D 9 VAR 2007 :METHOD AND APPARATUS RELATI NG TO THE OPTI CAL ZONE OF AN
OPTI CAL ELEMENT BACKGROUND OF THE I NVENTION Field of the Invention The
invention is generally directed to the field of ophthal mc yygsy
correction, and nore specifically to a nethod, a readable nmedium and a
systemrelated to determning the optical zone associated with

hi gher - or der aber r atMIEFH@DrANI0 iFPA RN1QYS RECATING FOSHSE lens, a
custom | OL, a coneal inlay, or rebrhRCHPME 19 FQW&;%M&EQH on of
Rel ated Art Until about the beginning o lecade, vi sion,

correction consisted of approximately determ ning the | ower order

aberrations of a person's eygs ngﬁ}gﬁ\g\%}@ |inder (astigmatisn) and

the cylinder axis, and prescribing specta Yact |enses to

appr oxi mat el piei@ QF i GlvehilgSe aberrations. Mre recently, however, the

application of wave sensor technology (aberroneters) to the field of
opht hal m ¢ vi si oncorrect i.on h%{s allowed practitioners to accurately
nmeasure the higher-9 DAHEPFAYY giiestegtto Bisthielsal oplythblerisvision borastibhie eye.
These higher-order aherrations include secondary astigmati sm spherical
aberration, ‘COMLT SPesEsally o a mgthodtareadsblk mdiunt, end heysensiisdiag i n the art.
Mor eover, advances in |lens design and nmanufacturing, and |aser vision

correction rAStRBEREAMPPHpY aowet assqcidaMmeitiEger-bider RRSSHS @orﬁegﬁo%gfr&%éd certain
of the higher-order aberrations with custom zed contact |enses, custom

| OLs, and pHotacasbmicontect leaf,raabiod 08 U5 88HA inl fad2RL 180 S, . L he
theoretical limt of visual acuity, 20/8, lr?aag’ %gg%aoglg%?ae?/resﬁgcew [ VI
VILE VL VLD dioi L1HLE T *166166*

Description of Related Art

Until about the beginning of the last decade, vision' correction consisted of
approximately determining the lower order aberrations. of a person’s eyes, ﬁamely
'defocus, cylinder (astigmatism) and the cylinder axis, and prescribing spectacle or
contact lenses to approkimately correct these aberrations.
More recently, however, the application of wavefront sensor technology
- (aberrometers) to the field of ophthalmic vision correction has allowed practitioners to
accurately measure the higher-order aberrations of optical systems such as the eye. These
higher-order aberrations include secondary astigmatism, spherical aberration, coma,
trefoil, and others known to those skilled in the art. Moreover, advances in lens design
and manufacturing, and laser vision correction methods and apparatus, have made it
possible to correct certain of the higher-order aberrations with customized contact lenses,

custom IOLs, and photoablative refractive surgery. In many patients, the theoretical limit

*166166*

of visual acuity, 20/8, has been achieved.
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9 MAR 2007 ° PCT/ US2003/ 028399 When neasuring the ocul ar abeﬁgam,:pgﬁ]zof a
pat i ent 'V80&9®B/02835h an aberroneter or like instrunment, the dianeter of the
nmeasured zone is linmited by the smaller of either the PFHYSIOHEI699s
aperture or the patient's pupil. In either case, the dianeter of the
nmeasured zone is very likely to be smaller than the dianeter of the optic

zone of a cont act WhefiteasubidPite dbdNr aberrath . the dianmeter of a
photorefractive abl ati on zone, typriacgrlr?yngm-a%rﬂﬁéﬁs RANCIRL AgPRi& obl end

zone. Since ARMMs@imdnlendignaEr Hiuge errati.ons. depend upon the size of
the aperture that the 1i ght parssé%rglﬁar%]%ﬁ%ﬁon(eils. nited Py fhe ssppHercof siisir e,
it

referred to ;heLgl he "optical zone," is inmportant to know the
i dentity and rragnél}ﬂt%g e ofeao%t I a&%’&ﬁ?&?‘?o‘i’@“ﬁféﬁwtqh@dlﬁmﬁuer e oemsurzdne i n

order to pro I, Ject themwth | enses, surgery, or otherw se. The
current met hgog{ef1 %¥e§?h%(§%%’sqeﬁﬂlgbﬂﬁ$qn ‘g‘? diamptsr gfghe epaic ayngrof atomact Bagygs, | i ke
2. 5% phenyl eglgri e7h drochlorjde, which dilate the pupil beyond its natural
maxi mum si ze?PFATs’ 7§ THGE Sedimieér pb R Phrterstindtig aldaion avncalypicilBt I onsmbecause
pupil dilation is |inked to accommodative nmechani snms. Thus, when the pupil
is artifici a‘i’*t‘:i)]‘d ipleed zanpe Swps/mery ofithehighenordengbehaions adpeatngah Wial shape
and may be decentered and tilted in ways different than during natural

vi ewi ng. | n Sefdviitherpermigdhas theilight tases thromy (e, a a8 befiBdeheartificially
dilated. This may alter the aberration contribution of the «crystalline

| ens, and t hker¢iodfter asvhe Ebptioaltzoadyert isitripeRantRY ldaMBe fabAtY sd oRl g9i c
drugs, like 1% tropicam de, which paralyze the ocular” cilTrary nuscles my

s 0, be,isedse haatoninuges myouaDol RSt BT BRERHEE BT T SOL1Y,

measur ed zon&rdeSy, ©PHIMBIWIE. ABS ChiddEHel¥d for increasing pupil size is to use mydriatic
drugs, like 2.5% phenylephrine hydrochloride, which dilate the pupil beyond its natural
maximum size. This is undesirable for measuring ocular aberrations because pupil
dilation is linked to accommodative mechanisms. Thus, when the pupil is artificially
dilated, the crystalline lens may have an unnatural shape and may be decentered and
tilted in ways different than during natural viewing. In addition, fhe pupil itself may be
deceﬁtered when artificially dilated. This may alter the aberration contribution of the
crystalline lens, and the total wavefront aberration may have errors. Cycloplegic drugs,
like 1% tropicamide, which paralyze the ocular cilliary muscles may also be used. These
drugs are even less desirable because they directly affect the shape of the crystalline lens.

The wavefront aberration over the measured zone is commonly described by

Zernike polynomials with a normalization radius set to the half-diameter of the measured

zone. Extrapolation of Zemnike polynomials beyond their normalization radius is

undesirable because Zernike polynomials behave wildly outside their normalization

[



Zerni‘ke polynem al's with a normalization radius set to the half-dianeter of
t he measured zone. Extrapol ation of Zem ke pol ynom al s beyond their

normal i zation radius is undesirable because Zerni ke pol ynom al s behave
wildly outside their normalization 0 9 MAR 2007 radius. Arfb HAR 2007
possibility iﬁ_s ta&refit the data with Zerni ke pol ynom als having a

nor mal i zat i WAlus.-Adiother péssibitity {sito Bfit BT WHREAEY; e, Zem ke
polynomals wll be better behaved, there i gﬁ%eop%isﬁgﬂnglshgh%eal i eve that the

data creat embrheliseienratiie of SHESe. Qfunt &%n@@éf%%ﬁqﬁﬁﬁa% %H%C%M% 0 1Q']i s

appropriate. Simlar problens are encount en ex of ot her

types of pokiinbeal: REREESEL O sed..t o descrj bing _higher-order
aberrations outside of the ﬁegzla?éeargr%nnO%%%Vg.thaltﬁ‘e\i#a@\ﬁreé‘fedtbﬁ@@én§’ﬁortcom' ngs,

t he inventogy i a.need for the ability to accurately and
sinply descr iggiif t%ﬁ‘gg%%'teué %%} °Pé‘6§rzf”éﬁ IF BPREOMfo mimilEepreBlemeart byconpasdr ed

zone, and exiending,over the optical zone of a contact |lens or the
patient's e&ﬁel& %‘Bﬂ}%}& n&Eog?réﬂfém‘émjfﬂwquﬁéprﬁﬁmﬁﬂemem@laszthymlgeI ates to

met hods an%.glgegar tus allow n% a sinple and accurate determ nation of

hi gher - or deP'SXBEFICALICHRAROTS Putside 8hthe Bgsutmemerineover an optical zone that
is larger than the |imted nmeasured zone over which the. aberrations
typically are rdstircdthesoshoderpgusnintnehtot he rddgaintd Okl Sordhd A5G to a
machi ne readabl e medium that includes an executable instruction directing

a suitabl e Wwaechirately end dieplyciesctiespioshic BAratRREhBhd B tﬁ)%raflfﬁmtehsggﬁdls urface
on an optical elenent. For a customsurface (i.e., non-"‘rotationally

symet ri c) , zanhenil BSbiduet dventhd bpiRet St BE ' ridi onal shape
profile on the optical surfac% whi ch f?%ﬂgmrr%ﬁ%ttge TH Gt on to the

aberration data that either increases or decreases snoothly and
consistently with increasing radius to a peripheral |imt of an optical

zone that is larger than a %MR?&%F% IOIrIIeasured zone of an

The invention broadly relates to methods and apparatus allowing a simple and
accurate determination of higher-order aberrations of an optical element over an optical
zone that is larger than the limited measured zone over which the aberrations typically
are measured.

An embodiment of the invention ié directed to a machine readable medium that
includes an executable instruction directﬁlg a suitable machine or device to produce an
aberration correcting surface on an optical element. For a custom surface (i.e., non-
rotationally symmetric), the instruction directs the making of a meridional shape profile
on the optical surface which fits 2 monotonic function to the aberration data that either
increases or decreases smoothly and consistently with Increasing radius to a peripheral
limit of an optical zone that is larger than a peripheral limit of a measured zone of an

- optical aberration of the optical element, and extrapolating the aberration data over the



opti-cal aberration of the optical elenent, and extrapol ating the aberration
data over the 3 0 9 MAR 2007 WD 2004/ 028357 PCT/ US2003/ 028390 90ldAR Q807 zone
of the eWVOrRBM/O02838Ist preferably, the function is a coniP%,m{ o 20E, referred
aspect, the device is a laser suitable for ablating the opti Ogozsg rface of

what will typically be a custom zed contact |ens or other ophthalmc |ens
surface like an 1OL or corneal inlay, for exanple, or a corneal surface.

I n anot her prophieslizetk efsiredément NBloBBEETEABLy] e finc | ly gontrol | ed Iathe
such as, e.g., an Optoform 50/ Var ?f??)r m | at heﬁl(ngguéllgﬁ&eogiﬂ% le%éeepnr%t,rm H. ,

USA). In a praper ieddeafpacd lasek B8abRIEI MGk LE the production of a
corrective surface by fitti ?185 betavveen 24 la%gleggﬁcggéé%%?eaﬁé&%‘ﬁ‘ '%@H@ndent,

uniformy spRGEAsERAME chiRS idnOBSthS nne the full tical surface. In
a rel ated embodi nent, eacsystem for e ?%%Engé @%Srsrme}%ei@gag FemsH an

optical ele ' S Vi ooperat.i vel y engageable with an opti cal
el enent havi @g% ﬂng%ra ?‘ %éorfancgglﬁé%g‘r@i)& b a%tﬂfeéP‘é’gmf‘é)gsﬁ%\/tpﬂ@aﬁwedmi cal
aberration c 1 ferably a higher-qorder corregtion. The device is
suitable for q@h%glﬁlﬁ’g%"?‘ﬁ‘gﬁg Earﬂ%eas éh (o) e~$hg“ §BP?%|DONén&m%iatWchmh,

execut abl e i r}itruq\t('go% %nd, as _such, can receive a readabl e nedi um

i ncl udi ng an SXBEN-dbI"H ndp P BELSTSA asPrle the yrstration direatsthe prodhiorion ntd udes a
control system operati vel\f/ associated with the device and adapted to

recei ve a red@EBtesedcaky fiftine betviepn2amdsié cerermid and iimispendeit @ifornapd t o
provide the instruction to the device for execution, and the nedium

itsel f. The iSpaed genis mciins sxdstermire thefniloptitadsyifacgduce a  neri di onal shape
profile on the optical surface that fits a nmonotonic function to the
aberration data t at rededrenbolingne asesern for d@kmRa%68eSMPALAL Yo ptical
consistently with increasing radius to a peripheral [imt of ah opti cal

zone that is eetegeinchban dvietidpbatialy edgiage'able%m%n%E@cirélé‘rﬂer&ﬂmngog an
optical aberration of the optical elenent, and extrapol ating

surface intended to be altered to provide an optical aberration correction, preferably a

higher-order correction. The device is suitable for altering the surface of the optical
element upon an executable instruction and, as such, can receive a readable medium
including an executable instruction. The system alternatively includes a control system
operatively associated with the device and adapted to receive a readable medium
including an executable instruction, and to provide the instruction to the device for
execution, and the medium itself. The instruction directs the device to produce a
meridional shape profile on the optical surface that fits a monotonic function to the
aberration data that either increases or decreases smoothly and consistently with
increasing radius to a peripheral limit of an optical zone that is larger than a peripheral
limit of a measured zone of an optical aberration of the optical element, and extrapolating

the aberration data over the optical zone of the element.



the -aberration data over the optical zone of the elenent. 4 0 9 MAR 2007

I n anot her "enbodi nent, a nethod for determ ning (which term&gc@ﬁi2®z

desi gni ng, designating, specifying, or otherw se describing)Y tive
optical surface for an optical element over an optical zone having a
radius that is greater than that of a neasured zone over which an optical

aberration of thg Aab@eRMbAARNDEGRHIE mine 15 hAAeS maki ng a
hi gher - order aberration measur ement ; |tte?eg%mfr“fgwh§f§g$?5‘t1?‘§ﬁ& ata to a

function thgfi.el L ner e s .or decreases smpothly and consistently, and
ext rapol at i ﬁ%l‘&? é&{asgg?tr%g’f ?%%%al? & %\ﬁ/%?”steﬁlgscﬁ‘g?lﬁ:%ﬁonf’%"é apfcal sufagst i cal
surface. Infozla_ ttl)ref.e rred aspect, th function is a conic. Mre preferably,
bet ween 24 And™3BIALERRE O 'eréiﬂap‘?%lef’é’ﬁéhél\éﬂ%a@é%@atﬁmterﬁnsﬂ@paﬁed every
15 degrees to four degrees, respectively, are fit to the measured

aberrati on JEEHTeGFORTNGF Hiueh gn geiisalabpraatione | thstelemeptiras dednadeaspeiical sur f ace.
These and ot her advantages and objects of the present invention will becone
nor e readi | CRfpranenes ¢ hghartordst dwtraidnedeaesoehtpfifion tefbatiibaidaa eshodi ment s
to follow. However, it should be understood that the detailed description
and speci f i Bnésarthtesher iviase or debraadsisagothiieanaicefsastdnas, RAedigormhs of the
invention, are given by way of illustration only, since various changes
and nodi f i ctibiabermtioh tith Bvdr i@ pRédl béne@MeheHARE s@face t RS o | Ll1 becone
apparent to those skilled in dt@he art basezg) upon%atc%eiﬁ%eﬂgé(}}ré?%%%Sg%t’vﬁéénd

drawi.ngs hefltibrand céfie MBREAGEENS RIS 2B T ON OF, THE DRAW NGS
The acconpanyi ng draw ngs, which gre ingorglédrzggﬁqu‘%?%g#dn%%)ﬁg‘ﬁ t8° a part

of this spggifd j ' odiments of the present invention
and, toget her tvsintg %Mtcgde]evegjeis%?e%%?% tgrﬁ UL SERGE IoEPsER Aty f{%ﬁ%ﬁ’ﬁlﬂ}eé%"cr%d,

advant ages and. Ry | & Blaggurz%ly Ek%gﬁlge Yo trc])Eall ggrirec’lteg optticr:]:l(lasucrit[a?:lg.vI nas.

These and other advantages and objects of the present invention will become

more readily apparent from the detailed description of certain embodiments to follow.

However, it should be understood that the detailed description and specific examples,
while indicating the preferred embodiments of the invention, are given by way of
illustration only, since various changes and modifications within the spirit and scope of

the invention will become apparent to those skilled in the art based upon the description

and drawings herein and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
The accompanying drawings, which are incorporated in and constitute a part of
this specification, illustrate embodiments of the present invention and, together with the

description, serve to explain the objects, advantages and principles of the invention. In

the drawings,



5 09 MAR 2007 WO 2004/028357 PCT/ US2003/ 028399 Figure 1 is g ﬁ&??ﬁg
di agram of ‘a system enbodi nent of the invention; and Figure 2YPs rt
show ngWo mepodsasi on di stribution of neasured aberratilg)(gs and Figure 3 is
a flow process diagramillustrating a design nethod accor A/ 2e%n

enbodi nent of the invention. DETAI LED DESCRI PTI ON OF A PREFERRED EMBODI MENT
Figure 1 shows a bl ock diagram of a system 100 for creating an aberration

correcting surfa(IegupoiisOilblaék&Qﬁ-&lﬁ?,&?}ls{%gegg{bog{pZ f&#ﬁh as,. for exanple, a

- e .
cust om contact |ens, a custom zed a corneat n VKoL 3Ed cor nea of an

eye. A device 11Gs; e rical Ly controlled | athe such as, for
exanpl e. an Opt 019; 5%% BE)%V%?#%%?@?Q ?ggpzﬁkﬁgfl d%?j%uﬁoq Adpsasged-ghematioan ang F

exci mer | aser haw;nhg 4. 1a9ﬁ%r{Nm outg t, fo.{ exanple, are suitable for
altering the surface 107 0" PRE™ HPF@E‘I”WHW%%IQWﬂWamOMwom
aberration CQI %}ml ngfrt surface. The device 110 requires an instruction 132
for directing Hod ShErEY PSAOP t he device, this instruction being provided
in a nedium 130 that is readable by the device 110 directly, or
alternatively, through a control system 120 shown in dotted lines. It
shoul d be understood that the instruction 132 can be encoded software, a
nminifile, or any ot hBETAREE)DESCRETON Of aARRFERREDEMEBODIENTL0 and/ or
the control system 120. The readable medium 130, |ikewise, will be in a

form sui tabl e forigses t sliong atthekidugtanueta 9serd 380 fRARRARAGABL Ry the control
system 120 or the device 110. Accordingly, the medium130 1s preferably a

di sk, 0D, DVvDremmgatifer 1physucalicaRiinn RS of (G5 AE, SBLD £ALY. T oT
exanpl e; or the nedium 130 nay be a tel ecomunicati ons wavegui d&"&ch as a

;eL?SEg_Pe L)ilm, D tustondadd IDLNK cérheut ilﬁiy?&stﬂé LotndaR® gﬁ‘,t I:Auc?etv{cg r111(5., gre%err]eﬁ)l}f orm of

, a, numerically controlled lathe such as, for example, an Optoform 50/Variform® lathe, or
a laser such as an ArF excimer laser having 2 193nm output, for example, are suitable for
altering the surface 101 of the optical component 102 to create an aberration correcting
surface. Thé device 110 requires an instruction 132 for directing the operation of the
device, this instruction being provided in a medium 130 that is readable by the devicé
110 directly, or alternatively, through a control system 120 shown in dotted lines. It
should be understood that the instruction 132 can be encoded software, a minifile, or any
other executable form useable by the device 110 and/or the control system 120. The
readable medium 130, likewise, will be in a form suitable for carrying the instruction 132
and readable by the control system 120 or the device 110. Accordingly, the medium 130
1s preferably a disk, CD, DVD, or other physical media such as a card or smart card, for

example; or the medium 130 may be a telecommunications waveguide such as a

telephone line or modem link that transmits the instruction in the form of a signal; or



6 09 MAR 2007 further, the nedium may be an el ectromagnetic transm ssion
such as a carrier wave with an enbedded signal instruction. Reperiresgy of
the form the instruction 132 instructs the device in producing a
corrective optical surface having a neridional cross sectional profile
defined by zi = (r2/R)/{ 1+\[ |I-(l+k;)r2/R2] } + a; + B;r, where for each

coni ¢ ner i diudBer, {hen{edﬁnﬁngﬂgiag!eleggm%tqg{%tu&?m iP]i!S-E‘fCE the vertex radius (nm

“of meridian (i), k; = the conic constant 0 AS g CymeLwae Wifle sag of
meridi an (i3dperbedTed®id coefficient (m of neridian (i), and Bi= a
radial tilt c%efeg?eciasé#l%ﬁ%%ﬁ@%nant) of meridian (i), further wherein the
profil e extends Pver cal_zone radius Roz that is greater than a

an opt|i
measur ed aberr at |e§?‘lrd?85r1%fﬂ$ea{{9%§heﬁﬁﬁﬁ’§?onrh@ ipgotupis die device itR@pdwiitg a pr ef er abl y
have a dianeter of between about 7mmand 1 I nm and nore preferably of

bet ween aboUF**HHOPBIHFHEFE bavingstamdemat @oss statinsal pfafile dofmepbe, or bet ween
about 5mm6mm for a phoztorefracti ve abl ati on zone excl uding a bl end zone.
Most preferably, thezfUR@R) o ils(lak)d@ajic+aThesgag profile of a conic is
described by its vertex radius and conic constant and either increases or
decr eases nies foneshichyic wietithian, Aicr easi ng radi al conponent. It is known that
the normal human eye suffers from spherical aberration, which varies as
the 4th order of ther+radiddl ceapReMeRIn)(i - €. spherical aberration is
proportional to r4). Defocus and spherical aberration are correctable with

a conic profile, singe= teGOMxGadiNAEl 85 F M LN the 2d order and 4th order of
the radi al conponent. I\/breové&r?l la@(gin@rogﬁet&l?la%?&

ki = the conic constant of meridian ),

z;=the sag of meridian (1),

a; = a piston coefficient (mm) of meridian (i), and

Bi= a radial tilt coefficient (constant) of meridian (1),
further wherein the profile extends over an optical zone radius Royz that is greater than a
measured aberration zone radius Rmeas. The optical zone Roy will preferably have a
diameter of between about 7mm and 11mm, ana more preferably of between about 7mm-
8mm for a custom contact lens, for example, or between about Smm-6mm for a
photorefractive ablation zone excluding a blend zone. Most preferably, the function is a
conic. The sag profile of a conic is described by its vertex radius and conic constant and
either increases or decreases monotonically with increasing radial component.

It is known that the normal human eye suffers from spherical aberration, which

varies as the 4™ order of the radial component (i.e. spherical aberration is proportional to
r4). Defocus and spherical aberration are correctable with a conic profile, since a conic

. . d .
varies with the 2" order and 4" order of the radial component. Moreover, a plurality of



7 0-9 MAR 20 . WD 2004/ 028357 PCT/ US2003/ 028399 i ndependent conic plus

pi ston sections that vary azimuthally can very accurately depgriARe200R
wavef r onwoO atyaresss? on conposed of defocus, astigmatism Pﬁ)/'ﬂ%o' cal
aberration, secondary astigmatism and tetrafoil. A ti PP ¥E%added to
account for the tilt conponent of the coma and trefoil ternms. Figure 2
shows a distribution of neasured aberrations anong a sanple population. It

can be seen tddatendaft 0686 plad pision 3&d oS ML +S: d.spherical aberration
(Z,,) represent the domi nant aberrations, m\/\%l‘%ﬁﬁagyg& vceéf?cecgiaﬁg'ld@“é'@&or di ng
to the invenkiwafefrdnt Sbd-Btich &ADNSd R ss...fl ow di agr.am 300 for determ ning
an aberration correcting opt ?)cal su%@%@égspgrpgtg’r?’B‘g%%flﬁa%beé’iag%nt over an

optical zoneg hat. S . ur ed e of an optical aberration
of the el ement orﬁa%tlg]%tgt?%glaﬁgg{g?%ﬁi gﬁt@ﬁstﬁﬁ’i’ ﬁg"é‘gﬂ:‘}’éo agPEdeftthe th aber r omet er
or like insty orﬁtent“o?%g to ob ta};%f?man aberration nmeasurenment provides the

ra

nmeasur enent OV SUT el SRk 1815 gisBaly 3 diptEbytiostof meassrdt 0 | ess

measur eren
t han an 8mm dtiéeangter bé alimting aperture of the device. Wen the el ement
bei ng neasuf EFFELSHTOEG 8 Sae PIRIRAIOD oIt Sefbbeesecn i defocad o), assigmstisal | y
smaller than 8nmin_dianmeter, sets the nmeasurenent zone size. However, it
i s desirabl e@x6 3R eRhened abgsarion(Z.) wrresentithe dorsinagabériaichamhich bite
hi gher-order aberrations, of the elenment or the optical system including
t he el ement esrectable|ageqyding jooheinvesioer red to as the optical zone. In this
enbodi nent of the invention, this is acconplished by obtaining an
aberration neasuligmeitshols 4 pecapliow dlagRhe3m®tbr RwehintHBAGMGAENt zone at
step 310; expressing the neasurenment preferably as a Zerni ke pol ynom al

having a nor oatecdmd dpditalrsathdéSoremUnpticd] SlemeevERR dpgc®horde it mﬁﬁ&rtﬁ‘a% a2 ONe,
for a desired nmeridian at step 320; fitting a conic

measured zone of an optical aberration of the element or an optical system including the

element. An aberrometer or like instrument used to obtain an aberration measurement
provides the measurement over a measurement zone that typically is restricted to less
than an 8mm diameter by a limiting aperture of the device. When the element being
measured is an eye, the pupil diameter, which also is usually smaller than 8mm in
diameter, sets the measurement zone size. However, it is desirable to know the optical
aberrations, particularly the higher-order aberrations, of the element or the optical system
ncluding the element over a larger zone, referred to as the optical zone. In this
embodiment of the invention, this is accomplished by obtaining an aberration
measurement of the optical element over a measurement zone at step 310; expressing the
measurement preferably as a Zemnike polynomial having a normalization radius equal to
the radius of the measured zone, for a desired meridian at step 320; fitting a conic
function to the aberration data at step 330; and extrapolating the aberration data at step

340 to an optical zone radius at the meridian that is larger than the measured zone radius.



function to the aberration data at step 330; and extrapol ating the
aberration data at step 340 to an optical zone radius at the neridian that
is larger than the neasured zone radius. 8 0 9 MAR 2007 Preferably, the
optical zone will have a dianeter of between about 7nm and 1168 MAR0? nor e
preferably of between about 7nm 8mm for a custom contact |ens, for exanple,

or between Rbferiblybtheopiian fak vall BRI SE G ati.on _zone, excl uding a
bl end zone. These steps can then be rlepeat eBMg“Fég%bé’%t%%‘Baf’%ﬁla%i%r

azi mut hal nmempbdi HE bt bk kHe.0Rtlcal surface h been mapped.
Preferably, bet \Xplgég% 231 and %gﬁgédéﬁglﬁg?%ﬁafﬁﬁa Clllsg)&?a%oé'??ﬁ‘gﬁ?s’ THKIARYS r e made

at equal ly spag { val s or .exanple, 15 degrees and 0.9375 degrees,
respectively. l\%gtab%&gﬁ%nréﬁnf?r%% orggarcf“éﬁ Bippton gors expladipg a bland zenepr essed
as z; = (rZ/ﬁrxle)S/ ti, 1 +h 1[1 1-%1 +K;)r2/R2 1; + a; + B;r, where for each
coni ¢ neri di an-e fepscaLihgn perepeated ab sigp A¥hior gnothey aziRuthal mérgliaranttiesher adi us

(mm of neridiian (i), k; = the conic constant of neridian (i), z; = the
sag of neri & qobpal syrface has heprmeppedo Bfeffiratile thetwermis afd I8arsksiranadd) , and
B, = aradial tilt coefficient (constant) of neridian (i), wherein the

profile exteRgRperdrat fittingsope inadel at eqnlly sadedisteRak, fon ataniple, 45 AakELs hhan a
nmeasured aberration zone radius Rnmeas. Morreover, a plurality of 1 ndependent

coni c plus QI¥bdagsactesmosvelshatlost preyerddy, Mhﬁéﬂﬂon%ﬂﬂoﬁﬁwugggwr@sgd y
descri be a wavefront aberration conposed of defocus, astigmatism

spherical aberration, secondary astigmatism and tetrafoil. Atilt termis
added to account for the tilt conponent of the coma and trefoil

zi=(C/RY{1H1-(H)RY]) +a; + By,
where for each conic meridian, i,

r = a radial component (mm),

R; = the vertex radius (mm) of meridian (i),

k; = the conic constant of meridian (1),

z;= the sag of meridian (i),

a; = a piston coefficient (mm) of meridian (i), and

Bi= a radial tilt coefficient (constant) of meridian @),

wherein the profile extends over an optical zone radius Roz that is greater than a
measured aberration zone radius Ry Moreover, a plurality of independent conic plus
piston sections that vary azimuthally can very accurately describe a wavefront aberration
composed of defocus, astigmatism, spherical aberration, secondary astigmatism, and

tetrafoil. A tilt term is added to account for the tilt component of the coma and trefoil

terms.



terms. 9 WD 2004/ 028357 0 9 MAR 2007 PCT/ US2003/ 028399 The invention is
not limted to using a Zerni ke expression for the aberration g, g r i on.
Ot her eWPr26641283% i ncl ude t he Legendre and Tayl or pol )f’%wqﬁ%l o S
reported, some processor intensive calculations are befte %Oéfnﬁﬁf?red usi ng
Tayl or polynomals (D.M Topa, "Conputing with Tayl or polynomals in lieu
of Zerni ke polynom als", 3rd International Congress of Wavefront Sensing
and Aberrat i on- FrBe inRefis@ie hbMEni€aart @6ihp QR ermhidt en. Switzerland,
February 15-17, 2002). Legendre pol yno%ri ales argr;r%)_srg gdgré P0G #H®0ar e onl y
valid over ainfrematdd. Dekkr EaESionSihFlL b r.obke pol ynom al's. Tayl or

pol ynoni al s are not ort hogﬁgnal and do 1ﬁg§g%§%§]%lfayﬁ%rpﬂéf‘?’§‘é{5i & radius It

shoul d be apgpp&eddatdRet Ycek killed in the art that prior to fitting the
conic profi Ifés accor aé}n%f Jtagﬁl%ﬁ%b% %a\}ceug tf°8ﬁar5§e‘ffé§@fqnﬁ%usﬁtﬂdfﬂedormvef r ont

out put fromlgbnyn [ requir. onformation into corrective
surface georretlrf?&a?fg£ Qﬁgf\fm%%’ n@/né%u‘%ﬁﬁ‘gt ayler golympmiaisindiep n€ Lerdiks, f or

exanpl e, cor tion . for..imge rotation, wavel ength conversion, and power
ohiTr a5 f oy, PlTaira sty sgesh Weesfionbsepsiogrvuici eeation-Bge  ocul ar

aberronet er Oﬁt%%g.as t he Zywave(r) wavefront analyzer (Bausch & Lonb,
| ncor por at ed  TREBHESYEretiondipriasen. Syvitzerrod pisbakiyrig-1a, Mae) MrasmdEhack
wavefront sensor (HSWS), neasures the wavefront aberration exiting an

i ndi vi dual pPebmepYalsare pehegonalard are pelys/abd bven B @6midURIdl rardk AQilar (i S 1S
acconpl i shed by injecting a narrow beamof infra-red I|aser radiation into
the pati ent ' Zereilepelyemals hEaypapbnomalsrs tdlortBogosal 21N WRY¥SeNgt h of the

nmeasur enent beamis 780nm The | aser energy diffusely reflects off the
patient's frovsalizanch pdsses back through the eye conpletely filling the
patient's physical pupil.

It should be appreciated by those skilled in the art that prior to fitting the conic
profiles according to the invention as described above, wavefront output from an
aberrometer may require conformation into corrective surface geometry as shown at step
325 of Fig. 3. This includes, for exarhple, correction for image rotation, wavelength
conversion, and power shift as further described below. In an exemplary embodiment, an

. ocular aberrometer such as the Zywave® wavefront analyzer (Bausch & Lomb,
Incorporated, Rochester, New York) incorporating a Hartmann-Shack wavefront sensor
(HSWEFS), measures the wavefront aberration exiting an individual patient’s eye at the
eye’s entrance pupil plane. This is accomplished by injecting a narrow beam of infra-red
laser radiation into the patient’s eye along the patient’s visual axis. The wavelength of
the measurement beam is 780nm. The laser energy diffusely reflects off the patient’s
fovea and passes back through the eye completely filling the patient’s physical pupil.

Aberrometer optics relay the image of the physical pupil, defined as the entrance pupil,

onto the HSWFS, which samples the wavefront at known intervals. A computer then
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Aberroneter optics relay the image of the physical pupil, defined as the
entrance pupil, onto the HSWFS, which sanples the Wavefrogt9 ﬁ% l&@d%wn
intervals. A conmputer then 10 0 9. MAR 2007 cal culates a conp %t

mat hemati cal description of the patient's exiting wavefront aberration in
the formof Zernike polynomals as per Born & Wl f, Principles of Optics,

6 h EditioncalGashy é&ﬂ;lét@b!ﬁérﬁéﬁ%l (__l:érgcg_lg)ﬁmg %fgtﬁg%ﬂ[{egg%gmvef r?rnt aberration

can be used to design a customcor Ion so e YhE Bﬁtti ent via an

opht hal m ¢ Qr. T rye .surgery. Data _proyided by the Zywave

aber r onet er 5iﬁ‘éri:lc% %ggﬁ%fogg%% %?mlﬁp?grﬁoﬁ%?(lé as 13;6‘5&%{1} @fi%?ﬂlf’s‘)—r(!‘—‘:@@&iégg% T20)
nmeasured i n_@.crons; orjral i zation radius value (RN) expressed in nmm
and equi val gﬂ?gglﬁﬂ’eqaénabﬁ@ﬁ%gﬁ"("gw Pressd GBORoT S Wavefiont atiswatiynrande deadi ce t he
wavefront aberration at the patient's entrance pupil is rotated 180
degrees bef &t &SP 2 CRHRHEarectian pebyes forthupatichieviZanvihatioiefiéris or exftastiveist  be
nodi fied to account for this rotation by multiplying all coefficients with
odd-theta @&8p¥hdence by (-)1. Those coefficients with no theta-dependence
or even-theta dependence are not nodified. Wavel ength conversion Light at

780nm f ocuses delgepravitbdby the 7@ywavetaberfortQSndihd@bt s@lor 28 2Bmuhi ch is the
peak wavel ength of normal view ng. Thus wavefront neasurenent at 780nm

v ey on " oe el 88 ) hASAR i BSE By ASLANGAG G0 o
SE =[ R N2 +efpekbed)id fdntland Qc%ﬁ?ale(n’t?’lph&%)power (Sg).
Image Rotation
In the Zywave device the wavefront aberration at the patient’s entrance pupil is
rotated 180 degrees before it reaches the HSWFS. Thus the Zernike coefficients must be
modified to account for this rotation by multiplying all coefficients with odd-theta
dependence by (-)1. Those coefficients with no theta-dependence or even-theta

dependence are not modified.

Wavelength conversion

Light at 780nm focuses deeper into the eye than does light at 555nm which is the
peak wavelength of normal viewing. Thus wavefront measurement at 780nm provides
an erroneous correction on the order of +0.45D from the actual correction. The measured
power, B, can be expressed as:
B=Sg-045
where S = [Rn” + (2V(3)T2)?] /(2*2(3) T3).
Since defocus is primarily defined by the fourth Zemike term, T3 must also be modified

to account for this chromatic aberration.
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Since defocus.is primarily defined by the fourth Zernike term T3 nust al so
be nodified to account for this chromatic aberration. 11 0 9 OMAAROZE? WO
2004/ 0283p0PERA1IS2003/ 028399 Power shift The aberrati};}pr/&é)zﬁf_fi’ci ents nust
be transforned fromthe neasurenent plane to the correcti© “3&'%’% (i.e.,
fromthe pupil plane to the coneal plane or to the appropriate I|ens

pl ane). For exanple, the entrance pupil (nmeasurenent plane) of a typical
human eye i Bowaghifted substantially 3.Ilmmfromthe anterior surface of the
cornea into the eye. A typical customcontact |ens has a center thickness

of 0.16mm Thus, THReLEIHRChiARAS 3. 26mm away from the entrance
pupi| . This distance wi I cause & sulgtgoﬁ'?ta%g%]}egggﬂ]itﬁ?m%"é’t"iﬁé]@?fpﬁa%red

power error gpd.t. LLECLI wer.. The shift is expressed in the
fol | owi ng equat?o%?oﬁﬁlg{léea&%’ ?gmt PALIEY aﬂ??éodttﬁﬁf)%‘?jﬁlﬁﬁf’ @ tp heappsonrter ect i ng

power | ocat away fromthe neasurenent plane: C = B - 0.00326 B2.
Si nce defoc u%gsl @a%?mn%frer‘ ’épl ‘etﬁ? HEHH,PUPH meastiemanipéang) dfe tyragehpunian eshoul d
al so be nodified .t ccg nt. for, a known power shift. Again, T3 nust be
modi fied to 54 ﬁﬂf‘(‘)‘rsg’ﬂ’“? 5 1mm diee} the Aptesior syrfaca af dik corpéaanty terdyedinent
measured aberration data froma patient with severe aberrations was taken
over a 7.1- nPSRHFomeRRtagtienshas ocagies Huickness 26 hfkm. (Tangythe cadrdchomis
normal i zati on radius of 3.55 mmwere used to describe the patient's
wavef ront — aisertechi-P @AM avaE fiZerth kerauwaiubil cTiER tistaaseewill icsise d slight Jakke 1. 12 0
9 MAR 2QU

shift between measured power error and the correcting power. The shift is expressed in

the following equation, where B is the measured power and C is the correcting power
located 3.26mm away from the measurement plane:
C=B-0.00326 BZ.

Since defocus is primarily defined by the fourth Zernike term, it should also be modified
to account for a known power shift. Again, T3 must be modified to account for this
power shift.

In an exemplary embodiment, measured aberration data from a patient with
severe aberrations was taken over a 7.1-mm pupil. The first 15 standard Zernike terms
with a normalization radius of 3.55 mm were used to describe the patient's wavefront

aberration. The Zemike coefficients are listed in Table 1.
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TABLE 1 Zerni ke Coefficient Term Descri ption Term (mcrons) Z100 0 Piston
7110 00z [ | O Tilt Z200 -4.442 Defocus 2Z221 -1.195 7220 5§%Sbﬁél
Astigmatism Z311 0.593 Z310 0.491 Primary coma Z331 -.0.529

Trefoil 7400 -0. 190 Primary Spherical Aberration Z420 0.349 7421 0. 357
Secondary Astigmatism Z440 -0.319 Z441 -0.260 Tetrafoil Separate and

I ndependent conic profiles were fit toﬁ@g\@vefront aberration along 24
meri di ans spaced 15 degrees apart over central zone using a

| east - squares routi ne. Egﬁmlzlt ne%tthe merj di n;scr_shomed worst case P-V
and RMS errors of 0.129i iy d n‘_ﬁcms respectﬁﬂ%&ﬁ—-‘?ﬂ@ﬂ. quality of these
fits was then exam ned ( central zone) with respect to all
of the data over the 7.1-ypupil. As expected tfige quality of the fits

decreased, but by reasongQhg anounts. T tte worstase—t-he—P—and RMS
errors were 1.433m and 0.39Pm respgctively, anthlpese errors occurred at
t he Z200 -4.442 Defocus

7221 -1.195

7220 5.305 Primary Astigmatism

7311 0.593

Z310 0.491 Primary coma

7331 -.0.529

2330 0.435 Trefoil

Z400 -0. 190 " Primary Spherical Aberration

7420 0.349

72421 0.357 Secondary Astiematism

Z440 -0.319

7441 -0.260 Tetrafoil

Separate and independent conic profiles were fit to the wavefront aberration along 24
meridians spaced 15 degrees apart over a 5mm central zone using a least-squares routine.
The fits along the meridians showed worst case P-V and RMS errors of 0.129 wm and
0.032pum, respectively. The quality of these fits was then examined (taken over a 5mm
central zone) with respect to all of the data over the 7.1-mm pupil. As expected the
quality of the fits decreased, but by reasonable amounts. In the worst case, the P-V and
RMS errors were 1.433um and 0.359um, respectively, and these errors occurred at the
outer edge of the 7.1mm pupil. It is likely that better fitting routines can be developed to
improve the quality of this method.

While various advantageous embodiments have been chosen to illustrate the
invention, it will be understood by those skilled in the art that changes and modifications
can be made therein without departing from the scope of the invention as defined in the

appended claims.

13



outer edge of .the7.1lmmpupil. It is likely that better fitti gp %tét'zp@;s
can be developed to inprove the quality of this nethod. Wil c\)/

advant ag@Ou90£48%7di nrent s have been chosen to iIIustrate‘; k@ invention, it
wi || be understood by those skilled in the art that chaﬁé’e 2007428390

nodi fications can be nade therein without departing fromthe scope of the
invention as defined in the appended clains. 13 Q 9 MAR 2007 WD

2004/ 028357 POH#1wS2003/ 028399 | claim 1. A nethod for determ ning an
aberration correcting optical surface for an optical elenent over an

optical zone that i.s |al gefhol RRRcRNEAS Y eof .an optical aberration
of the system conprising: obtaining an a@%??[g@lC@rﬁregﬁgé)pggi?urg%foﬁ@bsured

zone;, expressing dpRcaTRASHI &4 ration. in mat hemati cal. form
conf ormi ng t he aberplrﬁati on dat-ariaﬁ‘ls{glcg Zg%erhr%téﬂ%%r&‘ﬁﬁF%@“ﬁé@?ﬂ@tqfw fitting

a monotoni ¢ functi QR . hAudhe.2RekLation data that either increases or
decreases snoot hl y&)anc} cons?stggtlrif% Fvlegnaonélﬂsfné’pol ating the aberration data
over the optical zoneoggaint.lhoenzaéstem 2. The nethod of claim1l, wherein the
aberration data conprises at> TFRETARE fat2 gyey die magaskegpame; or der data as
defined by a Zernilce pol ynom al representation of the aberration data. 3.
The method of clai m 1, SWHEVERADS Measitag aberpiignon jagrethematibe fader r at i on dat a
conprises fitting a conic function to the data.

conforming the aberration data into a corrective surface geometry;

fitting a monotonic function to the aberration data that either increases or

decreases smoothly and consistently and extrapolating the aberration data over the

optical zone of the system.

2. The method of claim 1, wherein the aberration data comprises at least 4™

order or higher-order data as defined by a Zernike polynomial representation of

the aberration data.

3. The method of claim 1, wherein fitting a function to the aberration data
comprises fitting a conic function to the data.

4. The method of claim 3, comprising fitting a plurality of separate and

mdependent conic functions over a respective plurality of meridians to describe

the corrective optical surface.

5. The method of claim 4, comprising fitting between 24 and 90 equally
spaced menidians over a 360 degree field to describe the correciive optical

surface.

6. The method of claim 1, wherein the optical zone has a diameter of

between about 7mm to 11mm.
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4. The nmethod-of eclaim3, conprising fitting a plurality of separate and

i ndependent conic functions over a respective plurality of nefiSdMARS208?
describe the corrective optical surface. 5. The nethod of claim 4,
conprising fitting between 24 and 90 equally spaced neridians over a 360
degree field to describe the corrective optical surface. 6. The nethod of
claim1, wherein the optical zone has a dianeter of between about 7mmto
1lmm 14 0.9 2007 7. The nethod of claim®6, wherein the optical zone
has a di aneter THERRRe §128B Sut herpimtieo rinsh ooy has aciemteastof] ens. 8. The

met hod of claim6, wherein the optical zone has a dianeter of between
about 5nmm PEVFERBPPWTman tockmre 40t aadohittilems. 9. The method of claim 1,

conpri sing expressing the nmeasured aberration in the formof one of a

Zem ke pol §noniBde meshddegeni 6, Wiyt eiF dkical 28k s Fa¥nfter opO! ynoni al . 10. The
met hod of claim9, conprising utilizing a normalization radius for the

Zer ni ke exipressiabsut3agh {oh@mk?&%r&%l%al%&rti%ﬁg on, wherein the normalization
radius is set to a radius value of the neasured zone. 11. A custom zed

contact | ens nmage LaaRANLd] he.method of claim1. 12. A custom zed ICQL
made according to tﬁ%gr?gklﬁ%%i’%fo&gﬁgfl FAPresse the measyred pberpigh in desi gned

Rccor di ng To TR B A r-BCrifrtih abétontiaenm Bl eataBrHomedi um ot or i ng
an execut apl%lly%orirﬁ'a?t ruction for altering
10.  The method of claim 9, comprising utilizing a normalization radius for the
Zemike expression and the Legendre expression, wherein the normalization
radius is set to a radius value of the measured zone.
11. A customized contact lens made according to the method of claim 1.
12. A customized IOL made according to the method of claim 1.
13. A comeal ablation designed according to the method of claim 1.
14. A customized corneal inlay according to the method of claim 1.
15. A machine readable medium storing an executable instruction for altering
a surface of an aberrated optical system to create a corrective optical surface,
wherein the instruction instructs the machine in producing a corrective optical
surface having a meridional cross sectional profile defined by
zi= (/RY/ {1+V[1-(1+k)/R*} +a +Byr,
where for each conic meridian, i,
= a radial component (mm),
R; = the vertex radius (mm) of meridian (1),

k; = the conic constant of meridian (1),
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a surface of an aberrated optical systemto create a correcti Vﬁh@ ic@u77
surface, wherein the instruction instructs the machine in pro i
correctiwe xpi/28sd7 surface having a meridional cross sectional profile

defined by z ;: _ (r2/R)/{ I+=[1-(1+k;)r2/R2]} + a; + BG/US2{HE2%% or each
conic neridian, i, r = a radial conponent (nmm), R = the vertex radius
(nml) of rreridian(i) lc; = the conic constant of neridian (i), 15 0 9
MAR 2007 WO 2004/ 028325th(;;[‘4¢,§3 8399 z; = the sag of neridian (i), a;
= a piston coefficient (nmm ITEI‘I h(l) and B;=aradial tilt
coefficient (constant), of rther er in the profile extends
over an optical zone radi L]JJS C(ge g‘{%“gm é‘?ﬁ" Pn ‘ﬁ a neasured aberration
zone radi us Rmeas 16. eadabl e medi um of claim 15, conprising a
plurality of separ ate aﬁdargiaria‘h 10t Gty shmpridiang®s sect i onal profil es

defining the cor ti ve opt i cal surface. 17. The machi ne readabl e nedi um
of claim 16, conpfrermgharat theerpBaeitendg gvergn PEifcat enaradivs Rde etid grbter
meridional cross sectional profiles over a 360 degree field defining the
corrective opti cafaBapmeaweed apgratian gyt ieding Brasmaki ng an aberration
correcting surface in an optical elenent, conprising: a device
cooper ati vel y eng&geabll® machine tdaéa‘tdqatnbdiain oftleime i, covhprisingafurdlity of

separate and independent meridional cross sectional profiles defining the

corrective optical surface.

17. The machine readable medium of claim 16, comprising between 24 to 90

separate and mdependent meridional cross sectional profiles over a 360 degree

field defining the corrective optical surface.

18. A system for making an aberration correcting surface in an optical

element, comprising:

a device cooperatively engageable with the optical element which has a

surface intended to be altered to provide the optical aberration correction, said

device being suitable for altering the surface of the optical element upon an

executable mstruction;

a control system operatively associated with the device and adapted to
receive a medium including the instruction and to provide the instruction to the
device for execution; and

a medium including the executable instruction suitable for reading by the

control system and for execution of the instruction by the device,
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surface intended to be altered to provide the optical aberration
correction, said device being suitable for altering the surface of the
optical elenment upon an executable instruction; a control g9ygAgR
operatively associated with the device and adapted to receive a nedium
including the instruction and to provide the instruction to the device for

execution; and a prgiy eiiﬂlgrpé{%inri]x%gh%}e h%éggig%%ib%a% instruction suitable for

readi ng by the contro eém an © GCORPrIVE ARUGeLfaom by t he
device, 16 0 9 R 2007 %hereln the instruction instructs the device to
make a corrective 515‘& Wilcrase sechen By lfd?ﬁmdd%nal cross sectional
profile defined by z; = (r2/R)/{1+J[|-(1+k;)r'-/R2]} + a; + Bir, where
for each conic neridian, iz=(R%{Irabi-@ikgol ](}nerat HBy), R = the vertex
radius (mm) of meridian (i), k; = the conic constant of rrerldl an (i), z; =

the sag of neri dl‘&hﬁrf’(fO)eaChpommaemﬂlm,Qn coefficient (mm of neridian (i),

and B;= a radial tilt coefficient (constant) of nmeridian (i), further
wherein the profil e extenafalev@por@it @ph) cal zone radius Roz that is greater
than a neasured aberration zone radi us Rneas 17

R; = the vertex radius (mm) of meridian (1),

k;= the conic constant of meridian (1),

z;= the sag of meridian (i),

a; = a piston coefficient (mm) of meridian (1), and
Bi= a radial tilt coefficient (constant) of meridian @),

further wherein the profile extends over an optical zone radius Ro; that is greater

than a measured aberration zone radius R

meas-
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