1 ‘ODHTHALI\/I C LENSES FOR CORRECTI ON OF ABERRATI ON AND PROCESSES FOR
PRODUCTI ON OF THE LENSES 5 Field of the Invention The i nventi on

rel ates tQVBB%H@‘h 1c lenses. In particular, the i nventljfcqmsgﬁog)(,gﬂggs

| enses that correct optical aberrations. 10Background o

| nventi on Correction of refractive errors using contact |enses
is well known. Conventional contact |enses provide correction for |ow
order optical aberrations, such as defocus and astigmati sm | eaving

hi gher order aberrations uncorrected. Recently, contact |enses for
correction of higher order aberrations hdve been 15 discl osed as
well. Typically, |ow and high order ocul ar aberrations are neasured
as departures froma spherical wavefront at anﬁ Bpsition on the

|
wavefront. To corPBRTHARMIGdYSHS BHR CQRRE F@%@R%@W AP e
surfaces of the |ens i sSPRESESHES FOR RAABEGIION QB THEAENRESar t ur es

fromthe spherical wavefront. 20Sone individuals have ocul ar
condi tions including, wthout |imnikKigldiosthe Ipeantiemconus, irregul ar

astigmati sm corne i I I : nor e
extreme aberrationgh%ﬁéﬁhkﬁqgh§§gbgu;éﬁﬁ%%ééEiﬁgpggF&gﬁyFﬁﬁgﬁgﬁfy,
even for thoseravidis Wineescth® corrediopticad siginratensl ar condi tions, the
conpensati ng geonetry necessary for correction may be such that data
to describe the entire 25 dianmeter of the optic zone is not

avai |l abl e. 1Al so, one or both of Hablagr@lﬂ{ddftmaeer@iﬂd | ens edge may have
areas of excessive variatiqns in thickness. In each, of these
scenarios, the var Carpgion of gdigetive giross pegsconiagh lensgy isyeellknoPineul t to

manuf act ure agdnidigoNa %Bﬂ&ét@&ée&&?ﬁﬁ@lf@rrécﬁ& fog v %@Ptlgjgti‘éﬁlta%@[lrﬁions,
on-eye. 30 Detailed Description of the Invention and Preferred
Enbodi nent s  such as defocus and astigmatism, leaving higher order aberrations uncorrected.
Recently, contact lenses for correction of higher order aberrations have been
15 disclosed as well. Typically, low and high order ocular aberrations are measured as
departures from a spherical wavefront at any position on the wavefront. To correct
the aberrations, the geometry of one or more surfaces of the lens is designed to

compensate for the departures from the spherical wavefront.

20 Some individuals have ocular conditions including, without limitation,
keratoconus, irregular astigmatism, corneal dystrophies, and ocular trauma that
produce more extreme aberrations than in the population at large. Additionally,
even for those individuals without such ocular conditions, the compensating
geometry necessary for correction may be such that data to describe the entire

25 diameter of the optic zone is not available. Also, one or both of the optic zone and
lens edge may have areas of excessive variations in thickness. In each of these
scenarios, the variations result in a lens that may be difficuit to manufacture and the

variations can make the lens uncomfortable on-eye.

Detailed Description of the Invention and Preferred Embodiments

The invention provides a lens useful in correction of low and high order

ocular wavefront aberrations, and methods for designing and



The invention provides a |l ens useful in correction of |ow and high
order ocul ar wavefront aberrations, and nethods for designing and 2
pr oduci ng a20Sne I N Which substantially no excessiv LAtk in
| ens thi ck‘kgggd)g)?ﬁ%e edge of the optic zone results ff"gﬂsﬁ@t’}“%%
extrapol ation of the aberrations from5 the original neasured

di aneter of aberration data to the desired optic zone dianeter. The

| enses and nethod of the invention may find particular utility in
provi ding |l enses for individuals with hi ghl y aberrated eyes. In
a first enbodi ment, the invention providés a nethod for designing and
ophthalmc | ens conprising, consisting essentially of, and consisting
of: a.) acquiring wavefront aberration data for an eye of an

i ndividual having a first dianmeter; b.) extrapolating the aberration
data to secondrefugistherlensaigirich substentdliyqiogxerssive witatiend inflgnstiigkness
each neridi an I [ - ive
variations in aﬁ}ﬁe%%ec?s{ﬁ% %Z?%(ﬁlgs@ﬁ?# ace. %%ﬁ%g%ag? ﬁg;&g%@%@@gﬁ?@t he
15 i nventi oh pheovrigited meaduenisligdeserfetenratioa de@ta teclesivwtdtohti¢ hirs deediard.

For purposes he inventiqgn,, by "excessiwve variation: is meant a
Vari ot on bot dee i me Rkl B ainved PR TRy FA ERfedt SR
ci rcunf er ence laked foeindpidualsadthehighly bberagdiggenf the optic zone of 100

or nore mcrons. The edge of the 20 optic zone is the dianmeter of the
optic zone inmmediately adjacent to the | ens' peripheral zone, or the

non-optical zone sy Aunehpddihbe, @R vendNReovid%R B@hdd/for HEEs dof
the optic zone will be about 100 mcrons to about 1 mmin wdth. For

pur poses of¢ t kehthapenicnbepmprisingkeragisting esagnyially ol andusinpistingof 4ig | ens

is 25 neasured.in. i : : bj ect
side, surfac eq%¢1ugrlljﬁ%:\g‘fr<g,%fr§{u até’glgatg’!n e%@gﬁ?$§%‘é?§€1r{ciﬂgdl{a£ﬁz[§ﬁ% Eg{r&lllspa

di rection ort kg b.} exttahalaterctke sharfatioedata to secorldrdidrhaterf amdsd.) appépngd

t he met hod of _the inv ion, the vefront abe t i ons. of, an

ndi v dual ar @ ERelrE e s e BT p R bl b i s s 20
measur ement s ex@kdiaevaristisidan thidkneistottail @i suMEeéee IiDitotlee BHB6Ement, the
aberroscopes, .devices that neasure Optical Transfer Function by point
spread or 15 néWVEPHELRIOViges alRys designeciin aceprdangs pila thifaRthigdasur e,
estimate, interpolate, or calculate the ocular optical wavefront,

wavefront errors or aberrations. Suitable measuring devices are |
commerci al |y avai | Ben mrpasessf thoinventignolye exyasiss raifioncis sireeis varigdon

Al buquer que,  New M ¢Rnimum and maximum thickness around the circumference of the
optic zone at the edge of the optic zone of 100 or more microns. The edge of the
20 optic zone is the diameter of the optic zone immediately adjacent to the lens’
peripheral zone, or the non-optical zone surrounding the optic zone. Typically, the

cdge of the optic zonc will be about 100 microns to about 1 mm in width.

For purposes of the invention, thickness at any given point on the lens is
25 measured in terms of the distance between the front, or object side, surface and back,

or eye side, surface of the lens along a direction orthogonal to the back surface.

In the first step of the method of the invention, the wavefront aberrations of
an individual are measured. Apparatuses for performing the aberration
30 measurements include, without limitation, wavefont sensors, aberroscopes, devices

that measure Optical Transfer Function by point spread or line spread, or any similar



5 Correction for the aberrations will be provided by cal culation of a
| ens surface geonetry that provides the required optical path

di ff er enceyphgloelfsets the distortions due to the oculgfusiueenszans
aberrations. Low and hi gh order ocul ar aberrati ons, generéiﬁy, are
any departure froma 10 spherical wavefront at any position on the
wavefront. The classic description of these aberrations are spherical
aberration, defocus, astigmatism coma, and distortion.

Al ternatively, the aberrations may be regresented by mat hemati cal
descriptors. Exanples of such descriptors include Zem ke pol ynom al s,
surface fitting functions including, without limtation, Taylor
series pol ynomfedikcés thaiskabiie, cbBmbte kidtergd£E, o adibilate ARrdeulLoRREYRSEBS
are used in the nethod of the invention. Fromthe Zernike .

pol ynomi al s, tReCTRR} STTPEOF ARarfipny: i BifeblpaipapBing devrrsrarq oraeersiglly
Cartesian or Q%i?a‘blecfﬁﬁﬁ,qbf@taﬁ@lg e SR geREc3 18P, &Bu&d&ﬁu@ﬁﬁ&@ﬂde&ko? he
i nvention, the aberration data is 20 extrapolated to a second

di aneter. |h &opreefayipeihe abdsndpnewitl] bettvevided by dateulation aboleas aufaco a

di aneter that | i-al | t [ of a
contact |ens gﬁ%nw%hgj&#@érsa%? %ﬁl&lﬁdec’pglgélE%%oﬁgf%r%gcﬁqﬁgst Oé&%‘%ﬂhgd out
usi ng Zer ni ke dptdriorordualtsthe dbwlsy abehratiomxt r apol ati on cal cul ati ons may
be perforned over a dianeter substantially corresponding to the

di anmeter of the optic zone of the lens surface, 25 which is typically

bet ween about 6.5 f{ewlnAWgAREddoeller doiitidns, gRaully, 8rdany dBpLhues &b,
the calculations are perfornmed at a dianmeter that is increased in

conpar i son't o SeECHpYAvETroRAbany Refition on thy wiveBRnt dhe ghgpiodeerrtion of
al i gnment  bet WeeD G FRENE GhbRd] g@érﬁtiﬁ&'ﬁ%ﬁ)%us?rast%%%ﬁ&ﬂpdo%a?% er and

that of the contact lens surface's optic zone. The increase in
di anet er pr ef dististign. j Altexpativelysthe abgregionhmapbé weteseiitest yrmoathermgical30

exanple, if t et i V, iS: a ion
i ametor 4 peEBplRf Rl BRTP e B Finthudp gl b SkE S QAL 27
Mor e pr ef er ablfiting faactions inehddg] witldao litnit@tich, Taylabuits folynomiials,dnt thes a

di scovery of the Lnyenti that ,excessi ve variations,i | ens .
Chr Ceey Py RS bty PR el SR aR st piths aoed ehine SWeption, Fapm
data to a | ar geyZghiRepsihomihls, ths wavéfint BRfrabbiiGRMEre@nstritged AAvent i on

t hat these excessive variations may be reduced by applying a
mat hemat i cal fGaftesign Qrojan gosdinptahol at ed aberration in each meridi an

In a second step of the method of the invention, the aberration data is

20  extrapolated to a second diameter. In a preferred embodiment, the data is
extrapolated to a diameter that is substantially equal to that of an optic zone of a
contact lens and more preferably, the extrapolation is carried out using Zernike
polynomials. Thus, the extrapolation calculations may be performed over a diameter
substantially corresponding to the diameter of the optic zone of the lens surface,

25  which is typically between about 6.5 to 9 mm and preferably is about 8 mm.
Preferably, the calculations are performed at a diameter that is increased in
comparison to the optic zone diameter to allow for any offset alignment between the
aberration data center at the pupil center and that of the contact lens surface’s optic
zone. The increase in diameter preferably is at least twice the offset distance. For

30 example, if the offset alignment value is 0.35 mum, the extrapolation diameter



10 Suitable filters are those capable of filtering the extrapol ated
aberrations to give snmooth, continuous data, reducing excessive

vari ati onsyphgdoli@7@xt r apol ated region, and all ow ng surd 2609R814bPNS
to approxi nate the aberrations across the extrapol ated di anmeter

wi t hout producing significant errors within the original 15
aberration data dianeter. Optionally, in those cases in which the
variations in thickness are still undesirable after filtering, the
optic zone dianeter may be reduced, preferably in 0.2 mmincrenents,
until the thickness variations are acceptable. 20In one enbodi nent,
the filter used may be a cosine form such as a Hanm ng W ndow t hat
i's applied to priferatliyfif 6.7 ena éspdeianabnogtiteonbdinmalet. oofpatefabethe
bet ween consecutive.p%ints in_each neridian. In using the Hamm ng
met hod, the cHEHERSS ISPt abewd-{ ®Myef i ned according to the
foll owi ng equation: 25Az = z" - (l) wherein z is the aberration
amplitude; nis a first point in a neridian; and n-1 is a second
poi nt in the meridiltdfa dissovery of therinsention that exrgssive vasiatiensiig lenp thickness

L 205 S SRR BB g
0. 46 cos[ 27r ItixRdurthetr distoveRanfgke ih@entioetieit these excessive variations may be
reduced by applying a mathematical filter to the extrapolated aberration in each
meridian.
10
Suitable filters are those capable of filtering the extrapolated aberrations to
give smooth, continuous data, reducing excessive variations in the extrapolated
region, and allowing surface functions to approximate the aberrations across the
extrapolated diameter without producing significant errors within the original
15  aberration data diameter. Optionally, in those cases in which the variations in
thickness are still undesirable after filtering, the optic zone diameter may be

reduced, preferably in 0.2 mm increments, until the thickness variations are

acceptable.

20 In one embodiment, the filter used may be a cosine form, such as a Hamming
Window that is applied to the differences between the aberration amplitude between
consecutive points in each meridian. In using the Hamming method, the change in

aberrations is defined according to the following equation:

25 Az=2z —z

" n-1
M
wherein z is the aberration amplitude;
n is a first point in a meridian; and
n-1 is a second point in the meridian.

30



xPoint is a distance fromthe original aberration data sem -di aneter
to a point; and xRange is the distance between the original

aberr ati ony@ahaeemh - di ameter and the 15 final extrapol @i @Boos/032409
sem -di aneter. Each of the second values for Az are then summed
along the neridian to generate the aberration data in the

extrapol ation region. It is preferred to conplete each data neridi an
out as far as the extrapol ated sem -di aneter and to keep the 20
sanpling at 200 mi crons or |ess. Exanpl es of other functions
that may be used for purposes of filtering include: 25 Hanning W ndow
= 0.5x[ 1- cos 27r xPoint 91 xRange Yet another exanple is:
SParzen W ndow - 1 Th¥PguitingAzGake1s thEtamgRipledby thy Ran@@ng Wisldw fo

anot her exanple is: ) ] . o
generate a sccond Az. The Hamming Window is a value, y, multiplied as follows:

Hamming Window = 0.54 —0.46 cos{Zz xPoint }

xRange
10 1y

wherein:
xPoint is a distance from the original aberration data semi-diameter to a point; and
xRange is the distance between the original aberration data semi-diameter and the

15  final extrapolation semi-diameter.

Each of the second values for Az are then summed along the meridian to
generate the aberration data in the extrapolation region. It is preferred to complete
each data meridian out as far as the extrapolated semi-diameter and to keep the

20 sampling at 200 microns or less.

Examples of other functions that may be used for purposes of filtering

include:

25 Hanning Window = O.Sx[l - 003[271* xPomt H
xRange

(1)



10 [+ 0.08 cos[4g xPo int 1 Blackman Wndow = 0.42 - 0.50 cos 2g-
xPo int 1 xRangexRange (V) 15A still further exanple is: (xpO int-
0. 5* xRanggbhguéheh Wndow - | (0.5* xRange) (VI) 20 PCTluszuyb?mw
preferred filter 1s the Hammi ng W ndow because it results 1 n fewer
fit errors after extrapolation than do the other filters. One
ordinarily skilled in the art will recognize that other signa
processi ng wi ndow functions that are typically used for Fast Fourier
Transform data may be used. 25 7 surfa%p of a lens or lens nold may
be tool ed using a conputer nuneric controlled ("CNC') |athe, direct
machi ning of a polymer button, mlling, |aser ablation, injection
nol ded insert or the |like or a conbination thereof. The required
changes in 5 the lens' surface elevation or slope to achieve
correction of the aberrations may be incorporated onto the |ens
front surface, backsiddiagexarle Re di vided between the front and back
surface. In preferred enbodi nents, the back surface is natched to the
1 : sk
wearer's cogneal topograph¥émenVWndmN= 1__|;vol°'omt—0.5 megm[

| 0.5*xRange |

(IV)

Still another example is:

10

Blackman Window = 0.42 —0.50cos| 27 xFont +0.08 cos| 47 xPomt
xRange xRange

W)
15 A still further example is:
L e 2
Welch Window = 1~ (xPoint— 0.5 * xRange)
(0.5* xRange)
(VD
20
The preferred filter is the Hamming Window because it results in fewer fit
errors after extrapolation than do the other filters. One ordinarily skilled in the art
will recognize that other signal processing window functions that are typically used
for Fast Fourier Transform data may be used.
25

The filtered data may be transformed onto a grid pattern of a rectilinear,

polar concentric, or spiral format to correspond to the mechanism by which the



10For | enses incorporating an inverse topographic elevation map of
the |l ens wearers' cornea, the corneal topography nmay be determ ned by

any known Wwathefet4e! uding, without limtation, by use @ @60H585
t opographer. The data then may be mapped onto a CNC grid pattern and

used to make the lenses or nold tool surface. 15Contact |enses useful
in the invention may be either hard or soft |enses. Soft contact

| enses, made of any material suitable for producing such | enses,
preferably are used. The | enses of the invention nay have any of a
variety of corrective optical characteristics incorporated onto the
surfaces in addition to aberration correction and di stance and near
opti cal Ipovver Ssurfme bf @akns fndlénmalﬁmh@ bed?dléd‘r@ﬁfgbmwmer A0meric contr'Blhed
contact |enses rhe. invention e for convent i.ona
rothod. For - eximir D b e i S AP S0 o ah Ling 1) SFitnoed by
di amond- t ur ni riﬂjeétﬁ)‘nriﬁblaédt1ﬁ§e’ﬂt36r'tlﬁt£lﬂfeftﬂ'a'com-lgﬁhﬁtu?tpt'ﬂ%omehebé‘qmred changes in
di anond-turned into the nolds that are used to formthe |ens of the

i nvention. Bubkelgesunaee clevatianaisiope kg aphicye persiction of the absratiens Mt been
the nolds fol l;owed, fyg 8196’%[ 95" ABn ANt &uﬁacﬂ%ul%cet &%era‘?ilgéh fePwdddria t he

| enses of the' |n ent 1 on ternatively, e zones

di anond- t ur nedronhémal Hagk surbge.t rpgeferr8d shbidiments; [tz raekl Surﬁtce isimacheetthod
for designing thalmc |lens,, conprising: a.) acquiring original
wavef r ont abe?ﬁ%??5%”H?P§aﬁgpqgﬁﬂgye of an individual having a first

dianeter; b.) extrapolating the aberration data to second dianeter

and c.) applying a_mathematical filter to each merjdian of th
extrapolatg aber r &P SPSCH HICAPORMING AT Y els Lapegrapiyc ¢ Vﬂ&?ﬂﬁﬂ?fq$imm

thi ckness of ghRAS csMEd Qﬁeecomea?topa_é}ﬁpﬂﬁﬁm ter@bRl By hny mﬂh&h@)@e

second di aneter substantial |l y corresponding to or greater than the
di amet er of anchpling wiibaet lppitation.drytuse pf ¢ eqiBeal topggrafies. Fbe ﬁfé@lﬂl@n el &8 m

1, wh th f
i g W ndodirptd flia b ERELEERERA LTS AR RS hhbodlyhos,
and a Wel ch W ndow. 4. The nmethod of claim?2, wherein the filter

| ect f t f Ha i
o ect o 1 om b QLR COnBN S nd Gl LB 06 M AT, 9 LRI RO

The met hod of c&ht&ttﬂ&nfhes whes ef dhyshatgrial syitabR feeprodthonith Riises] preferably

defining a change |n e ori |nal aberration data according to the
fol | owi ng equdtd 155 flhseﬂo the invention may have any of a variety ot corrective optlcal

characteristics incorporated onto the surfaces in addition to aberration correction and
distance and near optical powers, such as, for example, cylinder power.

20

The contact lenses of the invention may be formed by any conventional

method. For example, the annular zones formed therein may produced by diamond-
turning using alternating radii. The zones may be diamond-turned into the molds that
are used to form the lens of the invention. Subsequently, a suitable liquid resin is

25 placed between the molds followed by compression and curing of the resin to form
the lenses of the invention. Alternatively, the zones may be diamond-turned into

lens buttons.

30



wherein z is the aberration anplitude; nis a first point in a
meridian; and n-1 is a second point in the nmeridian; (ii) multiplying
the resulting Az value by a Hamm ng W ndow. xPoi nt Hanm ng W ndow =
0.54 - 0.46 cos[2. 7rxRangel wherein: xPoint is a distance from an
original aberration data seni-diameter8to a point; and 9 )(Range is
t he di stance between the original aberration data sem -di aneter and
the final extrapolation sem-diam eter; and (iii) sunm ng the second
val ues of Az al ong the neridian. 6. The nethod of claim2, wherein

step c.) is canyiRsk QMinedYs: (1) defining a change in the original
aberration data according to the follow ng equation: wherein z is the
aberration anplitude: 4i,4s.a.fi.rst int.i,n.a neridian; and n-11is a
second point ”P o ;lh% %:}?Eﬂ;u%d £o§%es:mg an 819htﬂalgnlc lens, comprlis?ng:
a.) acquiring original wavefront aberration data for an eye of
an individual having a first diameter; b.) extrapolating the
aberration data to second diameter; and c.) applying a math-
ematical filter to each meridian of the extrapolated aberration
data to reduce excessive variations in thickness of a lens
surface.
2. The method of claim 1, wherein the second diameter
substantially corresponding to or greater than the diameter of
an optic zone of a contact lens.
3. The method of claim 1, wherein the filter is selected from
the group consisting ofa Hamming Window, a Hanning Win-
dow, a Parzen Window, a Blackman Window, and a Welch
Window. '
4. The method of claim 2, wherein the filter is selected from
the group consisting of a Hamming Window, a Hanning Win-
dow, a Parzen Window, a Blackman Window, and a Welch
Window.
5. Themethod of claim 1, wherein step ¢.)is carried out by
(i) defining a change in the original aberration data according
to the following equation:

Az=g -7

n “n-1

wherein z is the aberration amplitude;
n is a first point in a meridian; and
n-1 is a second point in the meridian;
(ii) multiplying the resulting Az value by a Hamming
Window:

XxPoint ]

Hamming Window = 0.54 — 0.46 cos[QJr
XRange

wherein:
xPojnt is a distance from an original aberration data semi-
diameter to a point; and



(ii) multiplying the resulting Az value by a Hamm ng W ndow:. xPoi nt
Hamm ng Wndow = 0.54- 0.46 cos [2.71- xRange wherein: xPoint is a
di stance froman original aberration data sem -dianeter to a point;
and xRange is the distance between the original aberration data

sem -di aneter and the final extrapol atfon semi-diameter; and (iii)
summ ng the second values of Az along the nmeridian. 7. The nethod of

]‘3' aim 2, tfgl”h]?r Cf”ﬁﬁhﬁé@ﬁtﬁdcﬁfﬁtﬁﬁé@ﬂ@h@' Berd 18 ofibld-$ L1653 ﬂfdg”tg aA
ormsuitable for tool idag.&aSt: . 1. S
S o b e ka8 8 ) et SO AR, S 2
met hod of claim 2. 10..A’l ens. produced .by.the nethod of claim3. 11.
A | ens produced by the? % ﬁﬁ?%W&él@E.OfAZIEBM%Pmd by the
nmet hod of cl ai ns. 13@5 'ens produced by the nmethod of claim®6. 14. A

ot )
| ens produced by t he®nBtsi8ethed of¢laim wherein step c.)is carried out by
(1) defining a change in the original aberration data according

to the following equation:

—a

Az=z,-z.,

wherein z is the aberration amplitude;
n is a first point in a meridian; and
n~1 is a second point in the meridian;
(if) multiplying the resulting Az value by a Hamming

Window:
Hamming Window = 0.54 - 0.46 005[231- xPoinr ]
xRange
wherein:

xPoint is a distance fio ig]
: m an origina i i
Fouiion apoint o ginal aberration data semi-
xRSaengfe :is the distance between the original aberration data
mi-diameter and the fing] extrapolation semi-diam-

(ifi) summing the sec
N g ond values of Az along the merid-

7. The method of claj ;o3
the filtered data intg aaflm 2, further comprising transforming

Tens or g e 20t orm suitable for tooling a surface of 2
8. A lens produced by the method of claim 1
9. A lens produced by the method of claim 2.
10. A lens produced by the method of claim 3
11. A lens produced by the method of claim 4.
12. A lens produced by the method of claim 5 |
13. A lens produced by the method of claim 6 |
14. A lens produced by the method of ¢laim 7 |



