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(57) Abstract: An intraocular
lens for providing accommodative
visions to a subject includes an
adjustable optic and a haptic that
is operably coupled to the optic.
The adjustable optic comprises
an optical axis, a central zone
disposed about the optical axis,
and an annular zone surrounding
| the central zone. The optic
F may also comprise additional

annular zones disposed about the

central zone and the first annular

zone. The haptic comprises a

transparent portion protruding

' into the adjustable optic. The intraocular lens has a disaccommodative configuration in which the central zone has a base optical
QO power and an accommodative configuration in which the central zone has an add optical power that is at least about 1 Diopter
&\ greater than the base optical power, preferably at least about 2 Diopters greater than the base optical power. In some embodiments,
the add optical power is at least 3 Diopters, or even 4 Diopters, greater than the base optical power. The central zone and the
annular zone have different optical powers when the adjustable intraocular lens is in the accommodative configuration and/or when
the adjustable intraocular lens is in the disaccommodative configuration.
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Multifocal Accommodating Intraocular Lens

Background of the Invention

Field of the Invention

The present invention is directed to intraocular lenses, and more particularly to

accommodating mtraocular lenses having more than one focus or an extended depth of

focus.

Description of the Related Art

A human eye can suffer diseases that impair a patient's vision. For instance, a
cataract may increase the opacity of the lens, causing blindness. To restore the patient's
viston, the diseased lens may be surgically removed and replaced with an artificial lens,
known as an intraocular lens, or IOL. An IOL may also be used for presbyopic lens
exchange or other elective ocular surgical procedures.

Monotocal IOLs have a single focal length, or, equivalently, a single power. Unlike
the eye's natural lens, which can adjust its focal length within a particular range in a process
known as accommodation, these single focal length IOLs cannot accommodate and provide
clear vision only over a limited range of distances. As a result, distant objects may appear in
focus, while objects at a normal reading distance from the eye may appear blurred.

Vision over a broader range of distances can be obtained either through the use of a
multifocal lens, which provides different foci configured to produce focused images for
different object distances, or an aspheric lens configured to provide an extended depth of
focus or depth of field. While such lenses can improve the overall vision range, there may
also be an associated reduction in visual acuity‘ or overall visual quality.

Another approach is to use an accommodating IOL, which can adjust its axial
position and/or optical power within a particular range, similar to the eye’s natural lens. As
a result, the patient can clearly focus on objects in a range of distances from the eye, rather
than at a single distance. This ability to accommeodate is of tremendous benefit for the
patient, and more closely approximates the patient's natural vision than a single focal length
IOL. One of the challenges in accommodating IOL’s is providing a sufficient range of
accommodation with the limited amount of ocular force available from the ciliary muscle.

One solution to this problem is to combine an accommodating IOL with a multifocal or
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extended focus lens. Such approaches are disclosed in U.S. Patent Numbers 6,503,276,
6,554,859, 6,638,305, and 7,018,409,

Another consideration is the location of the IOL within the eye. In the case of a
pseudophakic eye, the IOL that replaces the eye’s natural lens is commonly implanted within
the capsular bag of the eye. The IOL has an optic, which refracts light that passes through it
and forms an image on the retina, and a haptic, which mechanically couples the optic to the
capsular bag. In the case of an accommaodating IOL, the ciliary muscle and zonules exert a
force on the capsular bag, which in turn exerts a force on the optic. The force may be
transmitted from the capsular bag directly to the optic, or from the capsular bag through the
haptic to the optic.

A desirable optic for an accommodating IOL is one that distorts in response to a
squeezing or expanding radial force applied to the optic (i.e., by pushing or pulling on or
near the edge of the optic, circumferentially around the optic axis). Under the influence of a
squeezing force, the optic bulges slightly in the axial direction, producing more steeply
curved anterior and/or posterior faces, and producing an increase in the power of the optic.
Likewise, an expanding radial force produces a decrease in the optic power by flattening the
optic. This change in power is accomplished in a manner similar to that of the natural eye
and 1s well adapted to accommodation. Furthermore, this method of changing the lens
power may reduce undesirable pressures exerted on some of the structures in the eye.

One challenge in implementing such an optic is designing a suitable haptic to couple
the optic to the capsular bag. The haptic should allow distortion of the optic in an efficient
manner, so that a relatively small ocular force from the ciliary muscle, zonules, and/or

capsular bag can produce a relatively large change in power and/or axial location of the

image. This may reduce fatigue on the eye, which is generally desirable.

Accordingly, there exists a need for an intraocular lens having a haptic with
increased accommodative range and enhanced efficiency in converting a zonular force to a
change in power and/or a change in axilal location of the image. Better methods of
implementing multifocal and extended focal IOL’s into accommodating IOL’s are also
needed as a means for supplementing the overall accommodative range available to the eye.

Summary of the Invention

Embodiments of the present invenfion are directed to devices and methods for

providing accommodative vision. One aspect ol the present invention involves an

intraocular lens that comprises an adjustable optic and a haptic or mounting structure that is

-
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operably coupled 1o the optic. The adjustable optic comprises an optical axis, a central zone
disposed about the optical axis, and an annular zone surrounding the central zone. The optic
may also comprise additional annular zones disposed about the central zone and the first
annular zone., The haptic comprises a transparent poriion protruding into the adjustable
optic. The intraocular lens has a disaccommodative configuration i which the central zone
has a base optical power and an accommodative configuration in which the central zone has
an add optical power that is at least aboutl Diopter greater than the base optical power,
preferably at least about 2 Diopters greater than the base optical power, and even more
preferably at least 3 Diopters, or even 4 Diopters, greater than the base optical power. The
central zone and the annular zone have different optical powers when the adjustable
intraocular lens is m the accommodative configuration and/or in the disaccommodative
configuration.

As used herein “base optical power” or “base power” means power (in Diopters) of
an 10L or other ophthalmic lens or lens system that is required to provide distant vision at
the retina of a subject eye. As used herein “add optical power” or “add power” means a
ditference i power (In Diopters) between power required provide distant vision and the
power of the lens portion having the add optical power. When the add optical power is a
positive quantity, it 1s the difference in power between power required provide distant vision
and the power required to focus light from an object at some finite distance from the eye.
Alternatively, the add optical power may be a negative quantity.

In another aspect of the present invention, an intraocular lens comprises an
adjustable optic and a haptic that 1s operably coupled to the optic. The optic comprises an
optical axis, a central zone disposed about the optical axis, and an annular zone surrounding
the central zone. The optic may also comprise additional annular zones disposed about the
central zone and the first annular zone. The haptic comprises a transparent portion
protruding into the adjustable optic. The intraocular lens has a natural configuration in
which the central zone has a base optical power and a stressed configuration in which the
central zone has an add optical power that is at least 1 to 4 Diopters greater than the base
optical power. The central zone and the annular zone have different optical powers when the
intraocular lens 1s 1n the stressed configuration and/or when the optic i1s in the natural
configuration. Alfernatively, the intraocular lens may have a natural configuration in which

the central zone has the add optical power and a stressed configuration in which the central
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zone has a base optical power, wherein the add optical power is at least 1 to 4 Diopters
greater than the base optical power.

In yet another aspect of the present invention, a method of providing accommodative
vision to a subject comprises providing an intraocular lens according to an embodiment of
the invention that includes an optic having a central zone and an annular zone surrounding
the central zone. The method also comprises placing the intraocular lens into the eye of a
subject in a disaccommodated configuration in which the central zone has a base optical
power. The method further comprises adjusting the intraocular lens to an accommodated
configuration in which the central zone has an add optical power that is at least 1 to 4
Diopters greater than the base optical power. The central zéne and the annular zone
simultancously have different optical powers when the infraocular lens is in the
accommodated configuration and/or when the optic is in the disaccommodative
configuration.  Alternatively, the intraocular lens may be placed into the eye in an
accommodated configuration in which the central zone has the add optical power, wherein
the mtraocular lens 1s adjusted to a disaccommodated configuration in which the central
zone has a base optical power that is suitable for providing intermediate and/or distant
vision. In any event, when the intraocular lens is in the accommodated configuration, the
central zone and/or surrounding zone is suitable for providing vision for objects that are
relatively close to the subject (e.g., 12 to 24 inches from the subject) or objects at
intermediate distances (e.g., 2 to 5 feet from the subject). When the intraocular lens is in the

disaccommodated configuration, the central zone and/or surrounding zone is suitable for

providing vision for objects that are distant (e.g., greater than 20 feet from the subject)

and/or objects at intermediate distances.

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

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 13 a plan drawing of a human eye having an implanted intraocular lens in an

accommodative or "near" state.

FIG. 2 1s a plan drawing of the human eye of FIG. 1 in a disaccommodative or "far"

state,
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FIG. 3 1s an isometric view of an intraocular lens according to a first embodiment of
the mvention showing an optic operably coupled to a haptic.
FIG. 4 is an 1sometric view of the haptic only from the intraocular lens shown in

FIG. 3.

FI1G. 5 1s a cross-sectional isometric view of the infraocular lens of FIG. 3 showing a
haptic segment operably coupled to an optic segment.

F1G. 6 1s a cross-sectional view through the section 6-6 of FIG. 3 showing a portion
of a haptic protruding into an optic and the intraocular lens in a disaccommodative state.

F1G. 7 is a cross-sectional view of the infraocular lens shown in FIG. 6 in an

accommodative state.

FIG. 8 is a block diagram of a method implanting an intraocular lens and providing

accommodative vision.

FICG. 9 1s a front view of an intraocular lens according to a second embodiment of the
invention.

FI1G.10 15 a cross-sectional view through the section 10-10 of FIG. 9.

F1G. 11 1s a front view of the haptic only from the intraocular lens shown in FIG. 9.

FIG. 12 15 a cross-sectional view through the section 12-12 of FIG. 11.

F1G. 13 1s an 1sometric view of an intraocular lens according to a third embodiment

of the invention.

FI1G. 14 1s a cross-sectional 1sometric view of the intraocular lens of FIG. 13 showing

a haptic segment operably coupled to an optic segment.

FIG. 15 1s a front view of the intraocular lens shown in FIG. 13

In a healthy human eye, the natural lens is housed in a structure known as the
capsular bag. During natural accommodation, the capsular bag is driven by a ciliary muscle
and zonular fibers (also known as zonules) in the eye, which can pull on the capsular bag to
change its shape. The motion of the capsular bag generally deforms the natural lens in order
to change 1ts power and/or the location of the lens, so that the eye can focus on objects at
varying distances away from the eye in a process known as accommodation. Embodiments
of the present invention are directed to intraocular lenses that advantageously utilize the
ocular forces produced by the ciliary muscle, zonules, and/or capsular bag to change the
shape of the lens optic. Such an accommodating lens may produce vastly improved vision

over a lens with a fixed power and location that does not accommodate. As used herein the
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term “ocular force” means a force that is sufficient to provide accommodation in the eye of a
healthy human subject.

F1G. 1 shows a human eye 10, after an accommodating intraocular lens 11, according
to an embodiment of the present invention, has been implanted. Prior to surgery, the natural
lens occupies essentially the entire interior of the capsular bag 18. After surgery, the
capsular bag 18 may house the intraocular lens 11. Alternatively, the intraocular lens 11
may be configured to directly engage the zonules or ciliary muscle.

Light enters from the eye 10 from the left of FIG. 1 and passes through the cornea
12, the anterior chamber 14, the iris 16, and is directed onto the intraocular lens 11. After
passing through the intraocular lens 11, light exits the posterior wall 20 of the capsular bag
138, passes through the posterior chamber 32, and strikes the retina 22, which detects the light
and converts it to a signal transmitted through the optic nerve 24 to the brain.

A well-corrected eye forms an image at the retina 22. If the intraocular lens 11 has
too much or too little power, the image shifts axially along the optical axis away from the
retina, toward or away from the lens 11. Note that the total power of the eye (e.g., the
combined power of cornea 12 + intraocular lens 11) required to focus on a close or near
object 1s more than the power required to focus on a distant or far object. The difference
between the "near power" and "{ar power" is known typically as the range of accommodation
or the add power. A typical range of accommodation or add power is about 2 to 4 diopters,
but may be significantly larger for younger human subjects.

The intraocular lens 11 may be designed so that its relaxed or natural state is the
'tar" or “distant” condition (sometimes referred to as a "disaccommodative biased"
intraocular lens), the "near" condition (an "accommodative biased" intraocular lens), or some
condition 1n between the two. As used herein, the terms “natural state”, “natural
configuration”, “relaxed state”, and “relaxed condition” refer to a condition of an intraocular
lens in which no external forces (e.g., ocular forces from the ciliary muscle, zonules, or
capsular bag) are acting upon the intraocular lens 40 or haptic 44.

The capsular bag 18 is acted upon by the ciliary muscle 25 via the zonules 26, which
distort the capsular bag 18 by stretching it radially in a relatively thick band about its
equator. Experimentally, it is found that the ciliary muscle 25 and/or the zonules 26
typically exert a total force of up to about 10 grams of force, which is generally distributed
uniformly around an equatorial region of the capsular bag 18. Although the range of ocular

force may vary from patient to patient, the range of accommodation for each subject is

6-
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generally limited by the total ocular force available. Therefore, it is generally preferred that
the intraocular lens 11 be configured to vary its power over the full range of accommodation
in response to this limited range of ocular forces (e.g., to provide at least 3 Diopters or 4
Diopters of accommodative power). In other words, it is desirable to have a relatively large
change in power for a relatively small driving force. Alternatively, the effective range of
accommodation may be increased by incorporating a lens having a multifocal or extended
depth-of-focus configuration.

The mtraocular lens 11 generally has two components: an optic 28 made of a
transparent, deformable and/or elastic material, and a haptic 30 configured to hold the optic
28 1n place and to mechanically transfers forces from the eye (e.g., from the capsular bag 18
or ciliary muscle 25) to the optic 28. The haptic 30 may have an engagement member with a
central recess that is sized to receive the peripheral edge of the optic 28.

When the eye 10 is focused on a relatively close objéct, as shown in FIG. 1, the
ciliary muscle 25 is compressed, which causes the zonules 26 to relax and allow the
equatorial region of the capsular bag 18 to contract. The capsular bag 18 in this state is
thicker at its center and has more steeply curved sides. As a result, the power of the lens is
relatively high (e.g., the radii of curvature of one or both of the lens surfaces can decrease,
and/or the lens can become thicker, and/or the lens can move axially), placing the image of
the relatively close object at the retina 22. Note that if the lens could not accommodate, the
image of the relatively close object would, for an emmetropic eye, be located behind the
retina, and would appear blurred.

FI1G. 2 shows a portion of the eye 10 focused on a relatively distant object. To focus
on the distant object, the zonules 26 are retracted and the shape of the capsular bag 38 is
thinner at its center and has less steeply curved sides. This reduces the lens power by
flattening (i.e., lengthening radii of curvature and/or thinning) the lens, placing the image of
the relatively distant object at the retina (not shown).

For both the "near” case of FIG. 1 and the "far" case of FIG. 2, the accommodating
intraocular lens deforms and changes shape in response to the ciliary muscle 25 and/or to the
distortion of the capsular bag 18. For the "near" object, the haptic 30 compresses the optic
28 at its edge, increasing the thickness of the optic 28 at its center and more steeply curving
its anterior face 27 and/or its posterior face 29. As a result, the lens power increases. For
the "far" object, the haptic 30 expands, pulling on the optic 28 at its edge, and thereby

decreasing the thickness of the optic 28 at its center and less steeply curving (e.g.,

e
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lengthening one or both radius of curvature) its anterior face 27 and/or its posterior face 29.
As a result, the lens power decreases.

Note that the specific degrees of change in curvature of the anterior and posterior
faces 27, 29 depend on the nominal curvatures. Although the optic 28 is drawn as bi-
convex, they may also be plano-convex, meniscus or other lens shapes. In all of these cases,
the optic 28 1s compressed or expanded by forces from the haptic to the edge and/or faces of
the optic 28. In addition, there may be some axial movement of the optic 28. In some
embodiments, the haptic 30 is configured to transfer the generally symmetric radial forces
symmetrically to the optic 28 to deform the optic 28 in a spherically symmetric way.
However, in alternate embodiments the haptic 30 is configured non-uniformly (e.g., having
different material properties, thickness, dimensions, spacing, angles or curvatures), to allow
for non-uniform transfer of forces by the haptic 30 to the optic 28. For example, this could
be used to compensate for astigmatism, coma or other asymmetric aberrations of the eye/lens
system. The optics 28 may optionally have one or more diffractive, multifocal, and/or
aspheric elements or surfaces.

Referring to FIGS. 3-7, in certain embodiments, an intraocular lens 40 comprises an
adjustable optic 42 and a haptic 44. The optic 42 has a clear aperture 43 that includes an
anterior surface 45 and a posterior surface 46. The clear aperture includes a central zone 48
disposed about an optical axis OA and a surrounding or annular zone 50 surrounding the
central zone 48.

The haptic 44 may comprise a plurality of arms 52 that protrude into the adjustable
optic 42 and into the clear aperture 43. In order to provide a large clear aperture, the haptic
44 and arms 52 includes transparent portions 53 that protrude into the adjustable optic 42
and into the clear aperture 43. The haptic 44 and arms 52 generally protrude into the annular
zone 50 but may also partially protruded into the central zone 48. The haptic 44 and arms 52
are configured to deform the central zone 48 in response to an ocular force from the ciliary
muscle and/or capsular bag, thereby changing the power of the central zone 48 by at least |
Diopter, preferably by at least 2 Diopters or at least 4 Diopters. By contrast the annular zone
50 does not change shape in response to an ocular force or changes shape by an amount that

produces less accommodative power change than the power change of the central zone 48

(e.g., changes power by less than I Diopter in response to an ocular force, less than 0.5

Diopters in response to an ocular force, or less than 0.25 Diopters in response to an ocular

force).
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The transparent portion 53 preferably has a transmissivity of at least about 8§0%,
more preferably of at least 90% or even 95%. In some embodiments, the haptic 44 is made
of a material that has a refractive index that is substantially equal to the refractive index of
the optic 42, thus reducing or eliminating glare and aberration problems that could be
introduced by a mismatch in refractive indices.

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 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 for forming the
conjugate image of an object. or for focusing light from a distant point source to a single
focus or to a plurality of predetermined foci, in the case of a multifocal optic or lens. It will
be appreciated that the term clear aperture does not limit the transmittance of lens or optic to
be at or near 100%, but also includes lenses or optics having a lower transmittance at
particular wavelengths or bands of wavelengths at or near the visible range of the
electromagnetic radiation spectrum. In some embodiments, the clear aperture has the same
or substantially the same diameter as the optic 42. Alternatively, the diameter of the clear
aperture may be smaller than the diameter of the optic 42, for example, due to the presence
of a glare or PCO reducing structure disposed about a peripheral region of the optic 42.

The intraocular lens 40 and the optic 42 may be adjusted between an accommodative
state and a disaccommodative state. For example, referring to FIG. 6, the optic 42 has a
disaccommodative configuration or state in which the central zone 48 has a base optical
power suitable for distant vision. Referting to FIG. 7, the intraocular lens 40 has an
accommodative configuration or state in which the central zone 48 has an add optical power
suitable for near or intermediate vision. The base optical power is generally selected to
provide a subject with distant vision (e.g., for objects at distances greater than 20 feet from
the subject), while the add optical power of central zone 48 may be exploited to provide a
subject with better vision for near objects (e.g., for objects at distances between 12 to 24
inches from the subject) and/or intermediate distances (e.g., for objects at distances between
2 to 5 feet from the subject). Accordingly, the add power is preferably at least about 1
Diopter greater than the base optical power, more preferably at least 2 Diopters greater than
the base optical power, and even more preferably at least 3 Diopters or 4 Diopters greater
than the base optical power. In the illustrated embodiment, the add optical power is

produced by the decreasing radius of curvature of the anterior and posterior surfaces 45, 46,

0.
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as illustrated by comparing FIG. 7 to FIG. 6. In some embodiments, the optical add power
may be supplemented by accommodative movement of the optic 40 in the anterior direction
(e.2., away from the retina of the eye). While the add optical power will generally comprises
a positive change in the accommodative power, the add optical power may alternatively be a
negative add power.

In certain embodiments, the surrounding zone 50 also has a base optic power when
the intraocular lens 40 is in a disaccommodative state and an add optical power when the
intraocular lens 40 is in an accommodative configuration. The add optical power of the
surrounding zone 50 may be equivalent to the add optical power of the central zone 48.
Alternatively, the add optical power of the surrounding zone 50 may be greater than or less
than the add optical power of the central zone 48. This difference in the add power between
the central and surrounding zones 48, 50 may be the result of differences in how forces on
the haptic 44 are {ransferred to the zones 48, 50,

In addition to providing accommodative power, the central and annular zones 48, 50
generally combine to provide a multifocal lens when the intraocular lens is in the
accommodative state, the disaccommodative states, and/or at intermediate states
therebetween. Thus, for any given state or configuration of the central and annular zones 48,
50, the intraocular lens 40 may be configured to generally provide an extended depth of
focus or multiple foci that allows resolution of objects at varying distances (e.g.,
simultaneously providing near and intermediate vision, or simultaneously providing
intermediate and distant vision).

T'he multifocality of the intraocular lens 40 (e.g., the differences in optical power of
the central and surrounding zones 48, 50) may be produced by a radius of curvature between
the anterior and/or posterior surfaces 45, 46 of the central zone 48 and the surrounding zone
50. For example, referring to FIGS, 6 and 7, the radius of curvature of the anterior and
posterior surfaces 45, 46 in the region of central zone 48 is less than the radius of curvature
of those surfaces in the region of the surrounding zone 50, both in the accommodative state
(F1G. 6) and disaccommodative state (FIG. 7). It will be appreciated that the difference in

the radius curvatures in the central and annular zones 48, 50 have been exaggerated for

lustrative purposes. In some embodiments, the larger radius of curvature in the
surrounding zone 50 is selected to provide distant vision, while the smaller radius of

curvature of the central zone 48 is selected to provide a larger optical power suitable for

intermediate vision and/or near vision. In some embodiments, the difference in optical
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power of the two zones 48, 50 is at least partially provided by a diffractive grating or phase

plate that is placed on one or both surfaces of the central zone 48 and/or the surrounding

zone 50,

In the illustrated embodiment, the central zone 48 has a greater optical power than
the surrounding zone 50. Alternatively, the central zone 48 may have the same or less
optical power than the surrounding zone 30 when the intraocular lens 40 is in the
accommodative configuration, the disaccommodative configuration, or in some state
between the accommodative and disaccommodative configurations. In some embodiments,
the zones 48, 50 are configured to have the same optical power (e.g., to be a monofocal lens
having substantially a single focus) when the intraocular lens 40 is in either the
accommodative state or disaccommodative state. Alternatively, the zones 48, 50 may be
configured to have the same optical power at an intermediate state of the intraocular lens 40
and different optical powers when the intraocular lens 40 is in either the accommodative

state or disaccommodative state.

The diameter of central and surrounding zones 48, 50 may selected to provide a
predetermined mix of near, distant, and/or intermediate vision that varies as a function of
lighting conditions (e.g., as a function of the amount of the optic 42 exposed as the iris of the
varies 1n size). For example, diameter of the cenfral zone 48 may be at least about 2
millimeters. Alternatively, the diameter of the central zone 48 may be greater than 3
miliimeters or greater than 4 millimeters. In some embodiments, the outer diameter of the
surrounding zone 1s greater than about 4 millimeters, preferably greater than or equal to 3
millimeters or greater than or equal to 6 millimeters. In certain embodiments, the optic 42
comprises one or more additional zones surrounding the zones 48, 50, for example, to
further adjust the mixture of near, distant, and/or intermediate vision as a function of lighting
conditions. In some embodiments, the optic 42 further comprises an intermediate or
transition zone disposed between the central and surrounding zones 48, 50 that is configured,
for example, to preclude discontinuities between the zones 48, 50 that could produce glare or
other unwanted optic effects.

In some embodiments, the central zone 48 and/or the surrounding zone 50 has at
least one surface 45, 46 that is aspheric and/or toric in shape and that may be configured to -
correct an aberration of the eye (e.g., astigmatism, spherical aberrations, coma, and the like).
The aspheric or toric shape and associated correction may be present when the intraocular

lens 40 1s 1n the accommodative configuration, the disaccommodative configuration, or both
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the accommodative and disaccommeodative éonﬁguralions. The central zone 48 and/or the
surrounding zone 50 may comprises a diffractive grating or phase plate that is configured to
increase or decrease the optical power of the one zone as compared to the remaining zone
(which may also include a diffractive zone or grating having a different power). In some

embodiments, the diffractive grating or phase plate may be configured to correct for a
chromatic aberration.

The optic 42 and the haptic 44 may be integrally made of a single material.
Alternatively, the optic 42 may be made of material from one family and the haptic 44 may
be made of material from another family (e.g., one from an acrylic family member and the
other from a silicone family member). One or both of the optic 42 and the haptic 44 may be
made of a hydrophilic material. In some embodiments, the intraocular lens 40 is fabricated
such that the optic 42 is stressed by the haptic 44 when the intraocular lens 40 is in a natural
state in which there are no external forces acting on the intraocular lens 40. Examples of
this type of pre-stressing of an optic are discussed in co-pending U.S. Patent Publication

2008/0161914. Other haptic configurations

may be incorporated into embodiments of the present invention such as, for examples, those

discussed in co-pending U.S. Patent 7,713,299.

The optic 42 may be made from a relatively soft material and configured so that at
least a portion of the optic 42 distorts or changes shape readily under the limited deforming
force initiated by the ciliary muscle and/or capsular bag and transmitted through the haptic
44, An exemplary material is a relatively soft silicone material, although other suitable
materials may be used as well, The stiffness of the optic 42 may be less than 500 kPa, or
preferably may be between 0.5 kPa and 500 kPa, or more preferably may be between 10 kPa
and 200 kPa, or even more preferably may be between 10 kPa and 50 kPa or between 25 kPa
and 50 kPa. In contrast with the optic 42, the haptic 44 may be made from a relatively stiff
material, so that it can efficiently transmit the deforming forces from the capsular bag to the
optic 42. An exemplary material is a relatively stiff silicone material, although other suitable
materials may be used as well, such as acrylic, polystyrene, or clear polyurethanes. The
haptic 44 may preferably be stiffer than the optic 42. The stiffness of the haptic 44 may be
greater than S00 kPa, or preferably may be greater than 3000 kPa.

Various types of materials, haptic configurations, and/or optic configurations may be

utilized to provide a predetermined amount of optic distortion or shape change in response to
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an ocular force, either to the optic 42 or to any other optic embodiment discussed or
suggested herein. Examples of such materials and mechanisms for providing a desired
amount of optic shape change or distortion due to ocuiar forces may be found in USPN
7,125,422 and in US Patent Application Numbers 2004/0082993, 2004/0111153, and
2005/0131535. As an

example, the optic 42 may comprise an optic body and a liquid or gel material disposed
within a void of the optic body. Such an optic structure may be configured to both provide a
low optic stiffness and to maintain an overall optic shape that is suitable for vision.

In certain embodiments, a method 100 of implanting an intraocular lens and
providing accommodative vision to a subject comprises an operational block 110 of
providing the intraocular lens 40 having a central zone 38 and a surrounding zone 40. The
method also comprises an operational block 120 of placing the intraocular lens 40 into the
eye of a subject in a disaccommodated configuration in which the central zone has a base
optical power. The method 100 further comprise an operational block 130 of adjusting or
causing the intraocular lens to bave an accommodated state within the eye, wherein the
central zone 48 has an add optical power that is at least 1 Diopter greater than the base
optical power, preferably 2 Diopters ‘greater than the base optical power, and even more
preferably 3 to 4 Diopters greater than the base optical power. Generally the central zone 48
and the surrounding zone 50 simultaneously have different optical powers when the optic 42
is in the accommodated configuration and/or when the optic 42 is in the disaccommodative
configuration.

The method 100 is generally used in conjunction with an intraocular lens having a

disaccommodative bias. For example, the intraocular lens 42 may be configured to have a

disaccommodative bias such that the suwrrounding zone 40 has an optical power that is
selected to provide distant vision when the intraocular lens 40 1s in a natural configuration in
which there are no extemnal forces on the haptic 44, Thus, when the intraocular lens 40 1s

placed into the eye 10, it has a relatively elongate shape in a direction that is perpendicular 1o
the optical axis OA, as illustrated in FIG. 6.

In operational block 130, the intraocular lens is adjusted to have an accommodative
configuration as an ocular force F (illustrated in FIG. 7) radially pushes the haptic 44 toward
the optical axis OA. This places the intraocular lens 40 in a stressed state or configuration

so that the adjustable optic 42 deforms and/or thickens into a more oval shape that will

increase the optical power of the central zone 48 and optionally increase the optical power of
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the surrounding zone 50. The ocular force F is typically within a range of at least about 1
gram to about 10 grams, preferably within a range of 5 to 10 grams. In some embodiments,
the ocular force 1s relatively small, for example, within a range of about 1 to 5 gram or about
I to 3 grams. Within the art, an understanding of the physiology of the eye is still
developing. Thus, other ranges of ocular forces able to provide the above ranges of relative
and/or absolute thickness change are anticipated as the physiology of the eye is better
understood. Such ranges of ocular forces are also consistent with embodiments of the
present invention as disclosed herein.

The intraocular lens 40 may be placed in the capsular bag 18 of the eye 10, such that
an outer periphery >4 of the haptic 44 1s in contact with an equatorial region of the capsular
bag 18. In such embodiments, a contraction of the ciliary muscle 25 causes the capsular bag
18 to produce the ocular force F, causing the intraocular lens 40 into the accommodating
configuration. Alfernatively, the intraocular lens 40 may be configured for placement in
another portion of the eye 10. For example, the intraocular lens 40 may be configured for
placement in front of the capsular bag 18 so that the haptic 44 is in direct contact with the
ciliary muscle 25 or even the zonules 26.

Referring to FIGS. 9-12, an intraocular lens 240 comprising an adjustable optic 242
and a haptic 244 may be configured to have a disaccommodative bias when placed into the

eye 10. The optic 242 includes a central zone 248 and a surrounding zone 250 that are

similar fo the zomes 48, 50, respectively. The intraocular lens 240 is similar to the

mtraocular lens 40 with at least the exception that it includes an inner ring 246. At least a
portion of the inner ring 246 is transparent and has a transmissivity of at least 80%,
preferably at least 90% or even 95%. The haptic 244 further comprises a plurality of arms
252 that connect the inner ring 246 with the peripheral portion 251. In the illustrated

embodiment, there are eight arms 252; however, more or fewer arms may be used (e.g., 4
arms or 16 arms).

The 1nner ring 246 1s configured to deform an optic 242 in response to an ocular
force acting on a peripheral portion 251 of the haptic 244. The inner ring 246 is shown in
the form of a contiguous ring in FIGS. 9 and 11. Alternatively, the inner ring 246 may be in
the form of a broken ring with radial voids between ring segment, for example, with a radial
void disposed between 'each of the arms 252. The peripheral portion 251 may be in the form

of a contiguous ring, as shown in the illustratied embodiment, or in the form of a broken ring.
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Either or both rings 246, 251 may have shapes that are not circular and may be shaped to
distribute an ocular force about the optic 242 1n a predetermined manner.

The arms 252 may include void portions 254 configured to reduce the mass of the
intraocular lens 240 and the haptic 244. Such reduction in mass may be utilized to allow the
ocular force F to be more completely transmitted to the inner ring 246 and optic 242. The
void portions may be triangular in shape, as illustrated in FIGS. 9 and 11, or may have some
other shape (e.g., circular or rectangular) that may be selected to provide a desired mass
reduction and/or distributioon of forces on the inner ring 246 and/or adjustable optic 242.

The thickness along the optical axis OA of inner ring 246 (and/or of portions of the
haptic 244 disposed within the adjustable optic 242) may be selecied to control the amount
and/or distribution of an ocular force acting on the intraocular lens 240. For example, in
some embodiments, the performance (e.g., the change Diopter power of the intraocular lens
240 between accommodative and disaccommodative configurations) increases as the edge
thickness increases. In such embodiments, other design constraints (e.g., optical
performance or physical constraints of the eye) may, however, place an upper limit on the
maximum optic edge thickness. In some embodiments, the ring portion 246 of the haptic
244 has a maximum axial thickness that is at least one half a maximum axial thickness of the
central zone, as illustrated in FIG. 10. In other embodiments, the ring portion 246 of the
haptic 244 has a maximum axial thickness that is at least 75% of a maximum axial thickness
of the central zone. These and other predetermined relationships between axial thicknesses
of the protruding portions of the haptic 244 and the axial thicknesses of the optic 242 may
also be advantageously applied to other embodiments of the invention discussed or
suggested herein. Also, where applicable, any of the features, limits, and so forth disclosed
with regard to the intraocular lens 40 may also be applied to the intraocular lens 240,

Referring to FIGS. 13-15, an intraocular lens 340 comprising an adjustable optic 342
and a haptic 344 may be configured to have an accommodative bias when placed into the eye
10. The optic 342 includes a central zone 348 and a surrounding zone 350 that are similar to
the zones 48, 50, respectively, of the previous embodiment. The haptic 344 comprises a
plurality of arms 358 connected together at their distal ends by an external ring 360 and at
their proximal ends by an inner ring 362 disposed within the optic 342. In the illustrated
embodiment, there are eight arms 358; however, more or fewer arms may be used. Similar
to the infraocular lens 240, at least a portion 354 of the ring 362 is transparent and has a

transmissivity of at least about 80%, preferably at least 90% or even 95%. Preferably, the
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refractive index of the inner ring is substantially the equal to the refractive index of the
adjustable optic 342.

In contrast to the intraocular lens 240, the outer surface of the haptic 344 is
configured to confact a relatively larger region of a capsular bag 18, for example, a region
that extends beyond an equatorial region of the capsular bag 18. In the illustrated
embodiment, the haptic comprises an outer surface 364 that is configured to conform to at
jeast one of the anterior and posterior capsules of a capsular bag into which the intraocular
lens is placed. The relatively large surface area of the outer surface 364 of the haptic 344
may be ufilized to provide increased adhesion between the capsular bag and the intraocular
lens 340.

Because of this increased adhesion, the intraocular lens 340 may be better suited for
use as an accommodatively biased intraocular lens or other configurations where the
intraocular lens is pulled outwardly by the capsular bag. In certain embodiments, a method
implanting the intraocular lens 340 and providing accomunodative vision is similar to that of
the method 100, except that the intraccular lens 340 is placed into the eye in an
accommodated configuration and adjusted to a disaccomumnodative configuration by using the
walls of a capsular bag to pull radially outward on the inner ring 362 and the adjustable optic
342, Where applicable, any of the features, limifs, and so forth disclosed with regard to the

intraocular lenses 40, 240 may also be applied to the iniraocular lens 340.

The description of the invention and its applications as set forth herein is illustrative
and 1s not intended to limit the scope of the invention. Variations and modifications of the
embodiments disclosed herein are possible, and practical alternatives to and equivalents of
the various elements of the embodiments would be understood to those of ordinary skill in
the art upon study of this patent document. The scope of the claims should not be limited by
the preferred embodiments or the examples but should be given the broadest interpretation

consistent with the description as a whole.
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What 1s claimed 1s:

1. An intraocular lens, comprising:

an adjustable optic disposed about an optical axis comprising a clear aperture that
includes a central zone disposed about the optical axis and an annular zone surrounding the
central zone; and

a haptic comprised of a plurality of arms, each arm comprised of a proximal end and a
distal end, wherein the proximal ends of each arm protrude into the adjustable optic, and wherein
the distal ends of each arm are connected by an external ring;

the intraocular lens having a disaccommodative configuration in which the central zone
has a base optical power and an accommodative configuration in which the central zone has an
add optical power that 1s at least 1 Diopter greater than the base optical power;

the central zone and the annular zone simultaneously having different optical powers
when the adjustable intraocular lens i1s in the accommodative configuration or when the

adjustable intraocular lens is in the disaccommodative configuration.

2. The 1ntraocular lens of claim 1, wherein the intraocular lens is configured to produce
one of the lens configurations in response to an ocular force produced by the eye of a subject into

which the intraocular lens 1s placed.

3. The intraocular lens of claim 2, wherein the ocular force is less than about 6 grams.

4. The intraocular lens of claim 2, wherein the ocular force i1s produced by a

deformation of the capsular bag of the eye.

5. The intraocular lens of claim 1, wherein the add optical power is at least 3 Diopters

greater than the base optical power thereof.

6. The intraocular lens of claim 1, wherein the intraocular lens has a disaccommodative
bias 1n which the intraocular lens has the disaccommodative configuration when the lens is 1n a

natural state.
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7. The intraocular lens of claim 1, wherein the haptic portion has an inner diameter that

1s equal to an outer diameter of the central zone.

8. The intraocular lens of ciaim 1, wherein the optical power of the central zone, for at

least one of the lens configurations, is greater than the optical power of the annular zone.

9. The intraocular lens of claim 1, wherein the add power of central zone is at least 3

Diopters greater than the base optical power thereof.

10. The intraocular lens of claim 1, wherein the haptic portion has a maximum axial

thickness that 1s at least one half a maximum axial thickness of the central zone.

11. The intraocular lens of claim 1, wherein the haptic portion has a refractive index that

1s substantially equal to a refractive index of the adjustable optic.

12. The 1ntraocular lens of claim 1, wherein the haptic comprises an outer surface that is
configured to conform to at least one of the anterior capsule and the posterior capsule of a

capsular bag into which the intraocular lens is placed.

13. The intraocular lens of claim 1, wherein the haptic protrudes into the edge of the

adjustable optic. -
14. The intraocular lens of claim 1, wherein the haptic is stiffer than the adjustable optic.

15. The intraocular lens of claim 1, wherein the haptic comprises at least two materials

having different stiffnesses.

16. The intraocular lens of claim 1, wherein the adjustable optic comprises a material

having a stiffness that is less than 50 kPa.

17. The intraocular lens of claim 1, wherein the adjustable optic comprises a material

having a stiffness that is less than 100 kPa.

18. An intraocular lens, comprising:
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an adjustable optic disposed about an optical axis comprising a clear aperture that
includes a central zone disposed about the optical axis and an annular zone surrounding the
central zone; and

a haptic comprised of a plurality of arms, each arm comprised of a proximal end and a
distal end, wherein the proximal ends of each arm protrude into the adjustable optic, and wherein
the distal ends of each arm are connected by an external ring;

the intraocular lens having a natural configuration in which the central zone has a base
optical power and a stressed configuration in which the central zone has an add optical power
that 1s at least 1 Diopter greater than the base optical power;

the central zone and the annular zone simultaneously having different optical powers

when the intraocular lens is in the stressed configuration and/or when the optic is in the natural

configuration.

19. The intraocular lens of claim 18, wherein the intraocular lens has a disaccommodative
bias.

20. Use of an intraocular lens comprising:

an adjustable optic disposed about an optical axis comprising a clear aperture that

includes a central zone disposed about the optical axis and an annular zone surrounding the
central zone; and

a haptic comprised of a plurality of arms, each arm comprised of a proximal end and a

distal end, wherein the proximal ends of each arm protrude into the adjustable optic, and wherein

the distal ends of each arm are connected by an external ring;

for providing accommodative vision to a subject, wherein the intraocular lens is adapted
for placement into the eye of a subject in a disaccommodated configuration in which the central
zone has a base optical power and adapted for subsequent adjustment to an accommodated

configuration in which the central zone has an add optical power that is at least 1 Diopter greater
than the base optical power;

wherein the central zone and the annular zone simultaneously have different optical
powers when the intraocular lens is in the accommodated configuration and/or when the optic is

in the disaccommodative configuration.
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