OPHTHALM C LENSES FOR CORRECTI ON OF ABERRATI ON AND
PROCESSES FOR PRODUCTI ON OF THE LENSES Fi el d of the

WO pooeq9iden The i nvention relates to opht hal m cP¢CEOS289/032409
In particular, the invention provides |enses that
correct optical aberrations. Background of the
I nvention Correction of refractive errors using
contact lenses is well known. Conventional contact
| enses provide correction for |ow order optica
aberrations, such as defocus and astigmatism | eaving
hi gher order aberrations uncorrected. Recently,
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optic zone and | ensS edge nay have areas of excessive
vaRicagntlyneontart idmseskfioe sareckinn ehbighef ordéredberrations 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 difficult to manufacture and the

variations can make the lens uncomfortable on-eye.

30
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



scenarios, the variations result in a lens that my be
difficult to manufacture and the variati ons can nmake
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the Invention and Preferred Enbodi ments The invention
provides a |l ens useful in correction of [ow and high
order ocul ar wavefront aberrations, and nethods for
desi gni ng andproducing the | ens, in which
substantially no excessive varhations in |ens
thi ckness at the edge of the optic zone results from
the extrapol ation of the aberrations fromthe origina
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Typically, th
For purposes of the invention, by “excessive variation” is meant a variation
between the minimum 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

edge of the optic zone 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



edge of the optic zone will be about 100 microns to
about 1mmin width. For purposes of the invention,
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in ternms of the distance between the front, or object
side, surface and back, or eye side, surface of the
| ens 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 neasured.
Appar atuses for perform ng the aberrati on neasurenents
include, without limtation, wavefont sensors,
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From t he Zerni ke polynom als, the wavefront
abérer Zariidsp polyngmizds, tlecemetiont segragions may be reconstructed at

Cartesian or polar coordinates.

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 mm, the extrapolation diameter



Cartesian or polar coordinates. In a second step of

the nethod of the invention, the aberration data is
weziapehat ed to a second dianmeter. I n a pref ePCEUS2009/032409

enbodi nent, the data is extrapolated to a di aneter

that is substantially equal to that of an optic zone

of a contact |ens and nore preferably, the

extrapol ation is carried out using Zernike

pol ynom als. Thus, the extrapolation cal cul ati ons may

be perforned over a dianeter substantially

corresponding to the dianeter of the optic zone of the
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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=z -2z ,
)
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



region, and allow ng surface functions to approxi mate

the aberrations across the extrapol ated di aneter
WORRO0Pr oduci ng significant errors w thin tPE/US2009/032409

original aberration data diameter. Optionally, in

those cases in which the variations in thickness are
still undesirable after filtering, the optic zone

di aneter may be reduced, preferably in 0.2 mm
increments, until the thicknesg variations are

acceptable. In one enbodinent, the filter used may be
a cosine form such as a Hamm ng Wndow that is

appl i ed The réshringdi AF ahenis esnbedlviplinl yhte aagimiakiWindow to
anpl i tude between consecutive points in each neridian.

| n gersiratg atspeondgyrmi Thg Hesamong, Witdewcih arvgbiei v raneiphiet asdaBows:

i s defined according to the follow ng equation: (1)

wherein z is the aberration anplitude; nis a first

5

point in a neridian; and n-1 is a second point in the

meridi an. The resulting Dz value is then nultiplied by
t he Hamm ng Wndow to generate a second Dz . The

Hanm ng Wndow is a value, y, nmultiplied as foll ows:

xPoi nt Hamm ng Wndow = 0.54 - 0.46 cos 2p xRange (H)

aberration datBamaie Witdest ©10.340- &4per ﬂf,ffﬁnd—

wherein: xPoint is a distance fromthe oﬂgﬁoﬁﬁq
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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

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
cach data meridian out as far as the extrapolated semi-diameter and to keep the

sampling at 200 microns or less.

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

include:

Hanning Window = 0.5){1 - cos£27z xPoint ﬂ
xXRange

(111



xRange is the distance between the original aberration
data sem -di aneter and the final extrapol ation

W@ evp/glidamet er. Each of the second val ues for BZI/HS09/032409
then summed al ong the neridian to generate the
aberration data in the extrapolation region. It is
preferred to conplete each data neridian out as far as
the extrapol ated senm -di aneter and to keep the
sanpling at 200 mcrons or |esg. Exanples of other
functions that may be used for purposes of filtering
i ncl ude: xPoi nt Hanni ng Wndow = 0.5x 1- cos 2p xRange
(in)Yet another exanple is: xPoint- 0.5 xRange Parzen
Wndow = 1- 0.5 *xRange (1V) Still another exanple is:
xPoi nt xPoi nt Bl ackman Wndow = 0.42 - 0.50 cos 2p +

0.08 coyfpmotRandsmpRange (V)

|xP0 int—0.5* xRange|

5 Parzen Window = 1—
| 0.5 * xRange |
Iv)
Still another example is:
10
Blackman Window = 0.42 —0.50cos| 27222 |, .08 cos| 47 L2t
XRange XRange
V)
15 A still further example is:
L * 2
Welch Window = 1 — (xPoint— 0.5 * xRange)
(0.5* xRange)
(VI)
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



A still further exanple is: w, , ,i r , L ((xPo int-

0.5 *xRangef Welch Wndow = 1- 7 ' (0.5 xRange) (V)
wab@psrderred filter is the Hanm ng W ndow beRGiEg£2009/032409
results in fewer fit errors after extrapol ation than

do the other filters. One ordinarily skilled in the

art will recognize that other signal processing w ndow
functions that are typically used for Fast Fourier
Transformdata may be used. The filtered data may be
transformed onto a grid pattern of a rectilinear,

pol ar concentric, or spiral format to correspond to
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surface. In preferred enbodi nents, the back surface is
mathersenrerds earecahéopostapBy.cor neal t opogr aphy. For | enses
i ncorporating an inverse topographic elevation map of
the |l ens wearers' cornea, the corneal topography may

10be det efFoi léﬁsi:s bl){coalﬁt)taﬂﬁ[gja/ﬂ’hnﬂats@m@o paphiddlovgtiomnbpofdthe lens
limtati on, use of a corneal topographer. The data
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mapped onto a CNC grid pattern and used to make the lenses or mold tool surface.

15 Contact lenses useful in the invention may be either hard or soft lenses. Soft
contact lenses, made of any material suitable for producing such lenses, preferably
are used. The lenses of the invention may have any of a variety of corrective optical
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.
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Contact | enses useful in the invention may be either
hard or soft |enses. Soft contact |enses, nade of any

wWoraaoendah9 sui t abl e for produci ng such | enses, PCT/US2009/032409
preferably are used. The | enses of the invention may
have any of a variety of corrective optica
characteristics incorporated onto the surfaces in
addition to aberration correction and di stance and
near optical powers, such as, kor exanple, cylinder
power. The contact |enses of the invention may be
formed by any conventional nethod. For exanple, the
annul ar zones formed therein nay produced by
di anondWiiaingaiukidng al ternating radii. The zones nmay
be di anond-turned into the nolds that are used to form
the lens of the invention. Subsequently, a sui tabl e
l'iquid nesiny . :Mﬁ%%
5conpressllon an m@h??ﬁ4m§§h¥%gﬁpggﬁﬁﬂ?%g %?n1 ﬁgp
of atd\ﬁrlmgwmeglhalozvaveﬂbmaih&a’aﬁimedi@ta farhe cyontan nlﬂwldhﬂll havmg a first
dlanond tu éned [ o | ens but.t ons. What % cl ai ned %

RO CHEPOLE %@H&Hﬁn dphiteacarEdipggier: and c.) applying a

CORRkHPAGal ftck t@%ﬁ'rﬁér[&atpéﬂ t8é BalkapORY&RS {eRhtion data to reduce
aberration data for an eye of an individual having a
fi esteseivanaiagions fn thickress apellansisngadche aberration data

to second dianeter; and c.) applying a nathematica

ilter to each meridian of the extrapol at ed aberrati on

dat a to2r eduqge ecaRRISdN\cRimal Wt thelsBednldl AR ssSsuBbtafially
| ens surface. 2. The nethod of claiml1l, wherein the

s e 6QmerPENding feer goaien than theldigmete ofwaspie zaee efc entact lens.
greater than the dianeter of an optic zone of a
contact lens. 3. The nethod of claim1, wherein the

filter Bs selThetethddranvidite , ghetyn hefHicsid el flom the group
Hanm ng. W ndow, a, Hanni ng VVndOMI a. Parzen Wndow, a
15  consisting of a Hamming Window, a Hanning Window, 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 Window, a Parzen Window, a

20 Blackman Window, and a Welch Window.

5. The method of claim 1, wherein step c.) is carried out by (i) defining

a change in the original aberration data according to the following equation:

25 Az=z -2z ,
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



Bl ackman W ndow, and a Welch Wndow. 4. The net hod of
claim2, wherein the filter is selected fromthe group
w@ongiosdng of a Hamm ng W ndow, a Hanni ng W nRGIIS2009/032409
Parzen W ndow, a Bl ackman W ndow, and a Wl ch W ndow.
5. The nethod of claim1l1l, wherein step c.) is carried

out by (i) defining a change in the origina
aberration data according to the follow ng equation:
Az =z - z k- 1 wherein z is thg aberration anplitude;
nis afirst point ina neridian; and n-1 is a second
point in the neridian;(ii) multiplying the resulting
Dz val ue by a Hamm ng W ndow. xPoi nt Hamm ng W ndow =
0.54 - 0.46 cos .2p xRange wherein: xPoint is a

di st anc8UFPEEPRINGHE gesH

ngaireyalug ioh Hagming Window:

sem -dianeter to a point; and xRange is the distance
bet ween the original aberration data sem -di aneter and
sthe final extrapolation sem -dianeter; and (iii)

summ ng the second val ues of Dz alongsghe nE(idLan. 6.

The net hod of (gl aj m 2u-wher eifs st 8Re &,
by (i) defining a chrange in the ori

data according to the follow ng equation: Az =7 -
1
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wherein:
xPoint is a distance from an original aberration data semi-diameter to a point; and
xRange is the distance between the original aberration data semi-diameter and the

final extrapolation semi-diameter; and

(ii1) summing the second values of Az along the meridian.

6. The method of claim 2, wherein step c.) is carried out by (i) defining
a change in the original aberration data according to the following equation:
Az=z -2z, ,
wherein z is the aberration amplitude;

n is a first point in a meridian; and

n-1 is a second point in the meridian;

(i1) multiplying the resulting Az value by a Hamming Window:



wherein z is the aberration anplitude; nis a first
point in a neridian; and n-1 is a second point in the
woreedam (ii) nultiplying the resulting Dz vedTIES1999/632409
Hanm ng W ndow: xPoi nt Hanm ng Wndow = 0.54 - 0.46 cos
2p xRange wherein: xPoint is a distance from an
original aberration data sem -dianeter to a point; and
xRange is the di stance between the original aberration
data sem -diameter and the fingl extrapolation
sem -di aneter; and (iii) summ ng the second val ues of
Dz along the neridian. 7. The nethod of claim 2,
further conprising transformng the fi teug@nga ainto
a form sui t ablldam@ing Wandomg= é)g‘\n i Tor a
lens nold. 8. A |lens produced by the thgg cl ai m
1. 9. Alens produced by the nethod of claim2. 10. A
| ens produced by the nmethod of claim3. 11. A lens
produced by the nethod of claim4. 12. A lens produced
by the method of claim5. 13. A lens produced by the
¥if claim6. 14. A lens produced by the nethod

Of xBbidt {Paldistance from an original aberration data semi-diameter to a point; and
xRange is the distance between the original aberration data semi-diameter and the
final extrapolation semi-diameter; and

10 (ii1) summing the second values of Az along the meridian.

7. The method of claim 2, further comprising transforming the filtered

data into a form suitable for tooling a surface of a lens or a lens mold.
15 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.

20
11. A lens produced by the method of claim 4.
12. A lens produced by the method of claim 5.
25 13. A lens produced by the method of claim 6.

14. A lens produced by the method of claim 7.



