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| MPROVI NG VISION 5 Cross Reference of Priority Appli cati‘ggs gﬂlm
application clains the benefit of U S. Provisional Appli tf .
60/ 385, WOW3/1933#kd June 3, 2003 and U.S. Provisional ApplPCTASITITedD.
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reference in
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diagnosing and improving the vision of an eye.

15 Background of the Invention

Most common defects in human vision are caused by the inability
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of the eye to focus properly. For example, nearsightedness can be attributed
to an eye which focuses forward of the retina instead of on it, farsightedness
can be attributed to an eye which focuses beyond the retina, and astigmatism
can be attributed to an eye which cannot produce a sharp focus, instead
producing an area of blurriness. Ophthalmologists model the cornea as a portion
of an ellipsoid defined by orthogonal major and minor axes. Current surgical
procedures for correcting visual acuity are typically directed at increasing or
decreasing the surface curvature of the cornea, while making its shape more
spherical, or conforming it to an “average” ellipse, or making corrections based
on wavefront analysis.

fn conjunction with modern corneal procedures, such as corneal
ablation surgery, for clinical applications, and for contact lens design and
manufacture, high resolution cameras are used to obtain a digitized array.of
discrete data points on the corneal surface. One system and camera which
have been available for mapping the cornea is the PAR Corneal Topography
System (PAR CTS) of PAR Vision Systems. The PAR CTS maps the corneal
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PCT/ USQB/ 17633 2 surface topology in three-di nensional Cartesian space,
i.e., along x- and y- coordinates as wel| as depth (Z) coordinate, and

| ocates the "line-of-sight”, which is then used by the} prGt inﬁiiU@ner to
pl an tW@WBHPYAEal procedure or contact |ens design. 5PTRAIS03/17633
"line-of-sight" is a straight |ine,segnment froma fixation point to the
center of the entrance pupil. As described nore fully in Mandel |,
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cornea. It is the primary reference point for refractive surgery in that =,
i® usually repilbeciine-ofSighic isenstraightt linkesegreentt otrea didaiiondpoint
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li0sctomezeand agbecis hemoar raoa passatheduble recaTrdnponeiireg poid casthd resdt forth
inits entirety herein. In current corneal ablation procedures, a portifon
of tREPHde mmntually regeh 4be retindurf ace under a flap is ablated. The
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15 the center of the area to be ablated in photorefractive keratectomy. The line-
of-sight has conventionally been programmed into a laser control system to
govern corneal ablation surgery. However, some surgeons prefer to use the
pupillary axis as a reference line. Experienced practitioners have employed
various techniques for locating the sighting center. In one technique, the angle
20 lambda is used to calculate the position of the sighting center relative 1o the
pupillary ("optic") axis. See Mandell, supra, which includes a detailed
discussion of the angles kappa and lambda, the disclosure of which is
incorporated herein by reference as if set forth in its entirety herein,
In current corneal ablation procedures, a portion of the corneal
25 surface or surface under a flap is ablated. The gathered elevational data is
used to direct an ablation device such as a laser so that the corneal surface can
be selectively ablated to more closely approximate a spherical surface of
appropriate radius about the line-of-sight, (or an “average” ellipse, or a
wavefront fingerprint) within the ablation zone. The use of the line-of-sight as

30 a reference line for the procedures may reduce myopia or otherwise correct a



30 a reference line for the procedures may reduce nyopi a or otherw se
correct a WO 03/101341 PCT/ US03/ 17633 3 pre-surgical dysfunction or a
visual abnormality. However, a nore irregularly shaped conngal fay
result, W@k exacerbate existing astigmatismor intpegu&s/17633
~astigmati smor spherical aberration jn the treated eye. This wl
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“156  tends to flatten progressively from the geometric center to the periphery.
"Asymimetric" means that the corneal meridians do not exhibit symmetry about
their centers. The degree to which the cornea is aspheric and/or asymmetrical
varies from patient to patient and from eye 1o eye within the same person. |

Analysis of clinical measurements in accordance with the method

( 20 disclosed in U.S. Patent No. 5,807,381 assigned to the assignee of the presént
B patent application, reveals that the cornea exhibits a tilt, typically a forward
and downward tilt, relative to the eye. This tilt may be as great as 6° and, on

the average, is between 1° and 3°, Hence, a corneal ablation procedure which

atilizes the line-of-sight or pupillary axis as a reference axis tends to over-ablate

25 some portions of the cornea and underablate other portions of the cornea. At
the same time, it changes the geometric relationship between the ablated

cornea and the remainder of the eye. Thus, any ablation procedure which does

not take into account the tilt of the cornea is not likely to achieve the desired

shaping of the corea and may therefore be unpredictable in its effect.
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there is still an excessively high degree of unpredictability. For example,
analyses of clinical measurements have revealed that, in some eyss, th_e post-
operative cornea begins to change shape a short time after corneal ablation
surgery. Thus, a nearly perfectly spherical post-operative cornea of the type
most commonly produced by conventional surgery, will, over time, return to an
aspheric, asymmetric shape. |
The present inventors believe that corneal ablation surgery has had
less than optimal success and predictability, because of a parochial approach.
The conventional wisdom has been to concentrate on the shape of the cornea,
with the expectation that a smooth, spherical cornea {(or a preconceived
elliptical one) will optimize vision. However, the human eye is a complex
system which includes numerous optical components besides the anterior
surface of the cornea (for example, the posterior corneal surface, the crystalline
lens and the aqueous humor}, ail of which affect vision. Also, the mechanical
environment of the eye cannot be ignored. - For. example, recent analyses of
clinical measurements reveal that the eyelids exert substantial pressure on the

cornea, causing it to flatten near its upper margin and to form a depression near
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envi ronment of the eye cannot be ignored. For exanple, recent anal yses of
clinical neasurenents reveal that the eyelids exert substantial pressure
on. the 30 cornea, causing it to flatten near its upper @af @il agﬁﬁto
forma XePOFYIBLON near 2 7 OCT 2006 WD 031101341 PCT/ USPSt/Lé63H3633> its
|l ower margin. It is believed that the nmechani cal environnent of the eye
accounts, in large part, for its shape. This al so explains why a

perfectl spherical post-operative cornea would return to an aspherical,
asymely iewes iaggin.s It s Laligved ibat whe imechanied semitireppent afitthe eyes.
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particular, it has been fo t, unli ke other optical systens, the
(_ee‘rm r adpppoptibtely ab bdidieve 2theC asquired( torreeBammdfe visivih. t Thees prefbrstet er)
s not ogtl_cal 'y superior to substantially greater portions of the

cor neabodimsrdapire, deraritied, avitich medahthecprien ito sdifffsrént degreesonfus. The
centr al portiogeof the cornea exhibits a  great deal of focus scattering.
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on a fi cal taxtils. Idéde’q%ﬂ, they do not even focus on the 25 axis. This
differ NeE et HHE8t 5 ounced in the central portion of the cornea

Analysis of clinical measurements in accordance with the methods

~ 15 of Patent No. 5,807,381, as refined in accordance with the present invention,
| raises questions about assumptions that have been made about the structure .
of the human cornea which are inherent in such well-known corneal analysis .

technologies as wave-front analysis and placido disc technology. In particular,

it has been found that, unlike other optical systems, the central portion of the

C. 20 cornea (for example, out to a 3mm diameter) is not optically superior to
’ substantially greater portions of the cornea (for example, out to a 7mm

diameter) in its ability to focus. The central portion of the cornea exhibits a

great deal of focus scattering. That is, different regions on the cornea do not

focus to the same point on a focal axis. Indeed, they do not even focus on the

25 axis. This difference is most pronounced in the central portion of the cornea

and decreases substantially at increasing diameters from the center.

In accordancs with the present invention, vision can be improved

by adjusting the focus of the cornea so that different regions focus substantially

to the same axis. This can be accomplished by shaping the cornea (e.g. through

30 ablation} or by applying an appropriate corrective lens. In either case,



and decreases substantially at increasing dianeters fromthe center. In

accordance with the present invention, vision can be inpg;)?ved b

adjusting the focus of the cornea so that different regio s0fdc b

subst alY? &¥1%341t 0 t he sanme axis. This can be acconpli shedTigosivag ng t he

cornea (e.g. through 30 abl ation) by applying an appropriate

corrective lens. In either case, 27 OCT 200& WO 03/101341 PCTI US03117633
ortiqng of the cor shoul d have g.nore
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out i : [ r ] t de to
oo S0 PRSP el or P S, WP 0o b
descriieiveBr, iffs PRIfbrrad REDREjAMIRAtSbeiade k8 borRNd advantages of the
present invention will be understood nore conpletely fromthe follow ng

detail ed description of presently preferred enbodinents, wth reference
being had to the acconpanying drawi ngs in which: 10 Figure 1 is a block
di =grBref Desatintion afjthe Meawinbd or achi eving vision correction in

accor dance vvi,thH‘t‘h resenéJ dnvention through either |aser _ablation of
the cornea or all&pPespinearEel deserRiipre i WEll asopthermbjests, feqtyres
schematic  diagramid l.ustrating a plan w.ew of .a point cloud bt ai ned
i th e BrieReRT A e B ient p el vl 3% BpgBesRPh o, SR an v ew
siml i idd | ol : al. i i ey are
conne@ltsgtl?? rfg}th%ﬁ"t%gég%!% g%?%ﬁgtlo q{fhget%g?%tﬁ%lf%ﬁ%? %ﬂgﬂ?@%ﬁ ?'s a
per spaeth réferehed eind haarib eheradconhprhyang dedringd iughicd:i ng how
characterizing curves are constructed; 20 Figure 5 is a diagram

i 1Qustrating thdgare dl i ec bbodc diageamofilluatratingea raetreod foi lakhiswirer
dianmeter. ( -' _Figure 6 illustrates the radial focus scatter ‘
cor r e¥ipRareTERatipIFIyaceerdanga with the nrespniginyantipn dbrouah aghemlasax; al

f ocusaagggﬁ %E‘ tRfe Drnea or an appropriately shaped contact lens; .

Figure 2 is a schematic diagram illustrating a plan view of a point
cloud as obtained with a corneal image capture sysiem; '

15 : Figure 3 is a schematic plan view similar to Fig. 2 illustrating a
plurality of splines and how they are connected through the data points of the
point cloud;

Figure 4 is a perspective view of a cornea matching surface
illustrating how characterizing curves are cbnstructed;

20 Figure 5 is a diagram illustrating the axial focus scatter of a cornea
at a 3 millimeter diameter. -

Figure 6 illustrates the radial focus scatter corresponding to Fig.
5;
Figure 7 is a diagram illustrating the axial focus scatter of a

25 corneaata 5 millimeter diameter; _

Figure 8 illustrates the radial focus scatter corresponding to Fig.
7;
Figure 9 is a diagram illustrating the axial focus scatter of a

cornea at a 7 millimeter diameter;



25 cornea at a 5 mllimeter dianeter; Figure 8 illustrates the radi al
focus scatter corresponding to Fig. 7; Figure 9 is a diagram
illustrating the axial focus scatter of a cornea at a 7 mllineter
dianeter; 2 7 OCT 21106 WD 03/101341 PCT/ US03/ 17633 7 Figur@f1ofib
i |1 ustraP@si3fB4tadi al focus scatter corresponding to Fi gornkosfragsre 11
illustrates a nethod for nodifying the corneal nodel in accordance with
" the present invention in order to substantially reduce focus 5 scatter;
Figure 12 iIIust{:_ates thﬁ: radius of curvature at 3 mllineters of each
. of the charact er Figre 1Qllygtraiessthegradigl fogds seattersamesrspdinggeridse and
after éhe application of the nethod of the present invention; and Figure
13 illOstrates the radius of curvature of each of the (-10

characteristic CFFgP?e ACHERardE Qf%%a‘qrrmgﬁilf%mgﬁﬁeacgm%{]tdg%sg ﬁ'{ he

di aneter, both béfore and after the applicatio the net

pr esenhcddrdente avith theupiesddt invdigionainesrdearetor adbstandhllg vedataifecqf each
of the characteristic curve arcs of the of central optical portion for a

conbacscatéers made for an eye with extrene keratoconus, both with and

w thout 15 orthggonal jzation; Figure 15 is a diagramsim|ar to fjgure
14 for the periphetEg Tohiliusiratepdhei Galiuss of airéalvge | ains; milfimetsr§uee 16

St S e el Rl 8o 3 el SO Blford ¥ S
VO 03/ 1flBdHe gﬁﬁ&ﬁ%‘?‘( $ B method of the present invention; and
| Figure 13 illustrates the radius of curvature of each of the
_ C~10 characteristic curve arcs for the corneal model with a 7 millimeter diameter,
both before and after the application of the method of the present invention;
Figure 14 illustrates the radius of curvature of each of the
characteristic curve arcs of the of central optical portion for a contact lens
made for an eye with extreme keratoconus, both with and without
15 orthogonalization;
- Figure 15 is a diagram similar to figure 14 for the peripheral optical
portion of the same lens; and
| Figure 16 illustrates the variation of the radius of an actual
patient’s cornea as a function diameter at which the radius is measured.

20



Det ai | ed Description of the Preferred Enbodi ments A process for achieving
| aser abl ation of the cornea and contact |ens shaping in acco nce the
present invention is illustrated in block diagram forr’r?ﬁnUETg 1. The
procesVoaktd3tise of a Corneal |Inage Capture System 5 6#8r/8es/Esevati on
Anal ysi s Program 620, a Conputer Aigded Design System 630, a Conmand
Processor 640 and a Cornea Shapi ng “System 650. The Corneal |nage Capture
System 610, in conj unction WI th the Elevation Analysis Program 620,
gener 2 ' zg_,.:‘ NN SoNES fen b B0y ‘.‘!4!1 Uix u‘ Of the cornea of the

tient Th Co t Ai.ded S t 630 d
ggi 'tfﬂg or e di!’JfP%ﬁ@ f?ﬁgcﬁ)%?h%al@s ESSB Giiﬁ’ﬁlh? laé:ltscgm‘?a%ag l‘gaﬁpsurface

nodel r System
650 v’egéﬁi*aﬂméﬁﬂbé@%%2@%&%25‘9%%@*@0 e %@s@?ékiﬁ?ﬁéﬁi Che
tOpngcft‘ﬁf‘lrFFi%@?@1 denRerprikBss hitkes Uidedsa BorhBEl ﬁﬁé@@@aﬁa@uﬂé@s%ﬁﬁ?d from
t he Conmputer A ded Desi gn System 630 to generate a sequence of

coimaé o/ aw Bisvelkiosi AmaEl sis Frogreeub20da lQormpeteCilidedDeeimh Shstpimn@30yst em
650. The Corneal/ Lens Shaping System 650 accepts, fromthe Command

Pr oces Simpumd Brmqa@mﬁéooand adrprmedsShaping e &5he Tier Serneal

di nensi onal novenments of the CorneallLens hapi n .any coordi nate
syst elmaes Caature ,St@r_rgméc@rq%%ﬁ?m wdthathey 'evgﬁﬂé '*@Z\} sig 569 ¥@RAt es) to

" eno O2Re EeREae F 6 ifebioRy! LoeBuiEhic ad Thol e LUhRR LI Ve <

Progr é?tﬁ T‘Farlg ARc?ﬁB?:hgéraRidédO@é‘g? h ﬁ/%ferﬂfséd??s E’f\gﬁ fa)s arP4iB9A edithitpegr aphy

Syste stem I's avall a rom PAR Vi sI oh

Syet eﬁ’ﬁ}dlfz(mgblﬂme\b@trném wpayyaittc Bla@@,r Wchedlel § sarfebt wede!, piry dana ‘
execut ed y a processor, for exanple an | BMIM conpati bl'e PC. Pr ogranr j

620 geslating tsthanddel & sintdos 6nrr@|a@immng£y3temoﬁﬂ® ivig the @prmenand | ng
di stance away froma referenceﬁpl ane inside the eye) for esch of a
pl uraPTQGf-Séw s@ﬂﬁﬂ e 1p6i hpyvaand éocgﬁﬁqra@éoow@ﬁe‘t%ﬂﬂ%grﬁe iy déda py

the r BPer IR thP-HHBTim AT 1€ cofion i et hdped 6T 8 fhRltey Jee” MO
bri ghbﬁgﬁﬁ’l Qfystdif B to GMerAR! RodeQliesdd G BbiitHahdS kil 20Mals
15 required by the Cornea/Lens Shaping System 650. The Cornea/Lens Shaping

System 650 accepts, from the Command Processor 640, a sequence of
commands that describe the three dimensional movements of the Cornea/lens
“Shaping System {any coordinate system may be used; e.g., cartesian, radial or
sp'.herical coordinates) to shape the cornea or machine (e.g. a lathe)
20 manufacturing a contact lens. .
The Corneal Image Capturing System 610 and the Elevation N
Analysis Program 620 are preferably components of the PAR® Corneal
Topography System ("the PAR® System"}, which is available from PAR Vision
Systems. The Elevation Analysis Program 620 is a software program executed
25 by a processor, for example an IBM™ compatible PC. Program 620 generates
a third dimension element {(a Z coordinate representing distance away from a
reference plane inside the eye) for each of a plurality of sample points on the
surface of the cornea measured by system 610. Each point is defined by its X-
Y coordinates as mapped into the reference plane, and its Z coordinate is

30 determined from brightness of the point. One method of calculating the



WO 03/ 101341 PCT/ US03/ 17633 9 el evation of each point, i.e., the Z
coordinate, is by conparing the X-Y and brightness val ues neasured from
the patient's cornea 14 with the coordinates and bright Ads8Caf 2Hbne

ref erencwospméage with known el evation, e.g., a sphere

radi us. The reference values can be pre-stored. 5 The figg’ll‘%gg"?ggft% of the
- El evation Analysis Program 620 is t X-Y-Z coordinates for a
multiplicity of sanple points, known as a point cloud, on the surface of
t he coetlpeatida . of ¢ack Iploite /appéne@t coordihates iskiy cethpaninghtheadd-Ytdmed any
met hod can be used that can generate X Y, Z corneal data providing both
| ocat | BrghtRgse valuas BreasHrast fgfam Bie palieos roEna 1 fnwitbdihecnordinetege with

the 10_required accuracy. Ln the preferr.ed,enbodi nent, about 1500 points
are. spabiohfies3 it tophielaancs sEReR uth KNOHD HEVaBPAnE.d- <8 SPREre

proj ect.i oi ' t - & out 200 m crons
apart. HI’%ZL&Q% %Eﬁg?'a Ou{ae&{sn%?@g%ﬁh%& ‘E?rg\bggﬁgﬁgtﬁﬁe;&{?ysi s Program 620 can
be formatted in pRY finalBefpLRLI WRé ErvREVA ATRMEIS Profam boo ik ehewte-z I n the
15 preferred enbodi nent, the data are formatted in Data Exchange File
(DXF) ¢tasmdatatesifior aduasttipliciiy arfdsmaplbqraimts, Mmioeim &s & yeint @ldyd, usethd or t he
inter- application transfer of data. A DXF file is an ASCI| data file,

whi ch gérfiegseot thaicomeanddt It vilh be @pparerddodideisgrekilesk isrihe aretiatramy now
to Figures and 3, a point cloud 100 js .depicted a 20 it wou| d appear
when TG BRebs MBEME FBGBNSIIAG: o 5. Chireal Rats proyidg: BOWEL g
into t - I . .ac ' i r af,l.on on
the. palraied b PRYaroRrinraRh o 360 BRERF 1, i RoR i bl W tAC

PROOXteiRArak YacchiPABY. X |l BHEThRAERES End Sinfeint BB uE AHMRApoini® aVOEKAEKH ar ea.

Thus, there may be as nmany as 50 rows of data points. A surface 108 (see
Fig. 4in & keid padehs &5 viswaedic bies X-Yeplanpogs ahbprofectibas afrihecgoiats t he
patient's cornea is generated by the conputer aided design system 630
from t ingo diae K-Yaviane age mboat @9Coipicrohe apaelvat i on Anal ysis Program In a

preterod enbodl Nty NI L AR RSN SISt ATE0 st L
of Sc oLd gglfgrméa{té& ?fp %ny number of well-known machine-specific formats. In the
15 preferred embodiment, the data are formatted in Data Exchange File (DXF)
format,7an industry standard format which is typically used for the inter-
' applicaﬁbn transfer of data. A DXF file is an ASCIHl data file, which can be read .
by mostcomputer aided design systems.
| Referring now to Figures 2 and 3, a point cloud 100 is depicted as
20 it would appear when viewing the reference plane along the Z-axis (i.e., as
projected into the X-Y plane}. Each point corresponds to a particular location on
the patient's cornea. The data are usually generated from an approximately
10mm x 10mm bounded area of tha cornea, the working area. Thus, theré may
be as many as 50 rows of data points. A surface 108 (see Fig. 4) that modsls
25 or matches the topography of the surface of the patient's cornea is generated
by the computer aided design system 630 from the data points generated by.
the Elevation Analysis Program. In a preferred embodiment, Computer Aided
Design System 630 is the Anvil 5000™ program which is available from

Manufacturing Consulting Services of Scotisdale, Arizona,



2 7 OCT 2006 WD 03/101341 PCT/ US03/ 17633 10 Cornea matching surface 108
is preferably produced by first generating a plurality of splines 102,
each defined by a plurality of the data points of the pd]ﬁﬂ??@ﬂﬁ)ud 100.
The geWeop avitadiof a spline that intersects a pluralitypefydaideol Nts
(i.e., knot points) is, per se, kngén to those skilled in the 5 art and
can be acconplished by the Anvil 508011 program once the input data have
been entered. For nore information regarding the generation of a surface
nodel , see U. S.Cemeenmatehing, 8orfage1}O8his direfaralalyr pragucsri & ifisst

I ncorporated herein by refere . In a preferred enbodi nent, the known
nonuENGF FING & B[\HﬁﬁtVBgfs 5P{"Pf'e$ H@ aghy gg{\%‘é‘g byoa géﬂ@ﬁ?'&&' gﬁ‘ t‘qtli‘@ é?ﬁq nes,
but cqoul.d be . y 40 qt her well :kng he i cal formul as
for é’&%{ﬁegy tgﬁc‘ﬁo'ggﬁ%@ jg)gb C ﬁ.bq I%ﬁggraftmrﬁff SWQ%?EW%#Q&%Q form
B- sply ; i il s k) 5E < i : : di nent,
cach PYRIIROTHnPa oyt -7 kASE Flintd) 5, B 4 ol o o GRS Tnd 2
OES AROEnHNENUBE dcaorPlisBéd BYithesahviPBOUNAM GJrBgthm (R cenhbiispuBdair f ace
108, which matches the corneal surface of the scanned 15 eye, is then
genertavedbdernentped ndor hide infemeatoreragandimgetheafensedtiok b ansurface

mat hemati cal formulas that _nmay be used to generate a surface froma

pl ur dnpegl, sge WS iFpsentio. 51&5/?,&8 Tpribeatisegs wigboldyviniah is inperpggatedinown
nurb._ susface

equation is useq t ner at cor neal face fro
opl i METSHYDY Tafaranie. BruBifaizad sheaimests ths QAP ranIa B etiBaby e | 5

2DP! B LIS T Y5800 QUL RN SEIRLE! WPyl P Be TR PP o0,

ate ar e SKi AN Surface segmen I'S Created for

& & "BtheP YWHIRkn & GrImathd8licAl fdrifilad¥oresMess Rluchess tH¥lcaBRNéplRdd nned
surface segnments 104 share a common border spline. Thus, about ten Yy

ski nrfegmedy badse seipreiiunifare Bepinafemnilaomistingtpaedtin FEqud Jrid aare t hen
merged together by the Anvil 5000TH programin 25 a manner known to those

ski | lmeéféemed renkmdiment, gaobdeicthesiplinasnpogilies isur plave thad ks paellehty t he
original_data points, nor the knot points of splines 102 necessarily lie
on suiheafantod axswiany ineludes R terqiety frgenthasiosd ngt"hé:' 3!

Surface 108, which matches the corneal surface of the scanned
15 eye, is then generated from splines 102. There are a number of well-known
mathematical formulas that may be used to generate a surface from a plurality
of splines 102. ' In the preferred - embodiment, the well known nurb surface
equation is used to generate a corneal surface from splines 102. in the
embodiment, because the scanned area of the eye is approximately 10mm x
20 10mm, approximately 50 splines 102 are created. As illustrated. in Figure 3, a
skinned surface segment 104 is created for a small number {e.g., five) of the | L
adjacent splines. Adjacent skinned surface segments 104 share a common
border spline. Thus, about ten skinned surface segments are generated from
the point cloud and are then merged together by the Anvil 5000™ program in
25 a manner known to those skilled in the art, to produce one composite surface
108.
Neither the original data points, nor the knot points of splines 102
necessarily lie on surface 108, owing to the mathematical generation of the
surface when using the nurb surface equation formula. However, the surface

30 108 estimates those points within a predefined tolerance.



surface when using the nurb surface equation fornula. However, the
surface 30 108 estimtes those points within a predefined tol erance. 2 ?
‘O C T 2006 WD 03/101341 PCT/US03/ 17633 11 The H GH poi nf oM (tThélid

gener at edWodBfewd1 mat chi ng surface 108 (i.e., the point bpawmgshihes
greatest Z value) is determned. A C)ﬁ| I nder 106 of a predeterm ned
‘diameter, is then projected onto the éorneal mat chi ng surface 108 al ong
an axis which is parallel to the Z-axis and passes through the HHGH 5
point. Cylinder 1§beﬁﬁ%mmty0ﬁé§eagm%ﬁﬁcbrsomeahmﬁtchmumf%e&98y

wih suffact ol TRt e el P orbaoh datHRRET A diane | bR T
Jwith _ . cfe & i
vor ki ng s BfiRefHametd, s SABh ojadiad o) 06 QS FRLPh Mo Bufhod e

spheri cabgadiong dngxisl wichosParaisl to the 2heiehsy ﬁasﬁ&aﬁrﬁaghtffhe HaeH

. optics at this point. The outer margin 26 nust fit wthi he poi nt

cl oud, pointhdylirder 106 pefesabdf hiabea dizmetr odrinye { Inmmdtygsissity émmhbe
measured corneal data. The conputer aided design system 630 can then
i |1 ust rane the ¢lssed eordprefameabby (the intergection ¢ exliedenitOf vetpsurace t he

201 ) B4l ST o EToR B S AR e ek i SEr BRCT "
oY T R0 G Be T 1M b LG End e HEME Bl g™ T

al ert thGrdsels tAeTRMRULAPdihe @hacgs?é&icaq- DGR tht NRIGRN8[ntPahA!

and/ or change the radius of the circle) so that circle 106 les Wwthin

t helQor tepefolef prapaded ttdbedtopistidOat this poimwr st case scenario, the eye
oul d be rescanned if insufficient C data is available fromthe
scanned eye to endbheeuttamargisn K6r kiusy farwihif thenpoing miewed, s¢ Ithat the

properly within the point cloud. Alternatively, the area of the oi nt
cloud cEHTREESREEY grrgen canib reisthRASHGRR e bwapten carmepkdaige: The only

2 o EoE S YA s A 00 T e DR AP T 1 e
in a plapexWhidhe) tvith Fdpdet 8 #hd ¥BirkISRE for example on a monitor screen,
15  so that the operator can be assured that circle 106" falls within the point cloud.
Additionally, system 630 can be set up to determine if circle 106" falls within
‘point cloud 100 and, if it does not fall compietely within point cloud 100, to |
alert th& user to manipulate the circle {i.e., move the center point and/or change
the radius of the circle} so that circle 106’ lies within the corneal data point
20 cloud 100. In a worst case scenario, the eye should be rescanned if insufficient
data is available from the scanned eye to ensure that the working area of the
cornea will fit properly within the point cloud. Alternatively, the area of the
point cloud can be made larger.
- It is to be understood that circle 106" is only a circle when viewed
25 inthe X-Y plane (i.e., looking along the Z-axis). Actually, the periphery 26 is
approximately elliptical and lies in a plane which is tilted relative to the
reference.plane. A line perpendicular to this tilted plane which passes through
the HIGH point will be referred to as the "LOCAL Z-AXIS" or “tilted axis”, and
the tilt of the tilted plane relative to the reference plane will be considered the

30 tilt angle of the working.area of the cornea.



reference.. plane. A line perpendicular to this tilted plane which passes
through the H GH point will be referred to as the "L - AXI S" or
"tilted axis", and the tilt of the tilted plane rel aﬁb&)%ﬂg

ref er eMo®03510a%d wi | | be considered the, 30 tilt angle pfT/bw/ineaski ng

area of the cornea. 2 7 OCT 2006 V\(P2031101341 PCT/ US03/ 17633 12 The
cornea i s about 600mthick. In nost “corneal ablation procedures, |ess

t han 100m depth Rf cornea, i s abl 2‘% 8 because there is vi rt%al l.Ly no risk
of scarring w t hNEhePNEReiSoRbPYL @&"ﬁbf‘h‘é’ke tpmegt) goinesy ablglddnd t he
100 ' f ' ' . F I 12 d h

abl a §1oheRurs ok el Q0P UPHH, 37" GBS Jp AAGHE "Retards iere 8

Possi Frtually né "k bh%cmmg% QA Caid s oquagé‘x%p%aiam@&yﬁetégg&?éaeggr

reduced by drug therapy ior to or ‘contenporaneous Wi _
t r eat Beydnd The 1100/m degeh,ofhet fisk of eEaeg MBbdsat] For d@aripel 420 xm about

fifteen to twenty mcrons fromthe crest of a hill to the trough of a
vah | egeptidablatiobéds ksowndat caaseatranting hHotvwever,dhens exikds Thepossibilicpl
procedures perfornmed in accordance with the present invention and

opt i cHat Westsk @i meprind feodespaicaliations may ba reduced yndiugntharapy seek
to corr.ec%%t he patient's vision j.n %%céordance,tvm h the requi

cor r Bl ol filpmpcrarioats Wit irs kel ipsert:” U magns &.6f the
Fovi cEoTEite) LBURRERET cpbibally aRobl Bitechtarfybiiny MhbBsIiom e, | o
char t oRRRIPth b dugtPof %?\Fall?:‘(}’aéhd eyt BE 2Baire8hhs dReK Shirf) thikhRfhs,

phoropter, the doctor mani pul ates | enses of different strengths into

vieéw and, each Thewsurgis#lsprobedpais parformtied redcddrdanbantitiapnepresemere or

| ess clear with the particular lenses in place. In practice, the doctor(;

i s abinyengionendyopties! jeees roandfaspured in@ccorddnee witbuthetinventieughbnal
as the 2Q ree of rotatjon of thgse axes about a Z-axis

axes, a‘%%wel I d_?% ) _

al ongS¥9ietP CREEGE IRe BRHCNtTH ¥ision iR GFCRISRNERIKLN (the fBarirgd CREEETIPRS ce
par a kb 8 th . i-Si The . | t.s_pf.the
e S R R R T N S
the dipER&F WiRER BChHEA vtth bRPekial Abvidsichiled 3 “dhbropter” 28HbLEIRMAicH! Opt er
correction required at the second, orthogonal "axis, and "c"

15 the patient logks at an eye chart approximately 20 feet away. As the patient
looks into the phoropter, the doctor manipuiates lenses of different strengths
into view and, each time; asks the patient whether the chart appears more or
less clear with the particular lenses in place. In practice, the doctor is able to
vary the power or diopter correction about two orthogonal axes, as well as the

20 degree of rotation of those axes about a Z-axis along the line-of-sight. The

doctor continues to modify these three paramsters until he achieves the

optimum vision. The results of the refraction test are usually given in the form

=X/ i

“a, b, ¢®”, where “a” is the diopter correction at the first axis, “b” is the

additional diopter correction required at the second, orthogonal axis, and “c¢®”
25 is the angle of rotation of the first axis relative to the horizontal. This form of
information is given for each eye and is immediately useful in grinding a pair of
lenses for eyeglasses.
For the purposes of the present invention, it is preferred to perform
a modified form of refraction test. For this modified form of refraction test, the

30 eye doctor adjusts the phoropter at a series of equally spaced angles, say every



25 is the angle of rotation of the first axis relative to the

hori zontal. This formof information is given for each eye and is

i mmedi ately useful in grinding a pair of |enses for eyep?a@gﬁsg[]gﬁor t he
pur poseswad od/foes4pr esent invention, it is preferred to per

modi fied formof refraction test. For this nodified formo re?rac?lon

" test, the 30 eye doctor adjusts t hé horopter at a series of equally
spaced angl es, say every 2 7 OCT 2006 WO 03/101341 PCTI US03/17633 13 15
from t hB°hspny dhe Alorizantal olendi olstaing tb@tqprtlmwmefefamuﬁn aiteashc Angleg| e.

Typi call he nore angl es that are neasur the better the results.
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t echni que for generatl ng ¢C har act er ZI ng curves on sur

W | 6 beareek of usiioie Modifiee réftabtidrbtes@ el desoridddcih estafialdient he
LOCAL Z-AXIS (See Fig. 4). The intersection between plane 110 and

surface 108 defi fhbsrea Wil showhabectdescrberd) aurtwehmitme 1fbrPIg:-nmrarhﬁ)g is
then rotated about the LOCAL Z-AXI S, for exanp Fﬁ i ncr ement
count eF'&@r@@R‘W%’%ﬂ CH@’QSeQﬂ sydaced 08/ Whih wdl4be wae biei@m At Bleseck Tdn.

th f whi ch
11 st Pt atee SRR EBnPoiBS FRE EPE AL, 2RI b Y C Tt hitSedion | xea
ant i1 9?“%5*1%%"% Pz afabHdl o4 Hehings Attt Qe REAIME AR ¥12:
(ehaoacpi%weznng BUENESS rbfméudam&) thé rLoGAQL SZPE8IS, SR ek ampOb(3506= 5) .
Each of these characterizing curves is then esti nat ed by a best-fit
spher i tareifent coliateyclackwisan esnmepnesendéd Hyiling T ™M swihersitsphiersectiamt ect a

circular are which passes through three known points for each curve
(e.g. Y& poirfaceat! Q8 2definascrp isecondc kbaracherizioat eurvelde! 6, twibichl &H

DO R e Ol oy B THE LS SO S L e Sk BT
are geperabefs i Redlo CRLEANIS 2@ Ukhle ePkry 5°, until plane 110 has
15 swept 360°, to produce a complete set of characterizing curves (meridians), in
this case sevénty—two {360° + b°).

e Each of these characterizing curves is then estimated by a best-fit
spherical {circular) arc. One manner of doing this is simply to select a circular
arc which passes through three known points for each curve (e.g. the point at

C. 20 which it touches the contour 106", the HIGH point, and that point which is
' haifway between those two points when viewed in projection along the local
Z axis). Once the spherical arcs are generated; the focal point of a portion of
the cornea represented by a circular arc can be estimated by the center of that
arc. Techniques for locating the center of a spherical arc are well-known. The
25 resulting set of arc centers then provides a representation of focus scattering.
For purposes of illustration, the preceding procedure was
performed on the corneal model of a patient having 20/15 uncorrected visual
acuity. These results are not atypical.
Figure 5 is. a focus scatter diagram along the LOCAL Z-AXIS for

30 that portion of the cornea extending out to a 3.0 mm diameter. In this case, the



the cornea represented by a circular arc can be estinmated by the center
of that arc. Techniques for locating the center of a spherical arc are
wel | -known. The 25 resulting set of are centers then provi@es 206

repr esdv@ &¥1@xt1lof focus scattering. For purposes of il bupiokediess the
precedi ng procedure was perforned qn the corneal nodel of a patient
havi ng 20/ 15-uncorrected visual acuity. These results are not atypical.

Figure 5is, a focus. s er di agram al t he L Z-AXIS for 30 that
hort 1GRAb PRI Thes GUSRM AP & OCALOZRIE AR extontothia case
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Snm da &mirediapwdtetr Porodn dfeheotdifaa IRGiInS a8, BopRANareh éxesridentds dor an 5
additional 1.69mm As shown in Fig. 8, the radial scatter of the sane
pdd t | aditionalt héSrormeAsi showi® imFid=i §yuthe radidl Iseatteatodtherssime pertin al
focus scatter at 7mm begins at _8.68nm and extends axially for_an

addi t bt corngaig -%@%aglgtnrg 9 ilpstratesibpt Hhe axiahfecusmecatiparalsifbiYi ng
radial scatter.is .33 Cearl. ocus tte | S nmost severe Jn the
Cont raeSiEs At BB ARE Sxradexty et adbBns] g anbepss s dS ) ar ger
porti t _ ' r , be
ROt 8 Aest i S06 BERRH AR PRAR] Sk 9" S5RLE, ClbartpllobuebpaEY D
cent rgl mpet 5& w8 iRfthENR &Rl PRRtioh Bf IRE QOATEY, Saryd HBcidaBed sRARAGantyeNt i on,
this is acconplished by "orthogonalizing" at |east a portion of the
cbDneas larher pertinnsostt thegomaeazaregonsitlereédf ers to a re-shaping of the
surface nodel so as to piecewi se re-focus the cornea towards the LOCAL
Z- AXI S. The re-TFhenséores it iusdd elntely keafesineblelte regdysei ercelinpingtretheyr nea

(e.g. . through abl e}tioni) or t(? shage t he posterior surface of a contact
| ens {RusHEIREALIGRYE Hrcesia! PArtiphs, 0 e CQINgd achi eve the required
focus scatter correcti : t h W he
cornea not 20 ol(r%'l %/gﬁc}é'gg'@%% W’%’gi ar Bfe(;esc%ﬂg%s{(’:a tEJe}?,thgél’JES é’%léﬂsﬁggg% y
r educegyiaghdthalizifg'Saf fedkt @rportion of the cornea. The term “orthogonalizing"

-

)

15 refers to a re-shaping of the surface model so as to piecewise re-focus the
cornea towards the LOCAL Z-AXIS. The re-shaped surface model can then be
applied to the cornea (e.g. through ablation) or to shape the posterior surface
of a contact lens (or another type of optical lens} so as to achieve the required
focus scatter correction. It has been found that orthogonalizing the cornea not

20 only reduces radial focus scatter, but simultaneously reduces axial focus scatter

e
-

substantially and produces more uniformity in the radius of curvature of the
- orthogonalized portion of the cornea.
Figure 11 illustrates the process of orthogonalization. The process
is carried out on each of the arcs which represent characteristic curves, in the
25 manner explained below. After this piecewise refocusing, the modified arcs are
reassembled into a modified surface model having the re-focused
characteristics.
in Fig. 11, 130 represents one of the half-meridian arcs
corresponding to a characterizing curve. Arc 130 has a center point C, the

30 location of which has been exaggerated to demonstrate focus which is radially



substantially and produces nore uniformty in the radius of curvature of
the orthogonalized portion of the cornea. Figure 11 illustrates the
process of orthogonalization. The process is carried out % ch,Qf the
arcs which represent characteristic curves, in the 25 na2§2ﬂ 3*2Q i ned
bel ow. Af V¥ 0¥H3#1pi ecewi se refocusing, the nodified arcs erBUSBATEBND! ed
into a nodified surface nodel having {tghe re-focused characteristics. In
Fig. 11, 130 represents one of the half-neridian arcs corresponding to a

which neefi frolihB OFRY 2T, RAREbERA R ff o0 e )b
03/ 10134 fing STnH 3 PRHWBRA B0 R0 BRSPICRAo T4 BM 115 OO TX! S

Orthogonal i zation of arc 130 begins wth <creating a chor et ween

" the twobRrdsorol 34hef @ierd T3REhHEDE cdrsaructbl S&ad of wWiilBhass tRRRIgh Jaidt may
be constructed, and it will pass through point C and intersect the LOCAL

Z- AXI S &t ared paersecKthebOUAL HeANiS etagoint XpoUsingxthe distamcpaifnpoldi(X he
* HGH point) as a radius, a new arc 130" can now be drawn between the two
end Boi HoE epingrd (thw HIGH-poingoas pirpdiuse 2 bR\Ys¥¢ b0t Aan naucke drapd s and

wi |l haye,a |arger, radius of curyvatu t han ar 30.. At this poin are
130 colPHNERE AREM S FdePaints Al Her | SPno AT T30ar B8 el emite)
108" . rs_ A |, [ change in
the hi BRntasZd XIS AN AR R L P Brb e O ard 358 2 e
defined (for exanplehidBérMhre 330" i doutdbePREddptBd Qs 8k Grd Hefinirky TRE ©
than a distance a inside or outside the surface 108, arch 130" 1s not
accept echddifiediserface nidus! 108" f iHdvewerf dosoniabied desinslilead avpi tolo greatin be

nmoved up or down on the LOCAL Z-AXIS (dependirgg upon which direction
agcﬂolse'cm@éégnttbetiblql@eﬁﬁ\péd)‘lebgnrnaa-f Agrordinabgsa eestaine thrasoldse'is can
th
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in the modified surface model. Instead, peint x can be moved up or down on
the LOCAL Z-AXIS (depending upon which direction arch 130" needs to be

156 moved) by half the excess over €. Arc 130" can then be re-drawn and re-tested
againstie. This readjustment and testing continues runtil an acceptable arc 130’
has been found. Then, the next arc is orthogonalized. After all of the arcs are
orthogénalized, a new surface model 108" is created based upon all of the arcs.

Figures 12 and 13 are graphs illustrating the radius of curvature at

20 each of the 72 arc locations, both before and after orthogonalization. Figure 12
relates to a corneal section of 3mm diameter and Fig. 13 relates to a section
of 7mm diameter. As can be seen, in each instance, the variation in the radius
of curvature of the half-meridian arcs is substantially reduced by
orthogonalization. |

25 ' When the present invention is used with respect to a contact lens,
the lens preferably has the structure of lens 10 illustrated in Figs. 7A & 7B of
U.S. Patent No, 5,880,809, the disclosure of which is incorporated herein by
reference in its entirety. Contact lens 10 preferably has an inner optical portion

386, a peripheral optical portion 38, and an outermost peripheral portion 34, the

30 posterior surface of which asymmetrically and aspherically matches a



Figures 12 and 13 are graphs illustrating the radius of curvature at 20
each of the 72 arc locations, both before and after ortkz Tlmﬁ-l on.
Figure 12 relates to a corneal section of 3nmm di aneter ﬁgﬁﬁ

rel at esM03408HEt i on of 7nm diameter. As can be seen, |15c1$@§d3,1|7(§3§t ance,
the variation in the radius of cuiﬁature of the half-neridian arcs is
substantially reduced by orthogonalization. 25 When the present
invention is used with pect to %hcont act lens, the lens preferabl y
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correspondi ng portion of the cornea. This correspondi ng portion of the

cob neadebemienﬂyderThhle isyuinaemepticpb pbrion dé dritkkodemelizetiess deectibag i s
worn in the wearer's eye. In accordance with the present invention, the
i nneratupts, @and thsoeeirespIsliag gortien péthekerngal @prﬁa@almpdelt!sanoeétedr e

ort Eﬁﬁw”gkhiez&ogé HE%% W%Za%oufmd;bv ghasvhgﬂt%éﬁ%@éag%%% ih@ifl of the

T d
by coneriinsGiR e ectiviiy Soifta) potT 325580 “rﬁgphntga?ﬁ” fign °"
per i p&‘leﬂi’é ceméaq%oger fs RiddHRd. fsqé esebn thathhsbvd, hmtara%rnttamepef thae

corneal nodel is nodified. As explal ne above, i'n a contact |ehs, the 10

mpdi fiedifiar oerlealatisdeliis used do Tshap@@l@@ pdaeerpsrséfetheotorttact pscoThact
| ens. The anterior surface of the contact lens is shaped to obtain the ("

r equi ardgrior susface of ribet comtatblendds shapedtio abtaiesthe beghired Pégumit No. -

5, 880, 809. _As an exarrﬁl , of the inprovenent in vision obtainable with
the GRIEREHAN foR tha PaHent s dessabed in FatentNpd8y83080% patient with a

oS o KT TRt S BB i D SRR S

| magesres Wit inkBftion, the case can be considered of a patient with a severe

15 keratoconic eye. As is common with this disorder, the patient was seeing three
images in this eye: a central image and two peripheral images. When the
patient was fitted with spectacles, the central image. could be corrected to, at
best, 20/200, but the patient still saw three images. The patient was unable
to use a conventional contact lens, because such lenses fell out of the
20 keratoconic eye. When the patient was fitted with a lens as shown in Figs 7A |
& 7B of U.S. Patent No. 5,880,809, the lens was retained in the eye. The (.
central image could be corrected to, at best, 20/40, but the patient still saw
three images. When the pati_ent was fitted with a contact lens as illusirated in
Figs. 7A & 7B of U,S. Patent No. 5,880,809 with the inner optical portion 36
25 and the peripheral optical portion 38 independently orthogonalized, the patient
saw a single image and his vision was correctable to 20/30.
Figure 14 illustrates the radius of curvature of each of the half-
meridian arcs of the central optical portion for the keratoconic eye, both with
and without orthogonalization. Figure 15 is a similar diagram for the peripheral

30 optical portion. As can be seen in Fig. 15, orthogonalization made the radius of

i



patient was fitted with spectacles, the central inmage could be corrected
to, at best, 20/200, but the patient still saw three i S he. pati ent
was unable to use a conventional contact |ens, because%?hgcgnﬁ]& fell
out of thWOXG/IRBAAt oconic eye. When the patient was fittegewdsisfehens as
shown in Figs 7A & 7B of U.S. Patent }\Io 5, 880, 809, the |l ens was retained
in the eye. The L central imge cou1d be corrected to, at best, 20/40,

but the patient still saw three inages. V\h%n the patient was fitted with
_a cont &fVaERR oysr the E§E'PBQ"@H°PHCBIFF?C§E‘9“7SN gtangially unitormpadeperegily,

5,880,809 with the inner. optical i.qn 36 .25 and th i pher al
oo e 45 B0 o B i R8sl ™"«

S ngle | mnmge an H .
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w t hout orthogonalization. Figure 15 is a simlar diagramfor the
per ibphecabrd@hcepiithahepoesemninvdsticranedd neebs linfitdd tp 1D, optical zones.
orthogonal i zation nmade the radius of 2 7 OCT 2066 WO 03/101341

PCT/ USO#wat 763the lens anuldihare acgweaterinespdacp hdilal egntral aiptisel zonmand
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o, SRR e e RE o ATk PR, b ot
invention need ngis g bi rﬁa?i@ﬁltst Wiﬂﬂ%s%péé\&% ENAFons! B cbﬁcerg@@f 'V\agnz r

coul d have a posterior surface wth a central optical zone an

re péaivehdisgbvepid Gime diaessabi carijee iRr Giguab Yevedptidrurnvhet hgiag t he
enter, all of the optical zones being orthogonalized independently. As
far as opttagemabzed tdontess lersesr e Tundhestosenumen cionweveréntaireportéd have

di scovered sone favor?ble change, i n vi sual_ perception when usjn

e ch ) ing
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15 lens that does not have components which focus at different distances, and
they will not require reading glasses. This is not limited to patients with small
refractive errors.
= Figure 16 illustrates how a cornea in an eye of an actual patient
varies in curvature (radius} at different diameters (distance from the LOCAL Z-
C 20 AXIS). This curve exhibits a slight “knee”, K, representing a relatively rapid
J change in curvature. Usihg surface model analysis, it has been found that this
knee, although its location is cornea specific, is present in every eye, but
becomes more pronounced as visual acuity decreases. [t has also been found
that if a lens is orthogonalized to a diameter less than that at which the knee
25 ocecurs (e.g. the central zone ends inward of the knee), multiple images and
ghosting will result. In most eyes, the knee occurs within approximately a
4.5mm diameter. So, as a rule of thumb, this disastrous defect can be avoided

by assuring that the central zone extends beyond approximately a 4.5mm

diameter.



15 lens that does not have conponents which focus at different distances,

and they will not require reading glasses. This is not Iigtie%o
patients with small refractive errors. Figure 16 iIIusZr?a a

cornea W@ &fitB¢e of an actual patient varies in curvatuseEr(§@aahds) at
different dianeters (distance fro he LOCAL Z- .20 AXIS). This curve
exhibits a slight "knee", K, representing a relatively rapid change in

curvature. Usi n‘g sur face m)del'l. agal sis, .it has beep found that this
knee, alt hough ¢ sh3%EEEN FRIRINEGr ARV g oF ,°9°§3B¥%tprpﬁe%?véfry eye,

Found P RAET 15 GOl BBURER nAT s, 76D U REHERR B i o
whi chedrigakE®ade 5 geﬁemea,hﬁumamg Shafé'fo ??Gﬁdb% foftbeddle knee),
mul tiple I mages an ghoSting wll result. Tn nost eyes, the knee occurs

Wi t hirefrappiodxestabiibedby 4nyB tHsaas desciiied #$ tite pHtehtsicitdtgbovd)hi s
di sastrous defect can be avoided by assuring that the central zone

ext erated lidy onthogomabzedalbé gorestahnormaiabhsetface nibdel GCThe0 g iseréx81101341
PCTI USQ3/ 17633 18, As has been expl ai ned above, the orthogonalization

pr ocewhj she ayympdiisde comnasdrsisiaceanedeloranst dc dblupeyed piawardso thee
rocedure,.a corrected .corneal f del i ted, whjich i
ShapcinGUiis\ BUHAER At Rec FrBROTC: PRTAES dHSL SPREAGIS HNE HPMARESR ¢ est
as | beg 3 i . Bt li zed.
(s BBttt 1 A6 REYRLCRSHERS P HOUR pod 0 4 e Neppgk

unod i At AR i AiorTERABl sufidel dntlI SRR HoPY R ARl ifrechigrodi 11 ed

surface until the corrected surface just contacts the unno e
sUd f asgrfadd jusheomacts Wl umidricdied anirfack. | ¥ tht pdiat eemicial ebntdee is
corrected surface, it is nmoved toward the uncorrected surface until the™,
per i phicthe peripherycot the cetestpdsauface itustmewed deward fbe wnaorrestedd —
surface., If thgygeoi nt of (initial contacf is at the per'bphercy of the

1 e_uncog

cor r eRATERCR YPHLEE Cppter OTHBGLPHRER FU IReeUHED FPREARE T Ectede until
e SRSt O AL oRRRHAE YEaEY VP bt B FBBASI S et e T IBY
| eastpartially, inside the cornea, and the cornea is ablated until the displaced
156 corrected surface becomes its new surface.
This procedure can be expected to reduce substantially the amount
of material removed from the cornea, in comparison to all prior ablation
techniques.
Although preferred embodiments of the invention have‘ been
20 disclosed for illustrative purposes, those skilled in the art will appreciate that
many additions, modifications, and substitutions are possible without departing K }
from the scope and spirit of the invention. For example, the present invention
is applicable not only to corneal ablation and contact lenses, but to any other
kind of lens, inbluding cataract, phakic, intraoccular, intracorneal and spectacle

25 lenses.



partially; inside the cornea, and the cornea is ablated until the
di spl aced 15 corrected surface beconesi9ts new surface. This procedure
can be expected to reduce substantially the anount of nateri.al 6nem)ved
fromt %&t%@?ﬁmeﬂ” conparison to all prior ablation t&hdl{guedlo
Al though preferred embodi ments of the invention have been 20 disclosed
for illustrative purposes, those skilled in the art wll appreci ate that

nmany addi ti onsin amdiHolddat inpRGsin@achisiiasd the thprodemaitef BRSSO 6f M dyBout
departing fromthe scope and spirit of the invention. For exanple, the

pr es&KEtEPR 9B rﬁ‘Plao%‘ffaF%mQB‘ﬂloif dtsosenet hemys dosrebrrerlnEIvl A58 for Hresnt act
_l ensﬁ!%aﬁ&#tonttﬁ)e ﬂﬂﬁc@%@l@l ztniél'r&gi 13511&' ﬁ@ﬁﬁ’odéﬁggy 49 g)gl{n &G us%"gk' C,
ctac

i ntraocc I ntracor nea ense 'S CI ai ned:
2 7 pCle2@d6eferente axis meiivod fdrang 'thasprtoxmaogmmn Rliatnthie mopdi fivel mdqinioverrent of
t he vi si on. of the steﬂtl)s of, on a surface nodel of the cornea of

t he @&Sﬁl&%&%ﬂﬂ?‘ﬁ@ﬁsww%% $EUBL for different |ocations on the

surface nodel and nodifying the nodel so as to shift points of focus to a
predefinetl ref Ehemetodxi £aimi itshitstin kit ehdigfyinparoptio raprasefmative ¢oi nt, the
nodi f | ed nodel esenting a desired restructuring of the cornea. 2.

The ﬁfé%%éya?—sleap&aaﬁ{ he cREe? BY Ao I&Y%ﬂmwﬁ@ngtt@ﬁmg PG ARRALBA talhe G of

effeg{ %{?’tﬁ;layleﬁsem%ﬂ@%&gc&té@t&ﬁw%efjr}f.One of physically changing its shape
ying to the eye an optica Tens intended to correct refractive

error 3. The net hod of Sal m 2 wherein E)hy5| cal changi ng conprises_ an
i nt ended ®or nede Mahed of 6P+ Whaep phyice! shangRg cepprises anTpiEndrs REabf

d ai %l%ldﬁﬂﬁrtﬁ& g?ﬂlggop@gleggl l ens is one of a contact |lens, a cataract

| ens, a phakic ens an intraocul ar lens, an intracorneal Iens and a
spectacle | ens. The net hod of an precedlng cl aimwherein the

r ef er encetaxi sTlp‘%\@gf@gd Phi-lim R Wisgem CORUIEHiLFRS 15 Bhe AR ISHS Raaryt
pr ecl%gé, %g)hﬁlhé'léﬁs‘é(ﬂ SRl Rpd. ShSIERES AL ahd Fgg&t;m Z- AXIS. 7. The

met ho any pr ece Ing C m wherein the sur e cornea is

nodel ed
. The method of any preceding claim wherein the reference axis passes through the

HIGH point.

6. The method of any preceding claim wherein the reference axis is the LOCALZ-
AXIS.

7. The method of any preceding claim wherein the surface of the cornea is modeled
in terms of a central cap-shaped portion and at least one peripheral band portion radially outward

of the cap-shaped portion.

8. The method of Claim 7 wherein there are a plurality of band portions successively

radially outward of each other.

9. The method of any one of Claims 7 or 8 wherein a periphery of the cap-shaped

portion is at least approximately 4.5 millimeters away from the reference axis.

10.  The method of any preceding Claim performed with the aid of computer program

which produces the surface model of the cornea, which closely represents at least a portion of the



-in terms of a central cap-shaped portion and at |east one peripheral band
portion radially outward of the cap-shaped portion. 8. The nethod of

Claim?7 wherein there are a pluralityyof band portions i y
radi ally outward of each other. 9. T%e nmet hod of any on?ggﬁga%%rré 7 or 8

wher efunfage pler ¢qphreriy tioke theensaps shapeebth, feetioon surfacat tht eastifymgptepxi mat el y
4.5 mllinmet f t f . i S. T t hod. of
or ccedRS BEAT T P bR IS Po i oS PRt B R PRy

~ produgedelt he surface nodel of the cornea, which closely represents at
| east a portion of the 20 2 7 OCT 2005 surface of a cornea in three

changi ng. tHe. srlReRgrode! ¢BE OaMieieh R b e b R e
nodi fdoftbraitsf e ShapeRe el least & portltd JrBlN@eheto @e%dﬂiﬁ% suMABE RloBelt hRl

modi fyi ng step corresponds to one of conformng the shape of at |east a
por t iconfopming-be elpa @4 at loast A @oriveiof a eurfapgrof aw eptinaditens taathd modifiedsprfiasg t he
shapqn&j]at | east a portion of a surface of an optical lens to the
modi f1ed surface nodel. 12. The method of any one of Clains 10 or 11
wherein a central cap-shaped portion is nodeled on the original surface
nodel as dZ2ser ilds nofthed efsany oot af Chras 1§ osPawkadeiaboghirilvepskiped eodien iaxi s

and conf orm to the surface . nodel ., said nult.iple |ocatio bei.n

ol e R e b bR BT AR S Sirtes B s ORI o8R8 PREMERIBhsry o
the cap-aabapefdnpdits @ suffBc@mn6dd SafimigibRAVEEENs Biing tduidd 726 dxadpgi nt X
at which the perpendicul ar. bi sector of a chord between the ends of the
ar ¢ ibgtveses deg wigrence pasapa tepeaiphery of He cap-shapge porienviseaic peinarefdcused t he

| nt erseilan QL %iﬁl?x dt @.fh?crhetﬂg?er?@(é{d%uﬂrg;ﬁf:EtGFoﬁéjéﬂo?’%g IRAehe REsNG sed as
a radfus toscrt e, fromporn , a nodifred are etween the two ends of
t he arcinteasedtsshortdrencejaaisnibeglinmnde betedeapaist X and éfel inersebionnafdkd | ed

surface nodel.. 13. The,nethqd . of any,one qf C ai 0-12, er ei band
por t FETCRSTRS Y T G rog Wnean &1 teds G506 0P Prun. F SORGH8) ed on
the QFd KHWadn B Y AERISTBUR] aréSand sARHIWGS; oftfin 2h6&ified 2fcatd QdTalltie SP&EEE about
the reference axis and conformng to the surface nodel, said nultiple

| ocatshidas miedehg sel ect ed arcs extendi ng bet ween peripheries of a band
portion, an arc being refocused by: locating the point X at which the

per pendi cybar lgihg aeiiRyd (Han@ oS8 Alahed We e vitheein £B&R Sribd) @adIB, dudh@dsect s
the reference axis; the distance between point X and the intersection of
of a central cap-shaped portion, is modeled on the original surface model as a series of arcs
rotationally spaced about the reference axis and conforming to the surface model, said multiple
locations being selected arcs extending between pernipheries of a band portion, an arc being
refocused by: locating the point X at which the perpendicular bisector of a chord between the
ends of the arc intersects the reference axis; the distance between point X and the intersection of
the reference axis with the surface model being used as a radius to scribe, from point X, 2

modified arc between the two ends of the arc; and smoothly joining modified arcs to define the

modified surface model.

14. The method Claim 12 or 13 further comprising the step of, after generating a
modified arc, measuring the maximum distance of that arc from the corresponding original arc
and, if that distance exceeds a threshold value, moving the point X along the reference axis and

scribing 2 new modified arc from moved point X which does not exceed the threshold value.



.the reference axis with the surface nodel being used as a radius to
scribe, frompoint X, a nodified arc between the two ends of the arc;
and snoothly joining nodified arcs t 9y define the nodifi d: ﬁgrrfm nodel .
14. The method Claim 12 or 13 further conprising the steg ot aft'&r
generati ngla nﬁhh:ﬁlﬁéddafa;ymaﬂmimmglﬂhéfnmlxamumpdsmgﬂmcs&pefoft hat are
fromthe corre g%ndl %orllglfnal rIe and, t hat ftjlgf]t ance. ce ds a
threshol d VATHEE THGYPRGeE FTe exna%?ﬁaoe ucs wfth ce

' scri bindgela new nodi fied are from noved point X which does not exceed t he
threshold value. 21 2 7 OCT 2 006 15. The nethod of any one of O ains
10- 14 furtmévmgdrmognﬂ@elmeetb@rem@l @fsymst wakd engtache nodi fi ed surface
nodel in c es nnDd surf novi.n

P odel o TsGRRRGE SR Hblafil M W Rleh b B e A BRCR b TRRE L
cont awto msddlﬁ‘@gcth&hﬁrtﬁemixﬁlﬂ théfpehﬂ%rﬁﬁﬂtlhf: nfdiffddrshaee Bde fust batidRght he
two nodel s together further until the periphery of the nodified surface
~ nodel Ol?gig%}SE‘é?ﬁeaE?dse the original surface nodel. 16. An optical lens for
i nproving the vision of an eye, the lens conprising areas of focus on a
surface t heg eof Ag 0pticas ROB dirnGipfRing thé GkiOALT VSR, LRNEnsWdnipRRiInGAFdAe 8f
surface of the eye, each area of focus being shaped to shift the focus
of t hfoceorr eupbeeiheral senespontiog tordifcreninerionpomthe spmgalsurfaee ofdhesince
axi s t

o oe RYSAERg M DML S48 05 S PLa RSB0l 0 e SOPRL
cat argedefinet seferen@hakd @ the erSwathout itrcageleddoais dfasash alamd atommon peial. | ens
and a spectacle lens. 18. The | ens of any one of cl ai nms 16 or 17 wherein

one of ol oy’ Taesg e arh | e pnee EnCioriRE Mle oot a2y

The |lemsamohtrastgulankngfandhi@dcomeiledshndlagpeitatis keas.sur f ace of the lens |s
constructed as a central cap-shaped portion and at |east one peripheral

band porti @nr aﬁfea}% syof%ﬂgw %CIX}?HEHG or $§%ﬁ8}eu{ @8?&‘61%1156 fx?sr ag&%g]? %}15 I’ t Sf

t he cap- shaped portion ens o aim conpri si
of baheéHPGHtgoans successively radially outward of each other.

19. The lens of any one of claims 16-18 wherein the rcferencc axis is the LOCALZ-
AXIS.

20.  The lens of any one of claims 16-19 wherein the surface of the lens is constructed
as a central cap-shaped portion and at least one peripheral band portion radially outward, with

respect to said referenced axis, of the cap-shaped portion.

21, The lens of Claim 20 comprising a plurality of band portions successively radially

outward of each other.

22 The lens of any one of Claims 20 or 21 wherein a periphery of the cap-shaped

portion is at least approximately 4.5 millimeters away from the reference axis.

23.  The lens of any one of claims 16-23 designed with the aid of computer program
which produces a surface model of the cornea which closely represents at least a portion of the

surface of a cornea in three dimensions as a smooth, free-form surface, the model being modified



-22. The lens of any one of Clains 20 or 21 wherein a periphery of the
cap-shaped portion is at |east approximately 4.5 mllineters away from

the reference axis. 23. The lens of gny one of clains 16;%2?? @fﬁ@@@d W th
the aid of conputer program which produces a surface no t cor nea

whi chn eliaps et each eprespendisg dicaligrg feaat poortibonf e lakeonfuningdestebe & thor nea
in thr ecéiizsme si on as a snoot h, free-form surface, the nodel being

nodi 1’?0?%[— Etn 2D06 in shape at each corresponding | ocation at |east
a portion of the lens conformng in shape to the nodified surface nodel.
24. I n a 8¢st el & gystanmporoxpryirgtbe vis®naf amty@]my eﬁf@:tibylyeéﬂaemhgmlcwma

r eshapi he cqgrne e of gontroll ph aII ha t he shape
of t RE oBep e g Rt THattn oo S s end toutoBa Jh e 4 + o
eye 1sedhs wleatosme%}}é arddneet 19§r'éﬁ§0tw€ eﬁ@ﬁtarcahwlel Mﬂlm&ﬁﬂkrsﬁ’ilds said
reshaping so'as to shift points of focus for different |ocations on the

sur f aesbapng shes to shifiepints o focps fod diffenend locefiensemdibe snxd’@e ofiibelsomea foor ci ng.
t he foqu ach ar.ea emof Claim 24
wher BrEERE e BREY NS iiuR AT SRt et irpd 0 CoBhETRRRL T e

ani ntraoccul ar | ens, anintracorneal |ens and a spect acle lens. 26. The
syst em of 2any Eh@sxsterm: bBClaEn 246}752531'1‘/\111311@15 romhssesent bk kapractdese s

f t LI ough the 1A t.. 27. Th tem of
of  CPRIE 3G B ARETE Rot AELRIPN 960 SHLBR P hdcief orente axis L0 bo

substantially coincident with the LOCAL Z- AXIS. 28. The system of any one
of cl ai ns2@4- ZThW}eteai of dnlyeone @htirohd 2 orcausieseib e snrrbBaeauset rdftrendeens t o
be cons ruct ral. cap- shaped portion and at |east one

per i B’Hé %li’asf) iﬁ@?‘fﬁ@h Rofi al Iy outward, with respect to said
referenced axis, of the cap-shaped portion. 29. The systemof C aim 28
wherei n theé co”ﬂlnﬁr istear oftzanysms of Heinhseds? Gwhérameahé coritrodlevckasea thtefaralcet y  of

band i 0 sUccessi ve r adi.al.| of each other. 30. The system
of aﬂ§ g’n‘é”(‘)‘g @?téﬁlﬁfsc %1‘{%“2‘8]9 Ci@‘gﬂ?h%ntrol | er causes a periphery
of the cap-shaped portion to be at |east approximately 4.5 mllinmeters
away front&.he Thees‘ystea*rmf‘eanams of aﬁimsmeZ'}SWBetreimtbé cantnypllenausds tid surfase 28- 30

wher e e ntro makes u of ter m whi .C rnodyces a
our 1 S8 IS BoiorBinetia TS on DensEry LR C g PRl bor « on
of t pertisslFditls c@iwérhewﬁﬂféﬁﬁéctltd‘saﬁ&fe@@exﬂ:leﬂfﬁﬂ§ldmﬁe SEp-hap frfon. f r ee-f orm
surface, the controller causi ng the nodel to be nodified in shape at

each cor 55 ponﬂ_!lens?rs%em c?it (lllalm 3§ w%elem tﬁe controller causes the lens surface to mclude a

plurality of band portions successively radially outward of each other.

30.  The system of any one of Claims 28 or 29 wherein the controller causes a
periphery of the cap-shaped portion to be at least approximately 4.5 millimeters away from the

reference axis.

31.  The system of any one of claims 28-30 wherein the controller makes use of
computer program which produces a surface model of the cornea which closely represents at
least a portion of the surface of the cornea in three dimensions as a smooth, free-form surface,
the controller causing the model to be modified in shape at each corresponding location so that at

least a poriion of the lens conforms in shape to the modified surface model.



| east a portion of the lens conforns in shape to the nodified surface
nodel . 23 2 7 OCT 20@® 32. A nethod for analyzing the cornea of an eye,

i ncl udi ng anal ysis for inproving oroplanning the inprov@neffTofiif sion,
sai d nmet hod makin % use of a surface nodel of the cornea of the eye which
closely r&pr esérﬁl heg for apalyzing @ércpmawfﬁn eeinslyamgEaalysis fempEVTEL n
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t he fi}ae&mg sflefpa Bih ﬁé)aecf?émfdpwgﬁrarce@m fa 11:1@0%??%&%3%%@?0 ‘b)

esti mating LBRiLhALRGIRN AR YE: Bl SbASSs {He ibdePdeticttiRalanthal |y
circul ar character|2|ng arc; c) rotating the plane about the reference
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di spl ay of) &diignatiagitheSchdRicEMiSin@RUHLa a&@@s}etﬂtmg ofbstaRBalp) @nRjaras a
characteri'zation of the surface nodéel. 33. The net hod of claim 32,
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characterization of the surface model.

33.  The method of claim 32, wherein the portion of the cornea is generally cap

shaped.

34.  The method of claim 32, wherein the portion of the cornea is a peripheral band

which, with respect to the reference axis, is outward of generally cap shaped portion.

35.  The method of any one of claims 32-34 performed with the aid of computer
program which produces the surface model of the cornea to closely represent at Jeast the portion

of the surface of the commea in three dimensions as a smooth, free-form surface.



