousl y mapicianeikn noags tif eya B sblthab tHelr@alitARUKE I AR OBE %&m g}gnrrent of a
| aser 4y ea&ggt nwsl{ rlgt he cal cul ated treatnment profile. nerally, Figure
11A i | 1Ust rat 68" B 'EpFaRM55's Jpegsidaa? By Thaehysigien can 6 4hipmatidiy| aser
system 106 suph & winge stCtioring breby rb@kiti ohih g GRS AbeFics geraa_schmeseg%&a 250
captured vvq:gﬁ %vgci%fir act“idv'e di ag&r%osti c tool was used 30 to determne the
refractive Character] at Edalofoldiea ofihe patiertis sive Eriygodtionally sauslaglthgned
treatment profile by an amount specified by the physician. In any case, the eye tracking

system first pr_ovidgs for centering of the real time iris I image 254, and the physician

25  then effects the :otatiohal 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 usin g the iris data alone. A variety of
permutations could be used, and are described in assignee’s concurrently filed
application entitled “Iris Recognition and Tracki‘ng for Treatment of Optical

35  Irregularities of the Eye”. Further, a variety of user interface tools can assist the
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wth this iris | image da..?. 250, a treatnent profile had been devel oped.
On the right side of the display 252 is real tinme iris | imge 254, which
is returned by the canera 154 of the |aser system 106. As can be seen, the
real time inmage 254 is slightly rotationally msaligned conpared to the
captured i mage data 250. This provides the physician with 35 an opportunity

to realign bhﬁi@mii@mdh%tgygfoﬁl L i l.gur e ‘idgl) a properly aligned
40 5 real time iris | image 556, Pré%%gg%#@?gpﬁgnﬁ? S%?ﬁgﬁggﬂﬁggmﬁéference
axes that afiediFimt ppesici an to easily determne rotational msalignment.
The system coul dral §Q. R0V for, exanpl e, cursor that the physician
coul d place over | den%#fr% dln%??sggt%Féigsﬁngga'é?%ﬁ%ﬁf’hvénﬁ?w glrtrativgang ot at i onal

| ocati on r eP¥RIpnasoTY gherdns, amd ivariousi chuimges 1thie ldb 18 61&5@%11159%&5&9‘%&‘: ysing the
systen1of-FL&%&gakhz&é&%%Qﬁ%éB inti 10 agggging_the iris. First, e
captured iris | [nage data 250PF& % T dg Withowdgparpmpnfrom Shenpititarfeousl| vy,
the reall0ti the invemgen.254 of the iris | is displayed at a step 262. Wen the
exci mer | aser system 106 is a Keracor 217 enploying an eye tracker, the
physician then activates the eye tracker at a step 264, which centers the
real time image 254. The eye tracking systemon the Keracor 217 provides
for centering the iris I, but does not provide 15 for rotational alignnent
of the iris. Proceeding to a--step 266, an axis is displayed on both the
captured data 250 and the real tine inage 254. The physician then conpares
the i mages on the screen, and determ nes an anmount of rotation necessary
to align the two images of the iris |I. The physician then rotates the eye
E so that the real tinme iris | imge 256 rotationally 20 corresponds to the
captured iris image data 250. The physician can do this manually, such as
using a suction ring or by repositioning the patient's head. Further, the
system can provide for a "virtual" rotation of the patient's eye E by
rotationally translating the treatnment profile by an anobunt specified by
the physician. In any case, the .eye tracking systemfirst provides for
centering of the real tinme iris | image 254, and the physician 25 then
effects the rotational alignnent of the iris | image 256 conpared to the
captured image data 250. Ot her alternatives include a systemin which the
two i mages are superinposed. Also, if nultiple diagnostic and refractive
tools are used, different techni ques can be
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used for alignnent. For exanple, a wavefront tool could align its data
based on the iris 30 outline coupled with a rotational marker or @Q %is of
astigmati sm A topography tool could use the sanme alignnent bas!ll,r ,D $E

al so capture an iris image. A resultant, aligned treatnment profile could
then be aligned at the laser using the iris data alone. A variety of

pernut ati op ld be used, and are described in assignee's concurrently
filed applrcation entitled "Iris Recognition and Tracking for Treatnent of
Optical 35 Irregularities of the Eye". Further, a variety of user interface
tools can assis% the 41 5:§hysician, i ncl udi ng the, af orenenti oned cursor
posi tioni ng and'the &cPEREYIOT HefeHRINGIE Tfracyysabnpmnaliien of pp 6Y9, cempmpiage:

f oregoi ng di scl gﬁﬁx' tid f : h Q3 i tive and
expl anatory t he?ggﬁl?algﬁlgogsari otggl Zgﬁgtﬁgégiftﬁll(%%%{l al IO§{a§P ytd htg%;fweué#’r at ed
appar atus whdreircthnsomaelttopeeraphty et lhed cfvabpe based copogeaphyeysrade Wi t hout
departing fromthe spirit of. 10 the jnvention. 42 OYD WSE CLAINS: 1. A
system for detef ﬁaﬁ?ﬁ traé?rrr%lt&cﬁ 1\98f %C%R{belﬁr}ﬁlpfcfvl“gesa HFV‘%CIFPIEﬁg?”aé’SHﬂafasqfﬁ& a
corneal topgpgaaphy tool adapted to provide corneal topography data of the
eye, 5 wherein the corneal topography tool is an elevation based

t opogr aphy syst ésPmauaHQRa usHtadapied Foatqmabing thsl waygipneaberratipn dati shathethe

wavef r ont i ta.of the eye; and a conputational unit adapted to
conbi ne thg&&é@g¢$%£?9§5%$?ation data with the corneal topography data. 10
2. A systemfor determning refractive abnormalities of an eye, conpri sing:
a corneal topography tool adapted tqQ provide corneal topography data of the
eye: a wavefrort abérPEtIPTASEIMaIRSIdHchy: ghopnadics alaveys.campabogr at i on

data of the eyeq dbfiRhPlofokish el BRREViAl Eed Aoghdbr§ daB SFRNLYShack

type wavefront sensor; "1 _
a wavefront aberration tool adapted to provide a wavefront aberration data of the

eye, wherein the wavefront aberration tool is a Hartmann-Shack fype wavefront sensor;
15 and

a computational unit adapted to combine the wavefront aberration data with the

corneal topography data.

3. A system for determining refractive abnormalities of an eye, comprising:
20 a corneal topography tool adapted to provide corneal topography data of the eye,
wherein the corneal topography tool is an elevation based topography system;

a wavefront aberration tool adapted to provide a wavefront aberration data of the
eye, wherein the wavefront aberration tool is a Hartmann-Shack type wavefront sensor:
and

25 a computational unit adapted to combine the wavefront aberration data with the

comeal topography data.

4. The system of claim 3 in which the corneal topography data is a
determining measure of patient suitability for refractive treatment.

30

5. The system of claim 3 in which the wavefront aberration data is a

determining measure of a refractive treatment profile.
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a conputational unit adapted to conbine the wavefront aberration data with
the corneal topography data. 3. A systemfor determning refractive
ahnornalities of an eye, conprising: 20 a corneal topography tool adapted
to provide corneal topography data of the eye, wherein the co[geawISE

t opography tool is an elevation based topography systenm a wavefront
aberration tool adapted to provide a wavefront aberration data of the eye,
wherein the wavefront aberration tool is a Hartmann-Shack type wavefront
sensor; and 256a cofpesystémeitlammBtin xdagt td comealohogrephyhdataveeef r ont

aberration data with the or.neal . t.opogr a ata. 4. Th stemof claims3
" wht ch t ACEEPHe BTy AR eRiehE Resiiop AR Fa M Mhart ont
sui t abi | i t Ypdratioh @htad§ h id¥Rrh et Mesture 80a Rfradtie: Soahemd wbfile! ai m 3 in which
the wavefront aberration data is a determi ning neasure of a refractive
treatnment profile. 43 LLOYD WSE 6. The systemof claim3 in which the
corneal topography data is a determ ning neasure of patient suitability for
refractive treatnment and the wavefront aberration data is a determ ning
measure of a refractive treatnment profile. 44
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