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MULTIZONAL LENS WITH ENHANCED PERFORMANCE

Related Application

This application is a continuation-in-part application of, and claims prior to, United
States patent application no. 11/845,682, filed August 27, 2007, the entire contents of each of
which applications are hereby incorporated by reference in their entirety for all purposes as if
fully set forth herein.

Field of the Invention

The present invention relates to devices and methods for enhancing vision of a subject
and, more particularly, to multi-zonal ophthalmic lenses and methods of use thereof for
enhancing vision of a subject.

Background of the Invention

Intraocular lenses and other ophthalmic devices are used to restore and correct vision.
For example, monofocal intraocular lenses may be used to replace the natural lens of an eye
that has developed cataracts. The simplest type of monofocal intraocular lens is spherical
lens in which both optical surfaces have a spherical profile. More recently, aspheric lenses
have been used to enhance the visual acuity of intraocular lenses. Such aspheric lenses may
be used to at least partially correct for aberrations that are produced by an opposing spherical
surface and/or aberrations produced by the eye itself (e.g., positive spherical aberrations
produced by the cornea of most human eyes). Examples of such lens designs are described in
USPN 6,609,793 and 7,137,702, which are herein incorporated by reference in their entirety.
Lenses may also be configured to correct for chromatic aberrations inherent in most
refractive lenses, for example, through the use of diffractive phase plates (e.g., USPN
4,637,697, 5,121,979, and 6,830,332 and U.S. Patent Application Number 2004/0156014 and
2006/0098163, all of which are also herein incorporated by reference in their entirety).

When spherical intraocular lenses are used, a practitioner may, based on pre-operative
ocular measurement, select a lens power that would make a subject somewhat myopic, for
example choosing a lens power that provides a subject the best MTF performance or the best
visual acuity for objects located at the so called “hyperfocal distance”. One advantage of this
approach is an increased likelihood that the subject will have spectacle-free vision for at least
one distance or range of distances. That is, if the estimated lens power is incorrect and the
intraocular lens is too strong — resulting in a myopic condition — then subject will need
correction of distant vision, but will have near or intermediate vision without the use of

spectacles or contact lenses. Additionally, if the lens power is selected to give the subject the
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best MTF performance or best visual acuity for objects located at the hyperfocal distance, the
subject generally has a larger range of distances over which objects will be reasonably clear,
without the use of spectacles or contact lenses. The increased range provided by choosing the
lens power based on the hyperfocal distance may be considered as a type of pseudo-
accommodation, in that the resulting vision performance over a range of distances resembles
the vision provided by the eye’s natural lens prior to the onset of presbyopia.

One potential drawback to selecting the optical power of an intraocular lens based on
the hyperfocal distance is that visual acuity for nighttime driving may be reduced, since the
best lens performance is for objects located at the hyperfocal distance, rather than at optical
infinity. However, most of the objects within the field of view under nighttime driving
conditions are at optical infinity and are, therefore, slightly defocused. Since the pupil is
fully dilated under these conditions, spherical aberrations may further reduce visual acuity.
The effects of spherical aberrations may, however, be reduced by using aspheric lens surfaces
that are configured to reduce, correct, or compensate for spherical aberrations of the lens
and/or cornea.

Regardless of in-focus condition selected (e.g., at optical infinity or at the hyperfocal
distance), aspheric lens surfaces serve to provide an improved visual outcome., This is
because, as compared to a substantially equivalent spherical lens, aspheric lenses generally
provide better visual acuity or MTF performance at all distances, and not simply at the
distance corresponding to the best-focus condition. However, while an aspheric lens with a
power selected for the hyperfocal distance generally provides better nighttime driving vision
than a spherical lens, the visual acuity will still be reduced compared to the performance
when the lens power is selected to provide best-focus at optical infinity.

Accordingly, improved monofocal ophthalmic lenses are needed that will provide
both increased visual acuity under nighttime driving conditions and, under other lighting
conditions, provide the relatively large depth of focus that is possible by selecting a lens
power based on a hyperfocal distance.

Summary of the Invention

Embodiments of the present invention are generally directed to devices and
methods for providing an eye with enhanced visual performance and/or visual acuity under
certain visual and/or lighting conditions, while simultaneously providing a relatively large
depth of field or depth of focus under other visual and/or lighting conditions. For example,
an outer portion or zone of an optic of an intraocular lens may be configured to reduce,

compensate, or cancel a spherical aberrations and/or other higher order monochromatic
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aberrations and/or chromatic aberrations when a pupil of an eye is relatively large (e.g.,
under typical nighttime driving conditions), while an inner or central portion or zone of the
same optic may be configured to provide better depth of field or depth of focus when the
pupil is relatively small (e.g., under typical indoor or outdoor lighting conditions or under
typical reading conditions). Alternatively or additionally, the outer zone may be
configured to provide the best visual acuity or optical performance for objects at optical
infinity, while the inner or central zone is configured to provide the best visual acuity or
optical performance for closer objects, for example, objects at a hyperfocal distance from
the eye. The inner or central zone of the same optic may include opposing spherical
surfaces that provide a greater depth of field or depth of focus than the outer zone of the
optic. Alternatively, the inner or central zone may be configure have an enhanced depth of
field or enhanced depth of focus that is greater than that of a substantially equivalent
spherical zone (e.g., an inner or central zone having a depth of focus that is greater than
that of a spherical zone having an optical power equal to an optical power or average
optical power of the inner or central zone). Exemplary embodiments of the invention
presented herein are generally directed to intraocular lenses; however, embodiments of the
invention may also be extended to other types of ophthalmic lenses and devices, such as
corneal inlays or onlays, phakic lenses, laser vision correction (e.g., LASIK and PRK
procedures), contact lenses, and the like.

One aspect of the present invention involves an ophthalmic device, such as an
intraocular lens, comprising an optic having a variation in optical power over an entire clear
aperture of the lens that is less than a predetermined amount and that is less than the add
power of a typical refractive or diffractive multifocal intraocular lens (e.g.. less than about 2
Diopters or 1.5 Diopters). The optic has an anterior surface and an opposing posterior
surface, the surfaces disposed about an optical axis. The optic further comprises a central
zone having a plurality of optical powers that progressively vary between a first optical
power at a center of the central zone and a second optical power at a periphery of the central
zone, wherein the absolute value of the difference between the first optical power and the
second optical power is within a relatively small range compared to the add power of a
typical refractive or diffractive multifocal intraocular lens (e.g., between about 0.25 Diopter
and about 2 Diopters). The ophthalmic devices also comprises an outer zone disposed about
the central zone, the outer zone comprising a third optical power and optionally an optical

aberration to compensate or reduce a similar aberration of the cornea or eye of a subject or
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group of subject. The optical aberration may be a chromatic aberration or a monochromatic
aberration such as spherical aberration, coma, or astigmatism.

Another aspect of the present invention involves a method of making an intraocular
lens or other ophthalmic device, the method comprising forming an anterior surface and an
opposing posterior surface, the surfaces being disposed about an optical axis and providing a
clear aperture. The method also comprises forming a central zone comprising a plurality of
optical powers that progressively vary between a first optical power at a center of the central
zone and a second optical power at a periphery of the central zone. The method further
comprises forming outer zone disposed about the central zone, the outer zone comprising a
third optical power and an optionally an optical aberration. The optic has a variation in
optical power over the entire clear aperture that is less than a predetermined amount and that
is less than the add power of a typical multifocal intraocular lens (e.g., less than 3 Diopters or
4 Diopters, or between about 0.25 Diopter and about 2 Diopters).

Each and every feature described herein, and each and every combination of two or
more of such features, is included within the scope of the present invention, provided that the
features included in such a combination are not mutually inconsistent.

Brief Description of the Drawings

Embodiments of the present invention may be better understood from the following
detailed description when read in conjunction with the accompanying drawings. Such
embodiments, which are for illustrative purposes only, depict novel and non-obvious aspects
of the invention. The drawings include the following figures:

FIG. 1 is a side view of an intraocular lens comprising spherical surfaces and disposed within
an eye.

FIG. 2 is a side view of the intraocular lens of FIG. 1 in which an object or point source is
disposed nearer the eye.

FIG. 3 is a side view of an intraocular lens comprising at least one aspheric surface
configured to reduce a spherical aberration of the eye.

FIG. 4 is a side view of an intraocular lens comprising a central zone and a peripheral zone
according to an embodiment of the present invention.

FIG. 5 is a front view of the intraocular lens of FIG. 4.

FIG. 6 is a plot of power of the intraocular lens shown in FIGS. 4 and 5 according to an
embodiment of the present invention.

FIG. 7 is a plot of power of the intraocular lens shown in FIGS. 4 and 5 according to another

embodiment of the present invention.
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FIG. 8 is a plot of power of the intraocular lens shown in FIGS. 4 and 5 according to yet
another embodiment of the present invention.

FIG. 9 is a plot of power of the intraocular lens shown in FIGS. 4 and 5 according to yet
another embodiment of the present invention.

FIG. 10 is a cross-sectional profile of an optical surface of the intraocular lens shown in
FIGS. 4 and 5 according to an embodiment of the present invention.

FIG. 11 is a plot of the cross-sectional profile of an optical surface of the intraocular lens
shown in FIGS. 4 and 5 according to an embodiment of the present invention.

FIG. 12 is a plot of the cross-sectional profile of an optical surface of the intraocular lens
shown in FIGS. 4 and 5 according to another embodiment of the present invention.

FIG. 13 1s a plot of the radius of curvature profile of a surface of the intraocular lens shown in
FIGS. 4 and 5 according to yet another embodiment of the present invention.

FIG. 14 is a magnified side view of the intraocular lens of FIG. 4 particularly showing the
central zone of the intraocular lens according to an embodiment of the present invention.

FIG. 15 is a magnified side view of the intraocular lens of FIG. 4 particularly showing the

central zone of the intraocular lens according to another embodiment of the present invention.

Detailed Description of the Drawings

As used herein, the term “optical power” means the ability of a lens or optic, or
portion thereof, to converge or diverge light to provide a focus (real or virtual) when disposed
within a media, When used in conjunction with an intraocular lens, the optical power is that
of the intraocular lens when disposed within a media having a refractive index of 1.336
(generally considered to be the refractive index of the aqueous and vitreous humors of the
human eye). In any event, the optical power is generally specified in units of reciprocal
meters (m™) or Diopters (D). See ISO 11979-2, which is herein incorporated by reference in
its entirety. As used herein the term “focal length” means the reciprocal of the optical power,
and is typically expressed in units of millimeters (mm). As used herein the term “power”,
when used in reference to an optic or lens, means “optical power”. As used herein, the term
“refractive power” or “refractive optical power” means the power of a lens or optic, or
portion thereof, attributable to refraction of incident light. As used herein, the term
“diffractive power” or “diffractive optical power” means the power of a lens or optic, or
portion thereof, attributable to diffraction of incident light into one or more diffraction orders.
Except where noted otherwise, the optical power of a lens or optic is from a reference plane

associated with the lens or optic (e.g., a principal plane of an optic). When used in
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conjunction with optical power in Diopters, the term “about” or “approximately” means
within plus or minus 0.25 Diopters.

Accept where noted otherwise, the phrase “optical power of an optic” or “optical
power of a lens”, or similar such phrase, means a paraxial power of the optic or lens (i.e., the
power near the optical axis of the optic or lens for rays of collimated light parallel to the
optical axis). As used herein, the terms “power” or “optical power”, when used in reference
to a portion or zone of an optic or lens, means a local power of the portion or zone, or some
portion thereof. As used herein, a “spherical optic” means an optic having anterior and
posterior surfaces each described by a sphere having a constant radius of curvature and is
considered to have a paraxial power at the optical axis thereof and local powers over the optic
that increase with increasing radius from the optical axis as a result of spherical aberration.
This increase of power with increasing radius of the spherical optic is a “positive spherical
aberration”. As used herein, an “aspheric optic” has at least one optical surface with a shape
that deviates from a spherical shape, and is considered to have a paraxial power at the optical
axis thereof and local powers that may, with increasing radius from the optical axis, increase
(e.g.. multifocal optic or an optic with enhanced depth of focus), remain constant (e.g., an
aspheric optic configured to eliminate or cancel a spherical aberration of an opposing optical
surface of the optic), or decrease (e.g., an optic configured to reduce, compensate, or cancel a
spherical aberration of an opposing optical surface of the optic and/or of an optical system or
eye into which the optic is placed).

As used herein, the term “near vision” means vision produced by an eye that allows a
subject to focus on objects or planes that are relatively close to the subject, for example,
within a range of about 25-40 c¢m or at a distance at which a subject would generally place
printed material for the purpose of reading. As used herein, the term “distant vision” means
vision produced by an eye that allows a subject to focus on objects or planes that are located
at least 6 meters away from the eye. As used herein, the term “intermediate vision” means
vision of objects at approximately 40 centimeters to approximately 1.5 meters from the eye or
spectacle plane.

As used herein, the term “hyperfocal distance” means a distance at which, for an
emmetropic eye, an add power of 0.4 Diopters in the spectacle plane of the eye provides a
best MTF performance or a best visual acuity (e.g., a visual acuity of 20/20 or better, based
on the standard Snellen test for visual acuity). For example, in a human eye with an axial
length (AL) of 25 mm, the hyperfocal distance is 2.5 meters from the eye or about 2.5 meters

from the eye, where “about” means within plus or minus 0.25 meters. As used herein, the
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term “emmetropic vision” or “emmetropia” means a state of vision in which an object at a
distance of about 6 meters from an eye produces a visual acuity of 20/20 or better with the
eye lens in a neutral or relaxed state. As used herein, the term “emmetropic eye” means an
eye producing emmetropic vision. As used herein, the term “best visual acuity” means, for a
given state of accommodation of an eye, a visual acuity experienced by a subject that cannot
be improved by moving an object or plane further away from, or closer to, the subject. As
used herein, the term “best MTF performance” means, for a given focus condition, a MTF
performance produced by a lens or optical system (including an ocular system) that cannot be
improved by moving an object or plane further away from, or closer to, the lens or ocular
system.

As used herein, the term “clear aperture” means the opening of a lens or optic that
restricts the extent of a bundle of light rays from a distant light source that can imaged or
focused by the lens or optic. The clear aperture is usually circular and specified by its
diameter. Thus, the clear aperture represents the full extent of the lens or optic usable in
forming a image of an object, or in focusing light from a distant point source to a single focus
or, in the case of a multifocal optic or lens, to a plurality of predetermined foci. It will be
appreciated that the term “clear aperture” does not denote or imply a particular clarity or
transmissivity of an optic or lens. For example, an optic may have a clear aperture that is
approximately equal to the diameter of the optic, irrespective of whether or not a dye is used
that reduces the transmission of light.

As used herein, the term “depth of field” (DOF) means a range of distances from an
eye or subject over which an acceptable visual or optical performance is provided — for
example, over which an acceptable amount of defocus, an acceptable MTF performance, or
an acceptable visual acuity is provided. As used herein, the term “extended DOF.,” as applied
to an optic, means that the depth of field of the optic, or an optical system of which the optic
is used, is greater than the depth of focus provided by a reference spherical optic made of the
same material, and having the same paraxial power and radius of curvature for the anterior
and posterior surfaces, as the optic having the extended DOF. As used herein, the term
“depth of field” means the range of distances at or near an image plane or retina that
corresponds to the DOF.

As used herein, the term “optical infinity” means a distance of 6 meters or greater
from an optic, lens, lens system, or eye.

Referring to FIG. 1, an eye 90 is generally disposed about an optical axis OA and
comprises an iris 100 forming a pupil 101 through which a plurality of rays 102 from a
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distant object or point source enter the pupil 101 and are generally focused onto a retina 104
by a cornea 108 and an intraocular lens 110 comprising an spherical optic 111. For
simplicity, other portions and elements of the eye 90 apart from those shown in FIG. 1 have
been left out. The combination of the spherical surfaces of the intraocular lens 110 and the
corneal surface shape (which typically has a positive spherical aberration) cause peripheral
ray 102a to focus closer to the intraocular lens 110 than does inner or paraxial ray 102b. The
focal length of the intraocular lens 110 may be represented by an intermediate ray 102c that
focuses on the optical axis OA at a location intermediate to the foci of the rays 102a, b. The
ray 102¢c may correspond to a ray that intercepts the optical axis OA at a plane located at the
so-called “circle of least” confusion, although other criteria may be used for determining
and/or defining the focal length of the intraocular lens 110 (e.g., criteria based on the paraxial
focal length represented by the paraxial ray 102b).

When the optical power of an optic or optical system varies continuously with
distance from the optical axis OA (e.g., as illustrated in FIG. 1), the range of resulting foci
along the optical axis OA may be related to an increased depth of focus or DOF of the optic
or optical system. In the case of the intraocular lens 110, the optical power of the lens is
selected so that the paraxial ray 102b is focused onto the retina 104. Thus, at least some light
from the distant point source represented in FIG. 1 is focused onto the retina 104 so that the
intraocular lens 110 provides distant vision that is clinically equivalent to, or at least similar
to, that provided if the intraocular lens 110 were configured to focus the ray 102c onto the
retina 104.

With further reference to FIG. 2, an advantage of the arrangement illustrated in FIG. 1
is that an object or point source 112 located at a hyperfocal distance from the eye 90 is also
just focused by the optic 111 and cornea 108. As illustrated, a plurality of rays 103 from
object source 112 are focused by the cornea 108 and the intraocular lens 110 (e.g., rays 103a-
c). The peripheral ray 103a is just focused onto the retina 104, so that an object or point
source disposed at the hyperfocal distance is perceived with similar visual acuity as a distant
point source at optical infinity. Put another way, the hyperfocal distance may represent the
distance at which the circle of confusion caused by the paraxial ray 103b is just within an
acceptable limit. Such an arrangement allows the spherical intraocular lens 110 and/or
cornea 108 to provide a pseudo-accommodation in which both distant objects and objects
located at intermediate distances (e.g., at or near the hyperfocal distance) are suitably
resolved by the eye 90. If the power of the optic 111 had been selected so that the ray 102¢

(from a distant source) focused on the retina 104, this may have provided better visual acuity
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for objects at optical infinity or distant objects; however, the object source 112 would have
been blurred beyond an acceptable limit, resulting in a lower overall depth of focus.

Referring now to FIG. 3, an aspheric intraocular lens 210 is illustrated that comprises
an optic 211 in which at least one of the surfaces is aspheric, such that all the rays 102 from a
distant object or point source come to a common focus 212 on the surface of the retina 104
after passing through the cornea 108 and the optic 211. In such arrangements, the surfaces of
the optic 211 are generally configured such that the optic 211 has a negative spherical
aberration that is selected to compensate or cancel a positive spherical aberration produced by
a spherical surface of the optic 211 and/or produced by a spherical aberration of the cornea
108. Additionally or alternatively, the intraocular lens 210 may be configured to comprise
another monochromatic aberration that compensates, reduces, or cancels a substantially
opposite aberration of the cornea 108 and/or a spherical surface of the optic 211. As
discussed in USPN 6,609,793, the cornea 108 may represent an average model cornea (e.g.,
based on a population having a common characteristic). In such instances, the surfaces of the
optic 211 may have a negative spherical aberration that partially or completely compensates
for a spherical aberration of the cornea 108. The population may, for example, represent
patients that are candidates for a cataract surgery, patients within a certain age group, and/or
having a common or similar aberration or set of aberrations.

Referring to FIGS. 4 and 5, an intraocular lens 310 according to an embodiment of the
present invention is disposed within a human or animal eye. The intraocular lens 310
comprises an optic 311 that is spherical in shape and/or is configured to provide an extended
DOF (e.g., similar to that illustrated for the intraocular lens 110) under certain lighting
conditions, while also providing enhanced visual acuity (e.g., similar to that produced by the
aspheric intraocular lens illustrated for the intraocular lens 210) under other lighting
conditions. The optic 311 has a clear aperture over which light from a distant object is
focused onto the retina 104, and outside which light is not focused onto the retina 104. The
optic 311 includes an anterior surface 312 and an opposing posterior surface 313, the surfaces
312, 313 being disposed about an optical axis OA. The intraocular lens 310 may also include
haptics 310a that are generally configured to support the intraocular lens 310 in the eye 90
and/or to center the intraocular lens 310 within the eye 90. In certain embodiments, the
haptics 310a may be replaced or supplemented by a more complex support structure, for
example, for allowing an accommodating intraocular lens to interact with the capsular bag,
zonules, and/or ciliary muscle (not shown) of the eye 90.

The optic 311 comprises a central or inner zone 314 disposed about the optical axis
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OA and having an outer diameter Di,. The optic 311 further comprises an outer zone 315
disposed about, and adjacent to, the inner zone 314 and having an outer diameter D, and an
inner diameter Dj,, so that the zones 314, 315 fill the entire clear aperture of the optic 311.
Alternatively, the outer diameter D, of the outer zone 315 is less than the diameter of the
clear aperture of the optic 311, so that the optic 311 contains other optical features in addition
to those of the zones 314, 315. In the illustrated embodiment, the zone 314 is circular when
viewed from the anterior side (e.g., as illustrated in FIG. 5). Alternatively, the zone 314 may
be annular when viewed from the anterior side.

In the illustrated embodiment, the outer diameter D, is equal to the diameter of the
clear aperture of the optic 311, which may be equal to or substantially equal to the diameter
of the optic 311. Optionally, the outer diameter D¢, may be smaller than the outer diameter
of the optic 311, as illustrated by the dash-dotted circle in FIG. 5. For example, the
intraocular lens 310 may include a peripheral edge 318 configured to block or scatter light
and, therefore, not focus light or form an image on the retina 104. The peripheral edge 318
may be configured to reduce scatter from light sources at the periphery of the field of view of
a subject into which the lens 210 is implanted. Thus, the glare reducing peripheral edge 318
may slightly reduce the size of the clear aperture of the optic 311.

With further reference to FIG. 6, the central zone 314 may include a plurality of
optical powers that progressively vary between a first optical power P1 at or near a center of
the central zone 314 and a second optical power P2 at or near a periphery of the central zone
314, The power P1 may be configured to provide distant vision, or may be configured to
have a power that is greater than a power to provide distant vision, for example, a power that
is suitable to provide a best visual acuity or best MTF for intermediate vision or for objects
located at a hyperfocal distance (e.g., at 2.5 meters from the eye 90). In the plot shown in
FIG. 6, r;, is equal to the outer radius of the central zone 314 and is equal to D;,/2, while r is
equal to the outer radius of the outer zone 315 and is equal to Dq,/2. P1 may be a positive
optical power, a negative optical power, or even zero optical power. Thus, the horizontal axis
shown in this plot, and the other plots shown herein, generally intersect the vertical axis at
some off-set value that is non-zero. As shown in FIG. 6, the power of the outer zone 315
may progressively decrease from the optical power P2 with increasing radius from the optical
axis OA, so that the optic 311 has a negative spherical aberration in the vicinity of the outer
zone 315 (e.g., to reduce, correct, or cancel a positive spherical aberration of the cornea 108).
In the illustrated embodiment, the power within the outer zone 315 decreases out to radius roy

to a value that is less than PL. Alternatively, the radial decrease in power within the outer
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zone 315 may be less than that shown in the illustrated embodiment, for example, to a value
at roy that is greater than or equal to P1.

As a reference, the dotted/dashed reference curve 317 represents the power variation
with radius from the optical axis OA of a reference spherical optic having a paraxial power
equal to the first optical power P1 of the optic 311, wherein the reference spherical optic is
made of the same material and comprises anterior and posterior surfaces each having the
radius of curvature equal to the radius of curvature of corresponding anterior/posterior
surfaces 312, 313 of the optic 311 at the optical axis OA. The absolute value of the
difference between the first optical power P1 and the second optical power P2 (e.g., IP2-P1l)
is generally less than the add power of a typical multifocal intraocular lens (e.g., less than 3
or 4 Diopters, or less than about 2 Diopters). For example, the absolute difference between
P1 and P2 is generally between about 0.1 Diopter and about 1.5 Diopter or between about
0.25 Diopter and about 1 Diopter. The power P1 may be a paraxial power or a base power of
the optic 311, and/or the central zone 314, and may be selected to provide distant vision or
emmetropia for an animal or human subject. Additionally or alternatively, the central zone
314 may comprise spherical surfaces 312, 313, wherein the power P2 is equal to or
substantially equal to the power of the reference spherical optic represented by the reference
curve 317 at radius ri,.

In certain embodiments, the central zone 314 may comprise a plurality of distinct
powers that are produced through the use of a refractive and/or diffractive surface profile.
For example, the central zone may comprise a diffractive grating or phase plate that produces
two distinct foci. In general, the difference in optical power between the two foci is relatively
small (e.g.. less than or equal to about 1 Diopter, 1.5 Diopters, or 2 Diopters), although larger
Diopter differences may be incorporated if a multifocal effect is desired. In some
embodiments, a relatively small difference in optical power between the two foci may be
used to provide an extended depth of focus, for example, as disclosed in co-pending U.S.
Provisional Patent Application Number 60/968,250, which is herein incorporated by
reference in its entirety.

The profile of one or both surfaces 312, 313 may be configured to provide a radial
power profile that is different from that shown in FIG. 6, but that also provides both relatively
large depth of focus performance at certain pupil sizes of the iris 100 and relatively high
visual acuity or MTF performance at other pupil sizes. For example, referring to FIG. 7, the
central zone 314 has a radial power profile that continuously increases with increasing radius

from the optical axis OA, but at a rate that is greater than that of the reference curve 317 (i.e.,
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greater than the power variation with radius of the reference spherical optic having a paraxial
power P1 equal to that of the optic 311). In some embodiments, the power profile of the
central zone 314 may be configured to increase depth of focus by having a power that
decreases with increasing radius from the optical axis OA, for example, by having a positive
spherical aberration.

The outer zone 315 of optic 311 shown in FIG. 7 comprises a third optical power P3
that may be equal to P1 or P2, between P1 and P2, or outside the range between P1 and P2.
Either or both of the zones 314, 315 may include a monochromatic and/or chromatic
aberration that is selected to improve vision when the pupil 101 is relatively large (e.g., under
low light conditions or typical room light conditions). For example, at least one of the
surfaces 312, 313 in the vicinity of the outer zone 315 may be configured so that the zone 315
has a negative spherical aberration that at least partially compensates for a positive spherical
aberration of the cornea and/or for a positive spherical aberration of one or both of the
surfaces of the optic 311.

Referring to FIG. 8, in certain embodiments, the outer zone 315 of the optic 311 is
configured to have a base power PB that produces emmetropia or distant vision when the
optic 311 is disposed within the eye 90, while the central zone 314 is configured to have a
higher power that provides intermediate vision or provides a best visual acuity or MTF
performance for objects or planes located at a hyperfocal distance, for example at a distance
of 2.5 meters from the eye 90 or about 2.5 meters from the eye 90. In the illustrated
embodiment, the outer zone 315 has the base power PB at radius r;, from the optical axis OA,
and the power in the outer zone 315 monotonically decreases with increasing radius out to
outer radius rou. As discussed above, the decreasing power of the outer zone 315 may be
configured to provide a negative spherical aberration that reduces or cancels a positive
spherical aberration of the cornea 108. Alternatively, the power may be constant with radius
between 1y, to 1oy, Whereby the optic 311 produces no spherical aberration within the outer
zone 315. The central zone 314 in the illustrated embodiment has a power P1 at the optical
axis OA and that increases to a power P2 at radial distance rj,. The difference between the
power Pl and PB defines the power difference AP between the zones 314, 315. The power
difference AP is generally small compared to the add power of a typical multifocal lens. For
example, the power difference AP may be about 0.4 Diopters, so that the power of the central
zone 314 is configure to provide a best visual acuity or best MTF performance at a hyperfocal

distance of about 2.5 meters from the eye 90, while the outer zone 317 is configure to provide



WO 2010/100523 PCT/1B2009/005590

a best visual acuity or best MTF performance at distances greater than or equal to 6 meters
from the eye 90 or at an optical infinity from the eye 90. Alternatively, power difference AP
may be greater than or equal 0.4 Diopter and less than or equal to 1 Diopter, or greater than
or equal 1 Diopter and less than or equal to 1.5 Diopters.

In the illustrated embodiment, the power variation of the central zone 314 matches
that of a spherical optic having a paraxial power of P1; however, the variation of power of the
central zone 314 may be aspheric in shape, for example, configured to produce an enhanced
depth of focus that is greater than that of a spherical lens have a paraxial power equal to P1 of
the optic 311.

Referring again to FIG. 5, and with additional reference to FIG. 9, the optic 311 may
further comprise an intermediate or transition zone 316 disposed between the central and
outer zones 314, 315 (optionally indicated by the dashed circle in FIG. 5). In such
embodiments, the central zone 314 has outer diameter Dy, the transition zone 316 has inner
diameter D;, and an outer diameter Dy,,, and the outer zone 315 has an inner diameter Dy,
and outer diameter Dy,. The parameter ry,, shown in FIG. 9 is equal to Dggy/2. In such
embodiments, one of the surfaces 312, 313 in the vicinity of the intermediate zone 316 may
have a radial profile that is describe by a polynomial and/or spline that may be selected to
smoothly blend the at least one of the surfaces of the zones 314, 315. In such cases, the outer
diameter Dy, of the central zone 314 may or may not be clearly delineated. Thus, the
transition zone 316 may be configured to reduce glare and light scatter by the optic 311.
Where the transition zone 316 is configured to smoothly blend between zones 314, 315, and
as illustrated in FIGS. 5 and 9, the transition zone 316 has a radial extent or area that is
smaller than that of either of the zones 314, 315. For example, the transition zone 316 may
have a radial extent that is less than or equal to 20% of the radial extent of either the of the
zones 314, 315, or less than or equal to 10% of the radial extent of either the of the zones
314,315

Optionally, the intermediate zone 316 may be utilized to further enhance the
performance of the intraocular lens 310 in some way. For example, the intermediate zone
316 may be configured to provide better performance when the intraocular lens 310 is
decentered or tilted after placement within an eye, as disclosed in U.S. Patent Application
Number 2004/0106992, which is herein incorporated by reference in its entirety).
Alternatively, the intermediate zone may be used to control halo effects, for example, as

disclosed in U.S. Patent Application Number 2006/098163. The intermediate zone 316 in the
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illustrated in FIG. 9 has a power that smoothly varies from the power P2 at radius rj, to a
power of P1 at the radius ry,,. In general, the optical power at the radius r, may be different
than P1, for example, some predetermined power P3, as illustrated in FIG. 7.

For the embodiments shown in FIGS. 6, 7, and 9, the power of the outer zone 315
decreases from some predetermined power at the radius rj, or rq,, to a power at the outer
radius ryy that is less than the paraxial power P1. Alternatively, the variation of power with
radius over the outer zone 315 decreases to a power at the outer radius ro, that is greater than
or equal to the paraxial power P1.

The zones 314, 315 may be configured such that the optic 311 has a variation in
optical power over the entire clear aperture that is less than or equal to 1.5 Diopters or less
than or equal to 1 Diopter. The total variation in optical power over the entire clear aperture
may be selected in accordance with specific design parameters such as the range of pseudo-
accommodation to be provided, the required visual acuity at one or more specific object
distance, the zone diameters, the pupil size under certain lighting conditions, the expected
variation in pupil size, a desired mixture of near, intermediate, and/or distant vision for one or
more pupil sizes, and the like.

The optic 311 illustrated in FIG. 5 is circular; however, other shapes may be used, for
example, to enhance the insertion characteristics of the intraocular lens 310 into the eye 90
through a small incision. Also, at least one of the zones 314, 315 may comprise a cylinder
power, for example, to correct for an astigmatism of the eye 90. While not illustrated in the
FIGS. 4 or 5, it will be appreciated that the intraocular lens 310 may generally comprise other
features and elements such as edge features for reducing glare and/or reducing PCO, haptics
for centering the intraocular lens 310 within the eye 90, and/or a positioning structure for
providing accommodative axial motion and/or deformation of the optic 311. The optic 311
may be a single optic or part of a lens system, for example, one of the lenses of a two lens
accommodating intraocular lens. In addition, the intraocular lens 310 may be configured to
attenuate light over a band of wavelengths light outside a band of wavelengths. In such
embodiments the intraocular lens 310 or the optic 311 may incorporate one or more dyes or
other substances or devices for selectively blocking incident radiation, for example, to
selectively blocking UV radiation or light in the violet or blue bands of the visible spectrum.

The intraocular lenses 310 may be fabricated with optical powers that vary from about
10 Diopters to about 30 Diopters in increments of about 0.5 Diopters. In some embodiments,
intraocular lenses 310 may be produced that vary from about zero Diopters to about 40

Diopters or more. Alternatively or additionally, intraocular lenses 310 may be produced that
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have a negative optical power, for example that is within a range of less than about zero
Diopters to greater than about -20 Diopters or less.

The intraocular lens 310 may generally be constructed of any of the various types of
material known in the art. For example, the intraocular lens 310 may be a foldable lens made
of at least one of the materials commonly used for resiliently deformable or foldable optics,
such as silicone polymeric materials, acrylic polymeric materials, hydrogel-forming
polymeric materials (e.g., polyhydroxyethylmethacrylate, polyphosphazenes, polyurethanes,
and mixtures thereof), and the like. Other advanced formulations of silicone, acrylic, or
mixtures thereof are also anticipated. Selection parameters for suitable lens materials are
well known to those of skill in the art. See, for example, David J. Apple, et al., Intraocular
Lenses: Evolution, Design, Complications, and Pathology, (1989) William & Wilkins, which
is herein incorporated by reference. The lens material may be selected to have a relatively
high refractive index, and thus provide a relatively thin optic, for example, having a center
thickness in the range of about 150 microns to about 1000 microns, depending on the material
and the optical power of the lens. At least portions of the intraocular lens 310, for example
one or more haptics or fixation members thereof, may be constructed of a more rigid material
including such polymeric materials as polypropylene, polymethylmethacrylate PMMA,
polycarbonates, polyamides, polyimides, polyacrylates, 2-hydroxymethylmethacrylate, poly
(vinylidene fluoride), polytetrafluoroethylene and the like; and metals such as stainless steel,
platinum, titanium, tantalum, shape-memory alloys, e.g., nitinol, and the like. In some
embodiments, the optic and haptic portions of the intraocular lens 310 are integrally formed
of a single common material.

In certain embodiment, for example as illustrated in FIG. 4, a pair of rays 302a, 302b
from the light 102 impinge upon the outer zone 315 near the outer periphery thereof and near
the central zone 314, respectively. At least one of the surfaces 312, 313 in the region of the
outer zone 315 is preferably aspheric in shape, such that light passing through the outer zone
315 is focused to substantially a single point or focus (e.g., to within a circle about the size of
an Airy disk defining a diffraction limit of the zone 315). For example, the outer zone 315
may be configured to have at least some of the features and/or functions describe above with
regards to the optic 211 illustrated in FIG. 3. In this regard, the outer zone 315 may comprise
a monochromatic aberration, such as a spherical aberration, that corrects or at least partially
compensates for an aberration of the eye (e.g., a spherical aberration introduced by the cornea
108). Additionally or alternatively, the outer zone 315 may incorporate a chromatic

aberration, for example, through the use of a diffractive grating or phase plate on one of the
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lens surfaces. The aberration of the outer zone 315 may be selected to correct the aberrations
of an individual cornea, in which case the intraocular lens 310 may be a custom intraocular
lens. Alternatively, the intraocular lens 310 may be selected from a plurality intraocular
lenses or optic portions having the same optical power, but differing amounts of spherical
aberration. Alternatively, the aberration of the outer zone 315 may be selected to compensate
for an aberration of a cornea that is part of an eye model and/or that represents an average
cornea based on a particular population (e.g., an average spherical aberration for a population
of people of a particular age group or that are likely candidates of a particular surgical
procedure). At least one of the surfaces 312, 313 within the outer zone 315 of the intraocular
lens 310 may be characterized by an equation defining a conoid of rotation, wherein a surface
sag profile varies according to the relation:

2
cr

1++/1-(1+k)c?r?

where c is a base curvature of the surface portion (which is equal to 1/R, where R is the
radius of curvature, & is a conic constant, and r is the radial distance from the optical axis OA.

Depending on the value of & the first term is a conic section and describes a:

hyperbola k<-1
parabola k=-1
prolate ellipse -1<k<0
circle k=0
oblate ellipse k>0

Alternatively, at least one of the surfaces 312, 313 within the outer zone 315 of the
intraocular lens 310 may be characterized by an equation defining a modified conoid of
rotation, wherein a surface sag profile varies according to the relation:

cr®

1+ 41=(1+ &)

where a,,a,,... are constants, ¢ is a base curvature of the surface portion (which is equal to

1 6
ta, " tagr’ +...

1/R, where R is the radius of curvature, £ is a conic constant, and r is the radial distance
from the optical axis OA. In certain embodiments, other portions of at least one of the
surfaces 312, 313 outside the outer zone 315 (e.g., the central zone 314) may be characterized
by the equation defining a conoid of rotation or by the equation defining a modified conoid of
rotation, where the constant value may be different that those describing the surface 312, 313

within the outer zone 315.
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It will be appreciated that the local radius of curvature of the anterior and posterior
surfaces 312, 313, or some portion thereof, may be at least approximately related to a local

power D at a given radius r (e.g., a power from FIG. 6) of the optic 311 by the equations:

1 1 2 2
D(r)=(n,-n,) (F_R_J + br’ +byr’ + higher order terms of r’
1 2

where ny is equal to the refractive index of the optic 311 material, n, is equal to the refractive
index of the medium in which the optic 311 is place (e.g., typically 1.336 in an eye), Ry is the
local radius of curvature of the anterior surface 312, R, is the local radius of curvature of the
posterior surface 313, and b; and b, are constants for the anterior and posterior surfaces 312,
313, respectively. When one or both surfaces are described by a conoid of rotation, b; and b,
may be set equal to 2(1+k)(1/R))® and 2(1+k2)(1/R,Y, respectively, where R; and R, are
radius of curvatures at radius r on the surfaces 312 and 313, respectively, and k; and k, are
conic constants at radius r on the surfaces 312 and 313, respectively.

Referring to FIG. 10, a cross-sectional profile 320 of the anterior surface 312 is
illustrated along a plane that is parallel to, and passes through, the optical axis OA. For
clarity, the profile of the posterior surface 313 is not shown. In certain embodiments, the
posterior surface 313 is a spherical surface having a constant radius of curvature.
Alternatively, the posterior surface 313 has an aspheric profile that is configured to have or
produce either no spherical aberration or a negative spherical aberration configured to help
reduce or eliminate a positive spherical aberration of the optic 311 and/or the cornea 108.

The profile 320 has a central profile 322 that has a radius of curvature R zq4 along the
central portion 314 of the optic 311. The radius of curvature Ragq is configured to have a
power to provide intermediate vision or a best visual acuity or best MTF for objects located at
a hyperfocal distance (e.g., at 2.5 meters or at about 2.5 meters from the eye 90).

The profile 320 also includes an outer aspheric profile 325 along the outer portion
315. The aspheric profile 325 has a base curve 326 (shown by a dashed line in FIG. 10) with
a radius of curvature R1 and a center of curvature 328 located along the optical axis OA. The
aspheric profile 325 is configured to provide emmetropia or distant vision when the optic 311
1s disposed within the eye 90. The aspheric profile 325 may be configured as a conoid of
rotation having a conic constant that is -1 or about -1 (wherein the aspheric profile 325 has no
or little spherical aberration), or less than -1 (wherein the aspheric profile 325 has a negative

spherical aberration, for example to reduce or eliminate a positive spherical aberration of the
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opposite surface 313 and/or a positive spherical aberration of the cornea 108).

At the optical axis OA, the profile 320 has a radius of R2 from the center of curvature
328 that is generally greater than the radius R1. At radius rj, from the optical axis OA, the
profile 320 has a radius of R3 from the center of curvature 328, while at outer radius ro,: from
the optical axis OA, the profile 320 has a radius of R4 from the center of curvature 328.

Referring to FIG. 11, the profile 320 may be plotted in terms of distance from the
center of curvature 328 of the base curve 326 as a function of radius r from the optical axis
OA. As illustrated, the central zone 314 has a radius from the center of curvature 328 that
decreases from the optical axis OA to radius ry,, while the outer zone 315 has a radius R3 that
is greater than R1 of the base curve 326 and increase to radius R4 at r,,. The increasing
radius of the outer zone 315 may be configured to reduce or eliminate a positive spherical
aberration of a wavefront that is incident upon the optic 311 and outer zone 315.

Referring to FIG. 12, the central portion 314 and the central profile 322 may be
configure to deviate from a spherical shape, for example, to provide an extended depth of
focus. The deviation from a spherical shape may be noted in the plot shown in FIG. 12 by
the sharp slope near ri,.

In certain embodiments, the profiles shown in FIGS. 11 or 12 may be applied to the
posterior surface 313, wherein the anterior surface 312 may be spherical or some other shape.
In other embodiments, the profile shown in FIG. 12 for the central zone 314 is applied to one
of the surfaces 312, 313, while the profile shown in FIG. 12 for the outer zone 315 is applied
to the opposite surface of the optic 311,

Referring to FIG. 13, the profile 320 may include a transition zone 316, for example,
to smoothly blend the central profile 322 and the outer aspheric profile 325.

The performance of the optic 311 will now be described in terms of ray tracing
characteristics. The aberration of the outer zone 315 may be selected to completely or
substantially completely compensate for a spherical aberration of a cornea or eye.
Alternatively, the aberration of the outer zone 315 may be selected to only partially
compensate for (or over compensate for) the spherical aberration or other aberration of the
cornea or eye. In this regard, it may be advantageous in certain embodiments to select the
aberration of the outer zone 315 to leave a residual aberration when combined with a cornea,
for example, as discussed in USPN 7,350,916, which is herein incorporated by reference in
its entirety. For instance, the intraocular lens 310 may comprise an outer zone 315 that has
an optical power that is about 20 Diopters and a negative spherical aberration that partially

correct a positive spherical aberration of the comnea, wherein the outer zone 315 has a
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negative spherical aberration that is between about -0.19 and about -0.202 microns, or that is
about -0.156 microns. The eye may have a residual aberration that is essentially zero or is
greater than zero (e.g., a residual aberration of about +0.14 microns or between about +0.006
microns and about +0.090 microns has been reported as potentially beneficial, for example,
when placed in an eye or an eye model with a corneal spherical aberration of about 0.327
microns). In other embodiments, the intraocular lens 310 is configured with an outer zone
315 in which the optical power at the periphery of the zone is about 0.5 to about 0.75
Diopters less than the optical power at or near the boarder between the zones 314, 315.

As discussed above, the central zone 314 has an optical power that ranges from P1 at
or near the center to P2 at or near the periphery of the zone, while the outer zone 315 has a
power P3. In certain embodiments, the first optical power P1 and/or the third optical power
P3 is less than the second optical power P2 by an amount that is less than or equal to about
L.5 or 2 Diopters, preferably less than or equal to about 1.0 Diopter, and in some cases less
than or equal to about 0.5 Diopters. In some embodiments, the variation in optical power
over the entire clear aperture (e.g., within and between the zones 314, 315) is less than or
equal to about 0.5 Diopter plus the variation in optical power produces by the spherical
aberrations of a spherical optic having a nominal optical power equal to that of the third
optical power P3.

In the illustrated embodiment, the difference between the second optical power P2 of
the central zone 314 and the first and/or third optical powers P1, P3 represents an add power
AD, where the add power AD is generally smaller than the add power of a typical multifocal
intraocular lens, which generally have add powers in the range of about 2 Diopters to about 4
Diopters (see, for example, USPN’s 6,527,389, 5,225,858, and 6,557,992, which are herein
incorporated by reference in their entirety. As used herein, the term “add power” means a
change in optical power from an optical power necessary to provide distance vision. As used
herein, the “add power” is the change in power at the principal plane of the intraccular lens
(e.g.. an intraocular lens add power of 4.0 Diopters is approximately equal to an increase in
optical power of about 3.2 Diopters in the spectacle lens). Surprisingly, the use of a
relatively small add power according to embodiments of the invention (e.g., of about one
Diopter to about two Diopters) may beneficially provide betier intermediate vision and/or
near vision than if a larger add power were to be used in the central zone 314 (e.g., an add
power of about 3 or 4 Diopters). This improved performance may, for example, be due to

relatively low noise from halo effects when using a lower add power of about 1.0 to about 2.0
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Diopters.

Embodiments of the intraocular lens 310 may be configured to provide a pupil 101
dependent visual acuity performance that is preferred over either a spherical intraocular lens
such as the intraocular lens 110 or an aspheric intraocular lens such as the intraocular lens
210. For example, both zones 314, 315 in the illustrated embodiment focus light onto or near
the retina 104 when the pupil 101 is relatively large, for instance under low lighting
conditions or night time driving conditions. Because at least one of the surfaces 312, 313 in
the vicinity of the outer zone 315 is aspheric, most of the light from distant objects entering
the optic 311 is advantageously focused to substantially a single focus or point. This may
provide better visual acuity than is generally possible with an optic having only spherical
surfaces (e.g., the intraocular lens 110 illustrated in FIG. 1). The relative areas of the zones
314, 315 may be selected to provide more light energy for distant vision under lower lighting
conditions. Thus, while some light from distant object entering the central zone 314 may be
slightly defocused, relatively high visual acuity may be maintained, since most of the light
entering the optic 311 under these conditions is focused by the outer zone 315 onto the
surface of the retina 104

The intraocular lens 310 is also able to provide a pseudo-accommodative benefits
under bright or intermediate lighting conditions in which the pupil 101 is small, since under
these conditions all or most of the light entering the intraocular lens 310 passes through the
central zone 314. Thus, the intraocular lens 310 is able to advantageously provide pseudo-
accommodative benefits without significantly compromising the advantages of an aspheric
intraocular lens over a spherical intraocular lens during night driving conditions.

The performance of the intraocular lens 310 under differing pupil sizes may be
controlled by selecting the diameter of the central zone 314. For example, the central zone
314 may be configured to have an outer diameter D that is about the size of a typical pupil
that is fully contracted, such as under sunny outdoor lighting conditions (e.g., the outer
diameter D of the central zone 314 may about 1 millimeter, about 2 millimeters, or about 3
millimeters, or between about 2 millimeters and about 3 millimeters, depending on the
relative performance desired between near, intermediate, and distant vision). In other
embodiments, the diameter D is selected to provide predetermined areas ratios of the central
and outer zones 314, 315 under specific lighting conditions or pupil sizes. Thus, the diameter
D may be selected to provide a predetermined performance balance of distant visual acuity
and enhanced DOF (or pseudo-accommodation) as a function of pupil size.

To illustrate one way of configuring the central zone 314 to provide pseudo-
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accommodation, reference is now made to FIG. 14, which is a magnified side view of the
central zone 314 of the optic 311. Three rays 360a, 360b, 360c are shown intercepting the
central zone 314 at different radial distances from the optical axis OA. the peripheral ray
360a intercepts a peripheral region of the central zone 314 and is focused along the optical
axis OA to a focus 362a, while the paraxial ray 360c¢ intercepts the central zone 314 at or near
the optical axis OA and is focused along the optical axis OA to a focus 362c. The
intermediate ray 360b intercepts the central zone 314 at a location between the rays 360a,
360c and is focused along the optical axis OA to a focus 362c. In this case the peripheral ray
360a represents a maximum optical power (the first optical power P1) of the central zone
314. The focal length (or optical power) of the central zone 314 may be represented by the
distance between the focal point 362b of the intermediate ray 360b and a principle plane of
the central zone 314 or the optic 311. Alternatively, the focal length of the central zone 314
may be represented by another point between the foci 362a, 362c.

As illustrated in FIG. 14, the central zone 314 may comprise plurality of optical
powers that progressively and continuously increases from the first optical power P1 (e.g.,
represented by the focus 362c¢) to the second optical power P2 (e.g., represented by the focus
362a) as the radius from the optical axis OA increases. In such embodiments, the third
optical power P3 of the outer zone 315 may be selected to be equal that of first optical power
P1 of the central zone 314 (e.g., as illustrated in FIG. 9). Alternatively, the variation in
optical power of the central zone 314 with increasing radius from the optical axis OA may
have discontinuities and/or may vary in a manner that is not progressive, depending on the
particular design requirements or preferences of a designer, practitioner, and/or patient. As
discussed in greater detail below, the central zone 314 may alternatively comprise plurality of
optical powers that progressively and continuously decreases from a first optical power P1
(e.g., represented by the focus 362¢’ in FIG. 15) to the second optical power P2 (e.g.,
represented by the focus 362a” in FIG. 15) as the radius from the optical axis OA increases.
In any event, the optic 311 is generally configured to provided enhanced visual acuity (e.g.,
with the outer zone 315) for distant vision and at least reasonably good visual acuity at
intermediate distances under certain conditions (e.g., with the central zone 313). In one
embodiment, the third optical power P3 is selected to provide distant vision when the
intraocular lens is disposed within the eye, while the first and second optical powers P1, P2
are selected so that the central zone 314 provides a visual acuity of at least 20/30, or even
20/20, for objects located at a hyperfocal distance from the eye.

The paraxial ray 360c comes to focus on the retina 104 at the focus 362c, so that
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objects optical infinity are just focused and, therefore, at least somewhat resolved by the eye
90. Referring to the discussion above with regards to FIG. 2, the central zone 314 may be
similarly constructed to the optic 211 (e.g., comprising anterior and posterior surfaces that are
spherical) so that objects located at the hyperfocal distance advantageously cause the
peripheral ray 360a to be focused on the retina 104 and, therefore, to provide a visual acuity
of least 20/40, 20/30, or even 20/20. Thus, the central zone 314 in the illustrated embodiment
has an extended DOF (represented by the distance AD) that provides pseudo-accommodation,
by allowing objects located at distances between optical infinity and the hyperfocal distance
to resolved by the eye 90. For object closer than the hyperfocal distance, all the light or rays
are generally focused posteriorly to the retina 104, wherein other devices or means may be
necessary to provide a desirable level of visual acuity.

In some embodiments, at least one of the surfaces of the central zone 314 has a
positive spherical aberration that is greater than or less than that of an equivalent spherical
surface having substantially the same focal length or optical power. In general the amount of
positive spherical aberration may be selected to provide a predetermined DOF and/or add
power, as represented by AD in FIG. 14. For example, at least one of the surfaces 312, 313 in
the vicinity of the central zone 314 may an oblate surface that has a greater curvature in the
periphery than in the center. In such embodiments, the central zone 314 may be configured
to suitably resolve objects that are closer than the hyperfocal distance and/or provide
enhanced intermediate vision.

Referring to FIG. 15, the optic 311 may comprise a central zone 314’ that has a
negative spherical aberration. For example, in the illustrated embodiment, at least one of the
surface 312°, 313" has a negative spherical aberration that may be selected to produce an
overall negative spherical aberration when placed in the eye of a subject. In effect, the
optical power of central zone 314’ generally decreases with increasing radial distance from
the optical axis OA and may be configured such that the third optical power P3 of the outer
zone 315 is equal or substantially equal that of the optical power P2 of the central zone 314.
Thus, a peripheral ray 360a’ of the central zone 314’ is focused at or near the retina 104,
while intermediate and paraxial rays 360b’, 360c’ are focused progressively closer to the
central zone 314°. The resulting add power AD may be represented by the change in focal
length over the central zone 314’ (e.g., between the foci 362a” and 362¢”).

In certain embodiments, a method of making an intraocular lens comprises forming an

anterior surface and an opposing posterior surface, the surfaces being disposed about an
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optical axis to provide a clear aperture. The method further comprises forming a central zone
comprising a plurality of optical powers that progressively vary between a first optical power
at a center of the central zone and a second optical power at a periphery of the central zone,
the absolute value of the difference between the first optical power and the second optical
power being between about 0.25 Diopter and about 1 Diopter. The method also comprises
forming outer zone disposed about the central zone, the outer zone comprising a third optical
power and an optional negative spherical aberration. The optic resulting from the method has
a variation in optical power over the entire clear aperture that is less than about 1 Diopter.
While embodiments of the invention have been disclosed for an IOL suitable
providing enhanced performance under non-optimal conditions, such as when the IOL is
decentered from the optical axis of the eye, those skilled in the art will appreciate that
embodiments of the invention are suitable for other ocular devices such as contact lenses and
corneal implants. For instance, the method of designing a multi-zonal monofocal IOL may
be adapted for improving the performance of contact lenses, which are known to move to

different positions during use relative to the optical axis of the eye.
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WHAT IS CLAIMED IS:

1. An intraocular lens, comprising:
an optic having a clear aperture having an outer diameter, the optic comprising:

a first surface and an opposing second surface, the surfaces being disposed
about an optical axis, the first surface having a first radius of curvature
at the optical axis and the second surface having a second radius of
curvature at the optical axis;

a central zone disposed about the optical axis having an outer diameter and an
optical power that progressively varies from a first paraxial optical
power at the optical axis to a second optical power at the outer diameter
that is greater than the first paraxial optical power and is greater than or
equal to the optical power of a reference spherical lens at a diameter
equal to the outer diameter of the central zone, the reference spherical
lens having a paraxial optical power equal to the first paraxial optical
power, a first surface radius of curvature equal to the first radius of
curvature at the optical axis, and a second surface radius of curvature
equal to the second radius of curvature at the optical axis; and

an outer zone disposed about the central zone, the outer zone comprising an
inner diameter and an outer diameter equal to the outer diameter of the
clear aperture and configured to reduce a positive spherical aberration of
a cornea of an eye, the outer zone characterized by a third optical power
at the inner diameter and a negative spherical aberration, the outer zone
having an outer diameter that is equal to the outer diameter of the clear
aperture;

the central zone and the outer zone entirely filling the clear aperture of the optic.

2. The intraocular lens of claim 1, wherein the difference between the third optical
power and the first optical power is about 0.4 Diopter.

3. The intraocular lens of claim 1, wherein the absolute value of the difference between
the first optical power and the second optical power is about one Diopter.

4. The intraocular lens of claim 1, wherein the optic has a variation in optical power over
the clear aperture that is less than about 1.5 Diopters.

S. The intraocular lens of claim 1, wherein the plurality of optical powers progressively

and continuously increase from the first optical power to the second optical power.
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10.

I11.

12.

13.

14.

15.

17.

18.

The intraocular lens of claim 1, wherein the plurality of optical powers progressively
and continuously increase from the second optical power to the first optical power.
The intraocular lens of claim 1, wherein the variation in optical power over the clear
aperture is less than or equal to about 0.5 Diopter plus the variation in optical power
produces by the spherical aberrations of a spherical optic having a nominal optical
power that is equal to the third optical power of the outer zone.

The intraocular lens of claim 1, wherein negative spherical aberration is selected to at
least partially compensate for a spherical aberration of a cornea of the eye.

The intraocular lens of claim1, wherein the first and second surfaces in the vicinity of
the central zone comprises spherical surfaces.

The intraocular lens of claim 1, wherein the central zone has a diameter that is
between about 1 millimeter and about 3 millimeters.

The intraocular lens of claim 1, wherein the first zone and the second zone have at
least one surface with a cross-sectional profile described by a polynomial and/or
spline.

The intraocular lens of claim 1, wherein the zones are configured to provide more
light to the retina of the eye for distant vision when light enters the entire central and
OUter ZOmnes.

The intraocular lens of claim 1, wherein the first optical power is selected based on
the structure of the eye and/or based on a request from a patient.

The intraocular lens of claim 1, wherein the negative spherical aberration is selected
to at least partially compensate for a spherical aberration of the cornea of the eye.
The intraocular lens of claim 1, wherein the negative spherical aberration is selected

based on an average ocular aberration of the eyes of a selected population.

. The intraocular lens of claim 13, wherein the population includes people of a specific

age group, people with a cataract, people who have received a corneal ablative
procedure, people who are candidates for a corneal ablative procedure, and/or people
who are highly myopic or highly hyperopic.

The intraocular lens of claim 1, wherein the outer zone has an optical power that is
about 20 Diopters and a spherical aberration that is between about -0.19 and about -
0.202 microns.

The intraocular lens of claim 1, wherein the outer zone has an optical power that is

about 20 Diopters and a spherical aberration that is about -0.156 microns.
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19.

20.

21.

22.

The intraocular lens of claim 1, wherein at least one of the first optical power and the
second optical power is equal to the third optical power.

The intraocular lens of claim 1, wherein the third optical power is selected to provide
distant vision when the intraocular lens is disposed within the eye, and the first optical
power and the second optical power are selected so that the central zone provides a
visual acuity of at least 20/30, based on the standard Snellen test for visual acuity, for
objects located at a hyperfocal distance from the eye.

The intraocular lens of claim 1, wherein at least one of the zones has a cylinder
power.

An intraocular lens, comprising:

an optic having a clear aperture having an outer diameter, the optic comprising:

a first surface and an opposing second surface, the surfaces being disposed
about an optical axis, the first surface having a first radius of curvature
at the optical axis and the second surface having a second radius of
curvature at the optical axis;

a central zone disposed about the optical axis having an outer diameter and an
optical power that progressively varies from a first paraxial optical
power at the optical axis to a second optical power at the outer diameter
that is greater than the first paraxial optical power and is greater than or
equal to the optical power of a reference spherical lens at a diameter
equal to the outer diameter of the central zone, the reference spherical
lens having a paraxial optical power equal to the first paraxial optical
power, a first surface radius of curvature equal to the first radius of
curvature at the optical axis, and a second surface radius of curvature
equal to the second radius of curvature at the optical axis;

an outer zone disposed about the central zone, the outer zone comprising an
inner diameter and an outer diameter equal to the outer diameter of the
clear aperture and configured to reduce a positive spherical aberration of
a cornea of an eye, the outer zone characterized by a third optical power
at the inner diameter and a negative spherical aberration, the outer zone
having an outer diameter that is equal to the outer diameter of the clear
aperture; and

an transition zone disposed between the central zone and the outer zone, the

transition zone having a radial extent that is less that a radial extent of
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the central zone and less than the radial extent of the outer zone, the
power of the intermediate zone monotonically increasing or
monotonically decreasing between the second optical power of the
central zone and the third diameter of the outer zone;

the central zone, the transition zone, and the outer zone entirely filling the clear

aperture of the optic.
23. An intraocular lens, comprising:

an optic having a clear aperture having an outer diameter, the optic comprising:

a first surface and an opposing second surface, the surfaces being disposed
about an optical axis, the first surface having a first radius of curvature
at the optical axis and the second surface having a second radius of
curvature at the optical axis, the first surface having a cross-sectional
profile along a plane that is parallel to, and passes through, the optical
axis;

a central zone disposed about the optical axis having an outer diameter, the
profile in the vicinity of the central zone having a constant radius of
curvature or a radius of curvature that increases with increasing radius
from the optical axis;

an outer zone disposed about the central zone having an inner diameter and an
outer diameter equal to the outer diameter of the clear aperture, the
profile in the vicinity of the outer zone having a base curvature with a
base radius of curvature and a center of curvature, the profile in the
vicinity of the outer zone being characterized in that, as the distance
from the optical axis increases, the distance from the center of curvature
of the base curvature monotonically increases, the profile in the vicinity
of the outer zone being configured to have a negative spherical
aberration;

the central zone and the outer zone entirely filling the clear aperture of the optic.
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