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Related Application
The present application claims priority under 35 U.S.C §119(e) to provisional application No.

60/968,250, filed on August 27, 2007 under the same title. Full Paris Convention priority is

hereby expressly reserved.

Background of the Invention

Field of the Invention

This invention relates generally to intraocular lenses and associated systems and methods,

and more specifically to intraocular lenses having an extended depth of focus.

Description of the Related Art

There are many medical conditions that degrade the vision of a patient’s eye. For instance,
cataracts can cause the naturai lens of an eye to become opaque. Fortunately, in many of these
cases, the natural lens of the eye may be removed surgically and replaced with an intraocular lens,
thereby restoring the vision of the eye.

An intraocular lens may be corrected for one or more particular object distances, so that
objects at the particular object distance appear in focus, while objects farther away from the
particular object distance appear increasingly blurred. The range of distances over which the
blurring is acceptable small is known as the depth of focus. There is ongoing effort to improve
the depth of focus of intraocular lenses, which can help reduce the dependence on spectacles,

contact lenses, or other additional corrective optics.

Summarv of the Invention

The present invention is generally directed ophthalmic devices, systems, and methods for
extending the depth of focus of subject’s vision. The ophthalmic device may be an intraocular

lens, a contact lens, a corneal inlay or onlay, a pair of spectacles, or the like. Alternatively, the
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ophthaimic device may be a part of the natural eye, for example, the resulting structure of a
corneal surface after a refractive procedure such as a LASIK or PRK procedure. One aspect of the
present invention involves an ophthalmic devices comprising a first surface having a first shape
and an opposing second surface having a second shape, The first and second shapes provide a
refractive power, A diffractive pattern is imposed on at least one of the first shape and the second
shape. The first and second surfaces together provide a base power, for example, o provide a
subject with distant vision for objects at an optical infinity. The first and second surfaces together
also provide an add power that is less than a predetermined amount, for example, less than about
two Diopters. The add power is generaily selected to provide relatively high visual acuity for
objects at a distance that is closer than optical infinity, For example, the surfaces may be
configured such that the visual acuity of objects at a predetermined distance from the eye of a
subject is about the same as objects at optical infinity. In one embodiment, the ophthalmic device
has an add power of about 1 Diopter and objects at about 1 meter from the subject have a
relatively high visual acuity, for example, about the same visual acuity as objects at optical
infinity. |

In another aspect of the present invention, an ophthalmic device comprises a first surface
having a first shape and an opposing second surface having a second shape. The first and second
shapes provide a refractive power. A diffractive pattern is imposed on at least one of the first
shape and the second shape so that the intraocular lens has a base power and an add power. The
intraocular lens is optically described by a model lens, such that when the model lens is included
in an intraocular lens plane of an eye model including a model comea, the modulation transfer
function of the eye model exceeds about 0.17, at a spatial frequency of about 50 line pairs per
millimeter, over a range of at least about 1.7 Diopters.

In yet another aspect of the present invention, an ophthalmic device comprises an optic
comprising a first surface having a first shape and an opposing second surface having a second
shape. The first and second shapes provide a refractive power. A diffractive pattern is imposed
on at least one of the shapes so that the optic has a base power and an add power. When the optic
is placed in an intraocular lens plane of a physical eye model including a model comea, the
modulation transfer function of the eye model exceeds about 0.17, at a spatial frequency of about

50 line pairs per millimeter, over a range of at least about 1.7 Diopters.
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In still another aspect of the present invention, an ophthalmic device comprises a first
surface having a first shape and an opposing second surface having a second shape. The first and
second shapes provide a refractive power. A diffractive pattern is imposed on at least one of the
shapes so that the intraocular lens has a base power and an add power. In some embodiments, the
diffractive pattern increases the depth of focus of the intraocular lens when illuminated at a
predetermined wavelength by at least about 50% relative to a reference intraccular lens without
the diffractive pattern and having substantially the same refractive power and first and second
shapes. Alternatively or additionally, the diffractive pattern increases the depth of focus of the
intraocular lens when illuminated by a polychromatic light source by at least about 30% relative to
a reference intraocular lens without the diffractive pattern and having substantially the same

refractive power and first and second shapes.

Brief Description of the Drawings

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

FIG. 1 is a schematic drawing of a human eye afier implantation with an intraccular lens.

FIG. 2 is a schematic drawing of a thin lens model that approximates the human eye of
FIG. 1. |

FIG. 3 is a paraxial raytrace of a “typical” eye.

FIG. 4 is a plot of retina-to-image separation versus required lens power, for a variety of
object distances, for the “typical eye” of FIG. 3.

FIG. 5 is a plot of the MTF for the “typical eye™ of FIGS. 3 and 4, for various amounts of
defocus.

FIG. 6 is a plot of the MTF of the “typical eye” of FIGS. 3-5, versus defocus, at three
representative spatial frequencies.

FIG. 7 is a froni-view schematic drawing of a diffractive element.

FIG. 8 is a radial cross-sectional drawing of the diffractive element of FIG. 7.
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FIG. 9 is a schematic drawing of the diffracted orders from a lens having both refractive

and diffractive powers.

FIG, 10 is a cross-sectional slice of the phase imparted upon transmission through an
exemplary diffractive element.

FIG. 11 is a through-focus plot of the MTF of the diffractive element of FIG. 10, at three
representative spatial frequencies.

FIG. 12 is a through-focus plot of the MTF at 50 Ip/mm of an exemplary diffractive
element, for a variety of central zone radii.

FIG. 13 is a cross-sectional slice of the phase imparted upon transmission through an
exemplary diffractive element.

FIG. 14 is a through-focus plot of the MTF of the diffractive element of FIG. 10, at three
representative spafial frequencies.

FIG. 13 is a through-focus plot of the MTF at 50 Ip/mm of an exemplary diffractive
element, for & variety of central zone radii.

FIG. 16 is a cross-sectional slice of the phase imparted upon transmission through an
exemplary diffractive element.

FIG. 17 is a through-focus plot of the MTF of the diffractive element of FIG. 10, at three
representative spatial frequencies,

FIG. 18 is a through-focus plot of the MTF at 50 ip/mm of an exemplary diffractive
clement, for two central zone radii.

FIG. 19 is a cross-sectional slice of the phase imparted upon transmission through an
exemplary diffractive element.

FI1G. 20 is a through-focus plot of the MTF of the diffractive element of FIG. 10, at three
representative spatial frequencies,

FIG. 21A, B are cross-sectional drawings of an exemplary intraocular lens, both with and
without a diffractive element,

FI1G. 22 is a surface-by-surface schematic drawing of & Liou-Brennan model eve with the
intraccular lens of FIG. 21.

FIG. 23 is a through-focus plot of the calculated Modulation Transfer Function at 50

Ip/mm for the intraocular lens of FIG. 21 used in the Liou-Brennan model eve of FIG. 22.
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FIG. 24 is a surface-by-surface schematic drawing of a Norrby model eye with the

intraocular lens of FIG. 21.

FIG. 25 is & through-focus plot of the calculated Modulation Transfer Function at 50
Ip/mum for the intraocular lens of FIG. 21 used in the Norrby model eye of FIG. 24.

Detailed Description

FIG. 1 shows a human eye 10, after an intraocular lens | has been implanted. Light enters
from the left of FIG. 1, and passes through the cornea 12, the anterior chamber 15, the iris 16, and
enters the capsular bag 17. Prior to surgery, the natural lens occupies essentially the entire interior
of the capsular bag 17. After surgery, the capsular bag 17 may house the intraocular lens I,in
addition to a fluid that occupies the remaining volume and equalizes the pressure in the eye 10,
The intraocular lens 1 is described in more detail below. After passing through the intraocular
lens 1, light exits the posterior wall 18 of the capsular bag 17, passes through the posterior
chamber 11, and strikes the retina 12, which detects the light and converts it to a signal
transmitted through the optic nerve o the brain.

The intraocular lens 1 has an optic 1a that has a refractive index greater than the fluid that
surrounds it. The optic 1a has an anterior surface 2 facing away from the retinz 12 and a posterior
surface 3 facing toward the retina 12. The optic 1a is held in place by a haptic 19, which couples
the optic la to the capsular bag 19. In the illustrated embodiment, the optic 1a is suspended
within the capsular bag 17, for example, to allow accommodative movement of the optic 1a of the
intraocular lems 1 along the optical axis (a so called “accommodative intraccular Jens™).
Alternatively, the intraocular lens 1 may be disposed adjacent to, and even pressed against, the
posterior wall 18, for example, to reduce cellular growth on the optic la. The optic la may be
either a monofocal intraocular lens or & multifocal intraocular lens.

A well-corrected eye forms an image at the retina 12, If the lens has too much or too litile
power, the image shifts axially along the optical axis away from the retina 12, toward or away
from the lens. Note that the power required fo focus on a close or near object is more than the
power required to focus on a distant or far object. The difference in optical power between the

farthest and nearest object than may be brought into focus by a parficular lens or lens system is
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known typicaily as the “add power” (e.g., in the case of a multifocal intraocular lens) or the “range
of accommodation” or “accommodative range” (e.g., in the case of an accommodating intraocular
lens that responds to ciliary muscle contraction to move axially and/or deform so as to change the
optical power of the optic). A normal range of add power or accommodation is about 4 Diopters
at the plane of the optic 1a of an intraccular lens, although this number may be as low as 3 or
fewer Diopters or as high as 6 or more Diopters, depending on the geometry of the patient’s eye.

In many cases, the optical system of the eye may be well approximated by a thin lens
model, shown schematically in FIG. 2. Such a thin lens system 20 may be used to predict the
location of an image for a given object distance Z. In addition, the thin lens system 20 may also
be used to predict the power required of a lens to bring objects at an object distance Z into focus
on the retina.

A marginal light ray 29 originates at the base of an object 21, where it crosses the optical
axis 28. The ray 29 passes through an optional spectacle 22 having a power @geciee, and enters
the eye. The eye itself is represented by a cornea 23 with a power ®comes, an aperture stop (or
pupil) 24, an intraocular lens 25 with a power Qje,s, and a retina 26. An image 27 is formed of the
object 21 at the location where the marginal ray 29 intersects the optical axis 28. If the object 21
is “in focus”, then the image 27 is formed at the retina 26. If the object is “out of focus”, then the
image is translated axially away from the retina 26, either too close to the lens or too far from the
lens. The space between the object 21 and the cornea 23 is assumed to be filied with air, having a
refractive index of ng (typically 1). The space between the cornea 23 and the retina 26 is assumed
to be filled with a fluid having a refractive index of Heye-

Some specific numbers are included in a paraxial raytrace of a “typical™ eve, shown in
FIG. 3. In addition to predicting where an image will fall for a given object distance, such a
raytrace may be used fo generate one of a number of known formulas that predict the required
intraocular lens power for a particular patient’s eye. Because the utility of such a raytrace may be
great, it is beneficial to examine the raytrace methodology and some of its assumptions. The
raytrace is described in detail in the following several paragraphs.

The calculations are performed using a paraxial raytrace, with five surfaces: (1) spectacles,
(2) the cornea, (3) the intraocular lens, (4) the iris (or aperture stop, or pupil), and (5) the retina.

For the purposes of this calculation, each of these five surfaces is assumed fo be an infinitely thin
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surface or thin lens having a particular power, which may be a value including zero. The
numerical values used in the calculations may vary depending on the preference of the
practitioner, but the thin lens methodology remains essentially unchanged. Each of these surfaces
is described in more detail below,

Given the power @ of each surface, the refractive index n between the surfaces, and
thickness t between the surfaces, one may use the well-known paraxial refraction and transfer
equations to trace a ray through the optical system of the eye.

The paraxiai refraction equation predicts the exiting ray angle (relative to the optical axis)
u', after refraction at a surface with power @:

nu' =y v,

where u is the incident ray angle, y is the incident and exiting ray height at the surface, and
n and n' ére the incident and exiting refractive indices, respectively. The refractive indices are
dimensionless, the ray angles are in radians, the ray heights are in mm [or, alternately, m], and the
surface powers are in mm”’ or, alternately, Diopiers].

The paraxial transfer equation predicts the ray height y' at a surface, after propagation by a
distance t between a previous surface and the current surface:

V=y+iu,

where y is the ray height at the previous surface and u is the ray angle (relative to the
optical axis) between the previous surface and the current surface. The ray angle is in radians and
the ray heights and distances are both in mm [or, alternately, both in m].

The above paraxial refraction and transfer equations are alternately used to trace rays
through a multi-surface optical system. The equations above trace rays from lefi-to-right, but may
easily be inverted to trace rays from right-to-left.

There are two commonly used rays shown in the raytrace: (1) a marginal ray, which
originates from the base of the object, passes through the edge of the aperture stop, and strikes the
base of the image, and (2} & chief ray, which passes through the center of the aperture stop and
extends to the edge of the field of view. Quantities that may be entered by the user are shown in
thick-bordered cells; the remaining quantiiies are calculated. Note that several distances are
calculated with respect to measurable or predictable quantities in the eye, such as Axial Length

(AL} and Effective Lens Position (ELP). A Vertex Distance (VD) is the distance between the
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spectacle and the comes, and is taken to be 14 mm in this example. The object distance (*Z” in
FIG. 2) may be infinite.

Once the rays are traced, one may use the raytrace results to derive a known formula for
the required lens power ®iens for a given set of distances AL, ELP and VD, an infinite object
distance, a given cornea power Qcomes, and a given {optional) spectacle power Dpectacte POWET:

_ e #
¢e’g;zx -

AL ~ ELP » e
o + q}cm'naa
nm‘r — VD

¢specmc1e

aye

s

For the model, the comea is then assumed to be a single, infinitely-thin surface, with an
optical power of (Neornea = Nair) / Reomear A typical measured value for the radius of curvature of the
comnea is about 7.704 mm, which yields a typical power of (1.3375 - 1} / (7.704 mm) = 0.0438
mm’', or 43.8 Diopters. For the model, the incident medium for the cornea is air, with a refractive
index of 1. The exiting medium of the cornea is typically chosen to be the refractive index of the
Ve Neye, With a value of roughly 1.336. Note that the value of negre, 1S used only to calculate the
power of the cormnea, and is not used at its exiting medium. In tracing rays between the co;:néa and
the lens, the refractive index is taken to be Neye, OF about 1.336.

Common, off—i;he—shelf, intraocular lenses are available from powers of 5 Diopters to 30
Diopters, in increments of 0.5 Diopters. Some manufacturers may even provide increments as
small as 0.25 Diopters, or smaller. The above formula is commonly used 1o estimate the required
lens power, and the closest available off-the-shelf lens power is typically chosen for implantation.

The numerical values themselves are for a so-called “typical” eye, although any suitable
values may be used. For typical values of axial length and effective lens position, 23.45 mm and
5.25 mm, respectively, a typical separation between the intraocular lens and the retina is about
18.2 mm. The incident refractive index on the retina is neye, or about 1.336.

As a numerical exampie, consider the foliowing typical values: ny, = 1, Neornea = 1.3375,
Neye = 1.336, Roomea = 7.704 mm, Peorpes = 0.0438 mm”’ (o1 43.8 D), Pypectacies = -0.0005 mm™ (or -
0.5 D), VD = 14 mm, ELP = 5.25 mm, and AL = 23.45 mm. Inserting these numerical values into

the equation for the required power @i of the intraocular lens gives a typical value of 0.0212
mm’' (or 21.2 D).
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The raytrace of FIG. 3 may also be used to predict the location of the image for a variety
of object distances (“Z” in FIG. 2), and predict the power required of the intraccular lens to bring
the objects into focus on the retina. FIG. 4 is a plot of retina-to-image separation versus required
lens power, for a variety of object distances, for the “typical eye” of FIGS. 2 and 3. For an
infinitely distant object, located at a “far point,” (e.g., at or near optical infinity) the required lens
power is 21.2 Diopters, and the image falls directly on the retina. As the object moves closer to
the eye, we see an increase in the power required of the lens to bring the object into focus at the
retina. For an object located 250 mm away from the spectacie (commonly denoted as the “near
point,” although other “near point” definitions may be used), the required iens power is about 26.5
Diopters, for an “accommodation range” of about 5.3 Diopters. Note that if the lens is well-
corrected for “far vision,” then a “near” object will have its image displaced about 1.4 mm bebind
the retina in this model. These numerical values are for a “typical” eye; individual eyes may vary
from the “typical” values of FIG. 3. Although the numbers may vary, the trends are similar, with a
higher lens power required at “near” focus than at “far” focus.

Note that because of the generally linear shape of the curve in FIG. 4, separations between
the image and the retina may be expressed in terms of the equivalent power error.

For instance, if a lens is corrected for an infinite far point, then an object | meter away will
form an image about 0.4 mm behind the retina. If the lens power were increased by 1.4 Diopters,
then the object 1 meter away would be well-focused at the retina. The quantity typically used to
describe this is “power error”, which is usually expressed in Diopters. In other words, 1.4
Diopters of extra powerl is sufficient to bring a 1 meter-distant object into focus for a lens that is
well-corrected for infinitely distant objects. Equivalently, if the lens is designed for 1 meter-
distant objects, then decreasing the lens power by 1.4 Diopters is sufficient to bring infinitely-
distant objects into focus.

Likewise, if a lens is corrected for the near point of 250 mm, then decreasing the lens
power by 1.4 Diopters is sufficient to bring objects into focus at a distance of 350 mm. In general,
it is more convenient to describe object distances by their corresponding power differences. For
instance, without regard to sign, a “1.4 Diopter power error” may describe both a lens that is
designed for infinitely distant objects and used at 1 meter, and a lens that is designed for 250 mm

and used at 350 mm; both are “out of focus” by 1.4 Diopters. In many cases, the effects of
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defocus may be symmetric through-focus, so that a +1.4 Diopter error may have roughly the same

- performance as a —1.4 Diopter ervor. (Exceptions may include a non-zerc spherical aberration,

which is asymmetric through focus.)

' We may summarize the findings of FIGS. | through 4 as follows: Defocus errors in the
lens of an eye may be expressed in terms of equivalent power errors, in Diopters. A lens may be
corrected for “far” objects, and may work sufficiently well in a +/~ Diopter range around the “far
point.” Likewise, a lens may be corrected for “near™ objects, and may work sufficiently well in a
+/- Diopter range around “near.” The term “work sufficiently well” is described in detail below.

One exemplary figure of merit for tracking the performance of visual systems is known as
the “Modulation Transfer Function,” or “MTE.” MTF is particularty desirable as a figure of merit
because it may be both predicted by simulation and approximately measured through the visual
response of real patiernts.

The MTF is related to the apparent contrast of alternating bright and dark bars of an
image. If the MTF is 1, then the bright areas appear completely bright, and the dark areas appear
completely dark. If the MTF is 0, both areas appear as gray, with no distinction between bright
and dark areas. Typically, MTF values lic between 0 and 1, with some light bleeding into the dark
areas and some darkuness bleeding into the light areas.

The MTF has a dependence on spatial frequency, which is inversely related to the widih of
the alternating bright and dark bars in the image. Note that MTF is particularly well-suited for
human vision testing, in that the spatial frequency may be controlled during a test by controlling
the size of a letter “E”, where the widths of the prongs in the “E” have a prescribed size.
Although MTF may be measured along two orthogonal axes, we assume rotational symmetry in
this document.

Spatial frequency is typically reported in units of line pairs per mm at the retina. At low
spatial frequencies {wide bars), the MTF is generally higher than at high spatial frequencies
(narrow bars). For frequencies higher than a particular cutoff spatial frequency, the MTF is
exactly 0; this is a property governed by the physics of diffraction.

The cutoff spatial frequency SpFreuos may be calculated for a round pupil, and is given by

2F
SpF rcu.'pﬁ’ m _.;'f;{‘?l[— .

-10-
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where Ipypg is the radius of the exit pupil of the lens, & is the wavelength, and F is the focal
distance of the Jens, For MTF calculations, we assume that the exit pupil of the lens and the
principal planes of the lens are all coincident with the iens itself. For the “typical eye™ lens of
FIGS. 3 and 4, F is about 18.2 mm. We choose to evaluate the lens at a green wavelength of 550
nm. We also choose a lens diameter of 3 mm for the lens, s0 fppu = 1.5 mm. This yields a cutoff
spatial frequency of about 300 line pairs per rnm. Note that this value is for incoherent light, as
nearly everything seen with the eye is Hluminated with incoherent light. Note that other
wavelengths, distances and pupil sizes may be used as well; these numbers are merety exemplary
and should not be construed as limiting in any way.

MTF may be calculated in a straightforward numerical manner, either by a raytracing
program such as Oslo or Zemax, by another existing simulation tool, or by self-written code, all of
which provide generally equivalent results with varying degrees of sophistication. For the plots in
this document, a self-written code was used, using a wavelength of 550 nm, a pupil radius of 1.5
mm, and a lens-to-retina separation of 18.2 mm. Note that other suitable values may be used for
any or all of these quantities, including multiple wavelengths,

FIG. 5 is a plot of the MTF for the “tvpical eye” of FIGS. 3 and 4, for various amounts of
defocus. The defocus is expressed in térms of power error, as described above.

At a spatial frequency of zero, the MTF is 1. At increasing spatial frequencies, the MTF
decreases, not necessarily monotonically, until it reaches a value of 0 at the cutoff frequency of
300 line pairs per mm,

For no defocus, the MTF rolls off roughly linearly at low frequencies, then flattens out at
high spatial frequencies. The value of this defocus-free MTF is known as the “diffraction lmit,”
which represents a maximum attainable MTF for a particular spatial frequency. The actual values
of the diffraction-limited MTF are given by the following equation:

[

2
|cos| PFa | _SpFq | SPFg
% ZSqucwrﬁ 2Squcurq{f' ZSPFQCWOI/'

where SpFq is the spatial frequency and SpFqeuer is the (incoberent) spatial frequency

jro

MTF(SpFq)=

%

/

cutoff, or about 300 lines pajrs per mm (lp/mm, or mm™). This expression is valid only for a

generally round pupil.

«11-
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For non-zero defocus, the MTF decreases from the diffraction-limited MTF. For large
enough defocus (see the 0.36 Diopter curve), the MTF reaches zero around 90 Ip/mm,; this results
from the MTF being the magnitude of 2 complex quantity, the Optical Transfer Function, or OTF,
which passes through zero. .

The five curves in FIG. 5 may be compared with known MTF-versus-defocus plots for a
round pupil. The curves for 0 D, 0.12 D, 0.24 2, 0.36 D and 0.48 D each correspond to wavefront
errors (Weo) of 0 waves, 0.25 waves, .5 waves, 0,75 waves and 1 wave, respectively.

The conversion from power in Diopters to wavefront error in waves may be accomplished
as follows. Consider the power perturbation ®. The lens is assumed to have an unperturbed focal
distance of 18.2 mm, and a perturbed focal distance of 1/(® + 1/18.2 mm). Subtract the two, and
rearrange to arrive at the axial distance Az:

N (1 8. 2mm)’
1+ {1 8.2mm)

The wavefront error Wy may be related to the axial distance Az by

2
'Vpupin'

- 218 2mm)

Wozo =

For many optical systems involving human vision, the MTF values are reported at one or
more representative spatial frequencies. For instance the performance of a system may be
reported using the MTF at 25 Ip/mm, the MTF at 50 Ip/mm and/or the MTF at 100 Ip/mm. Any or
al] of these may be used as a figure of mexit, with higher values representing a “better” image.

FIG. 6 is a plot of the MTF of the “typical eye” of FIGS. 3-5, versus defocus, at three
representative spaiial frequencies. The peak of the MTF curves is at zero defocus, and the peak
values correspond to the intersections of the diffraction-limited curve of FIG. 5 with the three
dotied lines. Because there are no other aberrations present, the MTF curves are symmetric
through focus.

We may define a depth of focus for a lens based on any number of criteria, such as full-
width-half-max (FWHM) of any of the MTF curves, a particular increase in spot size or wavefront
error, a particular decrease in Strehl Ratio, or any other suitable criterion. For the illustrated

embodiment, the depth of focus may be considered to be the focal range over which the MTF at
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50 lines pairs per mm is greater than 0.17. In FIG. 6, the depth of focus is about 0.85 Diopters,
As discussed in greater detail below herein, other criteria may be used to define a depth of focus.

Outside of the depth of focus, the MTF curve at 50 line pairs per mm drops to an
unzcceptably low value, meaning that an object at this particular spatial frequency would appear
unacceptably blurred.

In practical terms, this means that if 2 single-focus intraccular lens, such as the intraocular
lens 25 used in the “typical eye” of FIGS. 3-6, is designed for “far vision”, it may not work for
“near vision”, which generally requires an add or accommeodative power of about 3-6 Diopters. A
patient with such a “far vision”-designed intraccular lens may see distant objects clearly, if the
power error corresponding to the distance is within the depth of focus. Such a patient would
likely require additional reading glasses or contact lenses to focus on near objects, and may
require a second set of glasses for near or intermediate vision. This may be burdensome for the
patient.

Fortunately, there exist multiple-focus intraocular lenses, which may form both a “near”
and a “far” image on the retina simultaneously. After implantation, the patient’s brain learns to
concenirate on one image while ignoring the other. These lenses may produce twol foci, each with
its own depth of focus. The patient may be able to see “near” and “far” objects clearly, but may
still require glasses to provide intermediate vision. This may be an improvement over a single-
focus lens for the patient, and less burdensome for the patient. There is an ongoing effort to
increase the depth of focus of both singie and multi-focus intraccular lenses, to further reduce the
dependence on spectacles for the patient.

Many of the multiple-focus infraccular lenses are constructed as folijows. The anterior
side and posterior side of the optic may each be convex, concave or planar. The optical powers
from the anterior side and the posterior side add to form the refractive power of the lens.
Typically, the refractive power of an intraocular lens may be in the range of about § Diopters to
about 30 Diopters. Either or both of the anterior and posterior sides may have‘a. muliifocal
diffractive or refractive element on it, for example in the form of concentric rings or zones. In the
case of a diffractive multi-focal intraocular lens, the diffractive zones may have a phase structure
in the form of local thickness variations along the surface of the diffractive element. For instance,

“even”-numbered rings may be slightly more or less thick than “odd”-numbered rings, so that the
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transmitted opfical path length is greater or less in the even rings than in the odd rings.
Alternatively, the zones may each include a curved profile that affects the relative diffraction
efficiency of particular diffraction orders. As a further alternative, an amplitude structure may be
used, in which certain zones have a reduéed or no intensity transmission, although this is
inherently less efficient than a phase structure. There are two general classes of multifocal lenses,
which may be similar in appearance and/or construction, but have slightly different characteristics.
Both contain phaée objects on one or both sides of the optic, typically in concentric rings or zones.
For the purposes of this document, the phase object(s) may be referred to as a “diffractive
element,” for both classes discussed below.

The first class is known as “diffractive” multifocal, in which light transmitted through a
radial zone may be roughly 180° out of phase {or out of phase by any other suitable value) with
light transmitted through adjacent zones. In diffractive multifocal lenses, the radii that separate
the zones are chosen for a particular desired power (or focal length), and are arranged in a
presceribed manner based on the radius of the central zone. Light from a particular zone is not
explicitly directed to one focus or the other; in other words, the diffractive element forms both
foci by diffraction through the entire diffractive element. As a result, a diffractive multifocal
intraocular lens may be constructed to near and far vision performance that is substantially the
same for varying pupil sizes of the eye. Typically, diffractive multifocal lenses are bifocal in
nature and, as a consequence, may not provide good intermediate vision, These “diffractive”
multifocal lenses are shown and described in further detail below.

The second class is known as “refractive” multifocal, in which light from a particular zone
is explicitly directed to one of two foci. For instance, the central (or 0%} zone may direct light to
the “near” focus, the 1% zone may direct light to the “far” focus, the 2™ zone may direct light to
the “near” focus, and so forth. The redirection of light is accomplished by including a radial
refractive profile within each zone; this is In contrast with the “diffractive” elements, which may
have a generally flat radial phase profile within each zone. The zone radii in a “refractive”
element may be chosen arbitrarily, and may or may not coincide with those of a “diffractive”
element. These are described further below. In the case of refractive multifocal intraocular
lenses, various zones or annular regions of the optic surface may be constructed to particular foci.

For example, some annular zones may be constructed to focus light onto the retina from a distant
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object or point source, while other zones are configured to focus light onto the retina from objects
or poinl sources located at near or intermediate distances. As a result, refractive multifocal
intraocular lenses typically provide near and distant vision performance that varies with pupil size
of the eye. Because each zone in a refractive multifocal intraocular lens may be directed to 2
specific focus, refractive multifocal intraocular lenses may be designed to provide at least some
intermediate vision, in addition to near and distant vision.

The following text, as well as FIGS. 7 through 20, further describes “diffractive”
multifocal lenses. However, it will be appreciated that embediments of the invention may also
include the use of refractive multifocal infraocular lenses.

FIG. 7 is a front-view schematic drawing of a diffractive element 70. Typically, the
mntraocular lens has refractive power from ifs two curved sides (or one curved side and one flat
side), and additional diffractive power from the diffractive element 70. The diffractive element 70
may be located on one or both refractive sides of the optic; for the figures in this document, the
diffractive element is shown as being on only one side, although in practice there may be
diffractive portions on both sides.

FIG. 7 is & front-view plan drawing of a diffraciive element 70. The diffraciive element 70
includes a series of concentric rings or zones, with a central zone 71 and radially larger zones 71,
72, 73 and 74. Although four zones are pictured in FIG. 7, it will be understood that more or
fewer zones may be used.

In the diffractive element 70, light transmitted through “even” zones 72 and 74 may be
roughly 180° out of phase with light transmitted through “odd” zones 71 and 73. The terms “odd”
and “even” are interchangeable herein, because there is no particular significance to the 0% or 1™
zone. A numerical analysis of the zone radii follows below.

FIG. 8 is a radial cross-sectional drawing of the diffractive element 70 of FIG. 7. It will be
understood that this diffractive element may be found along the curved surface of the optic, and
that only the diffractive portion is shown in FIG. 8. The curved, refractive portion of the surface
is not shown in FIG. 8.

The zones 71-74 are separated by various radii, denoted ry through r;. The optical path
lengths from these radii to a diffractive focus 75 are denoted as OPLg through OPLs, respectively.

Note that the separation between the diffractive element 70 and the diffractive focus 75, denoted
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as Faimractives 18 the focal length of the diffractive element if there were no refractive elements in the

lens.

The relationships among the optical path lengths OPL; determine the radii r, as follows.
To ensure that adjacent zones are out of phase, we require that

OPL,,—OPL, = % ,

where X is the wavelength, We assume the diffractive element is essentially planar and

write

2 2 z Z
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We assume that the radii r; are much smaller than the diffractive focal length Faimractives and

rewrite to obtain

AF 2 id 2
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where the radius of the central zone rg may be chosen arbitrarily.

Note in the derivation above that the path length difference between adjacent radii is set to
be (1/2). To ensure the condition that adjacent zones are out of phase, the optical path difference
may alternatively be set to £(W/2), =(3W/2), £(5M/2}, and so forth. These other path differences
form the various diffracted orders from the diffraction element 70, with effective diffractive focal
lengths of *Fsimactives T(Faitractive3 Y, T Fdisteactive’5), and so forth, and corresponding diffractive
powers of =Duisractives T3 Pittractives 3 Passsrractive, and so forth, It is inferesting o note that these
form only “odd” orders; there are no “even” orders from such a diffractive element.

FIG. 9 is a schematic drawing of the diffracted orders from a lens having both refractive
(from the surface curvatures) and diffractive (from concentric zones in the diffractive clement)
powers. The zeroth order of the diffractive element is located at the refractive focus of the lens, as
if the diffractive element were absent. The positive and negative orders may be evenly spaced,
closer to and farther from the lens, respectively, 1t should be noted that there may be no light
directed into the non-zero even diffracted orders, as discussed above.

Before considering some specific examples of diffractive elements, it is beneficial to
digress momentarily to discuss diffraction efficiency. For the purposes of this document, the

diffraction efficiency of each diffracted order is the percentage of incident power that is directed
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into each order. For a phase object, such as the diffraction elements considered herein, the sum of
the diffraction efficiencies of all orders is generally 100%.

We now present the calculated diffraction efficiencies for a linear binary phase grating,
which is similar in concept to the rotationally symmetric diffractive elements considered herein,
but is mathematically simpler. The diffraction efficiency may be calculated analytically, as a
function of duty cycle “de” (which can vary from 0, where the width of the phase features is
essentially zero, to 0;5, where the up/down phase features each have a width of half the pitch),
peaécwtonvallay phase depth “pd” (which can vary from 0 to 360°, but the diffraction elements
described herein have a peak-to-valley phase depth of 180°), and order number “n”. The

diffraction efficiency of the 0™ order is found to be

4{de) cos® (—j—"—?—} .

p-

The diffraction efficiency of the (non-zero) £n™ order is

4 sin*{dexnx180°) . z(pd]
_— 3 sin "EW \

n? w

For a dufy cycle “dc” of 0.5 and a phase depth “pd” of 180°, the diffraction efficiency of
both the +1* and —1" order is (4/z%), or about 40.53%. The remaining 18.94% of the light is
divided among the remaining odd orders. The diffraction efficiency of the even orders is zero,
including the 0% order.

Although the radially symmetric diffraction elements of FIGS. 7 through 9 do not have the
same calculated diffraction efficiencies as the linear binary phase grating, some general trends
may apply. First, the diffraction efficiency into the positive orders may be equal to the diffraction
efficiency Into the negative orders. Specifically, for the diffractive elements considered herein,
the +1% and ~1* orders may have equal diffraction efficiencies. Second, the diffraction efficiency
of the 0" order may be 0, unless at least one of two conditions occur: (1) The phase depth
difference between adjacent zones is shifted away from 180°, or (2) the duty cycle is shifted away
from 50/50. In terms of the radially symmetric diffractive elements considered herein, the analogy
to altering the duty cycle is varying the radius of the first ring. The analogous 50/50 condition is
where the edge of the central zone is 180° out of phase with the center of the central zone.

Mathematically, this occurs when
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For a wavelength of 550 nin and a power expressed in Diopters, the radius of the central
zone, expressed in mm, simplifies to sqrt (0.55 / Power). Some numerical examples follow: For a
power of 1.5 Diopters, the radius of the central zone works out to 0.605 mm. For 1.0 Diopters, the
central radius s 0.742 mm. For 0.5 Diopters, the central radius is 1,049 mm. Other powers may
be used as well, such as 2 Diopters, 2.5 Diopters, 3 Diopters, and so forth.

When the central radius 1y satisfies the above equation, the subsequent radii are calculated
as described above, and the phase depth of adjacent zones is 180°, we expect that no light will be
directed into the 0% order, that about 40% of the light will be directed into the —I% order, that
apother 40% of the light will be directed into the +1% order, and that the remaining 20% of the
light will be divided among the remaining odd orders. Several diffractive elements that satisfy
these criteria are considered below, as well as several diffractive elements that explicitly violate
these criteria.

Note that there may be some embodiments where more light is directed into one focus

o

than into the other. For instance, rather than splitting the available light (roughly 80% of the total
incident light) equally (50/50) into the near/far foci, the split may be 40/60, 60/40, 30/70, 70/30,
or any other suitable ratio. In an extreme limit, the split may be 0/10C into the near/far, and the
lens may be effectively monofocal.

FIGS. 10 through 20 describe various exemplary diffractive elements and their respective
performances through-focus, when used as part of the “lens” in the “typical eye” described above.
In all cases, each lens may be adapted to or designed for inclusion in a real patient’s eye; the
“typical eye” is merely exemplary and should not be construed as limiting in any way.

¥IG. 10 is a cross-sectional slice of the phase imparted upon transmission through an
exemplary diffractive element. Here, as with all of the diffractive elements considered in FIGS.
10 through 20, the design wavelength is 550 nm (in the green portion of the spectrum), and the
pupil radius is 1.5 mm. These values are merely exemplary, and any suitable values for the design
wavelength and pupil size may be used. Note that for the purposes of this document, the pupil

size is the actual size of the diffractive element.
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The diffractive power of the diffractive element of FIG. 10 is 1.5 Diopters per order. For
instance, if the refractive power of the lens is 21.2 Diopters, then the plus first diffracted order has
a combined (refractive + diffractive) power of 22.7 Diopters, the minus first diffracted order has a
combined power of 19.7 Diopters, and so forth.

The radius of the central zone is 0.61 mm, which satisfies the condition described above,
where most of the light is directed into the +1* and —1* orders, with very little in the 0™ order. We
therefore choose a “near” focus to coincide with the —1* order and a “far” focus to coincide with
the +1% order. In this lens, “near” and “far” zones are separated by 3 Diopters, which is a typical
value for duai-focus intraocular lenses. The radii of the other zone edges in FIG. 10 are 0.86 mm,
1.05 mmy, 1.21 mm, 1.35 mm and 1.48 mm.

' The through-focus performance of this diffractive element is shown in FIG. 11, The MTF
curves for 25 Ip/mm, 50 Ip/mm and 100 Ip/mm are all shown through-focus. (Recall that the
horizontal axis is analogous to viewing objects at varying distances from the eye, with a “far”
object by the left edge of the plot and a “near” object by the right edge of the plot.)

As expected, there are peaks at £1.5 Diopters, which correspond to the 1% orders, and no
peak at 0 Diopters, which corresponds fo the 0" order. For the definition of depth of focus used
earlier, .., the region over which the MTF at 50 ip/mm is greater than 0.17, the depth of focus for
each focus is about 0.6 Diopters.

In an attempt fo increase the depth of focus beyond the two discrete peaks of FIG. 11, we
may adjust the radius of the central zone. As shown earlier in the linear grating analogy, if we
shift the duty cycle away from 50/50, the diffraction efficiency of the 0" order increases from
zero. For the diffraction element of FIG. 10, increasing the radius of the central zone beyond 0.61
mm has an analogous effect, diverting light from the +1% orders back info the 0" order, thus
potentially increasing the overall depth of focus (range over which the MTF at 50 Ip/mm is greater
than 0.17). The radii of other zones are calculated based on the desired power of the lens and the
radius of the central zone, as described above.

FIG. 12 is a through-focus plot of the MTF at 50 Ip/mm, for a variety of central zone radii.
We see that as the central zone radius increases from 0.6 mm to 1.5 mm, the 1% order peaks

disappear, and the 0% order peak grows. While the 0" order grows to have a depth of focus of
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about 1.0 Diopter, we lose the effects of the =1* orders, each of which does not have a depth of
focus substantially greater than the 0.6 Diopters shown in FIG. 11.

In particular, note that as the central zone radius is varied over its range, the MTF plots
form a “knee,” which may be thought of as follows. For all the MTF curves in FIG. 12, we define
a function as the maximum value of all the MTF curves, over the whole x-axis. The “knee” may
be thought of as a local minimum of this function. We see a “knee” at roughly 1.0 Diopters and
an MTF value of around 0.08, and a corresponding knee at —1.0 Diopters and an MTF of around
0.08. This knee falls below the depth of focus threshold MTF value of 0.17. Thus, changing the
size of the central zone does not appear to provide a significant increase in overall depth of focus.

Another parameter that may be used in attempting to increase the depth of focus is
reducing the diffractive power of the diffractive element so that the +1% and —1* orders are closer
to each other. Referring to FIG. 13, a diffractive lens is illustrated that has a diffractive power of
1 Diopter per order. The central zone radius is chosen in accordance with the duty cycle condition
described above, and is 0.74 mm. The radii of the larger concentric zones are calculated as
described above, and are 1.05 mm, 1.28 mm and 1.48 mm.

The performance of the diffractive element of FIG. 13 is shown in FIG. 14, Compared
with FIG. 13, the “pear” and “far” foci are moved toward each other, but the depth of focus for
each is still about 0.6 Diopters. This value may not be a significant improvement over the depth
of focus shown in the plots of FIG. 11. Simply moving the “near” and “far” foci closer together
by reducing the power of the diffractive element, without doing anything else, does not seem to
substantially increase the depth of focus.

If we then take the diffractive element of FIG. 13, and increase the central zone radius
beyond 0.74 mm, and plot the through-focus MTF at 50 lp/mm, we arrive at the curves of FIG. 15,
These curves also show a “knee” at about 0.6 Diopters and an MTF value of about 0.2, and a
corresponding “knee” at ~0.6 Diopters and an MTF 0f 0.2. In contrast with the curves of FIG. 12,
it may be noted that this knee is 2bove the MTF threshold of 0.17 that defines the depth of focus.
As the central zone radius is increased, the 1% order peaks shrink and the 0" order peak grows,

but there is a range of central zone radii at which the peaks all blend together, 5o that the overall

depth of focus may be significantly increased.
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The curves of FIG. 15 show that adjusting the central zone radius (and therefore adjusfing
the diffraction efficiency into the 0™ order) may have an effect on the depth of focus.

For a small central zone {r = 0.8 mm), most of the light is directed into the +1% and ~1™
orders, with little remaining in the 0™ order. As a result, we see two distinet peaks, separated by 2
region in which the MTF is lower than the threshold of 0.17. The depth of focus may not be
significantly increased due fo these two separated peaks.

For a large central zone (r = 1.5 mm), most of the light is directed nto the 0™ order, with
little or none reaching the +1% and —1% orders, This is essentially the same case as a single-focus
lens with no diffractive effects. The depth of focus, therefore, is not significantly increased
beyond the single-focus case.

For a properly-sized central zone (r = 1.05 mm), the overall depth of focus may be
increased by directing some light into all of the —1¥, 0™ and +1% orders. The peak MTF is reduced
from the single-focus case, however the width is increased over the single-focus case. This may
be considered an extended depth focus. We examine the case of the properly-sized central zone in
more detail in FIGS. 16 and 17,

A 1-Diopter diffractive element, similar to FIG. 13 but having a central zone radius of
1.05 mm, is shown in FIG. 16. The subsequent zone radii are calculated as described above, and
are 1.28 mm and 1.48 mm. For a central zone radius of 1.05 mm, the edge of the central zone is
360° out of phase with the center of the central zone, compared to 180° for the element of FIG. 13.

FIG. 17 shows the through-focus performance of the element of FIG. 16. Here, the depth
of focus is about 1.8 Diopters, which is roughly three times the depth of focus of any single focus
of FIGS. 10-14. In addition, the total range over which the MTF at 50 Ip/mm is above a threshold
value of 0.17 is approximately 1.5 times greater than that for both foci combined in FIGS, 10-14,
The MTFs at 25 Ip/mm and 100 ip/mm are shown in FIG. 17 along with the MTF at 50 lp/mm.
All three MTF curves are well-behaved within the depth of focus, with none falling to zero in this
range.

FIG. 18 is a through-focus plot of MTF at 50 line pairs per mm, for a diffractive element
with 0.5 Diopters per order, for a variety of central zone radii. The remaining zone radii are
calculated as described above. This plot is analogous to FIG, 15 (I Diopter per order) and FIG. 12

(1.5 Diopters per order). The so-called “knee” of the curves in FIG. 18 occurs at about +0.4
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Diopters and an MTF of about 0.4, Here, the knee is well above the MTF threshold used to define
the depth of focus.

FI1G. 19 illustrates a diffractive lens corresponding to the curve in FIG. 18 in which the
central zone has a radius of 1.05 mm. The edge of the central zone is 180° out of phase with the
center of the central zone; this is analogous in construction with the diffractive elements shown in
FIG. 13 (1 Diopter per order) and FIG. 10 (1.5 Diopters per order). The other zone radius is
calculated as described above, and is 1.48 mm. Note that because the pupil radivs is 1.5 mm, that
there is effectively only one additional zone beyond the central zone.

F1G. 20 shows the through-focus performance of the diffractive element of FIG. 19, The
depth of focus, defined as the region over which the MTF at 50 Ip/mm is greater than 0.17, is
about 1.5 Diopters. However, the MTF at 100 Ip/mm drops to zero near the center of this focus
range, which may be undesirable in some circumstances. For instance, in some embodiments it
may be a desirable characteristic that the MTF values be positive within the depth of focus, out to
a particular spatial frequency, such as 100 Ip/mm or any other suitable value. However, in some
cases, it may be acceptable to have an MTF drop to zero at a particular spatial frequency.

Note that there may be other features present in the diffractive zones, in addition fo or in
place of a uniform phase object. For instance, there may be a radial phase feature known as a
“blaze”, analogous to the uniform “slant” of the phase in a linear blazed grating, which can direct
light preferentially into one or more diffracted orders. For example, a blaze profile may have a
dependence on r squared, where r is the distance from the optical axis. The blaze may extend over
the entire diffractive element, or may be present in only select radial zones.

Much of the above analysis is applicable fo such blazed diffractive lenses, only using
different diffracted orders from the +1% and 1% orders shown in FIGS. 10 through 20. For
imstance, the power may be split between the 0% and +1% orders, the +1% and +2™ orders, the +2™
and +3" orders, or the +3* and +4" orders, and so forth. Using specific, predetermined orders
other than the +1* and —1% orders may be beneficial in some embodiments, and may have
advantages in certain circumstances. For instance, correction for chromatic aberration may be
possible and/or easier for certain combinations of orders. Examples of such designs are found in
U.S. Patent No.’s 5,144,483; 4,655,565; 5,748,282; or 5,229,797, all of which are herein

incorporated by reference in their entirety.
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Note also that the term “adjacent” orders may refer to consecutive orders as defined above,
such as the 0™ and +1% orders, the 0" order and-1% orders, the +3" and +4" orders, the -3 and-
4™ orders, and so forth. Alternatively, the term “aedjacent™ orders may refer to consecutive orders
that have a non-zero diffraction efficiency or have a diffraction efficiency that is substantially
greater than zero {e.g., greater than 2% or greater than 5%) at a design wavelength or over a
predetermined range of wavelengths; recall above that in some cases the non-zero even diffracted
orders may have a diffraction efficiency of zero, or substantially zero, at a design wavelength or
over a predetermined range of wavelengths. In these cases, the diffracted orders may be
renumbered so that both even and odd orders may have non-zero diffraction efficiencies. Here,
“adjacent” orders may refer to these renumbered orders.

In at least some of the above examples, an extended depth of focus was produced using
diffractive lenses comprising zones of constant phase that produced significant energy in at least
two diffraction orders. As used herein, the term “extended depth of focus™ means a depth of focus
that exceeds that of a similar spherical intraocular lens comprising opposing spherical surfaces
and having substantially the same optical power as an optical power of the lens with the extended
depth of focus. In the above exampies, the extended depth of focus was produced by using a
combination of a relatively low add power (as compared to a traditional diffractive, multifocal
intraccular lens) and predetermined radius for a central zone. Such extended depth of focus
performance is illustrated at least in FIG. 15 (for a central zone radius of 1.05 mm), FIG. 17 (at
least at a frequency of 50 Ip/mm), FIG. 18 (for a central radius of 1.05 mm), and FIG. 20 (at least
at 2 frequency of 50 Ip/mm).

Note also that intraocular Jenses according to embodiments of the invention may use
additional techniques fo extend the depth of focus, in addition to those described above herein
(e.g., the use of diffractive lenses with low add powers of about 2 Diopters (FIG. 16) or about |
Diopter (FIG. 19)). For instance, in some embodiments, a refractive power and/or base curvature
profile(s) of an intraocular lens surface(s) may contain additional aspheric terms or an additional
conic constant, which may generate a deliberate amount of spherical aberration, rather than correct
for spherical aberration. .In this manner, light from an object that passes through the cornea and
the lens may have a non-zero spherical aberration. Because spherical aberration and defocus are

related aberrations, having fourth-order and second-order dependence on radial pupil coordinate,
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respectively, introduction of one may be used to affect the other. Such aspheric surface may be
used to allow the separation between diffraction orders to be modified as compared to when only
spherical refractive surfaces and/or spherical diffractive base curvatures are used. An additional
number of focus-extending techniques are described in detail in U.S. Patent No. 7,061,693, titled
“Optical method and system for extended depth of focus,” issued on Jun. 13, 2006 to Zalevsky,
and incorporated by reference in its entirety herein. In some embodiments, a refractive jens may
include one or more surfaces having a pattern of surface deviations that are superimposed on a
base curvature (either spherical or aspheric). Examples of such lenses, which may be adapted to
provide lenses according to embodiments of the present invention, are disclosed in U.S. Patent
No.’s 6,126,286 and 6,923,539 and U.S. Patent Application Number 2006/0116763, all of which
are herein incorporated by reference in their entirety.

Referring to FIGS. 21A and 21B, in certain embodiments of the present inveniion, an
ophthalmic lens 200 comprises an optic 210 that includes an anterior surface 220 having a first
shape 222 and an opposing posterior surface 230 having a second shape 232, the first and second
shapes 222, 232 providing a refractive power. The optic 210 further comprises a diffractive
element or pattern 240 imuposed on, added to, or combined with the second shape 232. The first
and second surfaces 220, 230 together provide a base power and an add power, the add power
generally being less than or equal to about two Diopters or even less or equal to about one
Diopter, depending on the desired performance of the optic 210 (e.g., the range of the depth of
focus under certain conditions, the number of distinet foci desired uﬁd.er certain conditions, the
range of vision desired under certain conditions, and the like).

The optic 210 has a clear aperture through which fight from an object is transmitted
through the anterior and posterior surfaces 220, 230 to form an image on the retina of a subject or
patient. As used herein the term “clear aperture” means the portion of an optic that limits the
extent of the rays from an object that contribute to the corresponding or conjugate image. The
“clear aperture” is generally express as a diameter of a circle.

In the illustrated embodiment, the diffractive pattern 240 includes a biazed radial profile.
Alternatively, & binary phase grating may be used, for example, as discussed above with regards to

FIGS. 10-20. It is instructive to compare an exemplary lens having a diffractive pattern (referred

By



10

et
Lh

25

WO 2009/027438 PCT/EP2008/061235

to below as “extended focus™) with a similar intraccular lens that lacks such a diffractive pattern
{(referred to below as “refractive™).

The surfaces 220 and/or 230 of the optic 210 may be purely refractive and have a shape or
profile that is either spherical or aspheric. The shape of the surface may be represented by sag Z
given by the following equation:
r/R

= + ADr® + AEF®
I+ 41= 7 {CC +1)/ R?

Z (1)

where 1 is a radial distance from the center or optical axis of the lens, R is the curvature at the
center of the lens, CC is the so-called conic constant, and AD and AE are polynomial coefficients
additional to the conic constant CC.

In the illustrated embodiment, the diffractive pattern 240 has a relatively low add power
and is imposed on second shape 232. The combination of the diffractive pattern 240 and the
second shape define the overall form of the posterior surface 230. The resulting optic 210,
illustrated in FIG. 21B, provides an increased depth of foous when illuminated at a predetermined
wavelength, or range of wavelengths, relative to a reference optic without the diffractive pattern
240 and having a refractive power that is substantially equal to a base power,

Note that the diffraction element or pattern 240 may be imposed on, added to, or combined
with the first shape 222 or diffractive patterns may be imposed on both shapes 222, 232. Note
also that the optic may be bi-convex, as drawn in FI1G. 21, or may optionally be plano-convex or
meniscus. For the purposes of comparison between “spherical” and “extended focus™ lenses, the
exemplary optic 210 is assumed fo be bi-convex and symmetric (having the same radius of
curvature), with the diffractive pattern 240 being added to the second shape 232 for provide the
posterior surface 230 of a simulated “refractive” iens to form a simulated “extended focus” lens.
The simulations may be performed using, for example, ray tracing or lens design software such as
Oslo, Zemax, Code V, or any other suitable program.

The following two sections provide two different simulated comparisons of an “extended
focus™ lens with a “refractive” lens. The first comparison uses an anatomically accurate model of
the surfaces in the eye. The second uses an eye model that can also be used to measure a real lens
in a physical laboratory instrument, in addition to being simulated. Both are described in greater

detail below.
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The first simulated comparison uses a mode! eye based on an article by H.L. Liou. and
N.A. Brennan, “Anatomically accurate, finite model eye for optical modeling,” J Opt Soc Am A,
14(8), 1684-1695. The Liou-Brennan model eye uses distances and curvatures that correspond to
those in an average-shaped, average-sized eye.

FIG. 22 is a surface-by-surface schematic drawing of the simulated eye systems for the
Liou-Brennen model. The dotied lines in FIG. 22 represent rays from an infinitely distant object,
passing through the zeroth order of the diffractive element and forming a “far” focus at the retina.
There are six surfaces in the simulated Liow-Brennan eye, with a number 0 surface located
infinitely far away, Each surface is described below.

Surface 0 may be considered to be the object of the system. Surface ¢ is infinitely far
away, or any suitable approximation of infinity, such as 1e9 mm or 1620 mm. The material afler
surface zero is air, with a refractive index of 1.

Surface 1 is the anterior surface of the comea, with a radius of curvature of +7,77 mm and
a conic constant (also known as “asphericity”) of -0.18.

The refractive index between surface 1 and surface 2 is the refractive index of the cornea,
with a value of about 1.376 at a wavelength of 555 nm. The separation between surface | and
surface 2 is the thickness of the cornea, 0.5 mm.

Surface 2 is the posterior surface of the cornea, with a radius of curvature of +6.4 mm and
a conic constant of —0.6.

The refractive index between surface 2 and swrface 3 is the refractive index of the aqueous
humor, with & value of about 1.336 at a wavelength of 555 nm. The separation between surface 2
and surface 3 is 3.16 mm,

Surface 3 is the iris of the eye, and is the aperture stop of the simulated optical systenn. It
has a radius proportional to the pupi! diameter, and has no power or curvature. The pupil diameter
in the simulations is 3 mm.

The refractive index between surface 3 and surface 4 is the refractive index of the agueous
humor, with a value of about 1.336 at a wavelength of 555 nm. The separation between surface 3

and surface 4 is 0.5 mm.

Surface 4 is the anterior surface of the intraocular lens, with a radius of curvature of
+12.154 mm.
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The refractive index between surface 4 and surface 5 is the refractive index of the
intraocular lens. The lens is made of a silicone material, with a value of about 1.459 at a
wavelength of 555 nm. The separation between surface 4 and surface 5 is the axial thickness {or
“center thickness") of the lens, 1 mm.

Surface 5 is the posterior surface of the intraocular lens, with a radius of curvature of —
12.154 mm. Note that the lens is bi-convex and symmetrical, with a conic constant of 0 and no
aspheric terms. In other words, the shape of the anterior and posterior surfaces is spherical.
Alternatively, the anterior and/or posterior surfaces of the lens may include & non-zero conic
constant or one or more aspheric terms.

For the “refractive” lens used as a benchmark in this comparison, the optic includes
surfaces 4 and 5 as described above. For the “extended focus” lens, surface 5 also includes a
parabolic, blazed diffractive profile, imposed on the shape of the surface.

The blazed profile may be described by equations equal to or similar to those described in
the articie by A.L. Cohen, “Practical design of a bifocal hologram contact lens or intraocular
lens,” Applied Optics, 31(19), 3750-3754 (1992). The diffractive element uses the 0% and +1%
diffracted orders. The radius of the first ring in the diffractive profile is 0.95 mm, corresponding
to an add power of 1.2 Diopters. The depth of the profile is 3.2 microns, which converis to a
phase imparted upon transmission of (3.2 microns times (1.459-1.336) divided by 0.555 microns),
or about 0.7 wavelengths, or about 255 degrees of phase. The parabaolic profile extends across all
zones, with a step discontinuity at the edge of each zone. The step height may be varied from 3.2
microns, depending on the refractive indéx of the lens material or other design factors. The step
height will generally be between about | micron and about 3 microns, preferably between about
1.5 microns and about 2.0 microns.

The refractive index between surface 5 and surface 6 is the refractive index of the vitreous
humor. In this model, the refractive index of the vitreous humor is taken to be the same as the
aqueous humor, or about 1.336 at a wavelength of 555 nm. The separation between surface 5 and
surface 6 may be set to a “solve” in a raytrace program, such as OSLO or ZEMAX, and is about
18.7 mm.

Surface 6 is the retina, and is the image plane for the simulated optical system.
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The eye model with the above intraocular lens was evalvated in polychromatic light, as
described in the Liou-Brennan reference. Typically, the simulations may be performed with a
primary wavelength of 555 nm, and a weighting for the other wavelengths in accord with the
speciral respense of the eye. In other embodiments, the performance of the lens may be modeled
and/or evaluated with other weighting factors, for example, to account for varying lighting
conditions and/or to account for differences between scotopic and photopic vision. Alternatively,
the tens may be modeled and/or evaluated at a plurality of two or three wavelengths representative
of the visible range or a particular lighting condition, or at a single wavelength representative of
the visible range or a particutar lighting condition (e.g., at a wavelength of 530 nm).

FIG. 23 shows the performance of the “extended focus” lens of FIGS. 21, used in the
system of FIG. 22, compared to the performance of a similar “refractive” lens that does not have
the 1.2-Diopter-add-power diffractive element. FIG. 23 is a through-focus piot of the simulated
Modulation Transfer Function at 50 line pairs per mm (or, equivalently, cycles per mm or ¢/mm)
for the “spherical” and “extended focus” intraocular lenses described above.,

The “extended focus” lens has a reduced peak MTF, but an increased widih to the MTF
curve, compared to the “refractive™ lems. The depth of focus may be defined in a number of ways,
and many definitions show this increased width. Two exemplary depth of focus definitions are
considered below,

A first definition of depth of focus uses an absolute threshold value of 0.17, where the
depth of focus is the power range over which the MTF at 50 c/mm exceeds 0.17. Using this
definition, the “refractive” lens has a depth of focus of 1.36 Diopters, and the “extended focus”
lens has a depth of focus of 1.90 Diopters, which is about 39% larger than the “refractive” lens.

A second definition of depth of focus uses an absolute threshold value of 0.20, where the
depth of focus is the power range over which the MTF at 50 o/mm exceeds 0.20. Using this
definition, the “refractive” lens has a depth of focus of 1.25 Diopters, and the “extended focus” |
lens has a depth of focus of 1.72 Diopters, which is about 37% larger than the “refractive” lens.

Similarly, other definitions for depth of focus may be used, many of which aiso show the
substantial increase in depth of focus of the “extended focus™ lens (which includes a diffractive
element with 1.2 Diopter add power) over the “refractive” lens (a similarly-shaped lens that does

not include the diffractive element).

28



10

15

20

25

WO 2009/027438 PCT/EP2008/061235

The simulated results for Liou-Brennen model may correspond to the surface spacings and
shapes of an idealized real eye, but they are difficult to verify experimentally because the lens
would be surgically implanted inside the eye of a patient. Accordingly, there is a second eye
model, the so-called “Norrby modified 18O model eye” or “Norrby model”, which also may be
simulated, but additionally allows for the measurement of a real lens on a physical testbed.

A second set of simulated results is presented below, which also confirms the increase in
depth of focus for the “extended focus” lens over the “refractive” lens. This second simulation
uses the “Norrby modified I1SO model eye”.

FIG. 24 is a surface-by-surface schematic drawing of the simulated eye systems for the
Norrby model. The dotied lines in FIG. 24 represent rays from an infinitely distant object, passing
through the zeroth order of the diffractive element and forming a “far” focus at the retina. There
are ten surfaces in the simulated Norrby eye, with a number 0 surface located infinitely far away.
Each surface is described below.

Surface O may be considered to be the object of the system. Surface 0 is infinftely far
away, or any suitable approximation of infinity, such as 1€9 mm or 1¢20 mm. The material after
surface zers is air, with a refractive index of 1.

Surfaces 1 andl?, are the anterior and posterior surfaces of a plano-convex singlet that
mimics the performance of a typical cornea. Surface 1 is the anierior surface of the plano-convex
singlet, with a radius of curvature of +19.24 mm and a conic constant (also known as
“asphericity” or Q-value) of +0.226. The refractive index between surface 1 and surface 2 is the
refractive index of the singlet, with a value of about 1493 at a wavelength of 546 nm. The
separation between surface 1 and surface 2 is the thickness of the singlet, 10 mm. Surface 2 is
essentially flat or planar. The singlet has a focal length in air of about 39 mm, or, equivalently, a
power in air of about 25.6 Diopters.

The refractive index between surface 2 and surface 3 is 1. The separation between surface

2 and surface 3 is 3 mm.

Surfaces 3 and 4 are the anterior and posterior surfaces of a window. Both surfaces 3 and

4 are flat. The window is made of BK7 glass, which has a refractive index of about 1.517 at 546

nm. Alternatively, other glasses may be used, such as SF11, LaSFN9, BaK 1, F2, fused silica, or
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any other suitable glass type. The separation between surfaces 3 and 4 is the window thickness,
with a value of 6 mm.

The refractive index between surface 4 and surface 5 is roughly equal to that of the
aqueous in an actual eye, with a value of about 1.336 at a wavelength of 546 nm. The separation
between surface 4 and surface 5 is 6.25 mm.

Surface 3 is the iris of the eye, and is the aperture stop of the simulated optical system. 1t
has a radius proportional to the pupil diameter, and has no power or curvatare. The pupil diameter
in the simulations is 3 mm.

The refractive index between surface 5 and surface 6 is about 1.336 at a wavelength of 546
nm. The separation between surface 5 and surface 6 is 0.

Surface © is the anterior surface of the intraocular lens, with a radins of curvature of
+12.154 mm.

The refractive index between surface 6 and surface 7 is the refractive index of the
intraocular lens. The lens is made of a silicone material, with a value of about 1.46 at a
wavelength of 546 nm. The separation between surface 6 and surface 7 is the axial thickness (or
“center thickness™) of the lens, 1 mm.

Surface 7 is the posterior surface of the intraocular lens, with a radius of curvature of —
12.154 mm. Note that the lens is bi-convex and symmetrical, with a conic constant of 0 and no
aspheric terms. In other words, the shape of the anterior and posterior surfaces is spherical.
Alternatively, the anterior and/or posterior surfaces of the lens may include a non-zero conic
constant or one or more aspheric terms.

For the “refractive” lens used as a benchmark in this comparison, the optic includes
surfaces 6 and 7 as described above. For the “extended focus™ lens, surface 7 also includes a
parabolic, blazed diffractive profile, imposed on the shape of the surface.

The blazed profile for the Normrby simulation is similar to that described in the Liou-
Brennan simulation, only with the radius of the first ring in the diffractive profile being 1.0 mm,
corresponding to an add power of 1.1 Diopters, and a depth of the profile being 3.3 microns.

The refractive index between surface 7 and surface 8 is about 1.336 at a wavelength of 546

nm. The separation between surface 7 and surface 8§ is 9 mm.
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Surfaces 8 and 9 are the anterior and posterior surfaces of a second window, similar in

thickness (6 mm) and refractive index (1.517) to the window between surfaces 3 and 4.

The refractive index between surface 9 and surface ¢ is 1.

The thickness between surface 9 and surface 10 may be set to a “solve” in a rayirace
program, such as OSLO or ZEMAX, and. is about 3.4 mm.

Surface 10 is the retina, and is the image plane for the simulated optical system,

The Norrby eye model was evaiuvated in monochromatic light at a wavelength of 546 nm.

FIG. 25 shows the performance of the “extended focus” lens of FIGS. 21, used in the
system of FIG. 24, compared to the performance of a similar “refractive” lens that does not have
the 1.1-Diopter-add-power diffractive element. FIG. 25 is a through~focus plot of the simulated
Modulation Transfer Function at 50 c¢/mm for the “spherical” and “extended focus” intraocular
lenses described above.

The performances of both lenses in the Norrby eve model (FIG. 25) are similar to those in
the Liou-Brennen eye model (F1G. 23). The “extended focus” lens has a reduced peak MTF, but
an increased width to the MTF curve, compared to the “refractive” lens. As with the Liou-
Brennan simulation, the Norrby simulation considers two exemplary definitions for depth of
focus.

A first definition of depth of focus uses an absolute threshold value of 0.17, where the
depth of focus is the power range over which the MTF at 50 ¢/mm exceeds 0.17. Using this
definition, the “refractive™ lens has a depth of focus of 1.18 Diopters, and the “extended focus”
iens has a depth of focus of 1,80 Diopters, which is about 52% larger than the “refractive” lens.

A second definition of depth of focus uses an absolute threshold value of 0.20, where the
depth of focus is the power range over which the MTF at 50 ¢/mm exceeds 0.20. Using this
definition, the “refractive” lens has a depth of focus of 1.04 Diopters, and the “extended focus”
lens has a depth of focus of 1.66 Diopters, which is about 59% larger than the “refractive” lens.

The Norrby model is conducive to testing real lenses in a physical testbed, which is
described in the following four paragraphs.

The lens under test is placed against the iris, so that the anterior surface of the lens
becomes roughly coincident with the aperture stop of the test system. The lens under test is

immersed in a fluid that mimics the fluids in the eye, and the lens and fluids are contained in a
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chamber bounded by the first and second windows. The light comes to focus outside the chamber,
in ait. In practice, the separation between the second window (surface 9) and the image plane or
detecior (surface 10} may be adjusted, depending on the properties of the lens under test,

It should be noted that the refractive index of the fluid in the eye mode! has an influence
on the measured MTF of diffractive lenses. In order to simulate the in vivo situation, the
difference in refractive index between the lens material and the eye’s aqueous humor (at 35°
Celsius and in equilibrium with water) should be the same as under the test conditions in the eye
model.

In the Norrby simuiation, an agueous fluid was used with a refractive index of 1.336. For
other lens designs, other refractive indices may be more appropriate. Specifically, using different
materials may require different refractive indices of the aqueous fluid. For example, consider a
material “A”, which has no water uptake, a refractive index of 1.3 at 546 nm and 22°C and a
decrease of refractive index of 0.0003/°C. As a result, the refractive index of “A” in vivo would
be 1.496 (at 35°C) and the difference between the refractive indices of the eve and the lens would
be 1.496-1.336=0.160. In order to have the same difference under the test conditions at 22°C, the
aqueous fluid should have a refractive index of 1.5-0.16=1.340. A similar approach can be
applied in case that water uptake of the lens material influences the refractive index of the lens.

As an altermative for changing the refractive index of the fluid in the eye model, the
measurements can be performed at 35°C, with the lens in equilibrium with water and with the
fluid having the standard refractive index of 1.336.

It is instructive to summarize the simulations performed with both the Liou-Brenman and
Norrby eye models. It is found that the addition of a diffractive element with a fairly low add
power can increase the depth of the focus of an intraccular lens, compared to a similarly shaped
intraocular lens without the diffractive element. The add power of the diffractive element can be
in the ranges of 0.5 to 2.5 Diopters, or 1.0 to 2.0 Diopters, or 1.5 to 2.0 Diopters, or 1.0 to 1.5
Diopters. In one embodiment, the depth of focus is defined in terms of a threshold MTF vaiue at a
particular spatial frequenéy. The threshoid may be an absolute threshold, such as 0.10, 0.15, 0.17,
0.20, 0.25 or 0.30, or may be a relative threshold, such as a particular percentage of the peak

value. The spatial frequency may be 25 line pairs per mm, 50 line pairs per mm, 100 line pairs per

mm, or any suitable value,
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The preceding embodiments are merely for illustrative purposes, and should not be
construed as limiting in any way. The above model parameters may be ac%jlisted to suit a
particular set of design objectives or to reflect a particular set of measurements for a particular set
of eyes or an individual eye. For example, the parameters for the eye model may be selected
based on statistical averages for a particular population, such as disclosed in U.S. Patent No.
6,705,729, which is herein incorporated by reference in its entirety. In addition, the design of the
diffractive element may be adjusted to provide a predetermined visual response within the eye ol a
subject or patient. The add power between the diffractive orders of the intraocular lens is
generally less than that of a substantially equivalent prior art multifocal, preferably less than about
3 Diopters, more preferably less than 2.5 Diopter, less than 2 Diopters, or less than or equal to
about 1 Diopter. In some embodiments, the add power may be selected to between about 0.5
Diopters and about 1.5 Diopters. Alternatively, even smaller add powers may be utilized, for
example, less than about 0.5 Diopters.

In addition, the diffractive element may be configured to use other diffractive orders
besides the zeroth and +1 diffractive orders, for example, the +1 and +2 diffractive orders or the —
I and +1 diffractive orders. Alternatively, the diffractive element may be a combined grating or
may comprise more than one physical grating surface, for example, as disclosed in U.S. Patent No.
5,117,306, which is herein incorporated by reference in its entirety. In other embodiments, the
diffractive element provides 2 lower add power over only & portion of the lens aperture, for
example, similar to the configurations disclosed in U.S. Patent No. 7,188,949, which is also herein
incorporated by reference in its entirety.

For many of the examples provided in this document, we defined the depth of focus as the
region in a through-focus plot over which the Modulation Transfer Function (MTF) at a spatial
frequency of 50 line pairs per mm exceeded a cutoff value of 0.17. In some embodiments, the
definition of depth of focus may be based on a different cutoff (e.g., a cutoff value of about 0.15,
about 0.20, or about 0.25) or a different spatial frequency (e.g., a spatial frequency of about 25 line
pairs per mm or about 100 line pairs per mm). The depth of focus may be alternatively defined in
terms of axial distance, or, equivalently, in terms of power, as shown in FIG. 4. There are many
possible alternative definitions of depth of focus that many be used, as well as many other figures

of merit that may be used for the definitions.
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The figures of merit, or metrics, may be either purely optical in nature, or may incorporate
some perception effects from the human eve.

For instance, any or all of the following optical metrics may be used: MTF at a particular
spatial frequency, MTF volume (integrated over a particular range of spatial frequencies, either in
one dimension or in two dimensions), Strehl ratio, encircled energy, RMS spot size, peak-to-
valley spot size, RMS wavefront error, peak-fo-valley wavefront error, and edge transition width.

Alternatively, any of the following psychophysical metrics may be used: contrast
sensitivity, visual acuity, and perceived blur. In addition, many more metrics may be found in the
literature, such as those detailed in Marsack, I.D., Thibos, LN. and Applegate, R.A., 2004,
“Meitrics of optical quality derived from wave aberrations predict visual performance,” J Vis, 4
(4), 322-8; and 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. All of these references are herein incorporated by reference in their entirety.

Any or all of these metrics may be defined af a single wavelength, such as 550 nm or any
other suitable wavelength, or over a larger spectral region, such as the visible spectrum from 400
nm to 700 nm. The metrics may be weighted over a particular spectral region, such as the
weighting associated with the spectral response of the human eye.

Given the many possible figures of merit, there are several ways to evaluate them to define
a depth of focus.

One way is to define an absolute threshold, where the crossings of the figure of merit with
the threshold define the depth of focus. For instance, the depth of focus may be defined as the
region over which the MTF at 50 Ip/mm exceeds a threshold of 0.17. Alternatively, any suitable
MTF absolute threshold may be used, such as 0.1, 6.15, 0.2, 0.25, 0.3 and so forth. Alternatively,
the depth of focus may be defined as the region over which the RMS spot size is less than a
particular threshold value.

Another way is fo define the depth of focus is based on a relative threshold, where the
threshold is defined based on a peak value of the figure of merit. For instance, the depth of focus
may be defined as the full width at haif max (FWHM) of the MTF at a particular spatial
frequency. Other relative thresholds may be 95%, 90%, 80%, 70%, 60%, 50%, 1/e, 1/e"2, or any

suitable fraction of the peak value of the metric.
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The description of the invention and its applications as set forth herein is illustrative and is
not intended to limit the scope of the invention. Variations and modifications of the embodiments
disclosed herein are possible, and practical alternatives o 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. These and other variations and modifications of the embodiments disclosed

herein may be made without departing from the scope and spirit of the invention.
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Claims

An intraocular lens, comprising:

a first surface having a first shape and an opposing
second surface having a second shape, the first and

second shapes providing a refractive power;

a diffractive pattern imposed on at least one of the

first shape and the second shape;

the first and second surfaces providing a base power and

an add power;

wherein the add power is less than or equal to about two

Diopters.

The intraocular lens of claim 1, wherein the add power
is either less than the difference betwsen a near power
and a far power or less than or egual tc about cne

Dicpter.

The intraocular lens of claim 1 or 2, wherein the
diffractive pattern has a first diffracted order
providing a first diffractive power, the base power
being determined at least in part by the refractive
power, the add power being determined at least in part

by the first diffractive power.

The intraoccular lens of claim 1 or 2, wherein the
diffractive pattern has a nth diffracted order providing
a first diffractive power and a (n+l}th diffracted order
providing a second diffractive power, the base power
being determined at least in part by the refractive
power and the first diffractive power, the add power

being determined at least in part by the difference
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10.

between the second diffractive power and the first

diffractive power.

The intraccular lens of any of claims 1 to 4, wherein at
ieast one of the first and second shapes has an aspheric

component.

The intraccular lens of any of c¢laimg 1 %o 5, wherein
the diffractive pattern has a plus first diffracted
order providing a first diffractive power and a minus
first diffracted order providing a second diffractive
power, the base power being determined at least in part
by the refractive power and the first diffractive power,
the add power being determined at least in part by the
difference between the second diffractive power and the

first diffractive power.

The intraccular lens of any of claims 1 to €, wherein
the base power and the add power are formed from
adjacent diffracted orders, respectively, from the

diffractive pattern.

The intraccular lens of any of claims 1 to 6, wherein
the base power and the add power result in a first focus

and a second focus that have egual intensities.

The intraocular lens of any of claims 1 to 8, further
comprising first and second foci formed from different
diffracted orders.

An intraocular lens, compriging:

a first surface having a first shape and an cpposing

second surface having a second shape, the first and

second shapes providing a refractive power;
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11.

14.

15,

a diffractive pattern imposed on at least one of the

first shape and the second shaps;

the first and second surfaces providing a base power and

an add power;

the intraocular lens being coptically described by a
model lens, such that when the model lens is either
included in, or placed in, an intraocular lens plane of
an eye model including a model cornea, the modulation
transfer function of the eye model exceeds about 0.17,
at a spatial frequency of about 50 line pairs per

millimeter, over a range of at least about 1.7 Dicpters.

The intraocular lens of c¢laim 10, wherein the lens
comprises an optic, the optic comprising the first and

second surfaces.

The intraocular lens of claim 10 or 11, wherein the eye
model is a Liou-Brennan eye model or a Norrky Modified

IS0 eye model.

The intraocular lens of any of claims 10 to 12, wherein
the eyve model comprises a pupil disposed between the
model lens and the model cornea, the pupil having a

diameter of about 3 millimeter.

The intracocular lens of any of claims 10 to 13, wherein
the modulation transfer function of the eye model
exceeds about 0.20, at a spatial frequency of about 50
line pairs per millimeter, over a range of at least

about 1.9 Diopters.

An intraccular lens, comprising
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16.

17.

18.

is.

a first surface having a first shape and an opposing
second surface having a second shape, the first and

second shapes providing a refractive power;

a diffractive pattern imposed on the first shape cr the

gsecond shape;

the first and second surfaces providing a base power and

an add power;

the intracocular lens having a depth of focus, when
illuminated by a light source, that ig at least about
30% greater than that of an intraccular reference lens
without the diffractive pattern, the intraccular
reference lens having a refractive power that is equal

to the base power of the intraocular lens.

The intraccular lens of claim 15, wherein the light
source ig a polychromatic light source that isg

preferably described by a Liou-Brennan eye model.

The intraocular lens of claim 15, whersin the light
source 1s at a predetermined wavelength and the
intracocular lens haz a depth of focus, when illuminated
at the predetermined wavelength, that ig at leasgt about

50% greater than that of the intraocular reference lens.

The intraccular lens of claim 17, wherein the

praedetermined wavelength is about 546 nm,

The intraocular lens of any of claims 15 to 18, wherein,
at a spatial freguency of about 50 line pairs per

millimeter, the modulation transfer function of the lens
exceeds 0.17 over a depth ©f focus that is greater than
the depth of focus for the reference intraocular lens by

at least about 0.5 Diopters.
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20.

The intraoccular lens of any of claims 15 to 18, wherein
the intraccular lens is optically described by a model
lens, such that when the model lens is included in an
intraccular lens plane of an eye medel including a moedel
cornea, the modulation transfer function of the eye
model exceeds about 0.17, at a spatial freguency of
about 50 line pairs per millimeter, over a range of at

least about 1.7 Diopters.
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Single-focus lens based on "typical" eye
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Radial slice across pupil of diffractive element
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Diffractive element of Fig. 10: 1.5 D per order, 550 nm,
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Diffractive element of Fig. 16; 1 D per order, 550 nm,
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Ditfraciive element of Fig. 19; 0.5 D per order, 550 nm,
uniform 180° phase, Foenyal zone = 1,05 mm, rp ) = 1.5 mm
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