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OPHTHALMIC IMPLANTS WITH EXTENDED DEPTH OF FIELD AND 

ENHANCED DISTANCE VISUAL ACUITY 

INCORPORATION BY REFERENCE TO ANY PRIORITY APPLICATIONS 

[0001] This application claims the benefit of priority of U.S. Provisional 

Application No. 62/048135, U.S. Provisional Application No. 62/048705, and U.S. 

Provisional Application No. 62/149481 filed respectively on September 9, 2014, September 

10, 2014, and April 17, 2015. The entire disclosures of each of the prior applications are 

hereby expressly incorporated by reference. 

BACKGROUND 

Field of the Invention 

[0002] This disclosure relates to ophthalmic implants, for example, to ophthalmic 

implants with extended depth of field. 

Description of the Related Art 

[0003] Figure 1 is a schematic illustration of the human eye. As shown in Figure 

1, the human eye 100 includes a cornea 110, an iris 115, a natural crystalline lens 120, and a 

retina 130. Light enters the eye 100 through the cornea 110 and towards the pupil, which is 

the opening in the center of the iris 115. The iris 115 and pupil help regulate the amount of 

light entering the eye 100. In bright lighting conditions, the iris 115 closes the pupil to let in 

less light, while in dark lighting conditions, the iris 115 opens the pupil to let in more light. 

Posterior to the iris 115 is a natural crystalline lens 120. The cornea 110 and the crystalline 

lens 120 refract and focus the light toward the retina 130. In an eye 100 with a visual acuity 

of 20/20, the crystalline lens 120 focuses the light to the back of the eye onto the retina 130, 

The retina 130 senses the light and produces electrical impulses, which are sent through the 

optic nerve 140 to the brain. When the eye does not properly focus the light, corrective 

and/or artificial lenses have been used. 

SUMMARY 

[0004] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 
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material. The lens can also include haptic portions disposed about the optic to affix the optic 

in the eye when implanted therein. The optic can include an anterior surface and a posterior 

surface. The anterior surface can be convex and the posterior surface can be concave such 

that the optic is meniscus shaped. Each of the convex anterior surface and the concave 

posterior surface can have a surface vertex. The optic can have an optical axis through the 

surface vertices. In various embodiments, a thickness along the optical axis can be between 

about 100-700 micrometers (or any range formed by any of the values in this range). In 

addition, the anterior and posterior surfaces can comprise aspheric surfaces. 

[0005] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The lens can also include at least one haptic disposed with respect to the optic to 

affix the optic in the eye when implanted therein. The optic can have an anterior surface and 

a posterior surface. The anterior surface can be convex and the posterior surface can be 

concave such that the optic is meniscus shaped. Each of the convex anterior surface and the 

concave posterior surface can have a surface vertex. The optic can have an optical axis 

through the surface vertices. In various embodiments, the anterior and posterior surfaces can 

comprise aspheric surfaces. The anterior surface can have an aspheric shape that comprises a 

conic or biconic offset by perturbations comprising an aspheric higher order function of 

radial distance from the optical axis. 

[0006] In some such embodiments, the aspheric higher order function can include 

at least one even order term, a2nr2n where n is an integer and a.2n is a coefficient and r is the 

radial distance from the optical axis. For example, the aspheric higher order function can 

include a second order term, a2r , where a2 is a coefficient and r is the radial distance from 

the optical axis. As another example, the aspheric higher order function can include a fourth 

order term, azjr4, where &4 is a coefficient and r is the radial distance from the optical axis. 

The aspheric higher order function also can include a sixth order term, a<-,r6 where af) is a 

coefficient and r is the radial distance from the optical axis. Furthermore, the aspheric higher 
o 

order function can include an eighth order term, asr where as is a coefficient and r is the 

radial distance from the optical axis. In some embodiments of the lens, the optic can have a 

thickness along the optical axis that is between about 100-700 microns (or any range formed 
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by any of the values in this range). In various embodiments, the anterior surface has an 

aspheric shape that comprises a biconic offset by the perturbations. 

[0007] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The lens can also include at least one haptic disposed with respect to the optic in 

the eye when implanted therein. The optic can have an anterior surface and a posterior 

surface. The anterior surface can be convex and the posterior surface can be concave such 

that the optic is meniscus shaped. Each of the convex anterior surface and the concave 

posterior surface can have a surface vertex. The optic can have an optical axis through the 

surface vertices. In various embodiments, the anterior and posterior surfaces can comprise 

aspheric surfaces. The posterior surface can have an aspheric shape that comprises a conic or 

biconic offset by perturbations comprising an aspheric higher order function of radial 

distance from the optical axis. In various embodiments, the posterior surface has an aspheric 

shape that comprises a biconic offset by the perturbations. 

[0008] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The optic can have an anterior surface and a posterior surface. The anterior surface 

can comprise an aspheric surface. The anterior and posterior surfaces also can be shaped to 

provide average modulation transfer function (MTF) values that are between 0.1 and 0.4 at 

100 lines per millimeter for at least 90% of the object vergences within the range of 0 to 2.5 

Diopter (D) when the optic is inserted into the human eye having an aperture size of aperture 

size of 2 to 6 millimeters, 3 to 6 millimeters, or 4 to 6 millimeters (e.g., the aperture size can 

be 2 mm, 3 mm, 4 mm, 6 mm, any value within these ranges, or any range formed by such 

values). The average MTF values can comprise MTF values at 100 lines per millimeter 

integrated over the wavelengths between about 400 to 700 nm weighted by the photopic 

luminosity function for on axis objects. 

[0009] In various embodiments, the human eye comprises a crystalline lens and 

the average modulation transfer function values are provided when the optic is inserted 

anterior of the crystalline lens. In various other embodiments, the human eye excludes a 

crystalline lens and the modulation transfer function values are provided when the optic is 

inserted in place of the crystalline lens. The lens further can comprise haptic portions. In 
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addition, the optic can have an optical axis and a thickness through the optical axis that is 

between about 100-700 microns (or any range formed by any of the values in this range). 

[0010] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The optic can have an anterior surface and a posterior surface. The anterior surface 

can comprise an aspheric surface. The anterior and posterior surfaces also can be shaped to 

provide average modulation transfer function (MTF) values that are between 0.1 and 0.4 at 

100 lines per millimeter for at least 90% of the object vergences within the range of 0 to 2.5 

Diopter (D) when the optic is inserted into a model eye having an aperture size of 2 to 6 

millimeters, 3 to 6 millimeters, or 4 to 6 millimeters (e.g., the aperture size can be 2 mm, 3 

mm, 4 mm, 6 mm, any value within these ranges, or any range formed by such values). The 

average MTF values can comprise MTF values at 100 lines per millimeter integrated over the 

wavelengths between about 400 to 700 nm weighted by the photopic luminosity function for 

on axis objects. 

[0011] The model eye can comprise a Liou-Brennan model eye. Alternatively, 

the model eye can comprise a Badal model eye. Furthermore, the model eye can comprise an 

Arizona model eye or an Indiana model eye. Other standardized or equivalent model eyes 

can be used. 

[0012] In some embodiments, the modulation transfer function values can be 

provided when the optic is inserted in the model eye in a phakic configuration. In some other 

embodiments, the modulation transfer function values can be provided when the optic is 

inserted in the model eye in an aphakic configuration. The lens can further comprise haptic 

portions. Furthermore, the optic can have an optical axis and a thickness through the optical 

axis that is between about 100-700 microns (or any range formed by any of the values in this 

range). 

[0013] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The optic can have an anterior surface and a posterior surface and an exit pupil. 

The anterior surface can comprise an aspheric surface. The anterior and posterior surfaces 

can be shaped to provide a radial power profile characterized by O(r) = a + br2 + cr4 + dr6 + 
o 

er for wavefront at the exit pupil of the optic for an object vergence of 0 to 2.5 Diopter (D) 
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where r is the radial distance from an optical axis extending through the surface vertices on 

the anterior and posterior surfaces and a, b, c, d, and e are coefficients. 

[0014] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The lens can also include at least one haptic disposed with respect to the optic to 

affix the optic in the eye when implanted therein. The optic can include an anterior surface 

and a posterior surface. Each of the anterior surface and the posterior surface can have a 

surface vertex. The optic can have an optical axis through the surface vertices. The 

thickness along the optical axis can be between about 100-400 micrometers (or any range 

formed by any of the values in this range). In addition, at least one of the anterior and 

posterior surfaces can comprise aspheric surfaces. In some embodiments, the anterior 

surface can be convex. In addition, the posterior surface can be concave. 

[0015] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The lens can also include at least one haptic disposed with respect to the optic to 

affix the optic in the eye when implanted therein. The optic can include an anterior surface 

and a posterior surface. Each of the anterior surface and the posterior surface can have a 

surface vertex. The optic can have an optical axis through the surface vertices. At least one 

of the anterior and posterior surfaces can comprise an aspheric surface including 

perturbations comprising an aspheric higher order function of radial distance from the optical 

axis and at least one of the surfaces can have an aspheric shape that comprises a biconic. In 

some embodiments, the anterior surface can be convex. In addition, the posterior surface can 

be concave. 

[0016] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The lens can also include haptic portions disposed about the optic to affix the optic 

in the eye when implanted therein. The optic can include an anterior surface and a posterior 

surface. Each of the anterior surface and the posterior surface can have a surface vertex. The 

optic can have an optical axis through the surface vertices. The thickness along the optical 

axis can be between about 100-700 micrometers (or any range formed by any of the values in 

this range). In addition, the anterior and posterior surfaces can comprise aspheric surfaces. 
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[0017] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The lens can also include at least one haptic disposed with respect to the optic to 

affix the optic in the eye when implanted therein. The optic can include an anterior surface 

and a posterior surface. Each of the anterior surface and the posterior surface can have a 

surface vertex. The optic can have an optical axis through the surface vertices. At least one 

of the anterior and posterior surfaces can comprise an aspheric surface that comprises a conic 

or biconic offset by perturbations comprising an aspheric higher order function of radial 

distance from the optical axis. 

[0018] In various embodiments of the lens described herein comprising a 

transparent material, the transparent material can comprise collamer. The transparent can 

comprise silicone, acrylics, or hydrogels. The transparent material can comprise 

hydrophobic or hydrophilic material. 

[0019] In various embodiments of the lens described herein, the anterior surface 

can be rotationally symmetric. The anterior surface can have a shape that includes a conic or 

biconic term. The anterior surface can have a shape that includes a conic or biconic term and 

aspheric higher order perturbation terms. In some embodiments of the lens, the posterior 

surface can have a shape that includes a conic or biconic term. The conic or biconic term can 

have a conic constant having a magnitude greater than zero. For example, the conic or 

biconic term can have a conic constant having a magnitude of at least one. As another 

example, the conic or biconic term can have a conic constant having a magnitude of at least 

ten. 

[0020] In various embodiments of the lens described herein, the posterior surface 

can be rotationally non-symmetric. The posterior surface can have different curvature along 

different directions through the optical axis of the optic. For example, the posterior surface 

can have different curvature along orthogonal directions through the optical axis of the optic. 

The shape of the posterior surface can include a biconic term. The biconic term can have a 

conic constant having a magnitude greater than zero. For example, the biconic term can have 

a conic constant having a magnitude of at least one. As another example, the conic or 

biconic term can have a conic constant having a magnitude of at least ten. In various 

embodiments of the lens described herein, the optic can have a thickness along the optical 
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axis of between 100-400 micrometers. For example, the thickness along the optical axis can 

be between 100-300 micrometers, between 100-200 micrometers, between 200-300 

micrometers, between 300-400 micrometers, or any range formed by any of the values in 

these ranges. 

[0021] In various embodiments of the lens described herein, the anterior and 

posterior surfaces of the lens can be shaped to provide average modulation transfer function 

(MTF) values that are between 0.1 and 0.4 at 100 lines per millimeter for at least 90% of the 

object vergences within the range of 0 to 2.5 Diopter (D) when the optic is inserted into a 

model eye having an aperture size of 2 to 6 millimeters, 3 to 6 millimeters, or 4 to 6 

millimeters (e.g., the aperture size can be 2 mm, 3 mm, 4 mm, 6 mm, any value within these 

ranges, or any range formed by such values). The average MTF values can comprise MTF 

values at 100 lines per millimeter integrated over the wavelengths between about 400 to 700 

nm weighted by the photopic luminosity function for on axis objects. The model eye can 

comprise a Liou-Brennan model eye, a Badal model eye, an Arizona model eye, an Indiana 

model eye, or any standardized or equivalent model eye. 

[0022] In some such embodiments, the anterior and posterior surfaces of the lens 

are shaped to provide average modulation transfer function (MTF) values that are between 

0.1 and 0.4 at 100 lines per millimeter for at least 95% or 98% of the object vergences within 

the range of 0 to 2.5 Diopter (D). 

[0023] In various embodiments of the lens described herein, the anterior and 

posterior surfaces can be shaped to provide modulation transfer functions (MTF) without 

phase reversal for at least 90% of the object vergences within the range of 0 to 2.5 Diopter 

(D) when the optic is inserted into the model eye. In some such embodiments, the anterior 

and posterior surfaces are shaped to provide modulation transfer functions (MTF) without 

phase reversal for at least 95%, 98%, 99%, or 100% of the object vergences within the range 

of 0 to 2.5 Diopter (D) when said optic is inserted into the model eye. 

[0024] In various embodiments of the lens described herein, the anterior surface 

can have a radius of curvature between 0 to 1 mm, between 1 x 10~6 to 1 x 10~3 mm, or 

between 5 x 10"6 to 5 x 10 4 mm. The anterior surface can have a conic constant between -1 x 

106 to -100 or between -3 x 105 to -2 x 105. The posterior surface can have a radius of 

curvature, Ry, between 0 to 20 mm. The posterior surface can have a radius of curvature, Rx, 
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between 0 to 20 mm. The posterior surface can have a conic constant, ky between -20 to 20 

mm. The posterior surface can have a conic constant, kx, between -25 to 0 mm. 

[0025] In some embodiments of the lens described herein, the lens can be 

configured to be disposed anterior to the natural lens of the eye. In some other embodiments 

of the lens, the lens can be configured to be disposed in the capsular bag. 

[0026] Certain embodiments described herein include a method of implanting the 

lens of any of the embodiments of the lens. The method can include forming an opening in 

tissue of the eye and inserting the lens anterior of the natural lens of the eye. Certain 

embodiments described herein also include a method including forming an opening in tissue 

of the eye and inserting the lens in the capsular bag. 

[0027] In various embodiments of the lens described herein, the optic can have a 

thickness along the optical axis that is between about 700 microns - 4 millimeter. For 

example, the thickness along the optical axis can be between about 700 microns - 3 

millimeter, between about 700 microns - 2 millimeter, between about 700 microns - 1 

millimeter, or any range formed by any of the values in these ranges. 

[0028] Certain embodiments described herein include a lens pair configured for 

implantation into a pair of left and right eyes of a human. The lens pair includes a first lens. 

The first lens can include an optic comprising transparent material. The optic of the first lens 

can have an anterior surface and a posterior surface. The anterior surface can include an 

aspheric surface. The anterior and posterior surfaces of the first lens can be shaped to 

provide average modulation transfer function (MTF) values that are between 0.1 and 0.4 at 

100 lines per millimeter for at least 90% of the object vergences within the range of 0 to 2.0 

Diopter or 0 to 2.5 Diopter (D) when the optic of the first lens is inserted into a model eye 

having an aperture size of 2 to 6 millimeters, 3 to 6 millimeters, or 4 to 6 millimeters (e.g., 

the aperture size can be 2 mm, 3 mm, 4 mm, 6 mm, any value within these ranges, or any 

range formed by such values). The average MTF values of the first lens can comprise MTF 

values at 100 lines per millimeter integrated over the wavelengths between about 400 to 700 

nm weighted by the photopic luminosity function for on axis objects. 

[0029] The lens pair also includes a second lens. The second lens can include an 

optic comprising transparent material. The optic of the second lens can have an anterior 

surface and a posterior surface. The anterior surface can include an aspheric surface. The 
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anterior and posterior surfaces of the second lens can be shaped to provide average 

modulation transfer function (MTF) values that are between 0.1 and 0.4 at 100 lines per 

millimeter for at least 90% of the object vergences within the range of -2.0 to 0 Diopter or -

2.5 to 0 Diopter (D) when the optic of the second lens is inserted into a model eye having an 

aperture size of 2 to 6 millimeters, 3 to 6 millimeters, or 4 to 6 millimeters (e.g., the aperture 

size can be 2 mm, 3 mm, 4 mm, 6 mm, any value within these ranges, or any range formed 

by such values). The average MTF values of the second lens can comprise MTF values at 

100 lines per millimeter integrated over the wavelengths between about 400 to 700 nm 

weighted by the photopic luminosity function for on axis objects. 

[0030] The model eye can comprise a Liou-Brennan model eye. Alternatively, 

the model eye can comprise a Badal model eye. Furthermore, the model eye can comprise an 

Arizona model eye or an Indiana model eye. Other standardized or equivalent model eyes 

can be used. 

[0031] In various embodiments of the lens pair, the modulation transfer function 

values of the first or second lens can be provided when the optic of the first or second lens is 

inserted in the model eye in a phakic configuration. In various other embodiments, the 

modulation transfer function values of the first or second lens can be provided when the optic 

of the first or second lens is inserted in the model eye in an aphakic configuration. 

[0032] In various embodiments of the lens pair, the first or second lens can 

further comprise haptic portions. The optic of the first or second lens can have an optical axis 

and a thickness through the optical axis that is between about 100-700 microns. In other 

embodiments, the optic of the first or second lens can have an optical axis and a thickness 

through the optical axis that is between about 700 microns - 4 millimeter. In some such 

embodiments, the thickness along the optical axis can be between about 700 microns - 3 

millimeter, between about 700 microns - 2 millimeter, between about 700 microns - 1 

millimeter, or any range formed by any of the values in these ranges. 

[0033] In various embodiments of the lens pair, the anterior and posterior surfaces 

of the first lens can be shaped to provide average modulation transfer function (MTF) values 

that are between 0.1 and 0.4 at 100 lines per millimeter for at least 95% or 98% of the object 

vergences within the range of 0 to 2.5 Diopter (D). 
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[0034] In various embodiments of the lens pair, the anterior and posterior surfaces 

of the second lens can be shaped to provide average modulation transfer function (MTF) 

values that are between 0.1 and 0.4 at 100 lines per millimeter for at least 95% or 98% of the 

object vergences within the range of -2.5 to 0 Diopter (D). 

[0035] In various embodiments of the lens pair, the anterior and posterior surfaces 

of the first lens can shaped to provide modulation transfer functions (MTF) without phase 

reversal for at least 90%, 95%, 98%, 99%, or 100% of the object vergences within the range 

of 0 to 2.5 Diopter (D) when said optic is inserted into the model eye. 

[0036] In various embodiments of the lens pair, the anterior and posterior surfaces 

of the second lens can be shaped to provide modulation transfer functions (MTF) without 

phase reversal for at least 90%, 95%, 98%, 99%, or 100% of the object vergences within the 

range of -2.5 to 0 Diopter (D) when said optic is inserted into the model eye. 

[0037] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The optic can have an anterior surface and a posterior surface. Each of the anterior 

surface and the posterior surface can have a surface vertex. The optic can have an optical 

axis through the surface vertices. At least one of the anterior and posterior surfaces can 

comprise a surface having a first portion and a second portion. The first portion can be 

disposed centrally about the optical axis. The second portion can surround the first portion 

and can have a different surface profile than the first portion. The first portion can be 

configured to provide an extended depth of field. The second portion can be configured to 

provide an enhanced vision quality metric at distance in comparison to the first portion. 

[0038] In some such embodiments, distance can comprise objects between 

infinity to 2 meters or distance can comprises 0 D vergence. In various embodiments of the 

lens, the lens can further comprise a third portion surrounding the second portion. The third 

portion can have a different surface profile than the second portion. In some embodiments, 

the third portion can have a similar surface profile as the first portion. The second portion 

can be configured to provide an enhanced vision quality metric at distance in comparison to 

the third portion. For example, the enhanced vision quality metric can be a modulation 

transfer function, a contrast sensitivity, a derivation thereof, or a combination thereof. In 

some embodiments, the first portion can have a shape that comprises a conic, biconic, or 
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biaspheric envelope offset by perturbations of the envelope comprising an aspheric higher 

order function of radial distance from the optical axis. 

[0039] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The optic can have an anterior surface and a posterior surface. Each of the anterior 

surface and the posterior surface can have a surface vertex. The optic can have an optical 

axis through the surface vertices. At least one of the anterior and posterior surfaces can 

comprise a surface having a first portion and a second portion. The first portion can have a 

shape that comprises a conic, biconic, or biaspheric envelope offset by perturbations with 

respect to the envelope comprising an aspheric higher order function of radial distance from 

the optical axis. The second portion can have a shape that comprises a conic, biconic, or 

biaspheric envelope not offset by perturbations of the envelope comprising an aspheric 

higher order function of radial distance from the optical axis. 

[0040] In various embodiments of the lens, the first portion can be disposed 

centrally about the optical axis. The second portion can surround said first portion. In some 

embodiments, the lens can include a third portion surrounding the second portion. The third 

portion can have a shape that comprises a conic, biconic, or biaspheric envelope offset by 

perturbations with respect to the envelope comprising an aspheric higher order function of 

radial distance from the optical axis. In some such embodiments, the third portion can have 

substantially the same conic, biconic, or biaspheric envelope offset by perturbations with 

respect to the envelope comprising an aspheric higher order function of radial distance from 

the optical axis as the first portion. 

[0041] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The optic can have an anterior surface and a posterior surface. Each of the anterior 

surface and the posterior surface can have a surface vertex. The optic can have an optical 

axis through the surface vertices. At least one of the anterior and posterior surfaces can 

comprise a surface having a first portion and a second portion. The first portion can be 

disposed centrally about the optical axis. The second portion can surround the first portion. 

The first portion can have higher spherical aberration control that provides extended depth of 

field than the second portion. 
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[0042] In various embodiments, the lens can include a third portion surrounding 

the second portion. The third portion can have higher spherical aberration control that 

provides extended depth of field than the second portion. The third portion can have 

substantially the same spherical aberration control as the first portion. The first portion can 

have a shape that comprises a conic, biconic, or biaspheric envelope offset by perturbations 

from the envelope comprising an aspheric higher order function of radial distance from the 

optical axis. 

[0043] In various embodiments of the lens having a third portion, the third 

portion can have a shape that comprises a conic, biconic, or biaspheric envelope offset by 

perturbations from the envelope comprising an aspheric higher order function of radial 

distance from the optical axis. 

[0044] In various embodiments of the lens having a shape that comprises a conic, 

biconic, or biaspheric envelope offset by perturbations from the envelope comprising an 

aspheric higher order function of radial distance from the optical axis, the aspheric higher 

order function can include at least one even order term, a2nr2n where n is an integer and a2n is 

a coefficient and r is the radial distance from the optical axis. For example, the aspheric 

higher order function can include a second order term, a2r , where a2 is a coefficient and r is 

the radial distance from the optical axis. As another example, the aspheric higher order 

function can include a fourth order term, azjr4, where SL4 is a coefficient and r is the radial 

distance from the optical axis. The aspheric higher order function can also include a sixth 

order term, a<-,r6 where af) is a coefficient and r is the radial distance from the optical axis. 

Further, the aspheric higher order function can include an eighth order term, a^r where as is a 

coefficient and r is the radial distance from the optical axis. 

[0045] In various embodiments of the lens having a first and second portion, the 

lens can further comprise a transition portion providing a smooth transition without 

discontinuity between the first and second portions. The transition portion can have a 

distance between inner and outer radii in the range of about 0.1-1 mm. The first portion can 

have a maximum cross-sectional diameter in the range of about 2.5-4.5 mm. For example, 

the first portion can have a maximum cross-sectional diameter of about 3.75 mm. The 

second portion can have a distance between inner and outer radii in the range of about 1-3.5 
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mm. In some embodiments, the second portion can have a distance between inner and outer 

radii in the range of about 0.25 - 1.5 mm. 

[0046] In various embodiments of the lens, the optic can have a thickness along 

the optical axis that is in the range of about 100-700 microns (or any range formed by any of 

the values in this range). Alternatively, the optic can have a thickness along the optical axis 

that is in the range of about 700 microns to 4 millimeters (or any range formed by any of the 

values in this range). In various embodiments, the lens can also include at least one haptic 

disposed with respect to the optic to affix the optic in the eye when implanted therein. In 

some embodiments, the anterior surface can comprise the surface having the first and second 

portions. The posterior surface can comprise a shape having a biconic envelope. 

[0047] Certain embodiments described herein include a lens configured for 

implantation into an eye of a human. The lens can include an optic comprising transparent 

material. The optic can have an anterior surface and a posterior surface. Each of the anterior 

surface and the posterior surface can have a surface vertex. The optic can have an optical 

axis through the surface vertices. At least one of the anterior and posterior surfaces can 

comprise a surface having a first portion and a second portion. The first portion can be 

disposed centrally about the optical axis. The second portion can surround the first portion. 

The first portion can be configured to provide an extended depth of field. The second portion 

can be configured to provide a monofocal distance focusing. 

[0048] In some such embodiments, the lens can further comprise a third portion 

surrounding the second portion. The third portion can be configured to provide an extended 

depth of field. The first portion can have a shape that comprises a conic, biconic, or 

biaspheric envelope offset by perturbations with respect to the envelope comprising an 

aspheric higher order function of radial distance from the optical axis. In addition, the third 

portion can have a shape that comprises a conic, biconic, or biaspheric envelope offset by 

perturbations with respect to the envelope comprising an aspheric higher order function of 

radial distance from the optical axis. 

[0049] In various embodiments of the lens having first and second portions, each 

of the first and second portions can have a caustic. The second portion can have a conic 

constant such that the caustic of the second portion blends smoothly with the caustic of the 

first portion. In some examples, the caustic of the second portion blends more smoothly with 
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the caustic of the first portion than if the second portion comprises a spherical surface. In 

various embodiments of the lens having a third portion, the second and third portions can 

have a caustic. The second portion can have a conic constant such that the caustic of the 

second portion blends smoothly with the caustic of the third portion. In some examples, the 

caustic of the second portion blends more smoothly with the caustic of the third portion than 

if the second portion comprises a spherical surface. 

[0050] In certain embodiments of the lens having first and second portions, the 

anterior surface can be convex. The posterior surface can be concave. For example, the 

anterior surface can be convex and the posterior surface can be concave such that the optic is 

meniscus shaped. In various other embodiments, the posterior surface can be convex. In 

some embodiments, the anterior surface can be concave. In addition, in various 

embodiments of the lens having first and second portions, the second portion can have a 

shape that comprises a conic, biconic, or biaspheric envelope not offset by perturbations of 

the envelope comprising an aspheric higher order function of radial distance from the optical 

axis. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0051] Figure 1 is a schematic illustration of the human eye. 

[0052] Figure 2 is an example lens according to certain embodiments described 

herein. 

[0053] Figure 3A is an ultrasound of an example lens 200 in accordance with 

certain embodiments described herein implanted in the eye. Figure 3B is the cross sectional 

side view of the example lens shown in Figure 2. 

[0054] Figure 4 is a schematic of the cross sectional side view of the optic of the 

lens shown in Figure 2. 

[0055] Figure 5A is a schematic of an example positive meniscus optic. 

[0056] Figure 5B is a schematic of an example negative meniscus optic. 

[0057] Figure 6A schematically illustrates the depth of field in object space and 

the depth of focus in image space. 

[0058] Figure 6B schematically illustrates image caustic and circle of confusion. 
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[0059] Figure 6C schematically illustrates the defocus curves for a standard 

spherical lens and an idealized hyperfocal eye. 

[0060] Figure 6D schematically illustrates an example model to evaluate and 

design a lens in accordance with certain embodiments described herein. 

[0061] Figures 7A-7B are schematics for an example anterior surface and/or a 

posterior surface of an optic having a first portion configured to provide extended depth of 

field, and a second portion configured to provide enhanced distance visual acuity. 

[0062] Figures 8A-8B are schematics for another example anterior surface and/or 

a posterior surface of an optic having a first portion configured to provide extended depth of 

field, and a second portion configured to provide enhanced distance visual acuity. 

DETAILED DESCRIPTION 

[0063] Vision problems, such as myopia (nearsightedness), hyperopia 

(farsightedness), and astigmatism, have been corrected using eyeglasses and contact lenses. 

Surgical techniques, e.g., laser assisted in-situ keratomileusis (LASIK), have become more 

common to help address the inconvenience of eyeglasses and contact lenses. In LASIK, a 

laser is used to cut a flap in the cornea to access the underlying tissue, and to alter the shape 

of the cornea. In addition, an intraocular lens (IOL) has been used to help treat myopia and 

cataracts (clouding of the natural crystalline lens of the eye) by replacing the natural lens of 

with a pseudophakic lens configured to be secured within the capsular bag. 

[0064] Another solution to treat imperfections in visual acuity is with phakic 

IOLs. Phakic IOLs are transparent lenses implanted within the eye without the removal of 

the natural crystalline lens. Accordingly, the phakic IOL together with the cornea and the 

crystalline lens provide optical power for imaging an object onto the retina. (In contrast, 

pseudophakic IOLs, which are lenses implanted within the eye to replace the natural lens, 

e.g., after removal of the cloudy natural lens to treat cataracts as described above.) 

Implantation of a phakic IOL can be employed to correct for myopia, hyperopia, as well as 

astigmatism, freeing a patient from the inconvenience of eyewear and contacts. Phakic IOL 

can also be removed, bringing the optics of the eye back toward a natural condition, or 

replaced to address changing vision correction or enhancement needs of the eye. 
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[0065] With age, people develop presbyopia (inability to focus on near objects), 

which has been addressed with reading glasses in order to provide the extra refractive power 

lost when accommodation for near objects is no longer attainable. Multifocal contact lenses 

and IOLs , which provide discrete foci for near and far vision, have also been used, but the 

losses in contrast sensitivity and the presence of coaxial ghost images in the patient's field of 

view have made the acceptance of such solutions limited. 

[0066] Certain embodiments described herein can advantageously provide 

ophthalmic implants for vision correction of, including but not limited to, myopia, hyperopia, 

astigmatism, cataracts, and/or presbyopia with extended depth of field and enhanced visual 

acuity. In various embodiments, the ophthalmic implants include a lens configured for 

implantation into an eye of a patient, for example, a human being. Such lenses are 

particularly useful for treating presbyopia and onset of presbyopia in middle age populations. 

[0067] Certain embodiments can include phakic lens implants, where the lens can 

be implanted in front of the natural crystalline lens 120, such as between the cornea 110 and 

the iris 115. Other embodiments are configured to be placed between the iris 115 and natural 

crystalline lens 120. Some example embodiments include lenses for treating myopia, 

hyperopia, astigmatism, and/or presbyopia. 

[0068] Some other embodiments can include a pseudophakic lens implanted 

within the eye, for example, in the capsular bag, after removal of the crystalline lens 120. As 

discussed above, a pseudophakic lens can be used for treating cataracts as well as for 

providing refractive correction. 

[0069] Figure 2 is an example lens 200 according to various embodiments 

described herein. The lens 200 can include an optical zone or optic 201. The optic 201 

transmits and focuses, e.g., refracts, light received by the lens 200. As will be described in 

more detail herein, the optic 201 can comprise a surface shape of one or more surfaces of the 

optic 201 designed to refract and focus light and increase the depth of field and visual acuity. 

For example, in some embodiments, the surface shapes of the surfaces of the optic 201 can 

be designed such that the optic 201 can continuously focus light for high visual acuity, e.g., 

20/20 vision, for a wide range of object vergences (e.g., vergences within the range of at least 

about 0 to about 2.5 Diopter, in some implementations from at least about 0 diopter to at least 

about 1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6., 2.7, 2.8, 2.9, or 3.0 diopters or possibly from at 
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least about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, or 0.7 diopter to at least about 2.5 2.6, 2.7, 2.8, 2.9, or 

3.0 diopters) onto the retina to increase the depth of field. Furthermore, in some 

embodiments, the surface shapes of the surfaces of the optic 201 can be designed such that 

the images are substantially coaxial and of substantially similar magntitude to reduce the 

presence of ghost images. 

[0070] As shown in Figure 2, the example lens 200 can also include a haptic 205. 

In some embodiments, the haptic 205 can include one or more haptics or haptic portions 

205a, 205b, 205c, and 205d to stabilize the lens in and attach the lens 200 to the eye. For 

example, in Figure 2, the haptic portions 205a, 205b, 205c, and 205d are disposed about the 

optic 201 to affix the optic 201 in the eye when implanted therein. In various embodiments, 

the lens and in particular the haptics are configured to be implanted outside the capsulary 

bag, for example, forward the natural lens as for a phakic IOL design. As discussed above, 

the phakic IOL implant may be configured for implantation between the iris and the natural 

lens. Accordingly, in certain embodiments, the haptic 205 is vaulted such that the optic 201 

is disposed along a central optical axis of the eye at a location anterior of the location of 

contact points between the haptic portions 205a-205d. The configuration enhances clearance 

between the optic 201 and the natural lens in a phakic eye, which natural lens flexes when the 

eye accommodates. In some cases, the haptic 205 is configured to provide minimum 

clearance to the natural lens when implanted that reduce, minimize or prevents contact 

between an anterior surface of the natural lens and a posterior surface of the optic 201. With 

some materials, contact between the optic 201 and the anterior surface of the natural lens is 

permitted. In some embodiments, the lens 200 can be implanted across the pupil or the 

opening of the iris 115, and when in place, the haptic portions 205a, 205b, 205c, and 205d 

can be placed under the iris 115. Although the haptic 205 shown in Figure 2 includes four 

haptic portions 205a, 205b, 205c, and 205d in the shape of extended corner portions, the 

shape, size, and number of haptics or haptic portions are not particularly limited. 

[0071] In various implementations, for example, the lens is configured for 

implantation within the capsular bag after removal of the natural lens. Such pseudophakic 

lens may have haptics having a shape, size and/or number suitable for providing secure 

placement and orientation within the capsular bag after implantation. Figure 3A is an 
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ultrasound of an example lens 200 in accordance with certain embodiments described herein 

implanted in the eye. 

[0072] The optic 201 can include a transparent material. For example, the 

transparent material can include a collagen copolymer material, a hydrogel, a silicone, and/or 

an acrylic. In some embodiments, the transparent material can include a hydrophobic 

material. In other embodiments, the transparent material can include a hydrophilic material. 

Other materials known or yet to be developed can be used for the optic 201. 

[0073] Certain embodiments of the optic 201 can advantageously include a 

collagen copolymer material, e.g., similar to material used in Collamer® IOLs by STAAR® 

Surgical Company in Monrovia, California. An example collagen copolymer material is 

hydroxyethyl methacrylate (HEMA)/porcine-collagen based biocompatible polymer material. 

Since collagen copolymer materials can have characteristics similar to that of the human 

crystalline lens, certain embodiments of the lens described herein can perform optically 

similar to the natural lens. For example, in some embodiments, due to the anti-reflective 

properties and water content of about 40%, a lens 200 made with a collagen copolymer 

material can transmit light similar to the natural human crystalline lens. Less light can be 

reflected within the eye, leading to sharper, clearer vision, and fewer occurrences of glare, 

halos, or poor night vision compared with lenses made with other lens materials. 

[0074] In some embodiments of the lens 200 made with a collagen copolymer 

material, the lens 200 can be flexible, allowing easy implantation within the eye. In addition, 

because collagen copolymer materials are made with collagen, various embodiments of the 

lens 200 are biocompatible with the eye. In some embodiments, the lens 200 can attract 

fibronectin, a substance found naturally in the eye. A layer of fibronectin can form around 

the lens 200, inhibiting white cell adhesion to the lens 200. The coating of fibronectin can 

help prevent the lens 200 from being identified as a foreign object. In addition, like the 

collagen it contains, various embodiments of the lens 200 can carry a slight negative charge. 

Since proteins in the eye also carry a negative charge, as these two negative forces meet 

along the border of the lens 200, the charge repulsion can help push away the proteins from 

the lens 200. As such, the lens 200 can naturally keep itself clean and clear. 

[0075] Furthermore, in some embodiments, the lens 200 can include an ultraviolet 

(UV) blocker. Such a blocker can help prevent harmful UVA and UVB rays from entering 
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the eye. Accordingly, certain embodiments can help prevent the development of UV related 

eye disorders. 

[0076] In some embodiments, the haptic 205 (or one or more of the haptic 

portions 205a, 205b, 205c, and 205d) can also be made of the same material as the optic 201. 

For example, the haptic 205 can be made of a collagen copolymer, a hydrogel, a silicone, 

and/or an acrylic. In some embodiments, the haptic 205 can include a hydrophobic material. 

In other embodiments, the haptic 205 can include a hydrophilic material. Other materials 

known or yet to be developed can also be used for the haptic 205. 

[0077] The lens 200 can be manufactured by diamond turning, molding, or other 

techniques known in the art or yet to be developed. In some embodiments of the lens 200 

manufactured with a collagen copolymer material, the lens 200 can be machined in a dry 

state, followed by hydration to stabilize the lens 200. A similar approach can be employed 

for other material as well. 

[0078] Figure 3B is the cross sectional side view of the example lens 200 shown 

in Figure 2; and Figure 4 is a schematic of the cross sectional side view of the optic 201 of 

the lens 200. The optic 201 has an anterior surface 201a and a posterior surface 201b. The 

optic 201 also has a center through which the optical axis of the lens passes and a thickness 

Tc at the center along the optical axis. The optical axis passes through the surface vertices of 

the anterior and posterior surfaces 201a, 201b. The exact size of the optic 201 can depend on 

the patient's pupil size, the material of the lens 200, and the patient's prescription. In some 

embodiments, for example, for phakic lenses, the thickness at the center Tc of the optic 201 

can be made relatively thin. For example, the thickness at the center Tc of the optic 201 can 

be about 100 to about 700 micrometers, about 100 to about 600 micrometers, about 100 to 

about 500 micrometers, about 100 to about 400 micrometers, about 100 to about 300 

micrometers, or about 100 to about 200 micrometers, such that the lens 200 can be relatively 

unnoticeable to the patient and to others. Thinner lenses also simplify the process of 

insertion of the lens through the eye tissue, e.g., cornea. For example, the optic could have a 

thickness along the optical axis of about 110, 115, 120, 130, 140, or 150 to about 200, 300, or 

400 micrometers, any values between any of these thicknesses, or any ranges formed by any 

of these thicknesses. The thickness at the center Tc of the optic 201 can thus be any thickness 

in between the above mentioned values, e.g., thickness in ranges between any of the 
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following: 100 micrometers, 110 micrometers, 115 micrometers, 120 micrometers, 130 

micrometers, 140 micrometers, 150 micrometers, 200 micrometers, 250 micrometers, 300 

micrometers, 350 micrometers, 400 micrometers, 450 micrometers, 500 micrometers, 550 

micrometers, 600 micrometers, 650 micrometers, or 700 micrometers. 

[0079] In some other embodiments for example, for pseudophakic lenses where 

the lens 201 replaces the natural crystalline lens, the thickness at the center Tc of the optic 

201 can be thicker than those for phakic lenses, e.g., about 700 micrometers to about 4 mm, 

about 700 micrometers to about 3 mm, about 700 micrometers to about 2 mm, about 700 

micrometers to about 1 mm, any value in between such ranges, or any ranges formed by any 

of the values in these ranges. For example, the thickness at the center Tc of the optic 201 can 

be about 700 micrometers, about 800 micrometers, about 900 micrometers, about 1 

millimeter, about 1.5 millimeters, about 2 millimeters, about 2.5 millimeters, about 3 

millimeters, about 3.5 millimeters, or about 4 millimeters or ranges therebetween. However, 

even for pseudophakic lenses the lens may employ smaller thicknesses, Tc, for example, 

thicknesses between about 300 micrometers to 700 micrometers, for example, 300 

micrometers, 400 micrometers, 500 micrometers, 600 micrometers or 700 micrometers or 

any ranges therebetween such as 300 to 400 micrometer, 400 to 500 micrometers, 500 to 600 

micrometers. 

[0080] In accordance with certain embodiments described herein, the anterior 

surface 201a is convex and the posterior surface 201b is concave such that the optic 201 is 

meniscus shaped. Figures 5A and 5B are example cross sectional side views of the optic 201 

being meniscus shaped. A meniscus shaped optic 201 can be quite advantageous when used 

for example, in a phakic lens. For example, when implanted behind (or posterior of) the iris 

and in front of (or anterior of) the natural lens, an anterior surface 201a of the optic 201 that 

is convex can help prevent chaffing of the iris adjacent to that surface 201a, and a posterior 

surface 201b of the optic 201a that is concave can help prevent damage to the natural lens 

adjacent to that surface 201b, which may result in, for example, cataracts. 

[0081] The meniscus shaped optic can be described as either positive or negative. 

As shown in Figure 5A, a positive meniscus optic 301 has a steeper curving convex surface 

301a than the concave surface 301b, and has a greater thickness at the center Tc (through 

which the optical axis passes) than at the edge Te. In contrast, as shown in Figure 5B, a 
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negative meniscus optic 401 has a steeper curving concave surface 401b than the convex 

surface 401a, and has a greater thickness at the edge Te than at the center Tc. In certain 

embodiments, a positive meniscus optic can be used to treat hyperopia, while in other 

embodiments, a negative meniscus optic can be used to treat myopia. 

[0082] In various embodiments, the optic 201 is not meniscus shaped. For 

example, in some embodiments, the anterior surface 201a is substantially flat and the 

posterior surface 201b is concave such that the optic 201 is plano-concave. In other 

embodiments, both the anterior surface 201a and the posterior surface 201b are concave such 

that the optic 201 is biconcave. In further embodiments, the anterior surface 201a is convex 

and the posterior surface 201b is substantially flat such that the optic 201 is plano-convex. In 

yet further embodiments, both the anterior surface 201a and the posterior surface 201b are 

convex such that the optic 201 is biconvex. 

[0083] In certain embodiments, the anterior surface 201a and/or the posterior 

surface 201b of the optic 201 can include aspheric surfaces. For example, the anterior 

surface 201a and/or the posterior surface 201b of the optic 201 can include a surface shape 

that is not a portion of a sphere. In various embodiments, the anterior surface 201a and/or 

the posterior surface 201b can be rotationally symmetric. For example, the surface profile or 

sag of the aspheric shape can include at least a conic term. The conic term can be described 

as: 

cr2 (1) 
Z = 

1+ Vl-(l+fc)c2r2 ' 

where c is the curvature of the surface (or the inverse of the radius), k is the conic constant, 

and r is the radial distance from the surface vertex. 

[0084] In some embodiments, the aspheric shape can include a conic offset by 

perturbations comprising, for example, a higher order function of radial distance from the 

surface vertex. Thus, the sag of the aspheric shape can include the conic term and a higher 

order function of radial distance from the surface vertex. The higher order function can 

describe the aspheric perturbations from the conic term. In some embodiments, the higher 

order function can include at least one even order term a2nr2n, where n is an integer, a2n is a 
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coefficient, and r is the radial distance from the surface vertex. For example, the aspheric 

shape can be described using the conic term and the even-powered polynomial terms (e.g., 

describing an even asphere): 

z(r) = , cr = + a2r2 + a4r4 + a6r6 + a8r8 + ••• . ^ 
1+Vl-(1+k)c2r2 

[0085] As can be seen in the example equation (2), the higher order function can 

include at least a second order term (a2r2), a fourth order term (a4r4), a sixth order term, 

(a6r6), and/or an eighth order term (a8r8). In some embodiments, the higher order function 

can include one or more odd order terms. For example, the higher order function can include 

only odd order terms or a combination of even and odd order terms. 

[0086] As also shown in equation (2), the surface shape can depend on the conic 

constant k. If the conic constant k = 0, then the surface is spherical. Thus, in some 

embodiments, k has a magnitude of at least zero, such that |k| > 0. In some embodiments, k 

has a magnitude greater than zero, such that |k| > 0. In various embodiments, k has a 

magnitude of at least one, such that |k| > 1. In some embodiments, |k| > 2, |k| > 3, |k| > 5, |k| > 

7, or |k| > 10. For example, k < -1, k < -2, k < -3, k < -5, k < -7, k < -10. In various 

embodiments, therefore, the surface has a shape of a hyperbola. However, in certain 

embodiment, the magnitude of the conic constant may be less than one, e.g., 0 < |k| < 1. 

[0087] In various embodiments, the anterior surface 201a and/or the posterior 

surface 201b can be rotationally non-symmetric and have different curvature along different 

directions through the center and/or optical axis of the optic 201. For example, the anterior 

surface 201a and/or the posterior surface 201b can have different curvature along orthogonal 

directions through the center of the optic 201. Certain such embodiments can be 

advantageous for treating astigmatism, where correction along different directions 

(meridians) can be desired. 

[0088] In some embodiments, the sag of the rotationally non-symmetric surface 

can include at least a biconic term. A biconic surface can be similar to a toroidal surface 

with the conic constant k and radius different in the x and v directions. The biconic term can 

be described as: 
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Z = 
cxx2+cyy2 (3) 

1+ l-(l+kx)c2x2-(l+ky)c2y2 J 

where cx is the curvature of the surface in the x direction (or the inverse of the radius in the x 

direction), and cy is the curvature of the surface in the v direction (or the inverse of the radius 

in the y direction) while kx is the conic constant for the x direction, and ky is the conic 

constant for the y direction. 

[0089] In some embodiments, the aspheric shape can include the biconic offset by 

perturbations comprising a higher order function of radial distance from the surface vertex. 

Thus, similar to equation (2), the sag of the aspheric shape can include the biconic term and a 

higher order function. The higher order function can include at least one even order term, 

e.g., at least a second order term (a2r2), a fourth order term (a4r4), a sixth order term, 

(a6r6), and/or an eighth order term (a8r8). For example, similar to equation (2), the higher 

order function can be a2r2 + a4r4 + a6r6 + a8r8 + •••. 

[0090] In some embodiments, the higher order function can include one or more 

odd order terms. For example, the higher order function can include only odd order terms or 

a combination of even and odd order terms. 

[0091] Accordingly, as described herein, the anterior surface 201a and/or the 

posterior surface 201b of the optic 201 can have a shape that includes a conic term (with or 

without a higher order function) or a biconic term (with or without a higher order function). 

[0092] One example for vision correction for presbyopia and/or astigmatism 

includes an anterior surface 201a and a posterior surface 201b both having an aspheric 

surface. The aspheric surface of the anterior surface 201a has a shape that includes a conic 

term offset by perturbations comprising second, fourth, sixth, and eighth order terms; and the 

aspheric surface of the posterior surface 201b has a shape that includes a biconic term. The 

sag of the example aspheric anterior surface 201a can be given as: 

+ a2r2 + a4r4 + a6r6 + a8r8. (4) 
1+ Vl-(1+k)c2r2 
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Furthermore, the sag of the example posterior surface 201b, which can be biconic, can be 

given as: 

which is similar to equation (3). Certain embodiments of such a lens may be, although is not 

limited to, a meniscus lens. 

[0093] Other examples are possible. In certain embodiments, the particular shape 

(e.g., curvature of anterior surface, curvature of posterior surface, conic constants, 

coefficients of the higher order function, etc.) of the optic 201 can depend on the patient's 

prescription. 

[0094] As some examples, for lenses having a nominal dioptric power between 

about -18 D to about 6 D sphere with 0 to about 2 D cylinder, with 0 to about 3 D cylinder, or 

with 0 to about 4 D cylinder, the following non-limiting example design parameters can be 

used in certain embodiments. The radius R of the anterior surface (e.g., the inverse of the 

curvature) can be between about -100 mm to about 100 mm, about -50 mm to about 50 mm, 

about -10 mm to about 10 mm, or about -5 mm to about 5 mm. In some examples, R of the 

anterior surface can be between about -1 mm to about 1 mm or 0 to about 1 mm. For 
_2 example, the radius of the anterior surface can be between 0 to about 1 x 10" mm, between 

about 1 x 10"7 mm to about 5 x 10"3 mm, between about 1 x 10"6 mm to about 1 x 10"3 mm, or 

between about 5 x 10~6 mm to about 5 x 10 4 mm. 

[0095] As described herein, in various embodiments, k of the anterior surface can 

have a magnitude greater than zero such that |k| > 0. In some embodiments, k has a 

magnitude of at least one, such that |k| > 1. In some embodiments, |k| > 2, |k| > 3, |k| > 5, |k| > 

7, or |k| > 10. For example, k < -1, k < -2, k < -3, k < -5, k < -7, k < -10. In some 

embodiments, k « -10. For example, in some embodiments, k can be between about -1 x 

106 to -100, between about -5 x 105 to about -5 x 104, or between about -3 x 105 to about -2 x 

cxx2+cyy2 

(5) 
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[0096] Accordingly, in various embodiments the magnitude of the ratio of the 

conic constant of the anterior surface and the radius of curvature of the anterior surface may 

be between 104 and 1014, between 106 and 1012, between 108 and 1011, between 109 and 101 

between 108and 1010 between 109and 1010 in various embodiments. 

[0097] The coefficient ci2 for the second order term of the anterior surface in 

various embodiments can be between 0 to about 1. For example, ci2 can be between 0 to 

about 0.5, between about 0.001 to about 0.3, or between about 0.005 to about 0.2. 

[0098] The coefficient a4 for the fourth order term of the anterior surface in 

various embodiments can be between about -1 to 0. For example, <74 can be between about -
-4 -3 0.1 to 0, between about -0.05 to about -1 x 10 " , or between about -0.01 to about -1 x 10" . 

[0099] The coefficient a6 for the sixth order term of the anterior surface in various 

embodiments can be between 0 to about 1. For example, a$ can be between 0 to about 0.1, 

between 0 to about 0.01, or between about 0.0001 to about 0.001. 

[0100] In addition, the coefficient a% for the eighth order term of the anterior 

surface in various embodiments can be between about -1 to 0. For example, ag can be 

between about -0.001 to 0, between about -0.0005 to 0, or between about -0.0001 to 0. 

[0101] Furthermore, for lenses having a nominal dioptric power between about -

18 D to about 6 D sphere with 0 to about 2 D cylinder, with 0 to about 3 D cylinder, or with 0 

to about 4 D cylinder, the following non-limiting example design parameters can be used in 

certain embodiments for the posterior surface. The radius Ry of the posterior surface in the y 

direction (e.g., the inverse of the curvature in the y direction) can be between 0 to about 20 

mm. For example, the radius Ry of the posterior surface can be between 0 to about 15 mm, 

between about 2 mm to about 13 mm, or between about 3 mm to about 14 mm, or between 

about 4 mm to about 10 mm. 

[0102] In various embodiments, ky of the posterior surface can be between about -

20 to about 20, between about -18 to about 15, or between about -15 to about 5. In some such 

embodiments, ky of the posterior surface does not necessarily have a magnitude of at least 

one. For example, ky can be between about -1 to about 1. In various embodiments, |£y| is 

greater than zero. 

[0103] The radius Rx of the posterior surface in the x direction (e.g., the inverse 

of the curvature in the x direction) can be between 0 to about 20 mm. For example, the 
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radius of the posterior surface can be between 0 to about 15 mm, between 0 to about 12 mm, 

or between 0 to about 10 mm. 

[0104] In various embodiments, kx of the posterior surface can be between about -

25 to 0, between about -20 to 0, between about -18 to 0, between about -17.5 to 0, or between 

about -15.5 to 0. In various embodiments, \kx\ is greater than zero. 

[0105] Although the example design parameters of R, k, ci2, (14. c/f) and a$ for 

lenses having the above given nominal dioptric power were given for the anterior surface, 

and the example design parameters of Ry, ky, Rx, and kx were given for the posterior surface, 

the ranges of values for R, k, <22, «4, «6, and a% can be used for the posterior surface, and the 

ranges of values for Ry, ky, Rx, and kx can be used for the anterior surface. Additionally, 

although the anterior surface included the higher order aspheric perturbation terms (e.g., <22, 

(14 e/f,. and as), the higher order aspheric perturbation terms (e.g., 0,2, e/4. and a%) can be used 

for the posterior surface instead of the anterior surface or for both the anterior and posterior 

surfaces. Any one or more of the values in these ranges can be used in any of these designs. 

[0106] Furthermore, as described herein, the particular shape of various 

embodiments can be designed to increase the depth of field and to increase visual acuity. As 

shown in Figure 6A, the depth of field can be described as the distance in front of and 

beyond the subject in object space that appears to be in focus. The depth of focus can be 

described as a measurement of how much distance exists behind the lens in image space 

wherein the image will remain in focus. To increase the depth of field, the surface shape of 

the anterior surface 201a and/or the surface shape of the posterior surface 201b of the optic 

201 can be such that for a wide range of object vergences, the light rays are focused onto the 

retina or sufficiently close thereto. To increase visual acuity and reduce ghosting, the surface 

shape of the anterior 201a and/or the surface shape of the posterior surface 201b of the optic 

201 also can be such that the images for an on-axis object are substantially on-axis and of 

similar magnitude with each other. 

[0107] In certain such embodiments, the image caustic can be sculpted for the 

vergence range of about 0 to about 2.5 Diopters or more although this range may be larger or 

smaller. As shown in Figure 6B, in some embodiments, the image caustic can be described 

as the envelop produced by a grid of light rays, and the circle of confusion can be described 

as an optical spot caused by a cone of light rays from a lens not coming to a perfect focus 
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when imaging a point source. Thus, the image caustic can be sculpted such that the circle of 

confusion is substantially stable having a similar sizes for a range of longitudinal positions 

along the optical axis and relatively small. The design may sacrifice the size of the circle of 

confusion at some longitudinal positions along the optical axis to permit the circle of 

confusion to be larger for others longitudinal positions with the net result of providing circles 

of confusion having similar size over a range of longitudinal positions along the optical axis. 

[0108] In certain embodiments, the surface shape of the anterior surface 201a 

and/or the surface shape of the posterior surface 201b can be determined such that the image 

caustic is sculpted around the hyperfocal plane of the eye. In some embodiments, the 

hyperfocal distance can be described as the focus distance which places the maximum 

allowable circle of confusion at infinity, or the focusing distance that produces the greatest 

depth of field. Accordingly, in certain embodiments, to increase the depth of field, the 

surface shape of the anterior surface 201a and/or the surface shape of the posterior surface 

201b of the optic 200 can be such that the light rays are refocused to the hyperfocal distance. 

[0109] In various embodiments, the surface shape of the anterior surface 201a 

and/or the surface shape of the posterior surface 201b of the optic 201 can be evaluated and 

designed using the defocus curves of the lens. A defocus curve can portray the response of a 

retinal image quality parameter, such as contrast, as a function of different vergences. An 

object at infinity has a vergence of 0 Diopter. Figure 6C illustrates the defocus curves for a 

standard spherical lens and an idealized hyperfocal eye. As shown in the figure, although the 

contrast can decrease (due to preservation of the areas under the curves), the idealized 

hyperfocal eye has a stable or substantially stable (e.g., similar or substantially constant) 

contrast for a range of vergences. 

[0110] In certain embodiments, the surface shape of the anterior surface 201a 

and/or the surface shape of the posterior surface 201b of the optic 201 can be evaluated 

and/or designed using the Liou-Brennan model eye such as under Best Corrected Distance 

Visual Acuity (BCDVA) conditions. Figure 6D illustrates a schematic of an example phakic 

lens according to certain embodiments described herein modeled with the Liou-Brennan 

model eye. As shown in Figure 6D, the lens 200 can be positioned between the iris 515 and 

in front of the "natural" crystalline lens 520 in the model. As also shown in Figure 6D, the 

model can simulate light rays entering the eye 500 through the cornea 510, the lens 200, and 
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the "natural" crystalline lens 520 and towards the retina 530. The model can be used for the 

polychromatic wavelengths between the range of about 400 nanometers to about 700 

nanometers. The model can also be used with a dual-gradient index lens profile (e.g., to 

model astigmatism). Pseudophakic lenses according to certain embodiments described 

herein can also be modeled with the Liou-Brennan model eye with the lens positioned in 

place of the "natural" crystalline lens 520. 

[0111] Other models known in the art or yet to be developed can also be used. 

For example, the surface shape of the anterior surface 201a and/or the surface shape of the 

posterior surface 201b of the optic 201 can also be evaluated and/or designed using a Badal 

model eye, an Arizona model eye (University of Arizona model), an Indiana model eye 

(Indiana University model), an ISO model eye, or any standardized or equivalent model eye. 

In addition, the simulations can be performed using ray tracing and/or design software known 

in the art or yet to be developed. As one example software, Zemax design software by 

Zemax, LLC in Redmond, Washington can be used for some embodiments. The physical 

limitations of the environment, for example, the placement of the IOL anterior to the natural 

lens are useful for performing simulations for a phakic lens design. Such simulations can 

simultaneously evaluate performance (e.g., RMS wavefront error across the complete pupil) 

for multiple vergences an include contributions from the different vergences in a merit 

function that is optimized. Multiple wavefronts are thus evaluated in unison to arrive at a 

balanced design that provides substantially similar sized circles of confusion through a range 

of locations along the optical axis. Varying pupil size for different vergences can also be 

employed. 

[0112] In certain embodiments, the surface shape of the anterior surface 201a 

and/or the surface shape of the posterior surface 201b of the optic 201 can be advantageously 

evaluated and designed such that for the visible wavelengths, light from an on-axis object is 

focused substantially on-axis, with substantially similar magnitude, and substantially on the 

retina within the range of at least about 0 Diopter to about 2.5 Diopter. By controlling the 

different orders of spherical aberrations (e.g., which can be correlated with the higher order 

aspheric terms in equation (2)) to achieve a substantially similar size cross-sections of the 

caustic for different longitudinal positions along the optical axis near the retina, and 

including the toric balancing and correction (e.g., the biconic term in equation (3)) when 
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necessary to treat patients with astigmatism, the radial power profile of the lens 200 can be 

described as: 

<J>(r) = a + br2 + cr4 + dr6 + er8, (6) 

where a, b, c, d, and e are real numbers. Additionally, in various embodiments, the surface 

shape of the anterior surface 201a and/or the surface shape of the posterior surface 201b of 

the optic 201 can be evaluated and designed to account for the Stiles-Crawford effect. 

Furthermore, the surface shapes can also be designed to consider the pupil sizes varying with 

illumination and/or object vergence. 

[0113] To describe the performance of the lens 200, the modulation transfer 

function (MTF) can be used in some embodiments. For example, the MTF can describe the 

ability of the lens 200 to transfer contrast at a particular resolution from the object to the 

image. In various embodiments of the lens 200, the anterior surface 201a and the posterior 

surface 201b can be shaped to provide MTF values for wavelengths between the range of 

about 400 nanometers to about 700 nanometers (weighted by photopic, scotopic and/or 

mesopic distributions) that are between about 0.1 and about 0.4 at spatial frequencies of 

about 100 line pairs per millimeter (e.g., 20/20 vision) for at least about 90%, at least about 

95%, at least about 97%, at least about 98%, or at least about 99% of the object vergences 

within the range of at least about 0 Diopter to about 2.0, 2.1, 2.2, 2.3, 2.4 or 2.5 Diopter (or to 

about 2.6, 2.7, 2.8, 2.9, 3.0) when the optic 201 is inserted into an eye. For example, the eye 

could be a human eye having an aperture diameter of at least about 2 millimeters, at least 

about 3 millimeters, at least about 4 millimeters, for example, 2 to 6 millimeters, 3 to 6 

millimeters, or 4 to 6 millimeters. The MTF values may thus be 0.1, 0.2, 0.3, or 0.4 or any 

range therebetween. Additionally, in various implementations, the anterior and posterior 

surfaces are shaped to provide modulation transfer functions without phase reversal for at 

least 90%, 95%, or 97%, up to 98%, 99%, or 100% of the object vergences within the range 

of 0 D to 2.5 D (or alternatively to 2.0, 2.1, 2.2, 2.3, 2.4, 2.6, 2.7, 2.8, 2.9, or 3.0 Diopter) 

when said optic is inserted into a model eye having an aperture size of 2 to 6 millimeters, 3 to 

6 millimeters, or 4 to 6 millimeters. In some embodiments, when the human eye includes a 

crystalline lens, such MTF values can be provided when the optic 201 is inserted anterior of 
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the crystalline lens. In other embodiments, when the human eye excludes a crystalline lens, 

such MTF values can be provided when the optic 201 is inserted in place of the crystalline 

lens. The MTF values may comprise average MTF values and may be calculated by 

integrating over the wavelength range which is weighted by any of the photopic, scotopic, 

mesopic distributions or combinations thereof. 

[0114] As other examples, the eye could be a model eye (e.g., Liou-Brennan, 

Badal, Arizona, Indiana, ISO model eye, or any standardized or equivalent model eye) that 

models the human eye as opposed to a human eye itself. For example, the model eye in some 

embodiments can also include a Liou-Brennan model eye. In some embodiments, such MTF 

values can be provided when the optic 201 is inserted in the model eye in a phakic 

configuration. In other embodiments, such MTF values can be provided when the optic 201 

is inserted in a pseudophakic configuration. 

[0115] Various implementations described herein comprise a single refractive 

lens that can be implanted in the eye, for example, posterior of the cornea. In certain 

implementations the refractive lens is configured to be implanted between the iris and the 

natural lens. In other implementations, the refractive lens is configured to be implanted in 

the capsular bag after removal of the natural lens. In various implementations, the refractive 

lens is not a diffractive lens and is devoid of a diffraction grating on the surfaces thereof. In 

various implementations, the refractive lens does not have discrete spaced apart foci. The 

anterior and posterior surfaces, for example, are shaped so as not to produce discrete foci 

where light is focused along the optical axis of the lens that are spaced apart from each other 

by regions where light is substantially less focused as provided in conventional multifocal 

lenses. Such multifocal design with discrete foci have multiple peaks of focused energy or 

of energy density at different locations on the optical axis. 

[0116] Various implementations described herein can provide treatment for early 

onset and progression of presbyopia without need for laser surgery or reading glasses. 

Implementations may provide about 2.0D of near as well as intermediate viewing. Depth of 

field for range over 2 D for an aperture of 5.0 mm can be provided. 

[0117] Various embodiments may be employed to provide modified mono vision 

solutions. For example, a first lens may be provided that has an extended depth of focus for 

object vergences over 0 to 2.0 D or over 0 to 2.5 D and second lens may be provided that has 
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an extended depth of focus for object vergences over -2.0 to 0 D or over -2.5 to 0 D. These 

respective lenses may be implanted in the patient's dominant and non-dominant respectively. 

A patient may then be provided with extended depth's of field that are different for each of 

the left and right eye. However the aggregate depth of field is larger than provided by one of 

the first or second lenses along. The design details of such lenses may otherwise be similar 

to those discussed above. 

[0118] As described herein, various embodiments include a lens with extended 

depth of field. For example, with reference to lens 200 described herein (e.g., as shown in 

Figures 2-4), the lens 200 can include an optic 201 having an anterior surface 201a and/or a 

posterior surface 201b having a shape designed to increase the depth of field. In certain 

embodiments, the anterior surface and/or the posterior surface of the optic can also include a 

portion designed to improve distance vision (e.g. enhance distance visual acuity) yet still 

provide extended depth of field. 

[0119] Figures 7A-7B are schematics for an example anterior surface and/or a 

posterior surface of such an optic. The anterior surface and the posterior surface can have a 

surface vertex. The optic can have an optical axis through the surface vertices. The anterior 

surface and/or a posterior surface of the example optic 700 can include a surface having a 

first portion 701 and a second portion 702, The first portion 701 can be configured to 

provide extended depth of field and the second portion 702 can be configured to provide 

monofocal distance correction and focusing. Referring to the defocus curves shown in 

Figure 6C, the first portion 701 can have a defocus curve similar in shape to that of the 

"ideal" hyperfocal defocus curve, and the second portion 702 can have a defocus curve 

similar in shape to that of the standard spherical (monofocal) lens. Accordingly, the first 

portion 701 can be configured to provide extended depth of field, and the second portion 702 

can be configured to provide enhanced distance vision or distance visual acuity. For 

example, the first portion 701 configured to provide an extended depth of field can supply 

near-equal visual acuity, or at least more than for the second portion 702, throughout a range 

of focus (e.g., far or distance, intermediate, near), while the second portion 702 can provide 

an enhanced vision quality metric for distance in comparison to the first portion 701. The 

enhanced vision quality metric can be a figure of merit for objects at distance (e.g., at or near 

0.0 D). Objects between infinity and 2 meters (e.g., infinity to 2 meters, infinity to 3 meters, 
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infinity to 4 meters, infinity to 5 meters, infinity to 6 meters, infinity to 7 meters, infinity to 8 

meters, infinity to 9 meters, infinity to 10 meters, or any ranges in between any of these 

ranges) are considered distance. The figure of merit can be a modulation transfer function 

(MTF), a contrast sensitivity (CS), contrast, a derivation thereof, or a combination thereof. 

Other metrics can also be used to characterize image quality at the distance focus (which 

corresponds to the base power or labeled power of the lens) or for far objects. In some 

instances, the enhanced vision quality metric can be a higher value for the second portion 702 

than for the first portion 701. 

[0120] Figure 7B illustrates how rays passing through the second portion 702 are 

focused on the distance vision focus (labeled as 0). (As referenced above, this distance 

vision focus corresponds to the base power, labeled power, or distance power of the lens.) In 

contrast, rays passing through the first portion 701 form a caustic of near constant diameter 

through the far (0), intermediate (1), and near (2) foci as opposed to a single sharp focus at 

the distance (0), intermediate (1) or near (2) planes thereby providing an extended depth of 

field, 

[0121] As shown in Figures 7A-7B, the first portion 701 can he disposed 

centrally within the optic 700, In some cases, the first portion is disposed centrally about the 

optical axis. The first portion 701 can have a maximum cross-sectional diameter in the range 

of about 2.5-4.5 mm (e.g., 2.5 mm, 2.75 mm, 3.0 mm, 3.25 mm, 3.5 mm, 3.75 mm, 4.0 mm, 

4.25 mm, 4.5 mm, or any ranges between any of these sizes). Larger or smaller sizes may 

also be possible. The first portion 701 can have a surface profile as described herein with 

respect to optic 201 to provide extended depth of field. For example, the first portion 701 

may introduce spherical aberration to provide extended depth of field. In some such 

examples, as described herein, the first portion 701 can have a shape comprising a conic or a 

biconic envelope offset by perturbations from the envelope comprising an aspheric higher 

order function of radial distance from the optical axis. Equation (2) describes an example 

shape using a conic term and even-powered polynomial terms. Other examples and 

combinations are possible. For example, the first portion 701 can have a shape comprising a 

biaspheric envelope. The biaspheric envelope can include two aspheric cross-sections in two 

orthogonal directions. In some instances, the biaspheric envelope can be offset by 
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perturbations comprising an aspheric higher order function of radial distance from the optical 

axis. 

[0122] The second portion 702 can surround the first portion 701. The second 

portion 702 can extend from the first portion 701 to the end of the optic 700. Accordingly, in 

some examples, the width of the second portion 702 can be the distance between the outer 

periphery of the first portion 701 to the edge of the optic 700. For example, the second 

portion 702 can have a width (e.g., a distance between inner and outer radii) in the range of 

about 1.0-3.5 mm (e.g., 1.0 mm, 1.25 mm, 1.5 mm, 1.75 mm, 2.0 mm, 2.25 mm, 2.5 mm, 

2.75 mm, 3.0 mm, 3.25 mm, 3.5 mm, or any ranges between any of these sizes). Sizes 

outside these ranges are also possible. 

[0123] The second portion 702 can have a different surface profile than the first 

portion 701. The first portion 701 can have higher spherical aberration control that provides 

extended depth of field than the second portion 702. In some cases, the second portion 702 

may have substantially no spherical aberration control or at least no aberration control that 

provides extended depth of focus. For example, the second portion 702 can have a shape that 

comprises a conic, biconic, or biaspheric envelope not offset by perturbations comprising an 

aspheric higher order function of radial distance from the optical axis. In some cases, the 

second portion can have a shape that is spherical. 

[0124] The second portion 702 can allow greater control of the marginal rays of 

the system such that a higher percentage of the rays that propagate through this portion are 

focused on the retina potentially providing increased contrast or improved vision quality as 

measure by other metrics for objects at a distance such as at infinity in comparison to the first 

portion (e.g., for distance power or labeled power of about +6 to -18 D). This allows a more 

defined focus for distance (possibly a smaller spot at the distance plane for distance objects), 

yet still provides the extended depth of field provided by the first portion 701. Thus, the 

second portion 702 can increase the responsivity distance vision quality, creating an 

improvement in focusing objects at a distance. This improved distance vision can be 

perceived by a patient as an increase in brain-favored "positive" metrics, e.g., contrast 

sensitivity (CS). 

[0125] In addition, as the first portion 701 is configured to provide an extended 

depth of field, it can supply near-equal visual acuity or vision, or at least more than the 
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second portion 702, throughout a range of focus (or for a range of object distances). The spot 

size, wavefront of the lens, and quality (e.g., as measured by a figure of merit such as MTF 

or CS) at distance, intermediate, and near points are substantially similar. However, this 

attribute can create difficulties in evaluating the power of the lens using standard metrology. 

Post-operative clinical evaluation of a patient using classical Gaussian metrology methods 

can also be challenging. Any number of focal points could be labeled and found to be a 

valid base power (e.g., distance or label power). In certain embodiments, the second portion 

702 directing a ring of marginal rays to a distance focus location can provide a repeatable 

measurement more closely corresponding to distance power. Likewise, the second portion 

702 can provide a benefit in determination of the classical base power of the implanted or un-

implanted lens, and can assist in the ability to accurately measure the power of the lens using 

industry standard metrology methods. Thus, certain embodiments described herein can allow 

for standardized measurement of a lens with extended depth of field, including, but not 

limited to, negative-powered, positive-powered, toric, or any combination therein. 

[0126] In various embodiments described herein, the first portion 701 can allow 

for the usage of different orders of spherical aberration and of a conic, biconic, or biaspheric 

base curve in order to balance the entire wavefront at each of its points near the exit pupil of 

the implanted eye, and the second portion 702 can allow for enhanced distance vision and/or 

monofocal distance focusing and for use of standard metrology. 

[0127] In various embodiments, the anterior surface and/or posterior surface of 

the optic 700 can include other portions. For example, the anterior surface and/or the 

posterior surface of the optic 700 can further include a transition portion (not shown) 

providing a smooth transition without discontinuity between the first portion 701 and the 

second portion 702. The transition portion can also allow for additional wavefront 

optimization. In some embodiments, the transition portion can have a width (e.g., distance 

between the inner radii and the outer radii) in the range of about 0 to 1 mm (e.g., 0 mm, 0.1 

mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1.0 mm, or any 

ranges between any of these sizes). Values outside these ranges are also possible. In some 

instances, the transition between the curvatures of the first portion 701 and the second 

portion 702 can be smooth enough that no transition region is desired. 
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[0128] Figures 8A-8B are schematics for another example anterior surface and/or 

a posterior surface of an optic having a first portion configured to provide extended depth of 

field, and a second portion configured to provide enhanced distance visual acuity. In this 

example, the anterior surface and/or the posterior surface of the optic 700 can include a first 

portion 701 and a second portion 702 as in Figures 7A-7B. As shown in Figures 8A-8B, the 

anterior surface and/or the posterior surface of the optic 700 also can include a third portion 

703 surrounding the second portion 702. In some such embodiments, the first portion 701 

can have a maximum cross-sectional diameter in the range of about 2.5-4.5 mm (e.g., 2.5 

mm, 2.75 mm, 3.0 mm, 3.25 mm, 3.5 mm, 3.75 mm, 4.0 mm, 4.25 mm, 4.5 mm, or any 

ranges between any of these sizes). The second portion 702 can be described as an annulus 

having a width between the inner and outer radii in the range of about 0.25-1.5 mm (e.g., 

0.25 mm, 0.5 mm, 0.75 mm, 1.0 mm, 1.25 mm, 1.5 mm, or any ranges between any of these 

sizes). Furthermore, the third portion 703 can extend from the second portion 702 to the end 

of the optic 700. Accordingly, in some examples, the width of the third portion 703 can be 

the distance between the outer periphery of the second portion 702 to the edge of the optic 

700. For example, the third portion 703 can have a width (e.g., distance between inner and 

outer radii) in the range of about 0.5-3.5 mm (e.g., 0.5 mm, 0.75 mm, 1.0 mm, 1.25 mm, 1.5 

mm, 1.75 mm, 2.0 mm, 2.25 mm, 2.5 mm, 2.75 mm, 3.0 mm, 3.5 mm, or any ranges between 

any of these sizes). Values outside these ranges are also possible. 

[0129] Figure 8B illustrates how rays passing through the second portion 702 are 

focused on the distance vision focus (labeled as 0), In contrast, rays passing through the first 

portion 701 and third portion 703 focus continuously through the far (0), intermediate (1), 

and near (2) foci thereby providing an extended depth of field. As discussed above, the rays 

passing through the first portion 701 and third portion 703 form a caustic having nearly 

constant cross-section or beam diameter at the far (0), intermediate (1), and near (2) planes. 

This beam, diameter, however, may potentially be larger than the size of the focus spot at the 

far image plane (0) formed by the rays propagating solely through of the second portion 702. 

[0130] Hie third portion 703 can have a different surface profile than the second 

profile 702, For example, the third portion 703 can have higher spherical aberration control 

that provides extended depth of field than the second portion 702. In some examples, the 

third portion 703 can have a shape that comprises a conic, biconic, or biaspheric envelope 
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offset by perturbations comprising an aspheric higher order function of radial distance from 

the optical axis. 

[0131] In some embodiments, the third portion /03 can have a similar surface 

profile and/or substantially the same spherical aberration control as the first portion 701. For 

example, the third portion 703 can have substantially the same conic, biconic, or biaspheric 

envelope offset by perturbations with respect to the envelope comprising an aspheric higher 

order function of radial distance from the optical axis as the first portion. 

[0132] As described herein, the first portion 701 and/or the third portion 703 can 

have a shape that comprises a conic, biconic, biaspheric envelope offset by perturbations 

comprising an aspheric higher order function of radial distance from the optical axis. In 

various embodiments, the aspheric higher order function can include at least one even order 

term, a2nr2n where n is an integer and a2n is a coefficient and r is the radial distance from the 

optical axis. For example, the aspheric higher order function can include a second order 

term, a2r , where a2 is a coefficient and r is the radial distance from the optical axis. The 

aspheric higher order function can include a fourth order term, a4r4, where a4 is a coefficient 

and r is the radial distance from the optical axis. The aspheric higher order function can also 

include a sixth order term, a^r6 where af) is a coefficient and r is the radial distance from the 
o 

optical axis. The aspheric higher order function can further include an eighth order term, a^r 

where as is a coefficient and r is the radial distance from the optical axis. The aspheric 

higher order function can include any combination of these higher order terms and possibly 

more terms. 

[0133] In various embodiments, the anterior surface and/or the posterior surface 

of the optic 700 can further include a transition portion (not shown) providing a smooth 

transition without discontinuity between the second portion 702 and the third portion 703. 

The transition portion can also allow for additional wavefront optimization. In some 

embodiments, the transition portion can have a width (e.g., distance between the inner radii 

and the outer radii) in the range of about 0 to 1 mm (e.g., 0 mm, 0.1 mm, 0.2 mm, 0.3 mm, 

0.4 mm, 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1.0 mm, or any ranges between any of 

these sizes). Dimensions outside these ranges are also possible. In some instances, the 

transition between the curvatures of the second portion 702 and the third portion 703 can be 

smooth enough that no transition region is desired. 
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[0134] In some embodiments, the caustic of the second portion 702 can be 

sculpted to blend smoothly (or to provide a smoother transition) with the caustic of the first 

portion 701 and/or the caustic of the third portion 703. For example, as shown in Figure 8B, 

the lower caustic envelope of the second portion 702 may not blend smoothly with the lower 

caustic envelope of the third portion 703 (e.g., see the discontinuity near the intersection of 

the caustics). Accordingly, in some embodiments, to provide a smoother caustic transition, 

the conic constant of the conic, biconic, or biaspheric envelope of the second portion 702 

may be such to blend smoother with the caustic of the first portion 701 and/or the caustic of 

the third portion 703 (e.g., to fit more tightly with the ray envelope of the first portion 701 

and/or to fit more tightly with the ray envelope of the third portion 703). For example, in 

some embodiments, the second portion 702 can have a conic constant such that the caustic of 

the second portion 702 blends smoothly with the caustic of the first portion 701, for example, 

more smoothly than if the second portion comprises a spherical surface. Furthermore, in 

some embodiments, the second portion 702 can have a conic constant such that the caustic of 

the second portion 702 blends smoothly with the caustic of the third portion 703, for 

example, more smoothly than if the second portion comprises a spherical surface. By having 

a smoother caustic transition, a slight misalignment in the surgical placement of the implants 

may be expected to produce a less noticeable effect on a patient's vision. In addition, with a 

smoother caustic transition, superimposed ghosting may potentially be reduced. 

[0135] The various disclosures with respect to the optic 201 described herein can 

also apply to the various embodiments of Figures 7A-8B. For example, certain embodiments 

of Figures 7A-8B can be used for phakic or pseudophakic lens implants as described herein. 

In embodiments used for phakic lens implants, the optic 700 can have a thickness along the 

optical axis that is about 100-700 micrometers, about 100 to about 600 micrometers, about 

100 to about 500 micrometers, about 100 to about 400 micrometers, about 100 to about 300 

micrometers, or about 100 to about 200 micrometers (e.g., 100 micrometers, 200 

micrometers, 300 micrometers, 400 micrometers, 500 micrometers, 600 micrometers, 700 

micrometers, any value in between such ranges, or any range formed by such values). In 

embodiments for pseudophakic lens implants, the thickness along the optical axis can be 

about 700 micrometers to about 4 mm, about 700 micrometers to about 3 mm, about 700 

micrometers to about 2 mm, about 700 micrometers to about 1 mm, any value in between 
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such ranges, or any range formed by any values in these ranges. As another example, various 

embodiments of Figures 7A-8B can be used in a lens comprising at least one haptic disposed 

with respect to the optic 700 to affix the optic 700 in the eye when implanted therein. 

Furthermore, in some instances, the first portion 701 can be on the anterior surface of the 

optic, and the second portion 702 can be on the posterior surface of the optic. Likewise, in 

some instances, the first portion 701 can be on the posterior surface of the optic, and the 

second portion 702 can be on the anterior surface of the optic. 

[0136] The terms "about" and "substantially" as used herein represent an amount 

equal to or close to the stated amount (e.g., an amount that still performs a desired function or 

achieves a desired result). For example, unless otherwise stated, the terms "about" and 

"substantially" may refer to an amount that is within (e.g., above or below) 10% of, within 

(e.g., above or below) 5% of, within (e.g., above or below) 1% of, within (e.g., above or 

below) 0.1% of, or within (e.g., above or below) 0.01% of the stated amount. 

[0137] Various embodiments of the present invention have been described herein. 

Although this invention has been described with reference to these specific embodiments, the 

descriptions are intended to be illustrative of the invention and are not intended to be limiting. 

Various modifications and applications may occur to those skilled in the art without departing 

from the true spirit and scope of the invention. 
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WHAT IS CLAIMED IS: 

1.  A lens configured for implantation into an eye of a human, said lens comprising: 

an optic comprising transparent material, said optic having an anterior surface and 

a posterior surface, said anterior surface being convex and said posterior surface being 

concave such that said optic is meniscus shaped, each of said convex anterior surface and 

said concave posterior surface having a surface vertex, said optic having an optical axis 

through said surface vertices and a thickness along said optical axis that is between about 

100-700 micrometers, 

haptic portions disposed about the optic to affix the optic in the eye when 

implanted therein, 

wherein said anterior and posterior surfaces comprise aspheric surfaces, and 

wherein the anterior and posterior surfaces are shaped to provide a radial power 

profile characterized by Φ(r) = a + br2 + cr4 + dr6 + er8 where r is the radial distance from 

the optical axis and a, b, c, d, and e are non-zero coefficients. 

2.   The lens of Claim 1, wherein said anterior surface is rotationally symmetric. 

3.   The lens of Claim 1, wherein said anterior surface has a shape that includes a 

conic or biconic term. 

4.   The lens of Claim 3, wherein said anterior surface has a shape that includes a 

conic or biconic term and aspheric higher order perturbation terms. 

5.   The lens of Claim 2, wherein said posterior surface has a shape that includes a 

conic or biconic term. 

6.    The lens of Claim 5, wherein said conic or biconic term has a conic constant 

having a magnitude greater than zero. 

7.   The lens of Claim 6, wherein said conic or biconic term has a conic constant 

having a magnitude of at least one. 

8.   The lens of Claim 7, wherein said conic or biconic term has a conic constant 

having a magnitude of at least ten. 
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9.   The lens of any of Claims 2-4, wherein said posterior surface is rotationally non-

symmetric and has different curvature along different directions through said optical axis of said 

optic. 

10.   The lens of Claim 9, wherein said posterior surface has different curvature along 

orthogonal directions through said optical axis of said optic. 

11.   The lens of any of Claims 2-3, wherein said posterior surface is rotationally non-

symmetric and has a shape that includes a biconic term. 

12.   The lens of Claim 11, wherein said biconic term has a conic constant having a 

magnitude greater than zero. 

13.   The lens of Claim 12, wherein said biconic term has a conic constant having a 

magnitude of at least one. 

14.   The lens of Claim 13, wherein said biconic term has a conic constant having a 

magnitude of at least ten. 

15.     A lens configured for implantation into an eye of a human, said lens comprising: 

an optic comprising transparent material, said optic having an anterior surface and 

a posterior surface, said anterior surface being convex and said posterior surface being 

concave such that said optic is meniscus shaped, each of said convex anterior surface and 

said concave posterior surface having a surface vertex, said optic having an optical axis 

through said surface vertices, 

at least one haptic disposed with respect to the optic to affix the optic in the eye 

when implanted therein, 

wherein said anterior and posterior surfaces comprise aspheric surfaces and said 

anterior surface has an aspheric shape that comprises a conic or biconic offset by 

perturbations comprising an aspheric higher order function of radial distance from the 

optical axis, and wherein the anterior and posterior surfaces are shaped so as not to 

produce discrete spaced apart foci where light is focused along said optical axis, and 

wherein the anterior and posterior surfaces are shaped to provide a radial power 

profile characterized by Φ(r) = a + br2 + cr4 + dr6 + er8 where r is the radial distance from 

the optical axis and a, b, c, d, and e are non-zero coefficients.   

16.   The lens of Claim 15, wherein said aspheric higher order function includes a 

second order term, a2r
2, where a2 is a coefficient and r is the radial distance from the optical axis. 
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17.   The lens of Claim 15 or 16, wherein said aspheric higher order function includes a 

fourth order term, a4r
4, where a4 is a coefficient and r is the radial distance from the optical axis. 

18.   The lens of any of Claims 15-17, wherein said aspheric higher order function 

includes a sixth order term, a6r6 where a6 is a coefficient and r is the radial distance from the 

optical axis. 

19.   The lens of any of Claims 15-18, wherein said aspheric higher order function 

includes an eighth order term, a8r
8 where a8 is a coefficient and r is the radial distance from the 

optical axis. 

20.   The lens of Claim 15, wherein said aspheric higher order function includes at least 

one even order term, a2nr
2n

, where n is an integer and a2n is a coefficient and r is the radial 

distance from the optical axis.   

21.   The lens of any of Claims 15-20, comprising a plurality of haptics. 

22.   The lens of any of Claims 15-21, wherein said optic has a thickness along said 

optical axis that is between about 100-700 microns. 

23.   The lens of any of Claims 15-22, wherein said anterior surface has an aspheric 

shape that comprises a biconic offset by said perturbations. 

24.       The lens of Claim 1, wherein the haptic portions are configured to stabilize the 

optic in the eye such that the optical axis of the optic is disposed along a central optical axis of 

the eye. 

25.     The lens of Claim 15, wherein the at least one haptic is configured to stabilize the 

optic in the eye such that the optical axis of the optic is disposed along a central optical axis of 

the eye. 

 

 

 

 

 


