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[0001] TORIC LENS WITH DECREASED SENSITIVITY TO CYLINDER POWER AND
ROTATION AND METHOD OF USING THE SAME

Field of the Invention

[0002] The present invention is related to vision correction, and, more particularly, to
vision correction using a toric lens with decreased sensitivity to cylinder

power and rotation.

Backqground of the Invention

[0003] Surgery on the human eye has become commonplace in recent years., Many

patients pursue eye surgery as an elective procedure, such as to avoid the

CA 2804777 2018-03-14
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[0004]

[0005]

[0006]

use of contacts or glasses, and other patients may find it necessary to
pursue surgery to correct an adverse condition in the eye. Such adverse
conditions may include, for example, cataracts or presbyopia, as well as
other conditions known to those skilled in the art that may negatively affect

elements of the eye.

The anatomy and physiology of the human eye is well understood. Generally
speaking, the structure of the human eye includes an outer portion, also
referred to as a layer, formed of two parts, namely the cornea and the sclera.
The middle layer of the eye includes the iris, the choroid, and the ciliary body.
The inner layer of the eye includes the retina. The eye also includes,
physically associated with the middle layer, a crystalline lens that is
contained within an elastic capsule, referred to herein as the lens capsule, or

capsular bag.

Image formation in the eye occurs by entry of image-forming light to the eye
through the cornea, and refraction by the cornea and the crystalline lens to
focus the image-forming light on the retina. The retina provides the light

sensitive tissue of the eye.

Functionally, the cornea has a greater, and generally constant, optical power
in comparison to the crystalline lens. The power of the crystalline lens, while
smaller than that of the cornea, may be changed when the eye needs to

focus at different distances. This change, or “accommodation,” is achieved
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[0007]

[0008]

by changing the shape of the crystalline lens. Accommodation, as used
herein, includes the making of a change in the focus of the eye for different
distances. For example, in order to change the shape of the crystalline lens
for accommodation, the ciliary muscles may contract to cause ligaments that
support the crystalline lens to relax, thereby allowing the crystalline lens to

become more rounded.

The iris operates to change the aperture size of the eye. More specifically,
the diameter of the incoming light beam is controlled by the iris, which
provides the aperture of the eye, and the ciliary muscles may contract, as
referenced above, to provide accommodation in conjunction with any needed
change in the size of the aperture provided by the iris. The opening, or

aperture, in the iris is called the pupil.

Correction of defects or degradation in the aspects of the eye may occur
surgically, as mentioned above. In a simple example, it is common to wear
glasses or contact lenses to improve vision by correcting myopic (near-
sighted), hyperopic (far-sighted) and astigmatic eyesight. Rather than relying
on glasses or contacts, elective laser refractive surgery, or other eye surgery,
may serve to improve the refractive state of the eye, including improvement
to astigmatism, and may thereby decrease or eliminate dependency on
glasses or contact lenses. Such surgeries may include various methods of

surgical remodeling of the cornea, or cataract surgery, for example. Surgery
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[0009]

[00010]

[0011]

may also serve to implant an intraocular lens (IOL), either in addition to the
crystalline lens, which addition is referred to as a phakic IOL, or upon
removal of the crystalline lens, which replacement is referred to as a

pseudophakic IOL.

In particular, an IOL may be a lens implanted in the eye, such as to replace
the existing crystalline lens when the crystalline lens has been clouded over
by a cataract, for example, or as a refractive element to change the eye's
optical power. An IOL is one type of corrective lens that may change the
focus of the elements of the eye. This change in focus provided by a

corrective lens is herein referred to as defocus.

An IOL may consist of a small plastic lens with plastic side struts, called
haptics, to hold the lens in place within the capsular bag. An IOL may be
made of a relatively inflexible material, such as polymethyl methacrylate
(PMMA), for example, or of a flexible material, such as silicone, acrylic,
hydrogels, and the like. An IOL may be a fixed monofocal lens matched to
distance vision, for example. An IOL may also be multifocal to provide the
recipient with multiple-focused vision at far and reading distances, for
example. An IOL may be used to provide the patient with limited visual

accommodation, for example.

An IOL may be either spheric or toric. Spheric IOLs are used for correction

of a myriad of vision problems, while toric IOLs are typically used for
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astigmatic eye correction. When using a toric IOL, the angular orientation of
the IOL in the eye is particularly important, as a toric IOL is intended for
positioning after insertion at a specific angle, and, in currently available
methods, that insertion angle must be maintained, post-insertion, in order to
provide a proper astigmatic correction. If the insertion angle is not correct
and/or maintained, the astigmatism will not be fully corrected, and in fact the
astigmatic condition may worsen. The condition caused by this misalignment

of the IOL is often referred to as residual cylinder, or remaining astigmatism.

Generally, astigmatism is an optical defect in which vision is blurred due to
the ocular inability to focus a point object into a sharply focused image on the
retina. This may be due to an irregular, or toric, curvature of the cornea
and/or lens. The refractive error of the astigmatic eye stems from a
difference in degree of curvature, and therefore in degree of refraction, of the
different meridians of the cornea and/or the crystalline lens, which causes the
eye to have two focal points, one correspondent to each meridian. As used
herein, a meridian includes one of two axes that subtend a curved surface,
such as the prime meridian on the earth, for example. Meridians may be
orthogonal. By way of example, the meridians of the earth may be any
orthogonal line of longitude and any line of latitude that curve about the

surface of the earth.
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[0014]

For example, in an astigmatic eye, an image may be clearly focused on the
retina in the horizontal (sagittal) plane, but may be focused behind the retina
in the vertical (tangential) plane. In the case where the astigmatism results
only from the cornea, the two astigmatism meridians may be the two axes of
the cornea. |If the astigmatism results from the crystalline lens, the two
astigmatism meridians may be the two axes of the crystalline lens. If the
astigmatism results from a combination of the cornea and the crystalline lens,
the two astigmatism meridians may be the respective axes of the combined

lenses of the cornea and the crystalline lens.

Astigmatism arising from the cornea or crystalline lens, or the combination of
the two lenses, may be corrected by a toric lens, such as the aforementioned
toric IOL. A toric surface resembles a section of the surface of a football, for
which there are two regular radii of curvature, one smaller than another.
These radii may be used to correct the defocus in the two meridians of the
astigmatic eye. Thus, blurred vision caused by astigmatism may be
corrected by corrective lenses or laser vision correction, such as glasses,
hard contact lenses, contact lenses, and/or an IOL, that provide a
compensating optic specifically rotated around the optical axis. However,
any misalignment of the compensating optic, and/or improper selection of the
corrective lens, may cause residual cylinder, or further astigmatism, and
potentially induce other aberrations. The aberrations may be exacerbated if,

for example multifocal and toric corrective lenses are required to correct the
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initial condition, and the respective corrective lenses are misaligned.
Similarly, an initial condition may be exacerbated with misalignment of

aspheric surfaces used to correct spherical aberration, for example.

[0015] Thus, two specific issues arise from using a lens, such as an |OL, to correct
astigmatism.  First, toric ophthalmic lenses are sensitive to cylinder
orientation misalignment relative to that to be corrected, such as wherein the
axis of the toric lens in the eye and the lens for correction are not accurately
aligned. Second, the cylinder power of the eye or cornea may not sufficiently
match the power of the toric IOL. This may be due to measurement errors,
unintended changes of cylinder power and/or axis during or after surgery, or
because current toric lenses are offered only in a number of discrete cylinder

increments.

[0016] A need therefore exists for a lens, such as an IOL, having decreased
sensitivity to alignment errors and also having decreased sensitivity to
selection of the proper cylinder power, and for an optical system and method

of providing and using the same.

Summary of the Invention

[0017] The present invention is and includes apparatuses, systems, and methods
for vision correction. An intraocular lens and a vision corrective system as

provided in the present invention may include a toric intraocular element for
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[0018]

[0019]

correcting astigmatism and having a cylinder power, and a depth of focus
extender coupled to the toric intraocular element, the depth of focus extender
extending a depth of focus. The extended depth of focus may reduce
sensitivity of the toric intraocular element to at least one of rotation and

selected cylinder power.

A vision corrective optic and optical system as provided in the present
invention may include a lens for correcting at least one aspect of an eye, the
at least one aspect including at least one aberration, and a depth of focus
extender coupled with the lens, the depth of focus extender extending a
depth of focus of the lens. The depth of focus extender may increase at least

one of alignment tolerance and matching to the at least one aberration.

Also provided is a method for decreasing sensitivity of astigmatic correction
to errors of cylinder power selection and lens rotational alignment. The
method may include receiving a measure of the astigmatism, receiving a
selection of a toric lens matched to a negative of the astigmatism, receiving a
determination of a depth of focus extension for coupling with the selected
toric lens, coupling the determined depth of focus extension and the selected
toric lens, and inserting the coupled depth of focus extension and the

selected toric lens in a line of sight.
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Therefore, the present invention provides a lens, such as an IOL, having
decreased sensitivity to alignment errors and to selection of proper cylinder

power, and a system and method of providing and using the same.

Brief Description of the Figures

[0021]

[0022]

[0023]

[0024]

[0025]

[0026]

[0027]

[0028]

Understanding of the present invention will be facilitated by consideration of
the following detailed description of the preferred embodiments of the
present invention taken in conjunction with the accompanying drawings, in

which like numerals refer to like parts, and in which:

Figure 1A is a schematic diagram of the optics of an eye;

Figure 1B is a schematic diagram of the optics of an eye;

Figure 2 is a depiction of an eye having astigmatism;

Figure 3 is a depiction of an eye having corrected astigmatism;

Figure 4 is a depiction of the anterior surface of a lens according to an aspect

of the present invention;

Figure 5 is a depiction of the posterior surface of a lens according to an

aspect of the present invention;

Figure 6 is a plot of image quality with respect to defocus for a pseudophakic

eye having no astigmatism;
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[0029]

[0030]

[0031]

Figure 7 is a plot of image quality with respect to defocus for an eye in which

the cornea has astigmatism;

Figure 8 is a plot of image quality along the meridians of highest and lowest
optical power, with respect to defocus of an astigmatic eye correction having
1 diopter of residual cylinder resultant from alignment and cylinder power

selection errors; and

Figure 9 is a flow diagram illustrating a method for decreasing the sensitivity
of astigmatic correction to errors of cylinder power selection and rotational

alignment.

Detailed Description of the Preferred Embodiments

[0032]

It is to be understood that the figures and descriptions of the present
invention have been simplified to illustrate elements that are relevant for a
clear understanding of the present invention, while eliminating, for the
purpose of clarity, many other elements found in typical lenses, lens systems
and methods. Those of ordinary skill in the pertinent arts may recognize that
other elements and/or steps are desirable and/or required in implementing
the present invention. However, because such elements and steps are well
known in the art, and because they do not facilitate a better understanding of
the present invention, a discussion of such elements and steps is not

provided herein. The disclosure herein is directed to all such variations and

10
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[0033]

[0034]

[0035]

modifications to such elements and methods known to those skilled in the

pertinent arts.

Embodiments described herein provide a corrective lens, such as a toric lens,
e.g. a toric IOL, toric contact lens, and/or toric inlay/onlay, having decreased
sensitivity to alignment errors and to selection of the proper cylinder power in
corrective optics. The described corrective lens, system and method provide
an improved vision after implantation, and a decreased dependence on
surgical skill. The present embodiments further eliminate dependence of the
extent of vision correction on variations in patient healing after surgery, and,
as such, greatly improves patient results, and patient comfort, following

corrective optic implantation.

The disclosure also includes I0Ls, contact lenses, spectacle lenses, and
corneal inlays, as well as corneal reshaping procedures and combinations of
the foregoing. Embodiments described herein also include a toric lens and
an element extending the depth of focus, and may include each in
combination with other refractive corrections, such as accommodating
ophthalmic corrections, higher order aberration corrections, adjustable
refractive corrections, and multifocal refractive corrections, by way of non-

limiting example.

According to an embodiment, an exemplary intraocular lens may include a

toric intraocular element for correcting astigmatism, and a depth of focus

11
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[0036]

[0037]

[0038]

extender coupled to the toric intraocular element, wherein the depth of focus
extender extending a depth of focus. As used herein “coupled” and
“coupling” is defined to include separate elements and/or integral surfaces,
such as in a single lens, for example. The extended depth of focus may
reduce sensitivity of the toric intraocular element to at least one of rotation

and the selected cylinder power of the toric element.

Referring now to Figure 1A, illustrated is a schematic diagram of the optical
system 10 of an eye. As may be seen in Figure 1A, optical system 10 may

include a spectacle lens 20, a cornea 30, a natural lens 40a, and a retina 50.

Referring now to Figure 1B, illustrated is a schematic diagram of the optical
system 10 of an eye. As may be seen in Figure 1B, optical system 10 may
include a spectacle lens 20, a cornea 30, an intraocular lens 40b, and a
retina 50. Of note, intraocular lens 40b in Figure 1B has replaced natural
lens 40a of Figure 1A in the illustrated embodiment. In the depictions of
Figures 1A and 1B, cornea 30 may include an aberration, such as the
spherical aberration of an average cataract patient as would be understood
by those possessing an ordinary skill in the pertinent arts. System 10 may

also include a chromatic aberration of the human eye, for example.

By changing the power of the lens 20 the defocus of the eye may be
changed. Therefore, the image quality on the retina as a function of the

amount of ocular defocus may be determined. This function may be referred

12
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[0039]

to as a defocus curve. Image quality may be defined as a characteristic of
an image that measures the perceived image degradation from, typically, an
ideal image. Image quality may be measured using a point spread function,
defocus curves, a modulation transfer function, or by analysis of the Zernike
polynomial, for example, or by using other mathematical modeling or
representation techniques. The point spread function represents the
intensity distribution of a point source as imaged through the optics of the
eye. The strehl ratio is the maximum of the point spread function relative to
the maximum of the diffraction-limited point spread function for a given pupil
size, or the volume of the modulation transfer function relative to the volume
under the diffraction-limited modulation transfer function for a given pupil size.
The strehl ratio, generally, may evidence a diffraction-limited system if the
ratio is greater than about 0.8, which represents the Rayleigh criterion. For
example, the image quality may be measured using the modulation transfer

function and have any value in the range of 0.01 - 1.0, or 1%-100%.

Emmetropia describes the state of vision wherein an aobject at infinity is in
sharp focus, i.e., has high image quality in accordance with the defocus
curve, with the eye in a relaxed state. For an emmetropic eye, the eye has
an optimum focus when spectacle lens 20 has a power of zero diopters. For
the exemplary emmetropic eye, a negative spectacle lens power mimics the
effect of looking at an object at a close distance, and a positive spectacle

lens power mimics an object beyond infinite distance.

13
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[0040]

[0041]

[0042]

Figure 2 depicts an eye 100 having corneal astigmatism. Figure 2 includes a
cornea 110 having a first curvature 120 on a first meridian, and a second
curvature 130 on a second meridian that is typically, although not necessarily,
perpendicular to the first meridian. Although Figure 2 depicts one meridian
vertically and another meridian horizontally, the set of two perpendicular
meridians may have any orientation, that is, may be rotated around the
optical axis by an angle of “®”. The variation in curvature along the
meridians causes two foci to be imaged by the eye, as discussed

hereinabove. The distance between the foci represents the astigmatism.

More specifically, a first focus 140 may be created by first curvature 120 in
cornea 110, and a second focus 150 may be created by second curvature
130 in cornea 110. Since the first focus 140 and the second focus 150 are
not on the retina, as shown, the foci cannot be on the retina simultaneously

using only spherical correction. Consequently, blurry vision results.

As discussed above, a lens may be used to correct for the astigmatism
generated within the cornea correspondent to the unique foci of first
curvature 120 and second curvature 130. Such a corrective lens may
include a toric lens that has a curvature difference between two
perpendicular meridians that matches or counteracts the cornea (first
curvature 120 and second curvature 130), but that has an oppositely signed

(+/-) astigmatism. The opposite astigmatism reduces the total astigmatism in

14
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[0043]

[0044]

the eye system 10. Just as astigmatism is a measure of the toricity of a lens,
as described hereinabove, the negative astigmatism is a measure of a lens

having the opposite toricity.

For example, the astigmatism of the cornea may be denoted by an amount, —
A, and an orientation “®”. A proper corrective lens may be selected having
an equal and opposite, that is, the negative, astigmatism as compared to the
cornea. This equal and opposite value may be denoted as having magnitude

+A and orientation “®".

If the aforementioned corrective lens were to be implanted in the eye with the
corrective magnitude and orientation precisely matching the corneal
astigmatic magnitude and orientation, then the corneal astigmatism would be
at least substantially reduced, if not cancelled. However, there is typically a
small angular error in the orientation of the lens that arises during
implantation surgery, &, so that the astigmatism of the lens is oriented at
angle ® + ¢ after implantation. This angular error is preferably kept as
small as possible, but may not be acceptably limited in practice due to
measurement errors when measuring corneal astigmatism, due to
measurement errors when measuring corneal astigmatism, misalignments
during surgical implantation, postoperative changes in the cornea,
postoperative IOL rotation, due to less than ideal surgical procedures, or due

to other factors related to the healing of the implanted eye. More specifically,

15



[0045]

while highly accurate surgical procedures may be able to achieve a ¢ no
greater than aboul 5 degrees, less ideal surgical procedures or healing
processes may result in angular errors larger than 5 degrees, and even an

angular error of 5 degrees may result in reduced visual acuity.

The astigmatism of the cornea (amount —-A, orientation ©@ ), plus the
astigmatism of the rotationally misaligned lens (amount +A, orientation © +
§), results in a residual astigmatism with magnitude 2A sin §, oriented at an
angle (® + §/2). Additional information regarding residual astigmatism may
be found in T.Olsen, “Simple Method To Calculate The Surgically Induced

Refractive Change,” J Cataract Refract Surg 19(2), 319-320 (1983},

For example, an exemplary comea may have 2 diopters of
astigmatism, and a corrective lens may have 2 diopters (of the opposite sign)
of astigmatism. If the lens is implanted with an angular error ¢ of precisely 5
degrees, then the residual astigmatism is (2) (2 diopters) (sin 5°), which is
approximately 0.35 diopters. For a tolerance of 10 degrees, the residual
astigmatism is (2) (2 diopters) (sin 102%), which is approximately 0.7 diopters.
A typical threshold for a visually noticeable astigmatism is 0.25 diopters,
meaning that if the light reaching the retina has less than 0.25 diopters of
astigmatism, then the astigmatism does not significantly degrade the vision

of the eye. As such, the aforementioned angular errors would produce a

16
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[0047]

noticeable astigmatism, and thus may cause patient discomfort and/or sub-

optimal post-surgical acuity.

Figure 3 illustrates an eye 200 having corrected astigmatism. Eye 200 is
similar to the astigmatic eye 100 discussed above, with the addition of IOL
210 into eye 100. Eye 100 has astigmatism, as evidenced by the foci
depicted on opposite sides of the retina (140 and 150 in Figure 2). 10L 210
may be toric in design, having a first curvature 220 and a second curvature
230. In order to substantially completely correct, or at least reduce, the
astigmatism of eye 100, it is necessary that curvature 220 match or
counteract curvature 120, and that curvature 230 matches or counteracts
curvature 130, although partial correction may also be achieved by having a
substantial curvature match or counteraction in each axis. The corrected
astigmatism is shown by focus 225. In addition to matching the curvatures,
the correction lens may be aligned with the cornea. Misalignments in the
angle of the IOL, either by placement or by post surgical movement, may

leave some residual astigmatism as discussed above.

As used herein, the terms "extended focus" or "extended depth of focus”
(EDOF) include a depth of focus of a test lens, optic, or optical element that
exceeds the depth of focus of a reference optic. The reference optic may
have biconvex or biconcave surfaces, which may have equal radii of

curvature, and an optical power or focal length that may be equal to an

17
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[0049]

optical power or focal length of the test optic. The depth of focus for the test
optic and the reference optic are determined under the same aperture

conditions and under equivalent illumination conditions.

In the case wherein the EDOF is attributable to a particular surface feature,
structure, or mask associated with the test optic, the reference optic may be
made of the same material, and have the same structure, as the test optic,
except without the particular feature, structure, or mask. For example, if a
test optic is a refractive or diffractive multifocal optic including a mask for
extending the depth of focus of at least one of the foci formed by the test
optic, then a suitable reference optic may be made of the same material(s)
as the test optic and have the same structure as the test optic (e.g., surface
shapes/curvatures, thickness, aperture, echelette geometry, and the like), but

without the mask.

According to an embodiment, a corrective lens, such as IOL 210, may
include the toric lens described above in combination with one or more
elements designed to extend the depth of focus. The EDOF element may
produce a depth of focus for each meridian. The depth of focus may indicate
a good focus for each meridian at a broader range of foci. As used herein,
good focus may be a focus that proves useful for vision, and that may be

measured using a point spread function, defocus curves, a modulation
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transfer function (MTF), or by analysis of the Zernike polynomial understood

to those skilled in the pertinent arts, for example.

The MTF may be used, for example, to predict or determine good focus,
such as by simulation, and/or may be measured of the eye. MTF, therefore,
relates to the contrast of alternating bright and dark bars in an image. For
example, MTF is 1 when bright bars are completely bright and dark bars are
completely dark. MTF is zero when bright bars and dark bars are equally
gray. MTF may have a dependence on spatial frequency that is inversely
related to the width of the alternating bright and dark bars in an image.
Generally, an MTF may be measured using white light or may use green light,

such as approximately 550 nm wavelength light, for example,

In determining or providing a depth of focus, an extended focus, or an EDOF,
the determination may be based on a cut-off of the through-focus MTF at a
particular spatial frequency. For example, the depth of focus may be defined
as the region in a through-focus MTF over which the MTF, at a spatial
frequency of 50 line pairs per mm, exceeds a selected cutoff value. Typical
cutoff values may include 0.05, 0.10, 0.15, 0.17, 0.20, 0.25, 0.3, 0.4 or higher.
Other spatial frequencies may include 25 line pairs per mm or 100 line pairs

per mm, for example.

Further, the depth of focus may be based on a relative threshold, where the

threshold is defined based on a peak value of the MTF. Relative thresholds
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may be 95%, 90%, 80%, 70%, 60%, 50%, 1/e, or 1/e® of a peak value of the
MTF, full width at half maximum (FWHM) of the MTF, or any suitable fraction
of the peak value of MTF, or of any other metric. For instance, the depth of
focus may be defined as the FWHM of the MTF at a particular spatial
frequency. As will be understood by a person having ordinary skill in the
pertinent arts, FWHM is an expression of the extent of a function, and FWHM
is indicated by the difference between two extreme values of an independent
variable at the point at which the dependent variable is equal to half of its

maximum value.

In certain embodiments, the test optic with an EDOF discussed hereinabove
may be evaluated in terms of an MTF, that is, based on optical performance
over a range of defocus conditions, as compared to a reference optic, as is
also discussed hereinabove. For example, a test optic with an EDOF may
have an MTF that is above a predetermined threshold value (e.g., 0.05, 0.10,
0.15, 0.17, 0.20, 0.25, or higher) at a particular frequency (e.g., 25, 50, or
100 line pairs per mm) over a defocus range that is greater than that of the
corresponding reference optic. A threshold for acceptable vision may be an
MTF at 50 lines per mm greater than 0.2, or preferably greater than 0.4, for
example. The defocus range may be expressed in terms of object space
distances, image space distances, or diopter power. In certain embodiments,
the test optic with EDOF may be specified in terms of an increased depth of

focus as compared to the corresponding reference optic, either in absolute
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terms (e.g., an increased defocus range, compared to the reference opiic,
over which a predetermined MTF is maintained), or in relative terms (e.g., a
percent increase in defocus range, compared to a reference optic, such as a
10%, 20%, 50%, 100%, 200%, or greater increase in defocus range

compared to a reference optic).

Alternatively, other psychophysical metrics may be used to evaluate an
EDOF element, such as, but not limited to, contrast sensitivity, visual acuity,
and perceived blur. In addition, other metrics may be found in the literature,
such as those detailed in Marsack, J. D., Thibos, L. N. a_nd Applegate, R. A,
2004, "Metrics of optical quality derived from wave aberrations predict visual
performance," J Vis, 4 (4), 322-8; Villegas, E. A., Gonzalez, C., Bourdoncle,
B., Bonnin, T. and Artal, P., 2002, "Correlation between optical and
psychophysical parameters as a function of defocus," Optom Vis Sci, 79 (1),
60-7; van Meeteren, A., "Calculations on the optical transfer function of the

human eye for white light," Optica Acta, 21 (5), 385-412 (1974).

As indicated by an MTF, for example, a retinal image may not suffer from
astigmatism from any residual uncorrected power as a result of cornea anc
toric 1OL mismatch, if the uncorrected power is smaller than the depth of

focus provided by the EDOF element of the IOL. Similarly, the retinal image
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will not suffer from astigmatism when rotation of the IOL introduces an
astigmatism that is smaller than the depth of focus provided by the EDOF
element of the IOL. The EDOF element may preferably be independent of
rotation by having a rotational symmetry in order to minimize rotational
effects during implantation or in-vivo, for example. Conversely, the EDOF
glement mayvbe asymmetric, such as an oval ring shape, correspondent to,
for example, asymmetric aspects of a subject eye, such as a pupil size or

shape, for example.

[0056] For example, the EDOF element may take the form of a low power diffractive
element having a single diffractive structure. In such a configuration, the toric
structure may be placed on the anterior surface of the IOL, and the diffractive

structure may be placed on the posterior surface.

[0057] The EDOF element may also take the form of any element that increases the
dep'th of focus. The EDOF element may be used in conjunction with a bifocal
lens or a trifocal lens. If the IOL is an EDOF element only, as discussed
below with respect to Figure 8, a bifocal lens may add to the power of the

cylinder.

[0058] A plurality of echellettes, including a central echellette, may serve as an
EDOF element in accordance with certain disclosed embodiments, and as

described with respect to United States Patent Application No. 12/120,201.
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Additional EDOF elements are also illustratively provided in United States

Patent Application No. 12/197,248.

[0059] A toric EDOF, as discussed further hereinbelow with respect to Figures 4-5
and 7-8, may be combined with another diffractive element that may be
designed to improve retinal image quality. The toric lens associated with
such an EDOF element may be aspheric, and/or diffractive, and/or any type
of toric design indicated to those skilled in the pertinent arts in light of the
discussion herein. The EDOF element may include any element, item or
method, or combinations thereof, for extending the depth of focus. The
proposed lens may be combined with a monofocal 0L, multifocal IOL, and/or
accommodating 0L, by way of non-limiting example only. More specifically,
an EDOF element as described herein may be added to a toric element,
such as aspheric, multi-focal, or accommodating IOL, for example, in order to

provide the benefits described herein.

[0060] Referring now to Figure 4, there is shown the anterior surface 310 of a lens,
such as I0OL 210, according to an embodiment. Anterior surface 310 may
include a toric structure 330. As may be seen in Figure 4, toric structure 330
includes a first curvature 340 and a second curvature 350. For example, first

curvature 340 may be along a first meridian and oriented vertically, and
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second curvature 350 may be along a second meridian and oriented

horizontally.

With reference to Figure 5, there is shown the posterior surface 410 of a lens,
such as IOL 210, according to an embodiment. Posterior surface 410
includes an EDOF element 430. EDOF element 430 may include a low
power diffractive element having a single diffractive structure 440. Single
diffractive structure 440 may include an annular structure that may be
designed to provide the extended depth of focus. Examples of a single
diffraction structure include an annulus, zonal monofocal, low add refractive
bull's-eye and/or a ring structure having a periodicity and/or structure to
manipulate focus. These and additional single diffraction structures for use
in embodiments may be modeled using known optical modeling techniques,
including Zemax, Code V, and other software, and the Liou-Brennan model
for the human eye, in conjunction with the model eye of Figures 1A and B, to
determine defocus curves, and to provide diffractive structures that operate

to increase the depth of focus.

According to another embodiment, and by way of non-limiting example only,
toric structure 330 may have 4 diopters of cylinder. EDOF element 430 may
be a single diffractive structure that represents an add power of 1.33 diopter,

corresponding to about 1 diopter in the spectacle plane, for example.
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Referring now to Figure 6, there is shown a plot of image quality, as defined
hereinabove, with respect to defocus for a pseudophakic eye having no
astigmatism. The plot of Figure 6 is generated with respect to the schematic
eye of Figures 1A and B. As would be understood by those possessing an
ordinary skill in the pertinent arts, a pseudophakic eye is an eye that has an
IOL implant present, and that has the crystalline lens of the eye removed. In
the first case (diamond plot 610) of Figure 6, the eye has a regular monofocal
lens implanted, and, in the second case (square plot 620), the eye has a
monofocal EDOF IOL implant having an extended depth of focus. The
curves of Figure 6 illustrate the trade-off between maximum image quality
achievable for a prior art monofocal I0L, and the decreased, but broader
range of acceptable image quality available due to the increased depth of
focus of the EDOF IOL plotted as an acceptable image quality over a range

of defocus greater than 0.2 or 0.1, for example.

As illustrated in Figure 6, a monofocal IOL in accordance with the prior art
may provide an image quality maximum of about 70, with a FWHM of less
than 1 diopter of defocus. An EDOF IOL may provide an image quality of
approximately 35, with a FWHM of approximately 2 diopters of defocus.
Further, at an image quality maximum of approximately 15-20, for example,
the prior art IOL has a depth of focus of approximately 1 diopter, while the
EDOF IOL of the present invention has a depth of focus of approximately 2

diopters.
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Thus, although the ideal image quality achieved with the prior art IOL may be
higher at maximum than the EDOF IOL, this peak image quality is seldom
achieved using the prior art IOL because of postoperative ametropia
(defocus), alignment problems, or due to healing, and/or because of cylinder
power selection problems. Simply put, the plot of Figure 6 illustrates that the
EDOF I0OL of the present invention consistently provides a patient with a
highly acceptable image quality after implantation, unaffected by the prior art
need for ideal circumstances, due in part to the greatly increased range over

which an acceptable image quality is provided by the EDOF IOL.

Referring now to Figure 7, there is shown a plot of image quality with respect
to defocus for an eye in which the cornea has astigmatism, as discussed
hereinabove. As explained previously, when the eye has astigmatism, the
astigmatism may be corrected by a toric lens. This correction may be ideal
when the amount of cylinder power and the cylinder axis match that of the
cornea in a pseudophakic eye to thereby cancel any astigmatism, such a
circumstance will produce the curves of image quality plotted against defocus
shown in Figure 6 for both meridians. If the cylinder power and axis are not
matched, then the eye will be left with a residual amount of cylinder, i.e.

astigmatism.

Figure 7 shows the situation in which the cornea has no or neglible residual

cylinder. In one case (diamond plot 710), the eye has an essentially perfectly

26



CA 02804777 2013-01-08

WO 2012/006385 PCT/US2011/043119

[0068]

[0069]

matched prior art toric IOL implanted, and, in the other case (square plot
720), the eye has a toric EDOF IOL implanted having an extended depth of
focus. The plot demonstrates the tradeoff between maximum image quality
achieved over a narrow range for the prior art toric IOL, and the improved

image quality over a much broader range provided by the toric EDOF IOL.

Referring now to Figure 8, there is shown a plot of image quality with respect
to defocus of a correction in which there is about 1 diopter of residual
cylinder that may result from either an alignment error, a mismatch between
cylinder power of the cornea and the IOL, or both. Because an eye having a
residual amount of cylinder, or astigmatism, has a different image quality in
each meridian, the defocus curves also differ for each meridian. That is, the
defocus curve may reflect that the difference between the minimum power
and the maximum power is equal to the residual cylinder. The plot of Figure
8 shows two defocus curves for each situation, one in which the meridian has

a maximum power, and one in which the meridian has a minimum power.

Figure 8 further illustrates the presence of residual cylinder. In one case,
with first meridian (diamond plot 810) and second meridian (triangle plot 815),
the eye has a prior art toric IOL implanted, and, in the other case, with first
meridian (square plot 820) and second meridian (circle plot 825), the eye has
a toric EDOF IOL implanted. In both cases, the defocus curves are shown

for the meridians of highest and lowest optical power. Figure 8 demonstrates
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that, for both cases, the image quality at each meridian may be about the
same at approximately zero defocus. This may occur because the
respective maximum optical power and respective minimum optical power of
each defocus curve is about equally displaced from zero defocus. Figure 8
also demonstrates that the image quality may be higher for the implanted
lens with the EDOF implanted than for an implantation of the prior art toric

IOL alone.

More specifically and by way of specific example, for an eye having a prior
art toric IOL without an EDOF element, with about 1 diopter of residual
cylinder, the best focus for an image may be at a zero defocus, whereat an
image quality of about 20 may be achieved. In contrast, for an eye having a
toric IOL including an EDOF element, and with about 1 diopter of residual
cylinder, the best focus for the image may be at zero defocus, whereat an
image quality of about 30 may be achieved. Thus, the toric IOL with the
EDOF may achieve an increased image quality when surgical, selection,
implantation, or environmental errors occur, such as an error in the form of 1
diopter of residual cylinder, as compared to the prior art toric IOL. More
specifically, by use of an EDOF element that broadens and flattens the curve
for a range of acceptable image quality over a range of defocus, an EDOF

IOL may improve the image quality equal to or greater than about 50%.
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For example, it has been experimentally assessed that a lens, such as an
IOL, incorporating an EDOF element may optimally produce a retinal image
with reduced residual astigmatism, and thus with increased image quality,
when the eye astigmatism is between about 0.5 and 10 diopter, and more
specifically between about 0.5 and 6 diopters, and yet more specifically
between about 0.5 to 5 diopters. This assumes no appreciable
measurement errors for astigmatism, essentially perfect control over
surgically induced astigmatism, and essentially perfect alignment of the lens.
As mentioned previously, lens alignment errors (such as rotation) may result
in an increase of residual astigmatism, and a change of the cylinder axis.
Nonetheless, within these limits, the proposed lens, such as an IOL, may
produce a retinal image without appreciable astigmatism, as long as the
residual astigmatism is smaller than the depth of focus, such as about 1 or 2

diopters, of the EDOF element.

According to an embodiment, when the corrected astigmatism is small, such
as in the range of about 0 to 3 diopters, or mare specifically in the range of
about 0 to 2 diopters, or yet more specifically in the range of about 0 to 1
diopters, the proposed lens may be used with essentially zero cylinder, that
is, may be used with respect to only the EDOF aspects described herein.
This is a significant advantage, in part because the axis of small amounts of
astigmatism are difficult to measure, and therefore are not only difficult to

correct, but are also easily worsened. Use of embodiments with zero
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cylinder may provide for an avoidance of any worsening of a minor,
immeasurable prior condition. Further, the proposed lens using only the
EDOF element may work independent of the axis, thereby further alleviating

the alignment issues in the prior art.

Referring now to Figure 9, there is shown a method 900 for decreasing the
sensitivity of astigmatic correction to errors of cylinder power selection and
rotational alignment. Method 900 includes receiving (and/or generating) a
measured astigmatism of the eye 910. Method 900 may further include
receiving (and/or providing) a selection of toric lens 920 that most closely
matches or counteracts the measured astigmatism. An EDOF element
determination may be received (and/or provided) 930 for use in increasing
the depth of focus of the selected lens. The determined EDOF element may
be received (and/or provided) 940 in combination with the selected toric lens.
The combined toric lens and the EDOF element may be used to correct 950
the measured astigmatism, providing a decreased sensitivity to astigmatic

correction errors of cylinder power selection and rotational alignment.

The determination of the EDOF element, such as step 930, may be
performed based upon historic data of residual astigmatism. For example,
the historic residual astigmatism as obtained with a prior art toric IOL may be
used as the defocus range for the EDOF element. For further enhancement,

the historic data may be broken down by surgical procedure, by cylinder
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power, by patient group, by surgeon, and by combinations of these sources,
for example. By way of non-limiting example, history may show that, for a
desired tolerance with a 5-10 degree misalignment on average, and with 1-2
diopters of residual astigmatism, an EDOF element with 1-2 diopters of
EDOF is optional. Alternatively, the EDOF element may be chosen equal or
proportional to 2Asin2d, in which A is the corneal astigmatism, and § is the

maximum predicted misalignment.

It should be appreciated in light of the disclosure herein that the method of
the present invention may also be applied as a laser refractive procedure,
and/or may be applied on an adjustable ophthalmic lens. It should be further
appreciated that the method may be applied as a custom lens design, and or
as a combined procedure, such as by combining a diffractive EDOF element

IOL with a toric laser refractive procedure, for example.

In an illustrative embodiment, and as discussed herein at least with respect
to Figures 2-5 and 8-9, the cornea may have astigmatism. The horizontal
meridian may be the low power meridian, and may have a corneal power of
40 diopters. The vertical meridian may be the high power meridian, and may
have a corneal power of 43 diopters. As such, the corneal astigmatism may
be 3 diopters, with an orientation of zero degrees. A toric IOL that matches
or counteracts the corneal astigmatism, such as with low meridian along the

vertical and high meridian along the horizontal, may have astigmatism of
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approximately 4 diopters, as a result of the fact that the IOL is located within
the eye, as opposed to a contact lens, for example, which may be chosen to
correct the astigmatism of this example by precisely matching the
astigmatism of 3 diopters.

In this example, the clinical history of the surgeon, using a conventional toric
IOL, may indicate an average residual astigmatism of about 0.3 diopters.
This residual astigmatism may result from the combined errors of cylinder
mismatch, IOL rotation, surgically induced astigmatism, and the like. An
EDOF element may thus be selected having a depth of focus of at least 0.3
diopters. For example, the EDOF element may produce a depth of focus of
0.75 diopters in the corneal plane, and thus about 1 diopter in the IOL plane.
By way of additional example, kits or quasi-custom designs may be utilized.
For example, knowing the trade-offs between misalignment tolerance and
MTF limits, a surgeon may desire up to 10 degrees of misalignment
tolerance and a MTF greater than 0.2, and may consequently select a Type 1
lens and EDOF element. If the surgeon desires 5 degrees of misalignment
tolerance and an MTF greater than 0.3, a selection of a Type 2 lens and
EDOF element may be indicated.

An EDOF element may be achieved by using any number of EDOF elements.
For example, the provided EDOF element may be a low power diffractive
bifocal structure on the posterior surface of the IOL. The diffractive bifocal

structure may have multiple rings, or may be selected with a central
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diffractive echellette having a diameter of 2 mm, for example. The resulting
lens may have a toric anterior surface, with astigmatism of 4 diopters, and on
the posterior surface may have a diffractive element producing a depth of
focus of 1 diopter. Such an IOL may tolerate a mismatch between the
cornea and IOL of +/-0.5 diopter, and a total range of 1 diopter, in the IOL
plane. The lens may tolerate a rotation of about 5 degrees, and thus rotation
of greater than 5 degrees may produce a residual astigmatism that is
approximately 0.5 diopters lower than a similar configuration using a
conventional toric IOL.

Although the invention has been described and pictured in an exemplary
form with a certain degree of particularity, it should be understood that the
present disclosure of the exemplary form has been made by way of example,
and that numerous changes in the details of construction and combination
and arrangement of parts and steps may be made without departing from the

spirit and scope of the invention as set forth in the claims hereinafter.
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CLAIMS:

1. An intraocular lens for correcting vision, comprising:

a toric element for correcting astigmatism and having a cylinder power; and

a depth of focus extender coupled to said toric element, said depth of focus
extender extending a depth of focus;

wherein said depth of focus extender decreases a maximum achievable
image quality by less than approximately a factor of two;

wherein the extended depth of focus reduces sensitivity of said toric element

to at least one selected from the group consisting of rotation and the cylinder power.

2. The lens of claim 1, wherein said depth of focus extender extends the depth

of focus for each meridian.

3. The lens of claim 1, wherein said depth of focus extender comprises

rotational independence.

4. The lens of claim 3, wherein the rotational independence comprises

rotational symmetry.

5. The lens of claim 1, wherein said depth of focus extender comprises a low

power diffractive element.

6. The lens of claim 5, wherein the low power diffractive element comprises a

single diffractive structure.

7. The lens of claim 1, wherein said toric element is positioned on an anterior

surface of the intraocular lens.

8. The lens of claim 1, wherein said depth of focus extender is positioned on a

posterior surface of the intraocular lens.
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9. The lens of claim 1, wherein said toric intraocular element is positioned on a
first surface of the intraocular lens, and said depth of focus extender is positioned

on an opposing surface of the intraocular lens.

10. The lens of claim 1, wherein said toric intraocular element has a first radius
of curvature, and a second radius of curvature oriented approximately 90 degrees

from the first radius of curvature.

11.  The lens of claim 10, wherein the first radius of curvature is approximately

Zero.

12.  The lens of claim 10, wherein the second radius of curvature is

approximately zero.

13.  The lens of claim 1, wherein said toric intraocular element comprises a first
radius of curvature substantially aligned with a meridian of minimum optical power,
and a second radius of curvature substantially aligned with a meridian of maximum

optical power.

14.  The lens of claim 1, wherein said depth of focus extender produces a depth

of focus larger than about 1 diopter.

15.  The lens of claim 1, wherein said depth of focus extender produces a depth

of focus in the range of approximately 1 to 3 diopters.

16. The lens of claim 1, wherein said depth of focus extender produces a depth

of focus in the range of approximately 1 to 5 diopters.

17.  The lens of claim 1, wherein said depth of focus extender produces a depth

of focus in the range of approximately 2 to 4 diopters.
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18.  The lens of claim 1, wherein said depth of focus extender produces a depth

of focus in the range of approximately 2 to 6 diopters.

19.  The lens of claim 1, wherein the cylinder power is in the range of

approximately 0.5 to approximately 10 diopters.

20. The lens of claim 1, wherein said depth of focus extender decreases a

maximum achievable image quality by less than approximately a factor of two.

21.  The lens of claim 1, further comprising a diffractive element for correcting

chromatic aberration.

22. A method of producing an optical element for decreasing the sensitivity of
astigmatic correction to errors of cylinder power selection and lens rotational
alignment, said method comprising:

receiving an astigmatism to be corrected;

selecting a toric lens suitable for correcting said received astigmatism;

determining an extended depth of focus to provide at least a tolerance of the
decrease of the sensitivity based on the selected toric lens and average rotational
alignment; and

producing an element having the determined extended depth of focus

element for coupling with said toric element.

23. Use of the lens of any one of claims 1-21 for correcting vision.
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