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OPTI CAL ZONE OF AN OPTI CAL ELEMENT BACKGROUND OF THE I NVENTION Field of
t he | nvenwDanodliize3s7nvention i s generally directed to thecTreEska3mks399
ophthalm c vision correction, and nore specifically to a nethod, a
readabl e nedium and a systemrelated to determning the optical zone
associ ated with higher-order aberration correction provided by a custom
contact |ens, a custoMETHODaANIDAREARATRISSRELATINGTO d6IH ORTICAIeTONBr gery.
Description of Related Art Until algGUANIORTIORQIBIRMENDI the | ast decade,
vision, correction consisted of approximtely determ ning the | ower order
aberrations of a person's eyes, nanely defocus, cylinder (astigmatism and
the cylinder axis, and prescrBRCRGRINECH @ EIRINVEQTIREt | enses to
approximately correct these aberrations. Mre recently, however, the
application ofp;MaY%eHE fendgnsor technology (aberroneters) to the field of
ophthal m c vision correction has allowed practitioners to accurately
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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, namely
defocus, cylinder (astigmatism) and the cylinder axis, and prescribing spectacle or
contact lenses to approximately 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

of visual acuity, 20/8, has been achieved.



When neasuring the ocular aberrations of a patient's eye with an
aberroneter or like instrunent, the dianeter of the neasured zone is
limted bwotheres7l er of either the instrunent's aperParasesodtobssopati ents
pupil. In either case, the dianeter of the neasured =zone is very likely to
be smaller than the dianeter of the optic zone of a contact |ens,

typically 7 - 8 mm or the dianmeter of a photorefractive abl ation zone,
typically 5 - 6 mmWheaxchantding thetoealabdbenatione nfa paSientseyerwitly awfberometer or

hi gher-order aberrations depend upon the size of the aperture that the

| i ght passes fiRre Qislﬂﬁlméﬂt,- the diaRmeleoXBNMSaspiep izdie, is limitad bietle kmnalldnof eihaatht er as
the "optical zone," it is important to know the identity and nagnitude of

the aberrati oRguQMehtstaP@dralb thOPdticE pupNE: ditAerQaste fheldRnidted BEhk Ynegtfidde Ct
themw th | enses, surgery, or otherw se. The current nethod for increasing

pupil size is Q.M %@ryqﬂ'{glﬁl't@-ﬁé Snalldf t‘ﬂﬁ?the biakRte2 oPUe BRSSO doRfict lens,
hydrochl oride, which dilate the pupil beyond its natural maxi mum size.

Thi's T's undesiy alins of QrflEAIH dioi@ e HhoBRELEAL LRRPRGBUSRMYB o .

dilation is |i acconnndatlve mechani snms. Thu e’ pup

artificially GQnghefe ofdif Gy SREHAT of GP RighRor @\sﬁer%aoms%ngt@ pfiape and

may be decent mays ent uring

I ddi t th t f d t rtificiall
i rated Thi ‘;‘sw'ay'fﬁaetaewu?%@”éh%péhﬁ%aw t@%ﬁ%‘}fsn?g%ﬁ%eﬁ‘fﬂé%g’?ﬁai line
| ens, and the total wavefront aberration y have error.s. ﬁyclo
drugs, |ike Demeimadeasds qaticahpiuen ity fupgrtaa tp ROV g idgntify 4 f:l es my

al so be used. These drugs are even | ess desirabl e because theg directly
af fect the shdprabstratiqre oxgrylae fifl optical 7evadn orferdo peppery eomiectdher M lwsSover ~ t he
measured zone is commonly described by Zernike polynomals with a
nor mal i zat i on sndiyuer getrwiso Theecumhif methefiot imereasfing pwpil wiga duip ask mydsiagic
Ext rapol ati on of Zem ke pol ynom als beyond their normalization radius is
undesi r abl e beltasskkeZe7% iphanyRphyrredyilmbldofideh aaieh vilite ke popil béyded fthexdtural
normal i zation 2
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, the pupil itself may be
decentered 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 Zernike polynomials beyond their normalization radius is

undesirable because Zernike polynomials behave wildly outside their normalization



WO 2004/ 028357 PCT/ US2003/ 028399 radius. Another possibility is to refit
the data with Zerni ke polynom als having a nornalization radius of 4mm
(i.e. 8nmwvoi2aemi2e3sy. Al t hough the Zerni ke pol ynom al s WwCriush@3bbesver
behaved, there is no reason to believe that the data created between the
edges of the neasured and optical zone is appropriate. Simlar problens are
encountered when extrapol ation of other types of pol ynom al expressions
are used to desiusi Ahother possiflibty-iotodefit thddata with Gersike polsnaialohatihga measur enent
zone. In view of these shortcom ngs, the inventor has recogni zed a need for
the ability worntieatioatradiys Edghns (iRpSymdiemetdrd adthbuph thpZdraidt palpemtialki ons
beyond the typically nmeasured =zone, and extending over the optical zone of

a contact | ensyifbe béiRr PaalNihet iSNEreasdMVbeR¥vnatkEddtNMENd Svddaghd nvent i on
broadly relates to nethods and apparatus allowi ng a sinple and accurate

det erm nati on o@fes Rt Slea Qi deind APEEaT Are FNHpRIpridd. ORMilal BlobRhR AR UncOM B e N
optical zone that Is larger than the limted neasured zone over which the
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instruction dig Ct—ci)rﬂgr a%er% LHO%? gllltgldengﬁﬂé xglgasg{emgﬁtvﬂ-oﬁg to pr oduce an
Pl ; e fieasitforc

aberration co tTng surface on an op . enent. For a custom surface
& o7 | di onal | shapelproY T EERGROTREN s e R PAE a1 B omi ¢
SOt hly and CoMSRBIBAT Y AP S GHTPHE FaROGT Yo PBRAPGRea et ¢ of
an optical zone that is larger than a peripheral Iimt of a nmeasured zone
of an opti calzoahend axtengmeerertheonriiselizeont of wniasilensof thedrtisis6Yat i ng t he
aberration data over the 3

SUMMARY OF THE INVENTION

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 is directed to a machine readable medium that
includes an executable instruction directing 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 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



WD 2004/ 028357 PCT/ US2003/ 028399 optical zone of the el enent. Most
preferably, the function is a conic. In one preferred aspect, the device
is a | asewoxni4@Bise for ablating the optical surface of pafaiS2eusloks3vypi cal |y
be a custom zed contact | ens or other ophthalmc |lens surface |ike an 1 OL
or corneal inlay, for exanple, or a corneal surface. In another preferred
aspect, the machine is a nunerically controlled | athe such as, e.g., an
Opt of or m 50/ Vawtitad zoder of theafldngent. P¥lestiptaferhly, thefanejons HcqnidJIApne prafeared
preferred aspect, the instruction directs the production of a corrective
surface by fi tdsperg thaicvwre i aldscandiaBi8 dorabladtigihe optivdl sunfdepedaniill typicdldr m y
spaced conic functions to determne the full optical surface. In a related

enbodi nent,  a wRYSduiBiniRa oM REs 8r AR bERhAIME: 1ShH uEE® 1B 2BT0DPE ddkidlal €l enent
i ncl udes a device cooperatively engageable with an optical el enent having a

surface intendgdy g H8mBlel &raCBriedl REHNY WLarRhcPPlefct@l 1 RRA! thatdaBInSRMGM €Ct i on,
preferably a higher-order correction. The device is suitable for altering

t he surface of t N, AR BXEHLHAR oS @t d and, as
such, can recép%gﬁgﬁgé%@ggkg%#egl8%$#?%6Fugpng an g&%dﬁtaﬂ%é“?ﬁ%?%ﬁ%tion
The system al ternati ue NGl ude Nty Ql. . m.. L Vel.y associ at ed
with the devi Jgeegﬁé‘&'gdg%ﬁédq?81’?62%‘12‘39\%%’6%*’ fis SR rBRE 8 blaliicdon 3%
executabl e instruction, and_to provide t instruction to the device for
executi on, and”?ﬁ@“ﬁé@ﬁﬁﬁgyﬁégﬁ ?W$ﬁ%g1ﬂgﬁ%6éﬂpﬁﬁaﬂ@?@%??mFﬂémH§VP eto
produce a nmeridiagnal, shape profile on the gptical surface that fits a
monot oni ¢ uncPresA cpyc fipgtionspadstermmsiheiloptitpl furkice-her i ncreases or
decreases snmoothly and consistently with increasing radius to a peripheral
limt of an opti callngeslded ¢rahodiment, grsgdem for appkingpeorpriae syrface papr opfical
measured zone of an optical aberration of the optical elenent, and

extrapol ati ng el¢rwat aishwdese deyive deaparatively engdageablstwithedn optieeé elgfentieviagenent . 4

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.



WO 2004/ 028357 PCT/ US2003/ 028399 I n anot her enbodi ment, a nethod for
determ ning (which termincludes designing, designating, specifying, or

ot her w sewdeseri2B3ig) a corrective optical surface for paen/uspeidoas3sel ement
over an optical zone having a radius that is greater than that of a
measured zone over which an optical aberration of the el enent has been
measured, includes making a higher-order aberration neasurenent, fitting
t he aberration dat another enfodmiengn ndtiaid fei dekpeminimpy(wbab égmoncludssr eases
snoot hly and consistently, and extrapolating the aberration data over the
optical zone @ésigniey, Ofidnatg, Specifrng or bihervigerdefceibingyla empetite, optibad surffacact i on
is a conic. Mre preferably, between 24 and 384 separate and i ndependent

coni ¢ functi gsnSpaGedeA¥RLYerka oSGl 888 hheing O Wi Bt ReSeater BBRERE 0FL Yy, are
fit to the neasured aberration data to accurately describe the total

corrected opt ﬁr&géure?f*gogégﬁar whitg$£ ol Hehffio AR VIR S hAMWerPRbRGld, Of the

present i nvent| on wll becone nore readily apparent fromthe detail ed

descri ption ﬁf&%& agetgl 0 u@aﬁbéx&uw% emehpﬁﬁl\ﬁgrthe dbErra?thﬁléleQ Hg

under st ood thar{ ed scription and specifiCc exanples, while
indicating th ed enbodi gﬂ% re way of
illustration g'ﬂﬂ} neétglervlgcrrl Bu's rcrhl%gregégs gn%%c}l lﬂo hﬁ%%rlltghs \%1'“X %{%Q)kg%ﬁ
splrltandsco e inventi arettot"l kIIedln
the art based! ﬁrr"lt’r‘i’ér‘]iaté&‘f?r ‘??pg"ﬁal ZSH%IO% q‘r%&lss %fﬁﬁ?fﬁ %%Spggt Rded
claims. BRI EF DESCRI PTI ON OF THE  DRAW NGS The ?ﬁg§ng . drawi.ngs, .which
are i ncor por afEWipHisRegnicoNorg pgierbly, pefpeendyt an ' pegifent conic
illustrate enbodi nents of the present invention and, toget her with the
description, dectiensspacsdgyeiy hd fogzocs b fout degresy jesnechiydy it totheasaswied of t he
invention. In the drawings, 5

aberration data to accurately describe the total corrected optical surface.

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,



WO 2004/ 028357 PCT/ US2003/028399 Figure 1 is a block diagramof a system
enbodi nent of the invention; and Figure 2 is a chart show ng a popul ation
di st ri butworzoefo2sssasur ed aberrations; and Figure 3 is &CTIusams3nessess
diagramillustrating a design nmethod according to an enbodi nent of the

i nvention. DETAI LED DESCRI PTI ON OF A PREFERRED EMBCDI MENT Figure 1 shows a
bl ock di agram of a system 100 for creating an aberration correcting
surface 101 on an Gjputchis adleRdiaprabdd,a sgsteh emdodiferit of f@rifeatior agdist om
contact lens, a custom zed IO, a corneal inlay, or the cornea of an eye. A
device 110, prefer a2 8 arUIeHosMd HpopeltisrdibtEButloatol theauedd aBEratfods; and
exanpl e, an Optoform 50/ Variform(r) lathe, or a |aser such as an ArF

exci mer |aser havi rgyug 1RIMPPLR diadrth ilﬁféﬁ‘&fﬁﬂg%deﬁ%&m%ﬂ&b& 8RbRIdAb an
altering the surface 101 of the optical conmponent 102 to create an
aberration cor i : The device 110 requires an instruction 132
for directinget g&%%%pgﬁy%h%%§o¥he device, this instruction being provided
in a nmedium 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 t ' j ware, a
mnifile, or any othePBEEéﬂﬁ?%ﬁﬁéékﬁﬁﬁﬁﬁééggFB%E§R?R@Q§@€§§@ﬁ% and/ or
the control system_120. The r?aﬁgble medi um 130, likewise, will be in a
formsuitable for EXPF4 HWEREIAck Spparyatgsysiens 100 ey creatmgBiaberifior he cont r ol
system 120 or the device 110. Accordingly, the nmedium 130 is preferably a
di sk, CD, DvDcowectinggefachh)kpra oniisdiclemenich)2asuich ag o gxypple eruptomagogtact; or
exanpl e; or the nmedium 130 nay be a tel ecormuni cati ons wavegui de such as a
t el ephone | i ndensra ¢nstdparizddilRk, 2 ¢rarecal mbapisorithescortee of arsevieu dtdewive il 10, prederitdy m of
a signal; or, 6 WO 2004/ 028357 PCT/ US2003/ 028399
a numerically controlled lathe such as, for example, an Optoform 50/V. ariform® lathe, or

a laser such as an ArF excimer laser having a 193nm output, for example, are suitable for
altering the surface 101 of the optical component 102 to create an aberration correcting
surface. The 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 device
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
is 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,



further, the nedium may be an el ectronmagnetic transm ssion such as a
carrier wave with an enbedded signal instruction. Regardless of the form
t he i nstrwot2oom2882 i nstructs the device in produci ng aPCcaxarseestosse9 opti cal
surface having a neridional cross sectional profile defined by zi =
(r21R ) 1{I+" 1[1-(1+ki)r2/R2]} + ai + Bir, where for each conic neridian,

i, r =aradial conmponent (M), R = the vertex radius (mm of neridian
(i), ki = theugerite Gedifhaily bfan BREdHhaRct{cifansiission $udE aSAGrAdr WiRE ingthan
(i), ai = a piston coefficient (mM of neridian (i), and Bi= a radial tilt

coefficient (c&ggﬁﬂ,@mem%{,almg;@n (i), further wherein the profile extends
over an optical zone radius R(err) that is greater than a neasured

aberration zone r aﬂie%tgdl&mthe e t@ﬁgtﬁ@ﬁo%ﬁaqnsﬁg&s mfeldlevigf ﬁlfpg(?cﬁlgin shave a

di anmeter of between out 7nm and 11nm and nore preferably etween

about. 7 8Tl 8oL ATREAMASL LS Rnal flss SXATR ool goBELIRED DO

5mm 6nm f or refractive abFati on Zone exc end yzone. Mbst
preferably, the function_i

\_i S opi 6., Ihesxsag profile of a conic is
described by its vertex“r éﬁ(@é“&#@ gﬁ?%ﬁc]gngtaaﬁg‘rand ei ther increases or
decr eases nonotoni cal | ﬁ wi.t h i.ncreasing radial conmponent. It is known that
t he nor mal hur?ﬁﬁreeééeag FPEf YR inbspheri cal aberration, which varies as
the 4h order of the radial conponent (i.e. spherical aberration is
proportional to r4). Defa&sdelspErasdmial aberration are correctable with
a conic profile, since a conic varies with the 2d order and 4th order of
the radi al conponent. Mieheapiexgadps(map)afywegfian 1),
k;= the conic constant of meridian (i),
z;= the sag of meridian (i),
a; = a piston coefficient (mm) of meridian (i), and
Bi= a radial tilt coefficient (constant) of meridian (i),
further wherein the profile extends over an optical zone radins Rpz that is greater than a
measured aberration zone radius Rpeas. The optical zone Roz will preferably have a
diameter of between about 7mm and 11mm, and more preferably of between about 7mm-
8mm for a custom contact lens, for example, or between about 5mm-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

1*). Defocus and spherical aberration are correctable with a conic profile, since a conic

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



WO 2004/ 028357 PCT/ US2003/ 028399 i ndependent conic plus piston sections
that vary azinmuthally can very accurately describe a wavefront aberration
conposed wD 2def@83fd, astigmati sm spherical aberration, PCTAS03ALEE99
astigmatism and tetrafoil. Atilt termis added to account for the tilt
conponent of the coma and trefoil ternms. Figure 2 shows a distribution of
nmeasured aberrations anong a sanple population. It can be seen that

def ocus (Zx), imkpémiemitdosinpluspistonrspdtionathd: wphedimathillyatae vergtabanmtdly despribe
represent the dom nant aberrations, which are correctable according to the
i nvention. Fi guifeosabsifatian piragseboffdefdsts] haighaiing QPhdriesl abedfion) ni ng an
aberration correcting optical surface for an optical elenent over an

optical zone tsh@hdir$ akiRbd88m tha RtdfoilMReSAf iZ1060 BfacéinORt inc @l aberration
of the elenent or an optical systemincluding the elenent. An aberroneter

or |ike instrygRBinddf&dnd SnPindinRfANa e Flodtd PihoWe 2 AREBIBA of REQ¥kfes the

measur ement over a neasurenent zone that typically is restricted to | ess

Do 2 o ROk Bhe Mol o o n'vfegogg?lg&gr iaf? bOLech By ARV P70, WAL ye' ement

being neasured is an ey Iameter, whic

smal | er than i iapeter..s t he asurenent, zone si.ze. However, it
o dest rabl 6 (GOKTRPRRERGERrLigh 23 S AR R boe B i

hi gher - or der aberrahtli ons,.. of ﬁjhe el ement or the optical system including
the el ement ov&FedeRleacquding i the Iveptignh oq {0 as the optical zone. In this
enbodi nent of the invention, this is acconplished by aobtaining. an
aberration measur EiEH3 $OWE perespsifion) diagramdfft fopdelprmining axtheEdiiat zone at
step 310; expressing the measurenent preferably as a Zerni ke pol ynom al
havi ng a nor mebireciing eptiqahgiiriage g amoptice clanat everpueptist] 20nethatia tauges thanene,
for a desired nmeridian at step 320; fitting a conic function to the
aberrati on datmeaairedzamp 0880¢ptimaldibexdtionpbihatiemgnitdien apienl ystewnndatiog the st ep
340 to an optical zone radius at the neridian that is |larger than the
neasur ed zone eleattintiSAn aberrometer or like instrument used to obtain an aberration measurement

provides the measurement over a measurerhent 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
including 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 Zernike 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.



8 WD 2004/ 028357 PCT/ US2003/ 028399 Preferably, the optical zone will have
a di aneter of between about 7nm and 11nm and nore preferably of between
about 7nmwBrme4s3sa cust om contact |ens, for exanple, oPCThSkesmRs3aDOUL

5mm 6mm for a photorefractive abl ati on zone excluding a blend zone. These
steps can then be repeated at step 350 for another azinuthal neridian until
the entire optical surface has been mapped. Preferably, between 24 and 384
separate and Prefereblentlenptichl 1ohe wijbhave e divacker af betweralabyutIpme edl i lIningravidl s,

for exanple, 15 degrees and 0.9375 degrees, respectively. Mst preferably,
each neri di onahorpprfdratty vf etwdes aboupTRHSHRAM f ozlsteﬁlrc%hﬁct)lél{sl for biatnpfel 6K;

)r2/ R2]} +a; +B;r, where for each conic neridian, i, r = a radial

conmponent ( MbetRen Fodud @mﬁﬁ&ﬁﬁ&oﬂaapﬂot&effaeme a%fanﬁﬁédlféleﬁélu&hé a bleld zonet he
conic constant of neridian (i), z; the sag of meridian (1), a; = a piston

coefficient ( mse%ftepggﬁﬂ tﬂér@% &ﬁ&ated%‘f‘gep Bo 5 r eﬁlofh@pézﬁhuthéllrﬁerﬁfbﬁ fnhlcthgnt

(constant) of neridian , Wherein the profile extends over an opti cal

d R di
o, o con B Pl sqfEepi3f e R
e or bR B R kB P PV EL st o o
astigmatism Atilt te ded. to account for the tilt

conponent of t 37 6%%@%2%&1{6?%\@3! |Most gre] EFg:abll ) eac?l meridional profile will {)e expressed

zi= (/R {1 V[ 1-(1+k)*/R?]} +a; + B,
where for each conic meridian, 1,

r = a radial component (mm),

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

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

z;= the sag of meridian (i),

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

B;= a radial tilt coefficient (constant) of meridian (i),

wherein the profile extends over an optical zone radius Roy that is greater than a
measured aberration zone radius Ry,e,s. 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.



9 WO 2004/ 028357 PCT/ US2003/ 028399 The invention is not limted to using a
Zerni ke expression for the aberration information. O her expressions

i ncl ude twe 2negessive and Tayl or pol ynomials. As report @dT/GSeems/0ps39Lessor

i ntensive cal culations are better perforned using Taylor polynomals (D.M
Topa, "Conmputing with Taylor polynomals in lieu of Zerni ke polynom als",
3rd International Congress of Wavefront Sensing and Aberration-Free
Refracti ve Correct il inventieris aktdimite8wd teieg 4 Zerdike Bqlvessian Yor ihe dbérratdn0?2) .
Legendre polynom als are orthogonal and are only valid over a normalized
range, si m | arinf@matf@r. Oitee expidsyiomtinellide thd BydeOdre pad YaFipalysodla. Gt
orthogonal and do not have a normalization radius. It should be

appr eci at ed byrepsieEsobdel groshot thtdnki®e adiduldtidas arb bétRk périorinkd hdiRPTdE coni ¢
profiles according to the invention as described aBove wavetf ront out put

froman aberrBlafiadBYM. galér'@o @Bfngmt’l’a 0r b(ﬁﬁﬁmﬁﬁg [Bfhiof @il ace

geonetry as shown at step 1g. 3. This includes, for exanple,

correction f0r%dliéBgﬁerlg'Ogﬁflhtgﬁau&ﬁi’@&rg?&gQf\r)&rl%{?ég%‘ﬁ{@ngﬂgaﬁd‘ﬂbe%%ar FRY ML as

further descri n an exerrp S&r r onet er

such as the Zy wavef r na YZel cor orat ed,
Rochest er, ﬁ‘fe} C(hr(r:e(():r{a‘ﬁ)rb(r])ﬁa1 Hakgh 2 I—%er a(ﬁgﬁﬁ%‘%@ﬁggfém e o tE° ’% Rsor
(HSWFS), neasures th efront. a err exitin ndi vi dual patient's
eye at i he ey%o?%wamaﬁegﬁ?ﬁﬂmhan Py e & & "B Peie g o1 cct | ng 2
narrow beamof_infra-red  |aser radiation into the patient's eye along the
patient's vi suaimikspalynopalsdpderapimpmests arft?fgoﬁh%ﬁé’ﬂ?lé‘ﬁéﬁ? ngfday§ ¢ s 780nm

The laser energy diffusely reflects off the patient's fovea and passes
back through tiemelztienigiletely filling the patient's physical pupil.

Aberroneter optics relay the image of the physical pupil, defined as the
entrance pupil, ° Itshouldbe 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 example, 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
(HSWES), 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 HSWES, which samples the wavefront at known intervals. A computer then
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onto the HSWFS, which sanples the wavefront at known intervals. A conputer
then 10 WD 2004/ 028357 PCT/ US2003/ 028399 cal cul ates a conpl ete

mat hemat i wal20ae28357pt i on of the patient's exiting wavef PORTUS2@03028392i on i n
the form of Zerni ke polynom als as per Born & Wl f, Principles of Optics,
6th Edition, Canbridge University Press (1980). This wavefront aberration
can be used to design a customcorrection solution for the patient via an
opht hal m ¢ | ensglcalates &tsaplbte ieitheSatigH dascrifdivhadf fle@uiiche’d ekiying vevefionav e
aberroneter includes a set of 18 Zernike coefficients (T3 through T20)

neasured in MyeERsh ifihB RirABIfiZEAlePdlynaMialkSas had Ricin GRMbIf, PoRiR&SHE ptibs, MM
and equi val ent sphere power (SE). I'mage Rotation In the Zywave device the

wavef ront abergmaigiQn é&m&litf‘%g Qﬁari\ie?sﬂgP%sﬂﬁ)E@)n G8isRHRLArort SberfaBbRifthe L8
degrees before it reaches the HSWS. Thus t'he Zerni ke coefficients nust be

nodified to a AL f hi i -1 Pl yi q (.Gl S.With
odd-t het a degé g‘%&%‘ e étf/)}n( é()?regf%ﬁh%@éh i&%g@}ﬁ%@élng lrvf%é & R \%F l?fhéhrl]lgcoltg %%%rg%%g{ﬁzende nce
or even-theta dependence are not nodified. Wavel ength conversion Light at
780nm f ocuses ‘&E&Per into the eye than does |ight at 555nm which is the
peak wavel ength of normal, . view ng. Th wavef ront measu nt. at 780nm
provi des an errone&ﬁ?%‘b‘fl?@&yﬁ% V?H%“(S’F“ﬂ Fl%gldi%fsﬁgﬁr@%mﬂf%e act ual
correction. The neasured power, B, can be expressed as: B=SE-0.45_ where
SE = [R\N2 + (zy?fgyrpgt); 2’{3 t}n(ogglgy;(o Teapgl)e_d in microns; a normalization radius value (Ry)

expressed in mm; and equivalent sphere 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—-0.45
where Sg = [Rn* + (2V(3)T3)*] /(2*2N(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 Zem ke term T3 nust al so
be nodified to account for this chromatic aberration. 11 WO 2004/ 028357
PCT/ US20080088328357Power shift The aberration coeffici eRCI/usaeB/02e399
transforned fromthe neasurenent plane to the correction plane (i.e., from
the pupil plane to the corneal plane or to the appropriate |ens plane).

For exanple, the entrance pupil (neasurenent plane) of a typical human eye
is |located sulwanttifal |y 3. lmm fromthe anterior surface of the cornea into
the eye. A typical customcontact |lens has a center thickness of 0.16mm
Thus, the correcti Qhe berraliOfedetitichtsAhmrbantayfoihairbh eheandabdb@entplpb ko  Thi s
di stance will cause a slight power shift between neasured power error and

the correcti nghpeyMREttionghehi.f frorh ePHPil gﬁﬁeeg the cordedEp1rR! Jr @MhB BppRsptatd On,
where B is the neasured power and Cis the correcting power |ocated 3.26mm

away f romt he_l%gﬁdﬁ%ﬁ %?Exﬂlﬁé]%e egtrz?ncg i} ip(ngagﬁénggplalﬁégrb?@ t)%‘?gapﬁ:dfﬁan! e
primarily defined by the fourth Zernlkg %ern] it should also be nodified

to account for. ' AR R i-f ccount
for this pomé?ﬁ?%ﬁ?%&“@ﬁﬂ§%3§§%%%P%}y éﬁ%gggﬁ%%%?ﬁﬁiggﬁgéﬁbggg%ga ion data
froma patien

t. ith  severe. aberrations S t over.a Z.1-mm.pupil. The
1ot Do et Dusy R 65 ROT RN AP RRest HUEThR T i tatBER' 1 vore
used to describe the patient.s vefront . rration. .The Zernike
Coerti o onrs! ubGaCaBEn b cip B RS B Rh] Sb F bR oBBS P e300

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 B~

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 Description Term (mcrons) Z100 0O Piston
Z110 0 z111 O Tilt Z200 -4.442 Defocus Z221 -1.195 7220 5.305 Pri nal

Ast i mat i SWO 286028857593 Z310 0.491 Primary coma Z331 -. @CIAS208808399 435
Trefoil Z400 -0. 190 Primary Spherical Aberration Z420 0.349 z421 0. 357
Secondary Astigmatism Z440 -0.319 Z441 -0.260 Tetrafoil Separate and

I ndependent conic profiles were fit to the wavefront aberration along 24
meri di ans spaced 15 degrees apart over a BABLEdntral zone using a

| east -squares routine. The fits along the neridians showed worst case P-V
and RMS errors of 0.129m andernike 03 Xivefficiestpect i ve[lyrm Weperipfiom| i ty of t hese
fits was then exam ned (tak&ermpver (mickoms) central zone) with respect to all
of the data over the 7.1-mm pupil. As expected the quality of the fits
decr eased, but by reasonabl éloﬂrmlmfc On the worst Pigea the P\ and

110 0

Z111 0 Tilt

Z200 -4.442 Defocus

7221 -1.195

7220 5.305 Primary Astigmatism
7311 0.593

Z310 0.491 Primary coma

Z331 -.0.529

Z330 0.435 Trefoil

Z400 -0. 190 ' Primary Spherical Aberration
7420 0.349
Z421 0.357 Secondary Astigmatism
7440 -0.319

Z441 -0.260 Tetrafoil

Separate and independent conic profiles were fit to the wavefront aberration along 24
meridians spaced 15 degrees apart over a Smm central zone using a least-squares routine.
The fits along the meridians showed worst case P-V and RMS errors of 0.129um and
0.032um, respectively. The quality of these fits was then examined (taken over a Smm
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.
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RVS errors were 1.433m and 0.359m respectively, and these errors occurred

at the outer edge of the 7.1lmmpupil. It is likely that better fitting
routi nes wareoben28vel oped to inprove the quality of thiPSTTES2NGH28304i | e
vari ous advant ageous enbodi nents have been chosen to illustrate the

invention, it will be understood by those skilled in the art that changes
and nodifications can be nade therein wthout departing fromthe scope of
the invention bdaidefined in the appended clains. 13 WO 2004/ 028357

PCT/ US2003/028399 | claim 1. A nethod for determ ning an aberration
correcting optical Lurfacmethod faaketemphing ah aleeti@ndoresténg opticad pirfacaforaane
that is larger than a neasured zone of an optical aberration of the

system conpri si ng:optibil2leichto@NarbdiitslabheBatdalatrepthed a tidgsuiddadHé efhnzone;
expressing the neasured aberration in a mathematical form conformng the

aberration data i nt@tigaa&te6h bl SHtchaesmaaget ry; fitting a nonotonic
function to the aberration data that either increases or decreases

snoot hly and consi st ent |o)6taﬁ{1‘% ﬁ%g@ﬁghg&' lgg?rtﬂl;gem(gatgglre&%'eg)n data over the

optical zone of the system met hod of claim1, erein the

aberration data conpris . r. hi -grder data as
defined by a Zernike pol%%%%mlgﬁﬁe?%%aﬁé%gﬁ?%%ﬁ%%ﬁoa‘flmt eatlg efglr%%ti on data. 3.

The nmethod of claim1l1, wherein fitting a.function to the aberration data
compri ses fitting a coni@POHBESAPTEERd s ool it Eohdh:

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 Zermike 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
independent 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 meridians over a 360 degree field to describe the corrective 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 claim3, conprising fitting a plurality of separate and

i ndependent conic functions over a respective plurality of neridians to
descri be wOlzeo40835¢ct i ve optical surface. 5. The net hodPofi/uskai3messs9
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
11mm 14 WO 2004/ 028357 TRGhAtWSRONM D3 8BS cinFhe dtieal mebdiod aafanckeaiofn 6,
wherein the optical zone has a diameter of between about 7nmto 8nmfor a
contact |ens. 8. Theweei itodt Hhmad &nm Or a vdneceletis. t he optical zone has a

di aneter of between about 5mMmto 7mm for a corneal ablation. 9. The nethod

of claiml, conpriging exPmemsd HitldiRe, iBastredoRazoad hn dighetdrlbe form of
one of a Zerni ke polynom al, a Legendre polynom al, and a Tayl or

pol ynom al . 10. Th%et%&h%upémﬁlt@vmn&ormﬂ%al@dlmnutI l'izing a normalization
radius for the Zerni ke expression and the Legendre expression, wherein the

normal i zati on radl us i q”hé%teth&‘l)oiacle{ ]?lql CUIupl:.1 nmen%rcf]sﬁrgéqw?ﬁ@?%ufeﬁ%éﬁﬁgn 11‘111 A

custom zed cont act lens & accord ing to aim 1
custom zed |1 CL nad f I
abl ati on desi gned ?g%%ﬁﬁ mw fE?ﬁ5Q% gﬁ%@%ﬂ 2 C%Q%EB&W?%%ﬂﬁmgggi ﬁfzed
corneal inlay accordfngntp the met hod of claim 1.

polynomial.

10. The method of claim 8, comprising utilizing a normalization radius for the
Zernike 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 corneal 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
= (/R {1 1-(1+k)/RY]} +a; + By,

where for each conic meridian, 1,

r = a radial component (mm),

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

k; = the conic constant of meridian (i),
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15. A machi ne readabl e nmedi um storing an executable instruction for
altering a surface of an aberrated optical systemto create a corrective
opti cal swof2aek02833mherei n the instruction instructs thePeads2ems/02$399
producing a corrective optical surface having a neridional cross sectional
profile defined by z;=(r2/R )/ {1+V[1-(l +k;)r2/R2]} +a; +Bir, where for
each conic neridian, i, r = a radial conponent (nMm), R, = the vertex radius
(mm of neridian (i), 7 the shdef m@idiaa (Donstant of neridian (i), 15 WO
2004/ 028357 PCT/ US2003/028399 z; = the sag of neridian (i), a; = a piston

coefficient (mm) of nerd diitdnicheffiaiont (mBi) ol nfeddiba(i),khd t coefficient
(constant) of neridian (i), further wherein the profile extends over an

optical zone radi us Rozzthalqidi §ii:Q6&RLEH: (cdnaft) 8r MBREM @I aberration zone
radi us Rreas 16. The machi ne readabl e medi um of claim 15, conprising a

plurality of Sep%ﬁ@&mﬁiﬁﬁggﬁ%w‘?{ggg%% 9[5}%51 é%tha%iﬁ%%Eth‘i%:gréafe?“ les

defining the corrective optic sur 17. e machi ne readabl’e nedi um

of claim 16, conprjsing bet n..24 90, parate and i ndependent
meri di onal cross s%‘%?‘llglﬁ%ﬁure\gﬁg?rﬁ%ggtzgn\?ergdné & degree field defining the

corrective opLlcal eur e ks Al Sk Lo AR SRI0
separate and independent meridional cross sectional profiles defining the
correctivé optical surface.

17.  The machine readable medium of claim 16, comprising between 24 to 90
separate and independent 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 instruction;

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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a device cooperatively engageable with the optical elenent which has a
surface intended to be altered to provide the optical aberration

correcti owp 20@ai/@@835devi ce being suitable for altering thecyurskas®28309t he
optical element upon an executable instruction; a control system
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 nmaderdinthétiabiidtioginstietekedaiahd makdsiditcivempticdl sirgobe for
reading by the control systemand for execution of the instruction by the

device, 16 WO 2004402830 hediidhaVS8 A03EAR398k1e wb@ie b t he instruction

instructs the device to nmake a corrective optical surface having a

LTI (1 ki)l R} ar R o R A B her i i an, 1, v =
radial component (W ey bl Mg, 2 us (m) of meridian (1), ki
(constant) of meri di an (1} “F PRt 1 the profile extends over an
?gg: ﬁ?l errggg rlgdi us RozRit=h tevier%ex%ﬁ\?st(%{m)c}frr}l%%dﬁn?ﬁasur ed aberration zone

I o

k;= the conic constant of meridian (i),
z;= the sag of meridian (i),
a; = a piston coefficient (mm) of meridian (i), and
Bi= a radial tilt coefficient (constant) of meridian (i),
further wherein the profile extends over an optical zone radius Roz that is greater

than a measured aberration zone radius Ryeas.
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