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PRESBYOPIC VISION IMPROVEMENT
ABSTRACT

A method of designing a contact lens or other correction for providing
presbyopia correction to a patient relies on wavefront aberration measurement data for
providing a best form correction. Preferably the correction is in the form of a multifocal
translating style alternating vision contact lens or a simultaneous vision style correcting
lens. A method for designing a correction for improving a person’s vision is directed to
correcting higher order aberrations in such a manner that a residual amount of the higher-
order rotationally symmetric aberration is greater than a residual amount of the higher-
order rotationally asymmetric aberration after the correction. A design method according
tot eh invention is directed to correcting asymmetric higher order aberrations induced by
decentering of a multifocal contact lens that has residual spherical aberration which

provides increased depth of field.
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PRESBYOPIC VISION IMPROVEMENT
BACKGROUND OF THE INVENTION
Field of the Invention |

The present mventlon relates generally to the ﬁeld of presbyopic vision

correction and, more partlcularly, to the use of a wavefront sensor for the measurement,

» _desrgn, fit and dispensing of a vision altering opnc or vision correctmg procedure to

improve presbyopic correctlon and visual performance

- Description of Related Art
, A form of age-dependent vision detenoratron expenenced sooner or later by

100% of the population is called presbyopia, i.e., the inability to accommodate or focus

on objects close to the eye Two well-known methods for deahng w1th presbyopla

include altematmg vision style correchon and s1multaneous vision style correction.

In an example of an alternating vision style correction, two (or more/multr-focal)
distinct optical regions of a translating style contact lens are designed, one optimized for
distance vision and the other for near vision. Typically inan nlternating vision bifocal
contact lens, the lensA will translate on the eye such thatthe pupil is mostlycovered by the
distance viewing portion of the lens; however when eye gaze points downward, such as
when a person reads a newspaper, the lens translates on the eye such that the pupil is
mostly covered by the near distance v1ewmg portxon of the lens.

Alternatively, simultaneous style vision correction has been provrded through.
e.g., contact lenses, IOLs, refractive surgery, etc. In this style of correction, all light
from the object goes through the pupil at the same time, preferably with a 50/50 spiit |

between near distance and far distance object light. Any one of a number of refractive or
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diffractive bifocal or multifocal designs are used to focus light from oﬁjects ranging in
the field of view from far distance (greater than about 7m) to near distance (as clése as
aboﬁt 25m but typically about 40 cm) on the retina at the same ﬁxhe.

As a person gets older, not ohly do they lose the ability to accommodate, they
also expedencé an increase in what are known as higher order wavefront aberrations.
These include, but are not limited to, spherical aberration, coma, irregular astigmatisms

(e.g. triangular astigmatism or frefoil), and others. The aberrations corrected by

 spectacles or single vision contact lenses are limited to defocus and astlgmat:sm which

are generally referred to as lower—order aberrations. An increase in sphencal aben'atlon
brought about, for example, by advancing age, will decrease nighttime vision qua.hty
This may manifest itself as halos or glare around headlights or other light sources.
Unfortunatelf, for the presbyope hdpihg for better near distance vision with a translatmg-

style oontact lens, the correction of the spherical aberration for improved far distance,

" night time vision results in a decrease in near vision depth of field; i.e., the amount an

object’s distance can be shifted before the retinal image of the object has too much blur.
There are also vision tradeoffs for the multifocal, simultaneous style correction ,
lens wearer. Although there are claims .of excellent clinical success with a numi;er of
simultaneous vision bifocal ahd multifocal designs, actual published success rates with
refractive and diffractive contact lenses for presbyopic correction range bnly from' about
20% to 50% of the general presbyopic population. One of the apparent limiting factoré
of all current simultaneous style visioﬁ correction for presbyopia is lens mlsahgnment, v
i.e., the lack of control of the centration of the lens relative to the optical axis of the |

patient. Unfortunately, the induced aberrations caused by the optical misaliﬁnment of
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3
the eye with the simultaneous vision correction lens reduces visual performance to the
point that vision quality is unacceptable to the patient at any viewing distance.

One approach to alleviating vision performance problems is, presumably, to
eliminate all optical aberrations in the eye. In the first instance, this solution may not be
technically feasible, although correction of wavefront errors via customized refractive
surgical techniques and/or customized contact lenses, inlays, onlays, and IOLs, for
example, is becoming better understood each day. Moreover, the elimination of all
optical aberrations in the eye may not be desirable. For example, reducing spherical
aberration will adversely affect depth of field, as discussed above, thus some residual
spherical aberration may be desirable for optimum vision quality.

Accordingly, there is a need for vision correcting methods and devices that
address the aforementioned problems. In particular, methods and apparatus are needed
for providing multifocal lens correction of presbyopia with improvement, or at least no
degradation, of other aspects of vision quality.

It is the object of the present invention to substantially overcome or at least

ameliorate one or more of the disadvantages of the prior art.

SUMMARY OF THE INVENTION

Accordingly, in a first aspect, the present invention provides a method for
designing a correction for improving a person's vision that is deteriorated by optical
aberration including higher-order rotationally symmetric and rotationally asymmetric
aberrations, comprising the steps of:

determining a best form wavefront correction, wherein the best form wavefront
correction includes:

designing a correction for the higher-order rotationally symmetric aberration;
and

designing a correction for the higher-order rotationally asymmetric aberration,
wherein a residual amount of the higher-order rotationally symmetric aberration is greater
than a residual amount of the higher-order rotationally asymmetric aberration after the

correction.

1920118 1:PRW
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A preferred embodiment of the invention relates to a method for desrgmng elther a

| i vcustom1zed, multlfocal altematmg style translating contact lens ora s1multaneous vunon' ‘

o ) style correctmg lens, and the provrdmg such a lens to a presbydplc patlent The method .
| ; V. ~ oompnses the steps of posmonmg, W1th respect to a panent’s eye, a multtfocal tnal lens |
:t.hat is representatrve of an actual lens to be provxded to the patrent, wherem the tnal lens :

B . has a correchon of approxlmately a drstance defocus power of the panent’s eye makmg -

a ﬁrst wavefront aberratron measurement of the patlent’s eye w1th the tnal lens in

: ~ posmon, at 2 v1ewmg dlstance equxvalent to optical mﬁmty, makmg a second wavefront E

aberratron measurement of the panent s eye wrth the tnal lens in posmon, at an amﬁcml :

: optrcal near pomt vrewmg dxstance and usmg the ﬁrst and second wavefront abermtron
f ;measurements to apprommate a best form waveﬁont ooxreouon to be apphed to the |
N ‘contact lens, whereby the patlent s presbyoplc v1s1on is 1mproved It w111 be clear to a

N person skilled in the art that the step of posrtlonmg the lens with respect to the panent’s .

eye has alternative embodiments. For example, if the lens to be provided is a translating style :
alternating vision type contact lens, the position of the representative trial lens will be on

the patient’s eye. In a different embodiment where the lens to be provided is a simultaneous

vision style correcting lens element, the lens element can be a contact lens that will be
positioned on the patient’s eye; however, if the simultaneous vision style correcting lens

. element is an IOL, the representative tnal lens will be suitably positioned in an optical .~

path of the wavefront sensor device used to make the wavefront aberration measurement.

The wavefront aberration measurements are preferably made along a central axig of the:

trial lens. The best form wavefront correction will provide an optimum retinal image

metric, preferably a Point Spread Function (PSF) having a single intensity peak ora
Strehl ratio having as large a value as possible, for example. Other retinal image metrics

4
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known to those slulled in the art can also be used. The near pomt v1ewmg drstance

- waveﬁ'ont measurement should be in the range of about 30-50cm and will typrcally be

, approxrmately 40cm. For the case of a translatmg style, altematmg wsron type |

correcnng contact lens the near drstance measurement is obtamed by mducrng a down

: gaze of the pauent 5 eye to produce the trial lens translatron similar to that of an actual

translatmg multifocal contact lens when worn by the patlent In a preferred

embodrment, use of the anefront sensor in desrgmng and ﬁtting a translatmg style
_multrfocal contact lens will allow the pracntroner to momtor the retmal 1mage metnc for
. opnmum presbyoprc vrston whrle adjustmg, e.g., resrdual sphencal aberranon in the Iens
- that wrll result i m the best overall vision for the patrent wlnle provrdmg an acceptable

| depth of ield to the pattent

In a preferred embodiment for designing and providing a simultaneous .. . ’

| ~ vision type correcting Jens, use of the wavefront sensor facilitates the optimum lateral,

vertical, and rotational placement of the lens to optimize the retinal image metric. This‘ e

can be accomphshed eg., by ad_]ustmg the - position of the patient’s head and, therefore

the patient’s optrcal axis wrth respect to the measurement axis of the wavefront SEensor or,
alternatrvely, utrltzmg a feedback loop in the wavefront sensor to determme the optrmum

location in the lens for aberration correction. In a related embodiment, wherein a patient has

| had photorefractrve surgery such as LASIK, for example a retreatment may be

s performed to correct for misalignment or -decentration of the original ablatron treatment

that resulted in vision degrading higher-order aberrations. Upon retreatment, the surgeon
may choose not to fully eliminate the residual spherical aberration.

In another embodiment of the invention, a method for designing a lens or other
correction (e.g., réfractive surgery correction) to improve a patient’s vision quality that is

5
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*degraded by both rotationally symmetric and rotatlonally asymmetnc aherranons
: mvolves desrgmng the lens or the correcuon such that a residual amount of the
g rotatlonally symmetnc abelranons are greater in magmtude than a resndual amount of

' rotatronally asymmetnc aberratlons, e.g., coma. Once agam, exemplary metncs for

evaluating the pahent § wsual qualtty mclude but are not hmrted to, the PSF and the |

| A Strehl ratio. The amount of resxdual or uncorrected rotanonally symmetnc aberranons E -

will vary in each patlent, and guldance will be prov1ded by the aforemennoned metncs;

| Preferably, the drstnbutlon of lrght in the PSF will not contam multlple peaks

In another embodrment, a method for desrgmng a lens ora correcnon for .y

| ~enhancmg the near vision performance of a presbyoprc pattent mcludes a desrgn tlmt .

} ~ehmmates less than the total amount of the sphencal aberratron in the person 8 wsual o

optrcal system 50 as to increase the person’s depth of field. Preferred embodlments

lnclude ocular correctrons that apply to-vision altermg optics such as contact lenses

| IOLs mlays onlays, and the like, to the cornea through laser ablation and other

refractive surgical techniques, and to other components of the eye

These and other objects and advantages of the invention w111 be further apparent o

in consxderatton of the drawmgs and the detailed descrlptlon of the preferred

embodiments, and in view of the appended claims defining the invention. B

BRIEF DESCRIPTION OF THE DRAWINGS
A preferred embodiment of the present invention will now be described, by

way of an example only, with reference to the accompanying drawings wherein:
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Figure 1 is a flow chart diagram illustrating a preferred embodiment of the
invention; and
Figure 2 is a flow chart diagram illustrating another preferred embodiment

according to the invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
An embodiment of the invention describes, with reference to Figure 1, a method

100 for designing either a customized multi-focal, translating style, alternating vision

~ contact lens, or, a simultaneous style vision-correcting lens, and providing the lens to a

patient, In step 110, a multi-focal trial lens is first positioned appropiately with respect
to the patient’s eye. The trial lens is representative of the customized lens ultimately to
Abe provided to the patient, and should provide correction for the defocus aberration
experienced by the patient. In an aspect of the embodiment where the lens ultimately to
be provided to the patient is a translating style, alternating vision type multifocal contact
lens, the appropriate positioning of the trial lens will be on the patient’s eye in the form
of a trial contact lens. In an alternative aspect of the embodiment where the lens to be
provided to the patient is a correcting lens element not worn on the surface of the comea
such as an IOL or inlay providing simultaneous style presbyopic vision improvement to
the patient, the appropriate ppsitioning of the trial lens will be in the optical measurement
path of a wavefront sensor to simulate the optical effect as if the lens element was in-situ.
Wavefront aberration measurements are then made at step 120 through the trial lens in
such as manner that the patient is imaging at optical infinity and at an optical near point
distance, preferabiy 30 — 50 cm from the patient’s eye and, more preferably,
approximately 40 cm from the patient’s eye. A down gaze of the patient’s eye can be

7
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number of known means, for making the near vision Ameas‘urement. In step 130, the near '

distance and infinite distance aberration measurements are then vised to appmximntea ~

 best form wavefront correction to a customized lens ultimately to be pmvided to the |

patlent The best form wavefront correction is preferably determined by opummng a
retmal image metric such as, for example a pomt-spread ﬁmctlon (PSF) ora Strehl ratro

Simply, the PSF corresponds to the energy distribution in the image of a pomt source of

- light object. An optlmlzed PSF, for instance, would have only a single mtensrty peak

representing the hght distribution of the imaged spot. The Strehl ratio can be deﬁned as
the ratio of the area under the pomt spread function of the actual optrca.l system o

wavefront Q. e, aberrated wavefront) to that for the drffractron limited case (e, 1o

: wavefront aberra’aon in the optical system). Thus a Strehl ratio of l 0 would descnbe a

substantlally perfect optical imaging system. Further information may t be obtamed from

' the text by Warren J. Smith entitled Modern Optical Engineering, McGraw Hill, Inc.

(1966) incorporated herein by reference.

Generally speakmg, as people age their vision detenorates Older individuals
often report poor mghtnme vision. Thereis also a known correlation between increases
in higher order aberrations and increasing age. One conclusion that can be drawn from
this evidence is that poorer night vision in older individuels is due to an increase in
higher order aberratiens namrally experienced by older individuals. Presbyopia is an
additional age-related visual deterioration. Although eerrecting spherics.ldaben*ation
teads to improve nighttime vision problems, it is well known that reducing spherical
aberration reduces a person’s depth of field. Thus, a presbyopic bifocal weerer may need
to choose between better night vision and reduced depth of field for near dlstance :

8
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viewing, or vice-versa. Advantageously, the inventors have recognized that in many

cases a person’s corrected eyesight may be better when there is some residual spherical -

sberration after correction. This will provide the added benfit of maintaining or

mcreasmg a depth of field for the presbyopic lens wearer. Accordmgly, an aspect of the

present embodrment of the invention is directed to a correotlon design process't that A

A mvolves prov1d1ng a known amount of residual sphencal aberration in order to improve |

 visual quality and increase or at least maintain depth of field. Preferably, in the presence

‘of rotatione.lly symmetric higher order aberrations (e. g.,‘sphericel aberration) and

rotationally asymmetn'c higher order aberration# (coma, higher order astigmatism), a

method of for i 1mprovmg a person’s vision involves prov1dmg a correction des1gn having

8 res1dual amount of rotatxonally symmetnc higher order aberranons that exceed the

residual amount of rotationally asymmetric higher order aberratlons. This is illustrated

with respect to Example 1 below. This may be 'acconrplished preferably through the
design of a contact lens or an IOL,} or eﬂternﬁtively,- in an inlay, onlay, or refractive

surgery procedure.

lk_amﬂ_e-

This example 1llustrates the concept that under the ability to manipulate the -
soherical aberration of an ocular correction, due to the ability to only change rotationally
sj}mmetric surfaces or parameters such as, e.g., a contact lens, an IOL, or a broad beam
laser, it is more beneficial not to correct all of the spherical aberration when there are
significant amounts of non-rotationally symmetric aberrations (e.g., coma, trefoil)

present. Patient X had refractive surgery. Her measured post-operative Zernike
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-~ coefficient values measured with a Zywave® (Bausch & Lomb, Rochester, N.Y)

wavefront sensor were:

Z15 (Secondary Coma)

0183

- Z7Coma - 0.068

Z8 Coma -0.540 216 (Secondary Coma) -0.071
Z9 (Trefoil) 0.103 Z17 (Secondary Coma) 0.021
"Z10 (Spherical) | -0.371 Z18 (Secondary Coma) 0.018
Z11 (Spherical) -0.782 Z19 (Secondary Coma) -0.010
Z12 (Spherical) -0.308 Z20 (Secondary Coma -0.026
Z13 (Spherical) -0.135 Z21 (Secondary Spherical) 0.023

Z14 (Spherical) -0.007 . -

One can see that there is significant coma and triangular astigmatism. In Table I, below,

the left-most value is the multiplication factor of the Zvemike‘ _ooéﬁ'icieni Z11 thax

- represents the,'mzijority of the measured spherical abexj‘ation Looking at the various

'Qalues of the corrected spherical aberration, it is seen that correctmg all of the .sphericil

~ aberration is ﬁ(:tually deleterious to the retinal image quélity as measmed by the Strehl

ratio. The highest Strehl ration is obtained when 25% of Z11 remains. In fact, leaving .

 50% of the Z11 spherical aberration results in a similar retinal image quality to

correcting all of the spherical aberration as defined by the Strehl ratio.

Residual Z11 Strehl Ratio RMS | Peak-Valley (waves)
0.00 Z11 0.023 0.77 » 8.34-
0.25 Z11 0.036 0.79 8.34
0.50 Z11 0.024 0.87 8.35
0.75 Z11 0.016 .0.96 8.68
1.00 Z11 0.007 , 1.099 9.55
Table I )

The optimum amount of corrected spherical aberration will vary in each eye, and may be -

guided by the Strehl ratio, i.e., the distribution of light within the PSF such that there are

not multiple peaks, or by other appropriate retinal image quality metrics well known in

the art. The remaining residual spherical aberration will have the additional benefit of

10
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enhancing the near visual performance for presbyopic patients by extending the depth of
field for the patient. | .
Tt is assumed that one of the major limiting factors of all current simultaneous

vision methods for correcting presbyopia is the failure to control the centration of these -

designs relative to the optical axis of the patient, and that the induced aberrations caused
by the optical misalignment of the eye with simultaneous correction reduces the visual

VV performance of the patient being corrected to the point that their visual quahty is

unacceptable to them at near or far viewing dlstancw There is speculatlon that the

actual pubhshed success rates with refractlve and diffractive contact lenses range from

20% to 50% of the general presbyopic population due to the centration issue. Thls

* problem is easﬂy exasperated when the lens purposely contams resxdual sphencal

aberration as s discussed above. Recognmon of the centratlon problem glves rise to
another embodiment of the invention described with reference to Figure 2. Inthis
embodiment 200, a wavefront sensor is uéed not only to measure the patient’s higher
order aberrations but also to monitor the fitting of a lené element subject to decéntration
in the person’s optical system. With respect td a simultaﬁeous style bifocal contact lens,
for exarnple, at step 210 both near Mw and far distanée higher order abén‘atidn
measurements are made with a trial lens appropriately positioned on the patient’s eye.
The optimum lateral, vertical, and/or rotational placement of 'the simultaneous style lens
1s then de;enningd at 220 to optimize a retinal image metric. The lens ultimately to be

provided to the patient can then be customized in terms of location of aberration

correction on the lens and/or for the proper placement of the lens on the patient’s eye. In -

one aspect of this embodiment, the proper measurement coordinates can be explored by
displacing the patient’s eye relative to the measurement axis of the wavefront sensor via

11
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- feedback loop in the wavefront sensor to determine the optimum placement of the lens

on or in the patient’s eye. A wavefront sensor equipped with a deformable mirror; for
example, as described in Williams U. S. patent 5,777,719 llustrates the basic technolegy
for makmg such measurements Inan assoc1ated aspect of thls embodxment shown ln

step 230 a tnal lens havmg a known amount of sphencal aben'atxon is pos:tloned w:th

: respect to the patient’s eye. Decentenng of the lens havmg sphencal aberrauon mduces B
' coma. A customized lens corrected for this mduced coma can be designed at 240 by
:monitoring the wavefrent aberraﬁons based on the trial lens." It will be appreciated that
‘the lens itself need not be decentered on the patient’s eye er with respect to the patient’s
optical axis as the decentering, which creates spherical ,abetratien, is eqmvalent toa s
" properly positioned lens ‘on the patient»"s eye with residual sphericel ebenntien m the

'Alens. ‘Alternatively, this result may also be accomplishedA ina refractive surgery

retreatment procedure where less than the entire residual spherical aberration is

corrected.

Notwithstanding the preferred embodiments specifically illustrated and described

herein, it will be appreciated that various modifications and variations of the instant

- mventxon are possible in light of the description set forth above and the appended claims,

without depanmg from the spxnt and scope of the invention.

12
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The claims defining the invention are as follows:

1. A method for designing a correction for improving a person's vision that
is deteriorated by optical aberration including higher-order rotationally symmetric and
rotationally asymmetric aberrations, comprising the steps of:

determining a best form wavefront correction, wherein the best form wavefront
correction includes:

designing a correction for the higher-order rotation ally symmetric aberration;
and

designing a correction for the higher-order rotationally asymmetric aberration,
wherein a residual amount of the higher-order rotationally symmetric aberration is greater
than a residual amount of the higher-order rotation ally asymmetric aberration after the
correction,

2. The method of claim I, further comprising evaluating the person's
corrected vision by an objective retinal image metric including at least one of a PSF and a
Strehl ratio.

3. The method of claim 2, comprising designing the aberration correction
such that the PSF has substantially a single peak distribution of light.

4, A method for designing a correction for improving a person's vision
wherein only a rotationally symmetric surface is available upon which to impart an
aberration correction, the method comprising providing only a partial correction of a total
amount of a rotationally symmetric aberration in the presence of an amount of a non--
rotationally symmetric aberration.

5. The method of claim 4, wherein the amount of the corrected rotationally
symmetric aberration is guided by a retinal image metric.

6. A method for designing a correction for improving a person’s vision
that is deteriorated by optical aberration including higher-order rotationally symmetric
and rotationally symmetric aberrations, said method being substantially as hereinbefore

described with reference to either of Figures 1 and 2 of the accompanying drawings.

Dated 9 January, 2009
Bausch & Lomb Incorporated

Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON
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