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particular, the 5 invention provides nethods for
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vergence. Background of the Invention As an individua
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and near, and in sone cases internediate, power have
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has proven to be mndeB?dgm@éégﬁﬁhﬁhNWnﬂﬁm ens wear ers.
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|naLMmmn¢mmsmaﬁﬁmmgn augnents the eye's acconnndatlve
gain, nmeaning the increase in plus power neasured in
di opters when the eye responds to an accomobdati ve or

15c0nver gengshosthé MkHeAs used to correct for the eye’s failure to accommodate are
contact lenses that have more than one optical power. In particular, multifocal
contact and intraocular lenses have been developed in which zones of distance and
near, and in some cases intermediate, power have been provided. However, no one

of the known designs has proven to be widely successful with lens wearers.

20
Detailed Description of the Invention and Preferred Embodiments

The invention provides methods for designing a contact lenses, lenses
according to the design method, and methods for producing the lenses, which lenses
provide presbyopic correction by taking into account pupil size and vergence in their

25 design. The lenses of the invention are advantageous in that their design augments
the eye’s accommodative gain, meaning the increase in plus power measured in
diopters when the eye responds to an accommodative or convergence stimulus.
Additionally, the design takes advantage of the eye’s residual accommodation
amplitude, or the total accommodative ability of the eye based on the age and ocular

30 physiology of the individual.



Addi tionally, the design takes advantage of the eye's
resi dual accommodation anplitude, or the total
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for the design of a nultifocal |ens conprising,
consi sting essentially of, and consisting of. a.)
selecting a resting pupil 5 dihaneter; b.) calculating
a pupil dianmeter when view ng near objects; c.)
selecting a ratio of near vision correction area to
far vision correction area for a lens; d.) calculating
val ues for .the ratio. as a func n add power, for
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cm from the eye, as a function of prescribed add power is then calculated based on
the prescribed add power, the residual accommodation and the resting pupil
diameter. To perform this calculation, the total add power required by the lens
wearer must be determined. A portion of this add power will be supplied by the

20 prescribed add power of the lens and a portion by the residual accommodation of the

lens wearer’s eye.

The residual add power may be calculated by subtracting the prescribed add
power from the total add power required. A determination of the total amount of
25 add power required will be based on optics, clinical experience that determines add
powers for product which powers generally are available in the range from 1.00 to
3.00D, and the known studies of the accommodation needs of presbyopic
populations as a function of age. The residual accommodation may be a
physiologically determined quantity, mainly dependent on age and typically varies

30 from 10+D for people less than about 15 years of age to less than 0.5D in those more



power fromthe total add power required. A
determ nation of the total ampunt of 25 add power

wo egpalos®wall wi | | be based on optics, clinical exPer/UswB082334
that determ nes add powers for product which powers
generally are available in the range from1.00 to
3.00D, and the known studies of the acconmpdati on
needs of presbyopic populations as a function of age.
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15
A=A-B-C
@
wherein:
A s the pupil size;
20 Ay is the resting pupil size;
B is 1/object distance in meters; and
Cis log FL.
Measured clinically, B is 0.27 and C is 0.19. Assuming a luminance of 1.0 FL,
Equation I can be rewritten as:
25
A=A,-027D

(D

wherein D is the residual accommodation in the lens wearer’s eye. Applying
30 Equation II to the example above in which 2.85D is the required total add power and

assuming a resting pupil diameter of 7.5 mm, Table 1 below shows the calculated



wherein: Ais the pupil size; 20 AO is the resting
pupil size; Bis | /object distance in neters; and C
WO 200808508L. Measured clinically, B is 0.27 andP@/US2007/082334
0.19. Assuming a lumnance of 1.0 FL, Equation | can
be rewitten as: 25 A=A0-0.27D (I1) wherein Dis the
resi dual accommodation in the | ens wearer's eye.
Applying 30 Equation Il to the exanpl e above in which
2.85D is the required total add power and assum ng a
resting pupil diameter of 7.5 nm Table 1 bel ow shows
t he cal cul ated WD 2008/ 055031 PCT/ US2007/ 082334 4
val ues for the difference between the resting pupil

di anet e nd,.pupi | diameter resulti from o g
apPTPESEF 81 G CRErRetB e fhe restivd pheil dupieiss apd ps! dgemeter
Po%hltﬁgsﬂcﬂﬂ%plﬁ@%éf 1©4LiakiBn HUP! | Pupil Size \Wen
Acconmodati on 'Si ze Viewi ng Near bjects 1.0D 1.85D

50.50 M 7.0 nmm 1.5D 1.35D 0.36 mm 7.14 mm 2.QOD 0. 85D
0.23 ”Mm 7. 27 mm 2.5D 0. 35D Qaﬁglnm 7.41 mMm
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15

20

25

Prescribed Add Power Residual Reduction in Pupil Pupil Size When
Accommodation Size Viewing Near Objects
1.0D 1.85D 0.50 mm 7.0 mm
1.5D 1.35D 0.36 mm 7.14 mm
2.0D 0.85D 0.23 mm 7.27 mm
2.5D 0.35D 0.09 mm 7.41 mm

The ratio (Ar /Ax) of area of the lens to be used for correcting the wearer’s
distance vision, or of the far zone of the lens, versus that used for correcting near
vision, or the near vision zone, to be provided by the lens design may be then
selected and used to calculate the area of the lens to be allocated to near and far
vision optics. The selection may be based on the measured visual acuity and
contrast sensitivity at far and near luminance ranges for either an individual or the
average for a population of individuals. A preferred ratio for refractive optics is
70/30, in favor of the far vision zones, when viewing near objects. A preferred ratio

for a diffractive optic will be 50/50.

The values for Ar /Ax can be calculated as a function of add power for
viewing near and far objects, the results for a ratio of 70/30 which are shown on
Table 2. The area ratio in this calculation is given by the square of the ratio of

diameters.




The ratio (AF /AN) of area of the lens to be used for
correcting the wearer's distance vision, or of the far
wQw8/0503t he | ens, versus that used for correcPCH{SI00H082334
10 vision, or the near vision zone, to be provided by
the Il ens design may be then selected and used to
cal culate the area of the lens to be allocated to near
and far vision optics. The selection nay be based on
the measured visual acuity ands contrast sensitivity
at far and near |um nance ranges for either an
i ndi vidual or the average for a popul ation of
individuals. A preferred ratio for refractive optics
is 15 70/30, in favor of the fﬁr Vi si on zones, when
viewi ng near objects. A prefdfhed ratio for a
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52. 33 ( 70b3&anipl&; dasexanpppil iased. Dmnawheipilewsigzdistaht objects
7.5 mm when view ng di stant objects _and 7.0Q
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f a';c("y%ﬁ *765s Sofef anl HeZarde ﬁo{@ @fqg)rf%mxﬁgggy“fs?gfsf/ﬂax 0.30 sq.

provi near vision IS
mm. When viewing near objects, the area is reduced to 7(7.0/2)*. The ratio of the

near vision area to the total optical area is 71(7.5/2)" x 0.30/ (7.0/2)° or (7.5/7.0)* x
10 0.30=1.072x0.30=1.145x0.3 =0.343 or 34.3%. Thus, 65.7% remains for the

far vision zone.

Thus, the method of the invention permits the lens designer to provide a
greater portion of the pupillary aperture to the retinal image of far object images
15  without compromising the luminance of near object images. This is due to the fact
that the near vision zone is placed within the pupillary area of the constricted pupil
and the far vision zone is disposed within the pupillary aperture of the pupil at rest,
or the unaccommodated pupil and pupillary constriction on accommodation
excludes some of the far vision zone.
20
In another step of the method of the invention, an amount of vergence, or
optical convergence, effective to bring both eyes of an individual to a common focus
on a viewed object is incorporated into the lens. The amount of optical convergence
added will depend upon the add power designed into the lens, with the amount of
25 optical convergence increasing as the amount of add power increases. Typically, an

amount up to about 2.0D may be added.



mm \When vi ewi ng near objects, the area is reduced to
ir(7.0/2)2. The ratio of the near vision area to the
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(7.5/7.0)2 x 10 0.30 = 1.072 x 0.30 = 1.145 x 0.3 =
0.343 or 34.3% Thus, 65.7%remains for the far
vi sion zone. Thus, the nethod of the invention permts
the | ens designer to provide a greater portion of the
pupillary aperture to the retipal image of far object
i mages 15 wi thout conprom sing the | um nance of near
object imges. This is due to the fact that the near
vision zone is placed within the pupillary area of the
constricted pupil and the _far vision zone |s djsposed..
whthin (e 05‘5%5’ P?Iyﬁygeaﬁ%me@ﬁrgﬂms NRYPRTEY et the leaf by 2ding o
Or phdaein HRREC RIIRHARHLEHZ MR ki sANFitIP R IYa A6 Yen® QA hd fdshQfirection
on accormmmodati on excl udes sonme of the far vision zone.
5200f thederst Kipticsk @pveaiendeename ithodno¥isivhdesignse alisp ba incarporated
ampunt, ..of v ence, or optical convergence, effectiy
£ o BB Afdige sHFRREDED: v ar Bl wAMEIREOEShrronbradifive
0N ngedvi £MELoaPEEE coingay TRCAQAIIBO bRHEENntIG thd@nt@B$ the TREr vision
amount of optical convergence added wll depend upon
t heongdidorp dhelentispyabts deAted the | ens, with the anount
of 25 optical convergence increasing as the anmount of
add power increases. Typically, an anount up to about
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the optic zone inside of the pupillary aperture for near vision, while the radius of the
optic zone matches or exceeds the pupillary aperture for far vision. The ratio of the
arca of near to far vision is calculated as described above, the ratio favoring far
vision when the eye is unaccommodated and near vision when the eye is

20 accommodated. Additionally, the near vision zone is provided with a horizontal
prismatic correction with the base oriented in the nasal direction. In the preferred
embodiment, the location of the near vision zone is specified to be within the
pupillary aperture of the accommodated eye, but no limitation is placed on its
location relative to the pupil’s center.

25

In the lenses of the invention, the optic zone, and the near and far vision

zones within, may be on the front surface, or object side surface, the back surface, or
eye side surface of the lens, or split between the front and back surfaces. Cylinder
power may be provided on the back, or concave surface of the lens in order to

30 correct the wearer’s astigmatism. Alternatively, the cylinder power may be

combined with either or both of the distance and near vision powers on the front



zone fromthe lens' geonetric center. 10 The preferred

I ens resulting fromthe nethod of the invention is a
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radially symetric zones: a first zone that is a

central zone and a second zone that is an annul ar zone

that surrounds the central zone. The far and near

vi sion zones are |located within the pupillary aperture

of the eye at rest. The near yision zone is |ocated

within the pupillary aperture when the 15 eye is fully

accommodat ed and has an area of about 30 to about 50 %
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pomers on the front WO 2008/ 055031 PCT/ US2007/ 082334
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A preferred lens-forming material is a poly 2-hydroxyethyl methacrylate
polymers, meaning, having a peak molecular weight between about 25,000 and
about 80,000 and a polydispersity of less than about 1.5 to less than about 3.5
20 respectively and covalently bonded thereon, at least one cross-linkable functional
group. This material is described in United States Patent No. 6,846,892
incorporated herein in its entirety by reference. Suitable materials for forming
intraocular lenses include, without limitation, polymethyl methacrylate,
hydroxyethyl methacrylate, inert clear plastics, silicone-based polymers, and the like

25 and combinations thereof.

Curing of the lens forming material may be carried out by any means known
including, without limitation, thermal, irradiation, chemical, electromagnetic
radiation curing and the like and combinations thereof. Preferably, the lens is

30 molded which is carried out using ultraviolet light or using the full spectrum of



surface or back surface. In all of the | enses of the
i nvention, the distance, internediate and near
wWopisHsdo3power s nmay be spherical or aspheric pPUEDS2007/682334
Contact |enses useful in the invention preferably are
soft contact |enses. Soft contact |enses, made of any
material suitable for producing such | enses,
preferably are used. Illustrative materials for
formation of soft contact |ensgs include, wthout
[imtation silicone elastoners, silicone-containing
macromers including, without 10 limtation, those
disclosed in United States Patent Nos. 5,371, 147,
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15t nert clear plastics, silicone-based polyners, and the
like 25 and conbi nations thereof. Curing of the |lens
formng material nay be carried out by any neans known
including, without limtation, thermal, irradiation,
chem cal, electromagnetic radiation curing and the
i ke and conbi nations thereof. Preferably, the lens is



30 nol ded which is carried out using ultraviolet |ight
or using the full spectrum of WO 2008/ 055031
wWEQNBSPO07/ 082334 8 visible light. Mre specPET/U8100y082334
the precise conditions suitable for curing the |ens
material will depend on the material selected and the
lens to be fornmed. 5 Pol ynerization processes for
ophthalmc | enses including, without limtation,
contact |enses are well known. ,Suitable processes are
disclosed in U S. Patent No. 5,540,410 incorporated
herein in its entirety by reference. The contact
| enses of the invention nay be formed by any
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selecting a resting pupil size; b.) calculating a
pupi | size when view ng near objects; 5 c.) selecting
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Vi ew ng pu ianeters; and e.) adding an anmount of
opti cal convergence to the Iens 10 2. The nmet hod of

claim1, wherein ste rls
det er mi Ai ng &ﬁ? 8}65{}0(1;{{{[%1 geél‘lm S)[te é §71é%9§ correction area
15Wedd fdar #hn(dorecM £dh Afion® 760 30.

4, The method of claim 2, wherein the ratio of far vision correction arca

to near vision correction area ratio 1s 70 to 30.

20 5. A lens according to the method of claim 1.
6. A lens according to the method of claim 2.
7. A lens according to the method of claim 3.
25
8. A lens according to the method of claim 4.
9. The lens of claim 5, comprising an optic zone having a first zone and

second annular zone surrounding the first zone and a horizontal prism having a base

30 oriented in a nasal direction.



resi dual add power. 3. The nethod of claim1, wherein

the ratio of far vision correction area 15 to near

WQ 2@BOSS0BDr rection area ratio is 70 to 30. 4. AEEUS2007/082334
nmet hod of claim2, wherein the ratio of far vision
correction area to near vision correction area ratio

is 70 to 30. 20 5. A lens according to the nethod of
claiml1l. 6. Alens according to the method of claim

2. 7. Alens according to theethod of claim3. 25

8. A lens according to the nethod of claim4. 9. The

| ens of claimb5, conprising an optic zone having a

first zafe afitic lsgobfndimbnedmmyrisinen epticrzouadavigg b fiest zone and
first zone and a horizontal prismhaving.a b

se 0.
or PEITRAMIHAZ RS SR TEDE GRt 2085 B8RP having a base
PCE{iLIS20074 RE2BA%cidR 10- The lens of claim,
conprising an optic zone having a first zone and
5second annul ar zone surrounding the first zone and a

hori zontal prism havi base. .oriented in, a.nas
Girectidh BThs ForabeRing. SRTGiufEAToD Eopap hEyiRgE dpst zone and
0pkécond ARLu1ANNB GuiRodrdirst the G z8MKandSERAEnANPHIA having a base
zone surrounding the first zone and a horizontal prism
ha@ﬁﬁ@ﬁéﬂb%Q@W1%ﬁﬁéﬁﬁed in a nasal direction. 10 12.
The I ens of claim8, conprising an optic zone having a
first zone and second annul ar zone surroundi ng the

10fi rst zope amle &enl@f cadn Ratorpprissip fboptiidodc Basfg a first zone and

oriented in a nasal directian. ) ) )
second annular zone surrounding the first zone and a horizontal prism having a base

oriented in a nasal direction.



