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INTRAOCULAR LENSES AND METHODS
FOR THEIR MANUFACTURE

Field of the Invention
The present invention relates to intraocular lenses. In particular, the
invention provides intraocular lenses that have a refractive index gradient.
Additionally, the lenses of the invention may be customized to a particular

individual.

Background of the Invention

The use of intraocular lenses to replace a patient’s natural lens is well
known. Generally, the intraocular lenses are formed by lathe cutting, molding, or
the like. The lenses may be fixed within the eye, such as by haptics, which typically
are attached in a secondary step. The lenses may be accommodating lenses that
move along the optical axis of the eye to provide correction for distance and near
vision. Known intraocular lenses are made of rigid materials such as polymethyl
methacrylate and the like or flexible materials such as silicone, hydrogels,

fluorocarbons, hydroxyethyl methacrylate, and the like.

Conventional intraocular lenses are disadvantageous in that the lenses are of
a single refractive index, but are used to replace the natural lens which has a gradient
refractive index. Additionally, the known intraocular lenses provide no correction
for high order ocular aberrations nor are they customized to a particular individual.
Therefore, a need exists for a intraocular lenses and methods for their production

that overcome these disadvantages.
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Brief Description of the Drawings

Fig. 1 is a magnified, cross-sectional plan view of the lens of the invention.

Description of the Invention and its Preferred Embodiments
The present invention provides intraocular lenses that incorporate one or
both of a refractive index gradient and correction for ocular wavefront aberrations.
The refractive index gradient provides a lens that is more similar to the natural
10  crystalline lens than known intraocular lenses. Additionally, the lenses of the
invention provide for a level of vision correction not previously available in

intraocular lenses.

In one embodiment, the invention provides an intraocular lens comprising,
15 consisting essentially of, and consisting of a refractive index gradient. The
intraocular lenses of the invention may be of the type that are fixed as to centration
within the eye, but move forwardly and backwardly due to ciliary muscle action.
Alternatively, the lens may be an accommodating lens meaning that the lens is
attached to the capsule, but is capable of changing radius and shape.
20
It is one discovery of the invention that by incorporating a refractive index
gradient into an intraocular lens, the performance of the lens will be improved. In
the lens of the invention, a refractive index gradient is provided, which gradient
may be formed by use of at least two layers of materials of differing refractive
25 indices. Generally, about 3 to about 12 layers may be used; preferably, about 4 to
about 6 layers are used. In the lenses of the invention, the refractive index, from the
center, or innermost layer, of the lens to its outer-most layer, may increase or
decrease. Preferably, the refractive index decreases as one moves from the
innermost to the outermost layers and ranges from about 1.52 to about 1.38, more
30 preferably about 1.50 to about 1.46, most preferably about 1.44 to about 1.40. For

those lenses made from rigid materials, preferably the refractive
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index ranges from about 1.52 to about 1.48 from the center to the outer-most layer.
For flexible materials, the range is about 1.50 to about 1.46. The change in index
5 between the layers may be equal or unequal. Similarly, the thickness of the layers

may be unequal or, preferably, equal.

The lenses of the invention may be made of any material suitable for forming
intraocular lenses. For example, the lenses may be made from a rigid material
10 including, without limitation, polymethyl methacrylate, polystyrene, polycarbonate,
or the like, and combinations thereof. Additionally, flexible materials may be used
including, without limitation, hydrogels, silicone materials, acrylic materials,

fluorocarbon materials and the like, or combinations thereof.

15 For purposes of forming the inner most layer of the lens, a high refractive
index monomer may be selected and polymerized or a first monomer with a first
refractive index may be polymerized with a second monomer having a second
refractive index in order to provide the refractive index desired. Preferably, the
monomers used to form the lenses of the invention are free-radical reactive

20 monomers.

In those lenses produced using rigid materials, the refractive index of the
material may be varied by the addition of an aromatic methacrylate,
halomethacrylate, or an aromatic halomethacrylate, or combinations thereof in an

25 amount effective to increase or decrease the material to the desired level. Suitable
aromatic methacrylates include, without limitation, phenyl methacrylate, naphthyl
methacrylate, phenylethyl methacrylate, methoxyphenyl methacrylate, o-crsyl
methacrylate, and the like, and combinations thereof. Halomethacrylates useful in
the invention include, without limitation, polyfluoroalkyl methacrylates, 2-

30 chloroethyl methacrylates, 2-bromomethacrylate, chlorocyclohexyl methacrylate,

bromocyclohexylmethacrylate, and the like, or combinations thereof.
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Suitable aromatic halomethacrylates include, without limitation, chlorobenzyl

methacrylate, bromobenzyl methacrylate, and the like, or combinations thereof.

Similarly, these materials may be used to alter the refractive index of a
flexible material such as a hydrogel or acrylic material to the desired level. In
addition, chloro- or bromostyrenes may be used. For lenses made from silicone
materials, the desired refractive index may be obtained by use of poly(dimethyl-co-

phenylmethyl) siloxane to the material.

The materials used to form the lens may be polymerized by any known
means, such as thermal, photochemical, or radiation cure using any suitable initiator
including, without limitation, a thermal initiator, a UV initiator, a visible light
initiator, and the like, or a combination thereof. To form the lenses of the invention,
the inner-most layer may be formed by casting a rod of material of the desired
refractive index and placing the rod in the center of a mold. The next lower
refractive index material is dispensed into the mold and polymerized. The process
may be repeated to add the desired number of layers of varying refractive index to
form an intraocular lens blank. The rod then is removed from the mold, cut, and

machined to form a gradient refractive index lens.

Alternatively, laminar flow mixed dosing may be used in which at least two
monomers of different refractive index are dispensed with inline mixing into a mold,
dispensing the low index material prior to the high index material. The flow rate is
adjusted so that no mixing occurs in the mold. The dispensed material then is cured

to produce a linear gradient index lens.

The conditions under which the materials are cured will depend on the

method selected to produce the lens and the materials being used to form the lens. It
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is within the skill of one of ordinary skill in the art to determine the precise cure

conditions.

In forming the lens, the flexibility of the material becomes more critical as
one moves from the inner-most layer to the outermost layer, the outermost layers
being the more flexible. This may be controlled by a number of factors including,
without limitation, the glass transition temperature, modulus, and water content of
the material. In formation of the layers making up the lens, the compatibility of one
layer with another to be added to it may be increased by treatment, such as by

plasma treatment, prior to addition of the next layer.

The lenses of the invention may be anchored within the lens capsule by any
known means such as the use of haptics. Additionally, a photoreactive tissue
cement may be used including, without limitation, fibrin, cyanoacrylate, photo-
curable gelatin, and the like, or combinations thereof. Means for anchoring the
lenses within the eye for both fixed and accommodating lenses are well known.
The lenses of the invention may be implanted in any region into which intraocular
lenses are typically implanted such as the anterior or posterior chamber, or any of a

variety of positions in or on the cornea.

In Fig. 1 is depicted lens 10 of the invention. Lens 10 has innermost layer 11
having a refractive index of 1.50. Layer 12 overlays layer 11 and is of a refractive
index of 1.49. Similarly, layers 13 and 14 overlay layers 12 and 13, respectively,

each having a refractive index of 1.48 and 1.47, respectively.

In another embodiment, the invention provides an intraocular lens for an
individual comprising, consisting essentially of, and consisting of an anterior and a
posterior surface, wherein one or both of the surfaces is suitable to substantially

correct one or more wavefront aberrations of the individual. In yet another
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embodiment, the invention provides an intraocular lens for an individual comprising,
consisting essentially of, and consisting of a refractive index gradient, an anterior
surface, and a posterior surface, wherein one or both of the surfaces is suitable to

substantially correct one or more ocular wavefront aberrations of the individual.

Ocular wavefront aberrations, generally, are wavefront aberrations of the eye
that are departures from a spherical wavefront at any position on the wavefront. The
classic description of these aberrations are spherical aberration, astigmatism, coma,

and distortion.

Alternatively, the aberrations may be mathematically described, for example
using Zernike polynomials. Apparatuses for performing the aberration
measurements include, without limitation, aberroscopes, devices that measure ocular
Modulation Transfer Function by point spread or line spread, or any similar devices
that measure, estimate, interpolate, or calculate the ocular optical wavefront. A
suitable aberroscope for carrying out the measurements is available from Wavefront
Sciences, Inc, Albuquerque, New Mexico. Preferably, the intraocular lenses of the

invention correct high order ocular wavefront aberrations.

The lenses of the invention may be designed to provide multifocal
correction. For example, in the case of the designing of an accommodating
intraocular lens, the wavefront measurement of the eye may be carried out by
providing the lens wearer visual targets at at least two different distances, a first and
a second distance. For example, one target may be provided in the lens wearer’s
distance vision zone, the target being about 15 feet or more from the eye. A second
target may be provided in the near vision zone, the target being about 30 to about 50
cm from the eye. Preferably, a target also is provided in the lens wearer’s
intermediate vision zone, the target being about 50 to about 80 cm from the wearer’s
eye. It is known in the art how to utilize available devices available for aberration

measurement at far, near and intermediate distances.
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After the aberration measurements are obtained, the measurements are
mathematically converted to a height difference thus providing an elevation map
above and below a designated mean sphere value, known as the optical path
difference. Correction for the aberrations will be provided by introduction of an
optical path difference, or aberration inverse filter, that offsets the distortions due to

the ocular aberrations.

The converted differences are used to provide the desired lens. The data may
be transformed onto a grid pattern of a rectilinear, polar concentric, or spiral format
to correspond to the mechanism by which the surface of the lens, or a mold used to
form the lens, may be tooled using a computer numeric controlled (“CNC”) lathe.
The required changes in the lens’ surface elevation or slope to achieve correction of
the aberrations may be incorporated onto the lens’ front surface, back surface, or a

combination thereof.

In the cases in which the lenses of the invention are multifocal, one or both
of the front, or convex, surface and back, or concave, surface of the lens may contain
an optic zone that corrects the lens wearer’s ocular wavefront aberrations for
distance, near, and optionally intermediate vision. In an alternative embodiment,

aberration correction may be divided between the front and back surfaces.

In addition to wavefront aberration compensating surfaces, one or more
surfaces of the intraocular lens may be of a geometry that substantially corresponds
with that of the lens wearer’s cornea. The corneal topographic data for the lens

wearer may be acquired using conventional topographers.
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What s claimed is:

1. An intraocular lens comprising, a refractive index gradient.

2. The intraocular lens of claim 1, further comprising at least two layers of

materials of differing refractive indices.

3. The intraocular lens of claim 2, further comprising about 3 to about 12 layers

of materials of differing refractive indices.

4, The intraocular lens of claim 2, wherein, from the innermost layer of the lens
to its outermost layer, the refractive indices of the layers range from about 1.52 to

about 1.38.

5. An intraocular lens for an individual comprising an anterior and a posterior
surface, wherein one or both of the surfaces is suitable to substantially correct one or

more ocular wavefront aberrations of the individual.

6. The intraocular lens of claim 5, further comprising a refractive index
gradient.
7. The intraocular lens of claim 6, further at least iwo layers of materials of

differing refractive indices.

8. The intraocular lens of claim 7, further comprising about 3 to about 12 layers

of materials of differing refractive indices,
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9. The intraocular lens of claim 7, wherein, from the innermost layer of the lens
to its outermost layer, the refractive indices of the layers range from about 1.52 to

about 1.38.

10.  The intraocular lens of claim 5, further comprising one or more surfaces of a

geometry that substantially corresponds to the individual’s corneal topography.

11.  The intraocular lens of claim 6, further comprising one or more surfaces of a

geometry that substantially corresponds to the individual’s corneal topography.

12.  The intraocular lens of claim 7, further comprising one or more surfaces of a

geometry that substantially corresponds to the individual’s corneal topography.
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FIG. 1
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