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Intraocular lens for correcting corneal coma

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

The present invention is directed to a lens having an optical power for implantation

in an eye having a cornea, more particularly an intraocular lens, and even more

particularly to an intraocular lens that corrects for the coma of the cornea, as well

as to a method of specifying the anterior surface and the posterior surface of a

lens for implantation in an eye of a subject having a cornea.

BACKGROUND

To aid in understanding this invention, a background of some basic optics

fundamentals is provided below.

FIG. 1 shows a cross-section of a human eye 10. Under normal conditions, light

rays 11 originating from an object 12 enter the eye 10 through the cornea 13, pass

through a liquid known as the aqueous humor 14, pass through the iris 15, pass

through the lens 16, pass through another liquid known as the vitreous humor 17,

and form an image 18 on the retina 19.

The eye can suffer diseases that impair a patient's vision. For instance, a cataract

may increase the opacity of the lens 16, causing blindness. To restore the

patient's vision, the diseased lens may be surgically removed and replaced with an

artificial lens, known as an intraocular lens, or IOL. A patient whose natural lens

has been removed is said to have aphakia, and one who surgically receives an

artificial lens is said to have pseudophakic vision.

In the absence of aberrations and diffraction, there is an essentially one-to-one

correspondence between points on the object 12 and points on the image 18.

FIGs. 2 and 3 show an example of aberration-free imaging, using a generic lens



2 1. The generic lens 2 1 is drawn as a simple two-surface lens, but is intended to

represent the chain of optical elements in the eye, including the cornea 13 and the

lens 16. An object 23 forms an image 24 on the retina 22. An on-axis bundle of

rays 29 originating at the base 25 of the object 23 passes through the generic lens

2 1, and the rays strike the retina 22 at the base 27 of the image 24. Similarly, an

off-axis bundle of rays 3 1 originating at the edge 26 of the object 23 passes

through the generic lens 2 1, and the rays strike the retina 22 at the edge 28 of the

image 24. In general, the visual acuity of the eye is directly related to the amount

of aberration present in the eye's optical system, and any reduction in aberration is

desirable.

An intraocular lens is typically corrected for a single focus, meaning that objects at

a particular position away from the eye appear in focus, while objects at an

increasing distance away from that position appear increasingly blurred.

This is illustrated in FIGs. 4 through 7. In FIGs. 4 and 5 , a too-distant object 43,

more distant from the generic lens 2 1 than object 23, forms an image 44 that is

axially translated away from the retina 22 toward the lens 2 1. FIG. 4 shows an on-

axis bundle of rays, and FIG. 5 shows an off-axis bundle of rays. In terms of

aberrations, the optical system 40 in FIGs. 4 and 5 shows a positive amount of

defocus.

A positive amount of defocus can occur even if the eye has its natural lens 16, if

the range over which the natural lens 16 can accommodate is too small. When

occurring with the natural lens 16, this condition is known medically as myopia, or

nearsightedness, and can be remedied by spectacles or a contact lens that

introduces negative optical power into the eye's optical system, thereby increasing

the effective focal length of the system and axially translating the image 44 back

toward the retina 22.

Similarly, in FIGs. 6 and 7, a too-close object 63, closer to the generic lens 2 1 than

object 23, forms an image 64 that is axially translated away from the retina 22

away from the lens 2 1. Although the rays are drawn in FIGs. 6 and 7 as



propagating beyond the retina to the image 64, in reality, the rays terminate at the

retina 22 before forming an image. FIG. 6 shows an on-axis bundle of rays, and

FIG. 7 shows an off-axis bundle of rays. In terms of aberrations, the optical

system 60 in FIGs. 6 and 7 shows a negative amount of defocus.

When a negative amount of defocus occurs with the natural lens 16, it is known

medically as hypermetropia, or farsightedness, and can be remedied by

spectacles, a contact lens or a phakic lens that introduces positive optical power

into the eye's optical system, thereby decreasing the effective focal length of the

system and axially translating the image 64 back toward the retina 22.

For a single focal length IOL, a focal length is typically chosen to correct for

relatively distant objects, and close objects appear as blurry without additional

spectacles or contact lenses.

In addition to defocus, an intraocular lens can reduce astigmatism in the eye.

Astigmatism occurs when the optical power along one axis differs from the optical

power along a different axis, leading to a rotationally asymmetric wavefront. For

instance, the optical power along a vertical axis may be envisioned by blocking all

the light in the pupil of the eye except a thin vertical slice through the center of the

lens. Similar situations hold for a horizontal axis, or any other orientation between

vertical and horizontal. The astigmatism may be corrected by adding a cylindrical

component of power to the IOL along a particular axis, so that the wavefront that

strikes the retina is essentially rotationally symmetric. The correction of

astigmatism is well-known, and is straightforwardly accomplished in lOLs, as well

as spectacles and some contact lenses.

As a further improvement to an intraocular lens in which defocus and astigmatism

are reduced, spherical aberration may be reduced. In general, for a lens that has

a finite amount of spherical aberration, the optical power at the edge of the lens is

different from the optical power at the center of the lens. A bundle of rays

originating from a single point on the object, after passing through a lens with

spherical aberration, does not converge to a single point on the image, but blurs



by an amount in proportion to the amount of spherical aberration. FIG. 8 shows an

optical system 80 with positive spherical aberration. For a lens 8 1 with positive

spherical aberration, the edge of the lens has more optical power than the center

of the lens. A bundle of rays 84 originating at the base of the object 83 passes

through the aberrated lens 8 1 , and does not come to a sharp focus at the retina

82. Rather, the rays passing through the edge of the lens 8 1 converge more

quickly than the rays passing through the center of the lens 8 1, leading to a blur at

the retina 82. Similarly, FIG. 9 shows an optical system 90 with negative spherical

aberration, in which the lens 9 1 has less optical power at its edge than at its

center. For a bundle of rays 94 originating from the base of the object 93 and

passing through the aberrated lens 9 1, rays passing through the edge of the lens

9 1 converge less quickly than rays passing through the center of the lens 9 1,

leading to a blur at the retina 92. In general, spherical aberration is rotationally

symmetric about the optical axis. Spherical aberration is also independent of field

height or field angle, so that a bundle of rays originating from the edge of the

object would exhibit the same amount of spherical aberration as a bundle

originating from the base.

There are known ways to reduce spherical aberration in lOLs. For instance, U.S.

Patent No. 6,609,793, incorporated by reference in its entirety herein, discloses a

method of designing an ophthalmic lens. First, at least one of the surfaces of the

cornea is characterized as a mathematical model. Then, the model is used to

calculate the aberrations of the surface or surfaces. Finally, the lens is modeled to

reduce the aberrations for at least one of the foci, for an optical system that

includes the lens and at least one of the surfaces of the cornea. In particular, the

publication discloses reducing to essentially zero the eleventh Zernike coefficient,

which corresponds to third-order spherical aberration. Additional correction is

disclosed in U.S. Patent Application Serial No. 10/724,852, and U.S. Patent No.

6,705,729, which are each herein incorporated by reference in their entirety.

In addition to spherical aberration, another wavefront aberration that degrades the

image at the retina is coma. The general characteristics of coma are rotationally

asymmetric, and are therefore difficult to draw in simple figures in the manner of



exemplary FIGs. 2-9. Instead, a picture of an exemplary wavefront aberrated by

coma is shown in FIG. 10. An observer located at the retina, looking at the lens,

sees an aberrated wavefront 104 propagating toward him. For comparison, an

unaberrated wavefront 103 is shown, superimposed on the aberrated wavefront

104. Along an axis 102, denoted by "x", the two wavefronts 103 and 104 coincide.

Along an axis 101 , denoted by "y" and perpendicular to axis 102, the aberrated

wavefront 104 shows an odd-order departure from the unaberrated wavefront 103.

Third-order coma shows a cubic dependence in the wavefront departure along

axis 101 , fifth-order coma shows a fifth-order dependence, and so forth for higher

odd-orders of coma. Although "x" and "y" are drawn as horizontal and vertical in

FIG. 10, in reality the coma axes may have any orientation.

For a bundle of off-axis rays originating at a single point on the object, the rays

converge to a cone-shaped blur at the image. Rays passing through the center of

the aberrated lens arrive at the point of the cone, with the remainder of the bundle

of rays filling out the characteristic cone shape. The orientation of the cone is

radial with respect to the optical axis, and the size of the cone increases with

distance away from the optical axis.

For a human eye 10 with good vision, the total amount of coma is generally fairly

small. However, the cornea 13 and natural lens 16 may individually have

substantial amounts of coma of opposite sign, which offset each other when light

passes through both elements sequentially. When the natural lens 16 is removed

and replaced with an IOL, the coma of the cornea 13 may become significant, so

that if the cornea's coma is not corrected by the IOL, it may degrade the vision of

the eye.

Accordingly, there exists a need for an intraocular lens that corrects for the coma

of the cornea. When implanted, such an IOL reduces the amount of coma in the

optical system of the eye (cornea and IOL together), and improves the vision of

the eye.

BRIEF SUMMARY OF THE INVENTION



An embodiment is a method of specifying the anterior surface and the posterior

surface of a lens for implantation in an eye having a cornea, comprising:

performing at least one measurement on the eye, on a model for the eye, or the

eye and a model for the eye; determining an optical power from the at least one

measurement; and determining an anterior radius and a posterior radius from the

optical power, wherein the anterior radius and the posterior radius minimize the

coma of the eye; and determining at least one aspheric term for at least one of the

anterior surface and the posterior surface; whereby the coma of the lens offsets

the coma of the cornea; and whereby the anterior surface and the posterior

surface are specified by the anterior radius, the posterior radius and the at least

one aspheric term.

A further embodiment is a method of specifying the anterior surface and the

posterior surface of a lens for implantation in the eye of a patient, comprising:

performing a measurement capable of determining an optical power, P, of the

lens; determining a shape factor, X, from the optical power; determining an

anterior radius, Ra, and a posterior radius, Rp, from the shape factor and the

optical power; and determining at least one aspheric term for at least one of: the

anterior surface and the posterior surface; whereby the anterior surface and the

posterior surface are specified by the anterior radius, the posterior radius and the

at least one aspheric term.

A further embodiment is a lens having an optical power for implantation in an eye

having a cornea, comprising: an anterior surface having an anterior radius; and a

posterior surface having a posterior radius; wherein the anterior radius and the

posterior radius determine the optical power; and wherein the anterior radius and

the posterior radius are selected to minimize coma of the eye for the value of

optical power; whereby the coma of the lens offsets the coma of the cornea.

Optionally, existing ocular coma, originating in the cornea and the natural lens,

may be corrected with a phakic lens.

A further embodiment is a lens having an optical power and a shape factor for



implantation in an eye having a cornea, comprising: an anterior surface having an

anterior radius, Ra; and a posterior surface having a posterior radius, Rp; wherein

the anterior radius and the posterior radius determine the optical power, P, and the

shape factor, X; and wherein the shape factor minimizes the coma of the eye for

the value of optical power; whereby the coma of the lens offsets the coma of the

cornea.

A further embodiment is an intraocular lens having an optical power, comprising:

an anterior surface having an anterior radius; and a posterior surface having a

posterior radius; wherein the anterior radius and the posterior radius determine the

optical power; and wherein the anterior surface is concave; and wherein the

posterior surface is convex.

A further embodiment is an intraocular lens having an optical power and a shape

factor, comprising: an anterior surface having an anterior radius; and a posterior

surface having a posterior radius; wherein the anterior radius and the posterior

radius determine the optical power and the shape factor; and wherein the shape

factor is less than - 1 .

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

FIG. 1 is a cross-section of a human eye.

FIG. 2 is a schematic drawing of an aberration-free optical system, with an

on-axis bundle of rays.

FIG. 3 is a schematic drawing of the optical system of FIG. 2, with an off-

axis bundle of rays.

FIG. 4 is a schematic drawing of an optical system with positive defocus,

with an on-axis bundle of rays.

FIG. 5 is a schematic drawing of the optical system of FIG. 4 , with an off-



axis bundle of rays.

FIG. 6 is a schematic drawing of an optical system with negative defocus,

with an on-axis bundle of rays.

FIG. 7 is a schematic drawing of the optical system of FIG. 6, with an off-

axis bundle of rays.

FIG. 8 is a schematic drawing of an optical system with positive spherical

aberration.

FIG. 9 is a schematic drawing of an optical system with negative spherical

aberration.

FIG. 10 is a schematic drawing of an aberrated wavefront exhibiting coma.

FIG. 11 is a schematic drawing of a thin lens system used to calculate the

required optical power of an intraocular lens.

FIG. 12 is a plot of the required optical power of an intraocular lens, as a

function of axial length and corneal radius.

FIG. 13 is a schematic drawing of an optical system that simulates use of an

intraocular lens.

FIG. 14 is an exemplary spreadsheet that performs a paraxial ray trace on

the system of FIG. 13.

FIG. 15 is a graph of the third-order coma versus shape factor X for a 5 D

intraocular lens.

FIG. 16 is a graph of the third-order coma versus shape factor X for a 10 D

intraocular lens.



FIG. 17 is a graph of the third-order coma versus shape factor X for a 15 D

intraocular lens.

FIG. 18 is a graph of the third-order coma versus shape factor X for a 20 D

intraocular lens.

FIG. 19 is a graph of the third-order coma versus shape factor X for a 25 D

intraocular lens.

FIG. 20 is a graph of the third-order coma versus shape factor X for a 30 D

intraocular lens.

FIG. 2 1 is a graph of the third-order coma versus shape factor X , for various

lens thicknesses and various cornea conic constants.

FIG. 22 is a graph of the preferred shape factor X versus the required

intraocular lens power.

FIG. 23 is a plan drawing of completed lens designs for optical powers of 5

D, 10 D and 15 D.

FIG. 24 is a plan drawing of completed lens designs for optical powers of 20

D, 25 D and 30 D.

DETAILED DESCRIPTION OF THE INVENTION

A process is detailed below for designing an intraocular lens that reduces the

coma of the eye's optical system, which gives better off-axis performance of the

lens, as well as relaxed manufacturing and alignment tolerances. The process is

broken into several general steps, some of which are given their own sections

below. The steps may be performed in any order.



First, a series of measurements are performed on the patient. Typically, the

spherical radius of curvature of the anterior cornea is measured, or optionally the

anterior and posterior corneal surfaces, as well as the axial length (i.e., the

distance between the cornea and the retina). Optionally, more measurements

may be taken, or various other properties may be measured, such as a wavefront

mapping of the cornea, axial length and anterior chamber depth. One goal of

these patient measurements is to predict the required optical power of the

intraocular lens. The measurements may also be performed on a model of the

patient's eye. The model can be a physical model, or a virtual model generated by

mathematical modeling as proposed by The Bioengineering Institute at the

University of Auckland, New Zealand & McGiII University in Montreal, Canada, or

by 3D medical image visualization, such as 3DVIEWNIX, as proposed by the

Medical Image Processing Group at the University of Pennsylvania, U.S.A..

Second, the measurements are used to predict the required power of the IOL. In

the section below titled, "CALCULATION OF REQUIRED INTRAOCULAR LENS

POWER", as an example, a thin-lens formalism is described that converts the

measured values of axial length and corneal radius into a required optical power.

Third, once a particular required optical power is established, a preferred shape

factor X is determined that minimizes the coma of the total eye system. The

shape factor X describes the base spherical radii of the lens surfaces independent

of the power of the lens. The shape factor X attains its preferred value when the

third-order coma of the lens best offsets the third-order coma of the cornea, and

reduces the third-order coma of the total optical system of the eye. The formalism

for determining the preferred shape factor X uses a paraxial model and/or a real

raytracing model, and is described in detail in the section titled, "RAYTRACING

MODEL". Once the model is established, the values of the preferred shape factor

X are given in the section titled, "OPTIMAL LENS SHAPE FOR A GIVEN

POWER".

Fourth, optionally, once a power is selected and a preferred shape factor X is

determined, one or more aspheric and/or conic terms are added to one or both of



the lens surfaces, so that spherical aberration is reduced and on-axis performance

is improved. The adding of aspheres is detailed in the section titled, "OPTIMIZING

AN INTRAOCULAR LENS DESIGN". Designs for several values of power are

carried to completion and are presented in the section titled, "SAMPLE

DESIGNS".

CALCULATION OF REQUIRED INTRAOCULAR LENS POWER

This section describes an example of a known method (one of many known

methods) of calculating the required power (or, equivalently, focal length) of an

intraocular lens (IOL), based on a geometrical optics-based formula and several

measured input values.

The calculations are performed using a paraxial raytrace, with four surfaces: (1)

spectacles, (2) the cornea, (3) the intraocular lens, and (4) the retina. For the

purposes of this calculation, each of these four surfaces is assumed to be an

infinitely thin surface or thin lens having a particular power. The numerical values

used in the calculations may vary depending on the preference of the practitioner,

but the thin lens methodology remains essentially unchanged. Each of these

surfaces is described in more detail below.

Given the power Φ of each surface, the refractive index n between the surfaces,

and thickness t between the surfaces, one may use the well-known paraxial

refraction and transfer equations to trace a ray through the optical system of the

eye.

The paraxial refraction equation predicts the exiting ray angle (relative to the

optical axis) u\ after refraction at a surface with power Φ:

n'u' = nu - yΦ,

where u is the incident ray angle, y is the incident and exiting ray height at the

surface, and n and n1are the incident and exiting refractive indices, respectively.



The refractive indices are dimensionless, the ray angles are in radians, the ray

heights are in mm [or, alternately, m], and the surface powers are in m m ' 1 [or,

alternately, diopters].

The paraxial transfer equation predicts the ray height y1 at a surface, after

propagation by a distance t between a previous surface and the current surface:

y1= y + tu,

where y is the ray height at the previous surface and u is the ray angle (relative to

the optical axis) between the previous surface and the current surface. The ray

angle is in radians and the ray heights and distances are both in mm [or,

alternately, both in m].

The above paraxial refraction and transfer equations are alternately used to trace

rays through a multi-surface optical system. FIG. 11 shows a schematic drawing

of the thin lens system 110 used for predicting the required power of an intraocular

lens. Rays originate at a distant object (not shown), pass through the spectacles

111, the cornea 112, the intraocular lens 113, and strike the retina 114. Here,

optical elements 111- 1 13 are assumed to be rotationally symmetric about the

optical axis 115. For the purpose of predicting a required intraocular lens power,

the equations should be used to trace a marginal ray 116 through the system, as

follows. A n object is assumed to be at infinity, so a marginal ray 116 originating at

the base of the object arrives at the spectacles 111 with a ray angle u of 0 and a

non-zero ray height y (with a value typically proportional to the pupil diameter, but

unimportant for predicting the required intraocular lens power). This marginal ray

116 is then traced from the object at infinity in refractive index nair, through the

spectacles 111 with power ΦSPectacies, along a distance V D ("vertex distance") in

refractive index narr to the cornea 112, through the cornea 112 with power Φcomea,

along a distance ELP ("effective lens position") in refractive index neye to the

intraocular lens 113, through the intraocular lens 113 with power Φiens, and finally

along a distance AL-ELP ("axial length" minus "effective lens position") in

refractive index neye to the retina 114. The marginal ray 116 is forced to have a ray



height of zero at the retina 114, ensuring that the infinitely-distant object forms an

in-focus image at the retina 114. Note that the refraction and transfer equations

may also be used to trace any ray 117 through the system 110, and may be used

to predict first-order performance of the optical system in the presence of

deviations from the nominal layout shown in FIG. 11.

The trace of the marginal ray may be performed analytically, yielding the following

value for the required power of the intraocular lens Φ[_:

n
eye neyeφ

lem
=

AL - ELP n
eye - ELP

+ ΦT cornea
"°« V

Φ.spectacles

In practice, the value of axial length is measured for each patient, along with the

radius of curvature of the cornea and, optionally, the corneal thickness. Details of

these measurements and numerical examples follow.

The vision of the patient is typically corrected so that once the intraocular lens is

implanted, the patient will have a small amount of residual defocus, which is well-

corrected by spectacles with -0.5 diopters of power. Because an eye with an

intraocular lens can no longer accommodate, it can no longer bring objects at

various distances into focus on the retina. Instead, objects only at a particular

distance from the eye are in sharp focus, while objects at increasing distances

away from that distance become increasingly out of focus. Typically, the most

desirable scenario for the patient is analogous to nearsightedness, in which the

patient wears a pair of weak, negative-power spectacles. The spectacles form

virtual images of distant objects, where the images are much closer to the eye

than the objects themselves, and are closer to the particular distance at which the

eye is nominally focused. The power of the spectacles is typically chosen to be -

0.5 diopters, which is a relatively weak prescription; patients requiring such a

prescription may have measured vision of 20/25 or 20/30 without the spectacles.

This value of -0.5 diopters may sometimes be referred to as the "desired



refraction" o r "desired power" of the eye once the intraocular lens has been

implanted. Note that this target value may vary from surgeon to surgeon, and that

many surgeons also aim for emmetropia for distant objects. Other powers may be

used, including a value of zero diopters.

For the purposes of the IOL power calculation, the spectacles are assumed to be a

thin lens in air with a power of -0.5 diopters (or, equivalent^, a power of -0.0005

mm ' 1, with an effective focal length in air of -2000 mm). The on-axis distance

between the spectacles and the cornea, often referred to as the "vertex distance",

is commonly chosen to be 14 mm, although values between about 12 mm and

about 14 mm are typical. The refractive index before and after the spectacles is

that of air, and is taken to be 1.

A n actual cornea has two curved surfaces - an anterior surface facing air, and a

posterior surface facing the retina - in addition to a characteristic refractive index of

about 1.3771 between the two curved surfaces. However, for the purpose of the

thin lens model used to predict the required power of the intraocular lens, the

cornea is taken to be a single curved surface, with a incident refractive index najr of

1, an exiting refractive index nCOmea of about 1.3375, and a radius of curvature that

is measured for each patient. The radius of curvature of the cornea is measured

by any one of a known number of methods, including but not limited to, manual o r

automated keratometry, corneal topography, the trial hard contact lens method,

and the calculated method. The result of each of these measurement methods is

typically a single value of radius of curvature, RComea, which is inserted into a

formula that predicts the required intraocular lens power. Optionally, the

practitioner may measure the radius of curvature along different directions, in

order to predict, and subsequently correct for, astigmatism. In addition, the

practitioner may measure the anterior radius of the cornea and the corneal

thickness, and may use these values to predict a value of required power.

For the model, the cornea is then assumed to be a single, infinitely-thin surface,

with an optical power of (ncomea - nair) / R∞mea- A typical measured value for the

radius of curvature of the cornea is about 7.704 mm, which yields a typical power



of ( 1 .3375 - 1) / (7.704 mm) = 0.0438 mnrϊ 1, or 43.8 diopters.

For the model, the incident medium for the cornea is air, with a refractive index of

1. The exiting medium of the cornea is typically chosen to be the refractive index

of the eye neye, with a value of roughly 1.336. Note that the value of ncornea is used

only to calculate the power of the cornea, and is not used at its exiting medium. In

tracing rays between the cornea and the lens, the refractive index is taken to be

neye, or about 1.336.

The iris of the eye is located adjacent to the cornea, with a separation referred to

as the "anterior chamber depth", typically about 3.74 mm. However, for the

purposes of the intraocular lens power calculation, the iris is neglected and is not

included in the model.

After the cornea, the refractive index neye is about 1.336. The intraocular lens itself

is assumed to be a thin lens, separated from the cornea by a distance referred to

as the "effective lens position". The effective lens position is set during the

implantation surgery, and is typically as close to 5.25 mm as possible. Although

small errors in the effective lens position are inevitable, the ever-evolving surgical

methods and skill of the practitioner ensure that these errors are minimized. Any

residual errors that do arise in the effective lens position may be subsequently

corrected by changing the prescription of the spectacles worn by the patient. Note

that the actual structure of the lens, including its curvatures and refractive index,

are not determined by this power-selection process, which yields only the power of

the lens when used in a refractive index neye of about 1.336. In practice, the

intraocular lenses may be available only in discrete values of power, and the

practitioner may choose to vary the effective lens position during the implantation

surgery, so that an off-the-shelf value of lens power may be used. Common, off-

the-shelf, intraocular lenses are available from powers of 5 diopters to 30 diopters,

in increments of 0.5 diopters. Some manufacturers may even provide increments

as small as 0.25 diopters, or smaller.

The retina is effectively the image plane in this thin lens model, so its specific



properties are relatively unimportant. The separation between the cornea and the

retina, commonly called the "axial length", is measured for each patient by a

known method, such as biometry. The measured axial length commonly falls in a

range of 2 1 m m to 26 mm, although it may fall outside this range. The thin lens

model requires a value for the separation between the intraocular lens and the

retina, which is the axial length minus the effective lens position. For typical

values of axial length and effective lens position, 23.45 m m and 5.25 mm,

respectively, a typical separation between the intraocular lens and the retina is

about 18.2 mm. The incident refractive index o n the retina is neye o r about 1.336.

A s a numerical example, consider the following typical values: najr = 1, ncornea =

1.3375, neye = 1.336, RCOrnea = 7.704 mm, Φcomea = 0.0438 m m " 1 (or 43.8 D),

Φspectacies = -0.0005 mm ' 1 (or -0.5 D), V D = 14 mm, ELP = 5.25 mm, and A L =

23.45 mm. Inserting these numerical values into the equation for the required

power Φiens of the intraocular lens gives a typical value of 0.0212 m m 1 (or 2 1.2 D).

A s a further example, FIG. 12 shows a plot of the required intraocular lens power,

as a function of measured cornea radius. A series of six curves are shown, which

correspond to axial lengths in the typical range of 2 1 m m to 26 mm. The curves

are generated using the equation above, and using the nominal values from the

previous paragraph.

Over the years, there have been some subtle improvements to some of the non-

measured values used in the above equation to predict IOL power. For instance,

the axial length may be lengthened to account for the thickness of the retina. Or,

the effective lens position may be adjusted to account for the real separation

between the front and rear principal planes of the cornea. Or, the refractive index

of the cornea may be set to 4/3, 1.33, o r any other suitable value. Each of these

improvements uses essentially the same thin lens formalism used to derive the

above formula, and typically shifts the calculated required IOL power by less than

0.5 D . A s a result, these improvements, while important to the field of study, are

not discussed further here.



It should be noted that each eye of the patient may be treated individually, with its

own measurements of cornea radius and axial length, its own intraocular lens, and

its own spectacle prescription. Each lens in a pair of spectacles corresponds to its

own eye.

Note that the value of power (or, equivalently, focal length) is a first-order property.

Other appropriate first-order properties, such as defocus or image translation

caused by decentration, may be calculated by using the paraxial raytracing

formalism described above. Third-order properties, such as spherical aberration,

coma, astigmatism, field curvature and distortion, may also be treated in a limited

manner by the paraxial raytracing formalism. Specifically, the coma of the

intraocular lens may be varied without changing the power (or, equivalently, the

focal length) of the lens by simultaneously adjusting the radii of curvature of both

lens surfaces in a prescribed manner. Because the coma of the intraocular lens is

adjustable, it may be used to offset, reduce or cancel the coma of the cornea. As

a result, the image at the retina may have improved quality by having a reduced

amount of coma.

The following section describes a more powerful paraxial model than the analytical

formula presented above, and uses it to show the dependence of coma on the

shape factor, X , of the intraocular lens.

RAYTRACING MODEL

The analytical formula presented previously to predict the required power for an

intraocular lens is convenient and easy to use, but is not powerful enough to make

predictions about coma or the shape factor, X, of the lens. For this task, a more

generalized raytrace is performed. The system under consideration is shown in

FIG. 13.

The calculations may be performed by a commercially-available raytracing

program, such as Oslo, ZEMAX, Code V, and others. Indeed, many of the plots

that follow are generated using Oslo, which can easily perform a ray trace of the



system, including aspheric or conic terms, and can output third-order coma

coefficients.

In addition to the exact ray trace performed by Oslo, a spreadsheet is shown in

FIG. 14 that performs a paraxial raytrace of the system. A paraxial raytrace is

mathematically simpler to perform than a real raytrace, and yields very similar

results for the optical system of the eye. Both the schematic system of FIG. 13

and the mathematics used in the ray trace spreadsheet of FIG. 14 are described in

detail below.

The layout of the spreadsheet is the same as the system shown in FIG. 13, in

which light propagates from a distant object, through the spectacles at the leftmost

part of the optical system, from left-to-right, until it is collected at the retina at the

rightmost part of the optical system. The spectacles are optional in this example.

Each surface in the optical system is explicitly treated in the spreadsheet. Input

values in the spreadsheet are entered in the thick-boxed cells. All other cells are

calculated.

The optical system is entered as a series of surfaces. Each surface is described

by a radius, R a curvature, c = 1/R, or in the case of the spectacles, a power, Φ

(phi). Each surface has an incident and an exiting refractive index, n and n',

respectively, so that the power Φ of each surface is numerically equal to (n'-n)/R.

Note that for a flat (i.e. piano or planar) surface, the power and curvature both

equal zero, and the radius is infinite. For the purposes of this document, an

equation or calculation step that yields an infinite value for a radius of a surface

implies that the surface is flat, and that the surface may have additional optional

aspheric terms even though its radius is infinite. Each surface is separated by a

thickness, t .

Two rays are traced through the system, each with its own height y at each

surface, and propagation angle u between surfaces. The specific rays in FIG. 13

are in accordance with standard geometrical optical conventions, and are

designated as a marginal ray and a chief ray. The paraxial refraction equation



predicts the exiting ray angle (relative to the optical axis) u\ after refraction at a

surface with power Φ:

n'u1= nu - yΦ,

where u is the incident ray angle, y is the incident and exiting ray height at the

surface, and n and n' are the incident and exiting refractive indices, respectively.

The refractive indices are dimensionless, the ray angles are in radians, the ray

heights are in mm [or, alternately, m], and the surface powers are in mm 1 [or,

alternately, diopters].

The paraxial transfer equation predicts the ray height y1at a surface, after

propagation by a distance t between a previous surface and the current surface:

y' = y + tu,

In this manner, a ray is given a set of initial conditions at a surface, and is then

propagated throughout the optical system.

A marginal ray originates from the base of the object and passes through the edge

of the entrance pupil. Because the object is infinitely far away, the marginal ray

enters the optical system with a ray angle of 0, and a height of 3 mm, equal to the

half the entrance pupil diameter. Any suitable entrance pupil diameter may be

used.

A chief ray passes through the center of the aperture stop, with an angle at the

stop chosen so that the chief ray angle in object space equals the field of view in

object space. The true chief ray angle in object space is the tangent of the ray

angle, ubar. Note that the chief ray is set at the aperture stop, then propagated in

both directions away from the aperture stop. The paraxial refraction and transfer

equations above are easily inverted to trace rays backwards through the system.

Aberrations in the system arise from three distinct surfaces: the cornea, and both



the anterior and posterior surfaces of the intraocular lens. The spreadsheet shows

the third-order coma contribution for each surface, as well as two intermediate

quantities that are used to calculate the coma contributions. A quantity, "A", is

defined as ni, the product of the refractive index n before a surface, and the

incident angle i of the marginal ray at the surface. Mathematically, "A" is

calculated at each surface by the formula

A = nu + nyc,

where n is the refractive index before the surface, u is the propagation angle of the

marginal ray before the surface, y is the marginal ray height at the surface, and c

is the curvature of the surface. A is dimensionless. Note that A may also be

calculated using the numerical values of n and u after the surface, rather than

before; both ways produce numerically equal results.

Similarly, a quantity "B" is defined as nibar, the product of the refractive index n

before a surface, and the incident angle ibar of the chief ray at the surface.

Mathematically, "B" is calculated at each surface by the formula

B = nubar + nybarc,

where n is the refractive index before the surface, ubar is the propagation angle of

the chief ray before the surface, ybar is the chief ray at the surface, and c is the

curvature of the surface. B is also dimensionless, and may also be calculated

using the numerical values of n and ubar after the surface, rather than before.

The third-order coma contribution W 13 i for each surface is given by

W 13i contribution = - 1/ 2 (y)(A)(B)(u7n' - u/n) / λ,

where y is the marginal ray height at the surface, A and B are defined above for

the surface, u is the marginal ray angle before the surface, u1 is the marginal ray

angle after the surface, n is the refractive index before the surface, n1 is the



refractive index after the surface, and λ is the wavelength. For all these

calculations, a wavelength is chosen of 555 nm, which is the peak of spectral

luminous efficacy for photopic vision. Optionally, other wavelengths may be used.

The total amount of W
131

is then the sum of these individual surface contributions.

These W 131contributions are comparable to those produced by Oslo's "Seidel

Wavefront Aberration Coefficients", which are accessible through the "seiwvf"

command.

Given the calculation instructions above, it is helpful to now describe the system of

FIG. 13 in detail surface by surface.

The incident medium is air, with a refractive index nair chosen to be 1. An object is

infinitely far away, so that the marginal ray enters the spectacle with a ray angle of

0 and a height of 3 mm, equal to half the entrance pupil diameter. Alternately, the

spectacle may be left out of the calculation and the eye assumed to be

emmetropic or targeted at emmetropia.

The spectacle, surface 1, is modeled as an aberration-free thin lens with a power

of -0.5 diopters. In Oslo, a "perfect" lens is used. In the spreadsheet, a single

surface is used, with a power chosen to be -0.5 diopters.

The beam propagates in air (n = 1) from the spectacle to the cornea, a distance

equal to the vertex distance, in this case assumed to be 14 mm.

The cornea, surface 2, is modeled as a single, curved surface. The radius is used

as an input in the spreadsheet, and typical values between 7 mm and 9 mm

adequately cover the range of real cornea radii. Unlike the analytical formula, in

which the cornea is given its own designated refractive index, the refractive index

after the cornea surface in this raytracing model is the refractive index of the eye,

neye, chosen to be 1.336. Alternatively, the refractive after the cornea may be

given a value different from neye, such as 1.3375, although this change would

produce only slight changes in the design presented below.



The conic constant of the cornea varies significantly. For modeling purposes a

conic constant between -0.2 and 0.0 is used. This conic constant is used as an

input in Oslo in addition to the radius, but the spreadsheet cannot accommodate

the conic constant. It is found that a non-zero conic constant merely increases the

absolute value of the third-order coma produced by the cornea. In many cases,

the intraocular lens cannot generate enough coma to completely offset that of the

cornea, so that the optimal shape of the intraocular lens is the shape at which the

third-order coma is brought closest to zero. For these cases, the optimal lens

shape is independent of the conic constant value, since the coma produced by the

cornea is independent of the lens shape. This is discussed in more detail below;

for now, it is sufficient to note that the paraxial spreadsheet and the real raytrace in

Oslo give excellent agreement for preferred lens shape.

The beam propagates from the cornea to the iris, denoted optically as the aperture

stop, surface 3. The distance between them is often referred to as the anterior

chamber depth, and is chosen to be 3.74 mm. The refractive index between the

cornea and the aperture stop is neye> which is chosen to be 1.336. Other refractive

indices and anterior chamber depths may be used here if found to be more

suitable. For example, if a two-surface corneal model were used, a refractive

index value of 1.3375 would be appropriate.

The aperture stop itself has no optical power, and the refractive index after the

stop is the same as before the stop, neye- In Oslo, the user explicitly sets surface 3

to be the aperture stop, with a diameter that floats to accommodate the incident

beam size. In the spreadsheet, the aperture stop explicitly starts the raytrace of

the chief ray. The chief ray angle through the aperture stop is chosen so that the

chief ray angle in object space equals the field of view, or 5 degrees. Alternatively,

the field of view may be any other suitable value, such as 10 or 15 degrees.

The beam propagates from the aperture stop, surface 3 , to the anterior surface of

the intraocular lens, surface 4 . The propagation distance is numerically equal to

the effective lens position, chosen to be 5.25 mm, minus the anterior chamber

depth, chosen to be 3.74 mm, or 1.51 mm. In Oslo, this value is denoted as a



"pickup". The refractive index between surface 3 and surface 4 is also neye- Note

that the distances and refractive indices chosen are all merely exemplary, and are

not restrictive in any way.

The anterior surface of the intraocular lens is spherical, for the purposes of this

raytracing model. For a completed IOL design, either or both of the lens surfaces

may have one or more aspheric components and/or a conic constant. However, at

this stage of the design process, in which the lens performance is characterized by

its base radii of curvature, the aspherics and conies are omitted. The numerical

value of the radius that is used in the exemplary spreadsheet of FIG. 14 is about

110 mm, which is a relatively large, positive radius. This gives a very shallow,

convex curvature to the anterior surface. In the spreadsheet, the value of

curvature may be varied by the spreadsheet solver to change the value of a

particular cell in the spreadsheet. In our case, we wish to set the value of total

third-order coma, W
131

, equal to zero by changing the anterior surface curvature.

In Oslo, this value may be either used as a variable, or may be incremented

manually (as is done to produce some of the plots that follow).

The distance between the anterior and posterior surfaces of the lens is equal to

the lens thickness, nominally about 1. 1 mm, for example. This value may vary

according to manufacturing techniques and preferences, and is varied manually in

several of the plots that follow over the range of 1.0 mm to 1.2 mm. For

comparison with the analytical formula presented in the previous section, the

thickness may be set to 0. The refractive index of the intraocular lens is chosen to

be 1.4577.

The posterior surface of the lens, surface 5, is also spherical in this model. Like

the anterior surface, it may have optional aspheric and/or conic components in the

final design. In Oslo, the radius is chosen to be a variable, so that during

optimization, it is varied to minimize the merit function. In the spreadsheet, the

power of the surface is chosen to be a "solve" so that its value automatically sets

the marginal ray height to zero at the retina. The required power Φ of the anterior

surface is easily calculated from the paraxial transfer and raytrace equations, and



is found to be

Φ = nu/y + nVt\

where n is the refractive index before the anterior surface ( 1 .4577), u is the

marginal ray angle before the anterior surface, y is the marginal ray height at the

anterior surface, n1 is the refractive index after the anterior surface ( 1 .336), and t1 is

the distance between the anterior surface and the retina. The curvature c is then

found by c = Φ / (n'-n), and the radius R is found by R = 1/c. Alternatively, the

anterior surface could be varied, or both the anterior and posterior surfaces could

both vary.

The distance between the anterior surface of the lens and the retina is calculated

so that the axial length (i.e., the distance between the cornea and the retina) is a

chosen value. The range of 2 1 mm to 26 mm for the axial length accommodates

most patients, although values outside of this range may be used in this model. In

the spreadsheet, the value of thickness in the cell is easily calculated. In Oslo, this

length is most easily specified as a "length pickup". The refractive index between

the lens and the retina is neye.

Surface 6 is the retina. The specific properties of the retina are relatively

unimportant for this particular model. The important quantity at the retina is its

incident refractive index ( 1 .336). It is important to note on the spreadsheet that the

marginal ray height at the retina is zero, thereby ensuring that an infinitely distant

object forms an image at the retina itself, rather than before or after the retina

surface.

From the spreadsheet, several paraxial constants for the complete eye system

may be readily calculated. The effective focal length f in image space is given by

f = -y/u1, where y is the incident marginal ray height, and u1 is the exiting marginal

ray angle. The numerical aperture NA is given by NA = |n' sin u'|, where n1 is the

exiting refractive index ( 1 .336), and u1 is the exiting marginal ray angle. The

Lagrange invariant L is calculated by L = (n)(ubar)(y) - (n)(u)(ybar), where n is the



refractive index, u is the marginal ray angle, y is the marginal ray height, ubar is

the chief ray angle, and y is the chief ray height. The Lagrange invariant may be

calculated before o r after any surface in the system. All of these quantities are

also evaluated in Oslo, with minor differences arising from the fact that Oslo uses

a real raytrace while the spreadsheet uses a paraxial raytrace.

There are several properties of an intraocular lens that may be calculated by a

thin-lens analysis, assuming a thickness of zero. For instance, the formula for

required IOL power presented earlier is calculated in this manner. In addition, a

conjugate factor Y , may be calculated. The conjugate factor Y of a thin lens is

defined as Y = (u1 + u) / (u1 - u), where u is the incident marginal ray angle, and u1

is the exiting marginal ray angle. For the thin lens shown schematically in FIG. 11,

the conjugate factor Y is found to be

2 -n
Y = eye - 1

Φ
IOL

(AL- ELP)

This value is calculated and displayed numerically in the spreadsheet.

The values of IOL power and conjugate factor are also calculated using the real

value of the lens thickness (usually in the range of 1.0 m m to 1.2 mm). The IOL

power Φ is given by

Φ = Φ aπterior + Φ posterior - (tens / n ιe ns)( Φ anterior)( Φ posterior)-

The conjugate factor is given by its defining equation above.

The shape factor, X , of the intraocular lens is calculated from the curvatures of the

anterior and posterior surfaces, canterior and cpθsteπor, by

X = (Canterior "*" Cposterior) ' (Canterior " Cposterior)-

Equivalents, the shape factor, X , may be calculated in terms of the radii of



curvature of the anterior and posterior lens surfaces, Ranterior and R pOsterior, by

X = (Rposterior + Ranterior) ' (Rposterior " Ranterior)-

The model described in this section is then used to calculate the third-order coma

of the combination of the cornea and the intraocular lens, and show its behavior as

a function of lens shape, X . It is shown below that for each value of lens power,

there is a range of preferred shape factor, X , that reduces the absolute value of

the total third-order coma in the eye system.

OPTIMAL LENS SHAPE FOR A GIVEN POWER

For a particular intraocular lens power, there is a range of third-order coma values

that can be produced by varying the shape factor, X 1 of the lens. This section

shows the values of coma versus shape factor for intraocular lens powers in the

range of 5 diopters to 30 diopters.

These values are calculated in Oslo, although they may also be calculated using

the spreadsheet described in the previous section. Oslo was chosen so that the

conic constant of the cornea could be set at a non-zero value, specifically -0.1 .

Note that the paraxial spreadsheet can only accommodate spherical surfaces.

For three values of cornea radius - 7 mm, 8 mm and 9 mm - the anterior radius

was altered manually to achieve a particular value of X , then the posterior radius

was varied during optimization. The only variable was the posterior radius. The

only operand in the merit function was "PY", which sets the axial ray height at the

retina as close to zero as possible. The values reported and plotted are the Seidel

third-order coma coefficients, CMA3. For all plots, the conic constant of the

cornea is -0.1 and the thickness of the lens is 1. 1 mm. The plots are shown in

FIGs. 15-20.

Each of the plots in FIGs. 15-20 shows three curves, where the topmost curve is

for Rcornea = 9 mm, the middle curve is for R
CO

mea = 8 mm, and the bottom curves is



for Rcornea = 7 mm. In reality, the actual measured radius of curvature of a patient's

cornea is highly likely to fall between 7 mm and 9 mm, so the range subtended by

these three curves adequately covers a full range of patients. The embodiments

and examples cover a broader range as well. For all the plots, the conic constant

of the cornea is -0.1 , and the thickness of the lens is 1. 1 mm, as an example.

The curves plot the reported value of third-order coma of the whole optical system

of the eye versus the shape factor of the intraocular lens. In all cases, the coma of

the cornea is substantial, and it is highly desirable to use the cornea of the

intraocular lens itself to offset the coma of the cornea, so that the resulting

cascaded optical system has reduced coma.

Note that the values along the y-axis are not the values of W -ι3i , but are the

equivalent Seidel third-order aberration coefficients as reported by Oslo (using an

entrance beam radius of 4 mm and a field angle of 15 degrees). The values

themselves are less important than the shape factor at which these curves

approach a minimum absolute value of coma. In other words, we want to know

the shape factor X that minimizes coma for each of the IOL powers between 5 D

and 30 D, shown in FIGs. 15-20. This preferred shape factor may be read from

the graphs themselves, by selecting an X value that brings the third-order coma

closest to zero.

These preferred shape factors are obtained from FIGs. 15-20 as follows: for 5 D X

should be between -3 and -2.2, for 10 D X should be between - 1 .9 and - 1 .5, for 15

D X should be between - 1 .3 and - 1 .1 , for 20 D X should be between - 1 .0 and -0.8,

for 25 D X should be between -0.8 and -0.7, and for 30 D X should be between -

0.6 and -0.5. These preferred shape factors describe the base radii of curvature of

the intraocular lens that best offsets the coma of the cornea. When implanted in

an eye with cornea that has a particular amount of coma, the intraocular lens with

the preferred shape factor X optimally reduces the total amount of coma of the

image at the retina. Note that the preferred shape factor only describes the base

radii of curvature; the actual surfaces in the intraocular lens may also have

additional aspheric or conic terms, in addition to its base radii. The preferred X



ranges above depend somewhat on the lens thickness, and can be recalculated

for any particular thickness.

Note that for intraocular lens powers less than about 20 D, the optimal shape of

the lens is meniscus, with the concave surfaces facing away from the retina (i.e.,

for both lens surfaces, the center is closer to the retina than the edge is.) For

powers greater than about 20 D, the optimal shape is bi-convex, with the more

steeply curved surface facing the retina. There is a power or a range of powers

between about 15 D and about 20 D where the optimal shape is plano-convex,

with the flat side facing away from the retina.

For the graphs of FIGs. 15-20, the thickness of the intraocular lens is set at 1. 1

mm, and the conic constant of the cornea is set at -0.1 . In real lenses and real

patients, these values may vary, and it is instructive to show the effects of these

variations on the preferred shape factor, X. FIG. 2 1 shows that they may vary

over a reasonable range without substantially affecting the values of third-order

coma, or without substantially changing the conclusions of FIGs. 15-20.

A set of nominal conditions is chosen, with a cornea radius of 7.704 mm and an

axial length of 23.45, and a 2 1.5 D lens that is varied over shape factor X from

about - 1 .5 to about 1.5. The analysis is repeated for a lens thickness of 1.0 mm,

1. 1 mm and 1.2 mm, and for a conic constant of 0, -0.1 and -0.2, yielding the nine

curves shown in FIG. 2 1. A bundling of the curves is seen at the rightmost edge of

the plot, where the top bundle of curves has a conic constant of zero, the middle

bundle has a conic constant of -0.1 , and the bottom bundle has a conic constant of

-0.2. This shows that altering the conic constant of the cornea produces an offset

in the coma value that is independent of the shape factor of the IOL; this is merely

a vertical translation of the curves. This also shows that small deviations in the

measured values of cornea conic constant do not significantly affect the preferred

shape factor (X ~ -0.9 to -0.8) for this particular power (21 .5 D).

Included in each of the bundles at the rightmost edge of the plot in FIG. 2 1 is a plot

for each of the lens thicknesses; these are indistinguishable for positive values of



X , and separate slightly for negative values of X. This shows that altering the lens

thickness has no significant effect on the preferred shape factor for this particular

power. As a result, the actual thickness of the lens may be tailored to suit optical

or non-optical needs. For instance, the lens may have a minimum thickness at its

edge imposed by a particular grinding, polishing, or molding step in the

manufacturing process. Or, the lens may have particular rigidity requirements.

These thickness constraints based on manufacturing processes are well-known to

one of ordinary skill in the art. The above modeling steps are shown for a center

thickness of 1. 1 mm, but apply equally well to other lens thicknesses.

The results of the plots of FIGs. 15-20 may be summarized in FIG. 22, which

shows the preferred shape factor X as a function of intraocular lens power. The

values of X may be obtained in Oslo from the radii of the lens after optimization,

where now both radii are set as variables, and an additional operand of "CMA3" is

used, in addition to "PY". Alternately, the X values may be obtained directly from

the paraxial spreadsheet, when the anterior radius is varied to set the total third-

order coma as close to zero as possible. The only significant difference between

the two calculation methods is that Oslo can use non-zero conic constants for its

cornea, whereas the paraxial spreadsheet only works for purely spherical corneas.

The curves are obtained for two discrete values of cornea radius: 7 mm and 9 mm.

In practice, the actual cornea radius for any given patient is highly likely to lie

within this range, so the curves for 7 mm and 9 mm typically represent the extreme

values for shape factor X. The three curves extending to the lower left corner of

the graph are for a radius of 7 mm; the three just beneath them, beginning at

roughly 12 D, are for 9 mm. Within each group of three curves, the top is for a

lens thickness of 1.2 mm, the middle is for a lens thickness of 1. 1 mm, and the

bottom is for a lens thickness of 1.0 mm. To generate the curves themselves, the

axial length is incremented, the radii are optimized to minimize coma, then the

optimized radii values are used to calculate the shape factor X.

For the 7 mm radius (uppermost group of three curves), the trend is clear. For

lens powers of less than about 17 D, the preferred shape factor is less than 1,



resulting in a meniscus lens with the convex surface facing the retina and the

concave surface facing away from the retina. For lens powers between about 17

D and about 20 D, the preferred shape is plano-convex, with the convex side

facing the retina. For lens powers greater than about 20 D, the preferred shape is

bi-convex, with the most steeply curved side facing the retina. By shaping the

base radii according to X as in FIG. 22, the third-order coma of the eye is

minimized, resulting in potentially more relaxed manufacturing and alignment

tolerances, and better off-axis performance of the lens.

Furthermore, the R = 7 mm group of curves is essentially independent of conic

constant. Indeed, the values of preferred shape factor X are plotted for conic

constants of 0 and -0.2, and the resulting curves lie entirely on top of one another.

This conic independence is easily explained: the coma generated by the cornea is

larger than any value of coma that the lens can generate. Therefore, the best that

the lens can do is generate its maximum value of coma (of the opposite sign as

the cornea's coma), to try and push the total value of coma back towards zero.

This maximum value of lens coma occurs at a particular X value, which is the

value reported on the graph. If the conic constant of the cornea varies between 0

and -0.2, resulting in a little more or a little less coma in the total system, the

optimal X value remains unchanged, because the optimal X still generates the

maximum lens coma (of the opposite sign as the cornea) to move the total system

coma back toward zero.

For the R = 9 mm curves, an interesting phenomenon occurs. For values of lens

power less than about 2 1 D, the curves are also largely independent of conic

constant. But for higher-power lenses, some of the curves show a branching

effect, with the branches extending upward and to the right in the plots. Each of

these branches is for a conic constant of 0, while the un-branched curves are for a

conic constant of -0.2. The branched and unbranched curves coincide for lens

powers lens than about 2 1 D.

The branching phenomenon is easily explained. For sufficiently high lens powers,

the lens can generate a sufficient amount of third-order coma to completely offset



that of the cornea. When this occurs, the total amount of third-order coma in the

optical system is not merely minimized, as is the case for the R = 7 mm curves,

but it is truly cancelled by the lens in combination with the cornea. This shows up

for R = 9 mm because the less steeply-curved cornea itself generates less coma

than for R = 7 mm, and now falls within the range of possible coma values that can

be truly cancelled by the lens, rather than just partially offset or minimized. This is

also seen in FIGs. 15-20, in which the topmost curves (R = 9 mm) for 25 D and 30

D actually cross zero coma. At the other radii (R = 7 or 8 mm), the coma of the

cornea is too large to be completely cancelled by the lens.

The branching and its dependence on conic constant is also easily explained.

Given two cornea with the same base radius, the cornea having a conic constant

of -0.2 has more third-order coma than one having a conic constant of 0. The

greater the departure from zero, the higher the coma. For the upper branches of

the curves, all have a conic constant of 0, which means that the third-order coma

of the cornea is small enough that it can be completely cancelled by the coma of

the lens. For the lower branches of the curves, all have a conic constant of -0.2,

which increases the coma of the cornea enough so that it cannot be completely

offset by that of the lens; it can be merely reduced by the lens.

In practice, for a typical set of cornea conditions, such as those in FIG. 2 1, the

cornea generally has more third-order coma than the lens, regardless of choice of

shape factor X. When this occurs, the best one can do is choose a shape factor X

so that the lens generates the most amount of coma of an opposite sign of that of

the cornea, to best offset the third-order coma of the cornea and reduce the total

amount of coma in the eye system.

Some values and preferred ranges may be read from FIGs. 15-22. For powers

between 0 diopters and 10 diopters, the preferred shape factor is between -3 and -

1.6. For powers between 5 diopters and 15 diopters, the preferred shape factor is

between -3 and - 1 .2. For powers between 10 diopters and 20 diopters, the

preferred shape factor is between - 1 .9 and -0.8. For powers between 15 diopters

and 25 diopters, the preferred shape factor is between - 1 .5 and -0.5. For powers



between 20 diopters and 30 diopters, the preferred shape factor is between - 1 .2

and -0.2. For powers greater than 30 diopters, the preferred shape factor is

between -0.7 and 0. It will be understood by one of ordinary skill in the art that

these preferred shape factor ranges depend on the refractive index of the lens

material. For these numerical examples, a refractive index of 1.4577 is used. If a

different material is used for the lens, the lens will have a different refractive index,

and the curves of FIGs. 15-22 will shift accordingly, thereby producing a different

lens shape than those described herein. Note that the methodology of designing

the lens remains the same, regardless of the choice of material or its refractive

index.

Note that the above optimization step does not produce a completed lens.

Instead, the optimization adjusts only the base radius of curvature of the posterior

lens so that the paraxial focus falls on the retina. In order to complete the design,

with sufficiently reduced aberrations on- and off-axis, one or more aspheric terms

should be added to one or both of the lens surfaces. Optionally, a conic constant

may also be added to one or both of the lens surfaces.

It should be mentioned that although X is derived to describe only infinitely thin

lenses, the lenses used here are sufficiently thin so that X still provides a

meaningful description of the lens shape. Note also that because the incident and

exiting media have the same refractive index, X is simply expressed in terms of

the radii of curvature of the anterior and posterior lens surfaces, as follows:

X = (Rposterior " " ^anterior) ' (Rposterior " "anterior)

Note also that if the paraxial raytracing spreadsheet of FIG. 14 is used to calculate

the optimal shape factor X, the resulting value of X is independent of both the

entrance pupil diameter (or, equivalent^, the incident marginal ray height) and the

field of view (or, equivalently, the incident chief ray angle). This arises from the

scalability of a paraxial raytrace, and is a particularly pleasing aspect of the

paraxial spreadsheet.



It is instructive to summarize the findings thus far. First, for a set of measured

patient conditions (cornea radius and axial length) or a set of assumed conditions

(corneal radius or radii, axial length and anterior chamber depth), and a set of

conventions or assumptions (effective lens position, vertex distance, desired

spectacle power, refractive indices), an algebraic expression based on thin lens

optics may be used to predict the required intraocular lens power. Second, once

the intraocular lens power is known, a range of preferred shape factors may be

found, which determine the base (i.e., spherical) radii of the two lens surfaces.

The preferred shape factor adjusts the third-order coma of the lens to largely offset

the coma of the cornea, so that the image at the retina has a reduced amount of

third-order coma. This reduced-coma condition provides more relaxed

manufacturing and alignment tolerances for the lens, and improved off-axis image

quality. Furthermore, the preferred shape factor is largely independent of both

lens thickness and the conic constant of the cornea.

Once a preferred shape factor X is determined, the base radii R of the anterior and

posterior surfaces are found by

Ranterior = 2 (niens - neye ) / [Φ (X - 1)],

Rposterior = 2 (niens neye ) / [Φ (X + 1)],

where Φ is the power of the intraocular lens, nιens is the refractive index of the lens

(typically 1.4577), and neye is the refractive index of the eye (typically 1.336).

Note that the refractive index on one side of the lens may differ from the refractive

index on the opposite side of the lens. In this case, the numerical values of neye in

the two above equations may be replaced by the incident refractive index in the

anterior equation, and the exiting refractive index in the posterior equation.

Note that other suitable materials may be used, which may have refractive indices

that differ from the example of 1.4577 used here. For different materials, the same

design process is followed, only with the proper value of refractive index entered in



the appropriate cell in the spreadsheet of FIG. 14. A complete analysis shows that

the preferred shape factor X depends implicitly on refractive index, and that the

curves shown in FIG. 22 will vary depending on the choice of lens material. It is

understood by one of ordinary skill in the art that the design methodology remains

the same for each choice of lens material, although the precise shape factor X for

each lens power varies.

Note that these methods may be applied to a condition associated with an

individual patient, an average patient, or a special group of patients. One such

group could be a group of patients having undergone refractive surgery, such as

PRK, LASEK, LASIK or RK. Another group could be a group of patients having

undergone corneal surgery, such as those suffering from special ocular conditions

such as kerataconous or corneal disease. Note also that the intraocular lens could

be monofocal, bifocal, multifocal, or a phakic lens. If the IOL is a phakic lens, then

the natural lens of the eye should be included in the calculations outlined here. In

addition, the methods described herein may also be applied to individual cornea

data taken from corneal topography, i.e., corneas where the individual amount of

corneal spherical aberration is known. Alternatively, the methods may be applied

to a model cornea that reflects average measurements for a "normal" or "special"

group of patients.

Once the base radii of curvature of the lens are determined, the next step in the

design is the addition of aspheric terms or a conic constant to one or both of the

surfaces in the lens, so that on-axis aberrations are reduced. This process is

detailed in the next section.

OPTIMIZING AN INTRAOCULAR LENS DESIGN

This section describes how to add conic and/or aspheric terms to one or both of

the surfaces of the intraocular lens. For the purposes of this document, a conic

constant is considered to be an aspheric term.

By choosing the base radii of curvature of the lens as described in the previous



section, the third-order coma of the system is minimized or reduced, ensuring that

the off-axis performance of the lens is roughly the same as its on-axis

performance. However, the lens should also have reduced spherical aberration,

which improves both on-axis and off-axis performance. A preferred way of

reducing spherical aberration is to introduce a conic constant and/or one or more

aspheric terms to one or more of the surfaces on the intraocular lens. Note that

adjusting the base radii of curvature affects the spherical aberration, but also

affects the coma at the same time. It is preferred to first fix the coma by selecting

the base radii according to the above steps, then afterwards correct the remaining

spherical aberration by adding a conic constant and/or aspheric terms on one or

both of the intraocular lens surfaces.

A convenient way to prepare and finalize any design is with a raytracing program.

These raytracing programs are relatively common, and some commercially

available examples include ZEMAX, Oslo, Code V, and others. Using a raytracing

program, any of the parameters of the intraocular lens may be optimized and/or

toleranced. These optimizations may preferably use the base radii obtained from

the preferred shape factor as a starting point, but may depart somewhat from it

during the optimization process.

For a given patient, a practitioner typically measures the base radius of curvature

of the cornea (or radii of curvature of both the anterior and posterior cornea) and

the axial length of the eye. From the algebraic formula provided above, or by any

other suitable method, the practitioner determines a required power value for the

intraocular lens. As described earlier, FIG. 12 shows the relationship between

cornea radius, axial length, and the required power of the IOL. For any given

power, there are many combinations of cornea radius and axial length that will

require said power. For instance, a patient with an axial length of 24 mm and a

cornea radius of 7.8 mm, and a patient with an axial length of 25 mm and a cornea

radius of 8.3 mm both require an IOL power 20 diopters. Given this multiplicity,

which set of conditions does one use when designing the lens itself?

A reasonable assumption is that one should use an "average" radius and conic



constant for the cornea, and vary the axial length to achieve the particular desired

power. The "average" cornea values of radius and conic constant are chosen to

be 7.5 mm and -0.1 , respectively. The values of axial length are then determined

from FIG. 12 to yield the appropriate value of IOL power. On average, a lens

designed in this manner generally performs well when used with other radius/axial

length combinations that also require the same IOL power. In other words, the

IOL is designed for a statistically "average" cornea.

There are a number of averaging schemes that may be used for measurements

taken on a particular population. For instance, if the radius and conic constant are

measured for a group of patients, then two exemplary ways to determine the

average coma are detailed below. In one scheme, the radius measurements are

averaged to form an average radius, and the conic constant measurements are

averaged to form an average conic constant. Then, the average radius and

average conic constant are plugged into a model of the eye to determine an

average coma. In the second scheme, a value of coma is first determined for

each patient in the population, then the coma values themselves are averaged to

form an average coma. These two schemes are merely exemplary, and other

appropriate averaging schemes may also be used.

Alternatively, if more sophisticated measurements are made on the cornea of the

patient's eye, or a model of the patient's eye, than just the corneal radius and axial

length, it may be possible to quantify more than just the required optical power.

For instance, if the actual coma of the cornea is measured or inferred from

measurements, it may be possible to tailor a design or a family of designs to

accommodate specific values of coma. Consider an analogy of shoe widths,

where each shoe is available in a particular size, but may be specified in terms of

"wide" or "narrow". Analogously, each lens may be made available in not just a

power, but in a "high coma" or "low coma" condition.

During optimization, the various parameters of the intraocular lens are fleshed out.

The following steps are exemplary, and show how a lens may be designed for a

particular power. It will be appreciated that other design steps may be used, in



addition to or in place of the following steps.

The lens is designed for a particular power, so optical power is the primary input

constraint. Recall that typically, two quantities are measured for each patient:

axial length, and radius of the cornea. From these two quantities, a formula based

on thin-lens calculations determines a required optical power for the intraocular

lens. There are many combinations of axial length and corneal radius that

produce the same required optical power, so we arbitrarily choose an average

cornea radius and conic constant, and design for this particular average cornea,

but with varying axial lengths to account for the range of required powers.

Typically, a manufacturer of intraocular lenses provides off-the-shelf lenses in

power increments of 0.5 D, usually in the range of 5 D to 30 D. Naturally, the

power range or increments can vary from these values. Alternatively, the power

determination may be based on measurements from a number of eyes or their

models, using an average cornea and an average axial length.

It is preferable to choose a lens thickness fairly early in the design stage, although

the thickness may be varied at any step in the design process. Common

thicknesses are in the range of 1.0 mm to 1.2 mm, although they may also vary

outside this range. The thickness is commonly chosen for non-optical reasons,

such as for lens rigidity, or a particular edge thickness constraint, or a particular

mechanical constraint that arises from a manufacturing process. For the

exemplary design detailed below, a thickness of 1. 1 mm is chosen.

Given the lens power and lens thickness, the next two quantities to be determined

are the radii of curvature of the anterior and posterior lens surfaces. As discussed

in previous sections, these two curvatures are chosen to (1) determine the power

of the lens, and (2) minimize the third-order coma in the full optical system.

Spherical aberration is addressed in a later design step, but not at this point.

Recall that the two radii of curvature may be equivalents expressed as values of

lens power Φ and lens shape factor X. For a given power, there is a preferred

shape factor that minimizes the third-order coma in the system, as shown

graphically in FIG. 22. One may read the values off the graph in FIG. 22, then



convert Φ and X back to radii for the front and rear surfaces via formulas provided

above.

Alternatively, one may use the spreadsheet of FIG. 14 to directly generate the

values of the radii. Most conveniently, the user may define a cell as a "merit

function" to be minimized. The value of the merit function cell is defined by the

user, and may, for example, equal ((Actual power - Desired power)2 + (Total

W131)2) , or any other appropriate value. The spreadsheet can then use a solver

to minimize the merit function cell, or set it as close as possible to zero, by

changing the values of the "axial length" and "anterior lens curvature" cells. The

power term in the merit function may optionally be weighted, such as by a factor of

10000 or some other appropriate weighting term. Once the solver converges, the

values of the anterior and posterior radii may be read directly from the

spreadsheet, along with the shape factor X and axial length, if desired. Note that

the spreadsheet of FIG. 14 does not accommodate a non-zero conic constant.

As a third alternative, a raytracing program may be used to generate the two radii

directly. For instance, in Oslo, once the basic system is entered and the surface-

to-surface spacings are all properly set, the two radii of the lens may be set as

variables, and two aberration operands may be set: PY, which sets the axial ray

height at the retina as close to zero as possible, and CMA3, which ensures that

the third-order coma of the whole system is brought as close as possible to zero.

During this step, it is preferable to stop down the lens to a smaller entrance beam

radius (say, 1 mm), and a reduced field angle (say, 1 degree), so that the lens

performance is dominated by third-order spherical aberration on- and off-axis, and

third-order coma off-axis, without the complications of other aberrations in the

system. The radii produced by this step do not directly depend on the choice of

entrance beam radius or field angle.

It is found that for the "average" cornea radius of 7.5 mm, the lens radius values

produced by either the spreadsheet or the raytracing program are essentially

independent of conic constant value, for values in the range of -0.2 to 0. As

discussed in a previous section, the optimal shape factor X for the lens (or,



equivalent^, the optimal base radii for the lens surfaces), helps offset the coma of

the cornea, but generally does not completely cancel it. Put another way, the

cornea (with R = 7.5 mm) has more third-order coma than the lens (with spherical

surfaces at this design step), regardless of X, so that the best the lens can do is

choose an X to generate the maximum amount of coma of the opposite sign as the

cornea, to attempt to bring the total amount of coma back toward zero.

Stated again, the base radii of curvature of the front and back surfaces of the lens

are preferably chosen to minimize the third-order coma of the whole system. Note

that because the lens thickness is fixed, the shape factor X is generally the only

quantity that substantially affects the off-axis performance of the lens. Although

aspheric and/or conic terms may be added to one or both of the lens surfaces,

these primarily improve lens performance on-axis by reducing spherical

aberration. Off-axis performance is dominated by third-order coma, and third-

order coma is best reduced by adjusting the shape factor X of the lens.

Once the base radii of curvature of the front and rear surfaces are determined,

thereby ensuring good off-axis performance, the on-axis performance may be

improved by adding a conic and/or aspheric terms to one or both lens surfaces.

These terms reduce spherical aberration, which affects both on-axis and off-axis

performance of the lens.

Although the conic and/or aspheric terms may be added to both lens surfaces, it is

found that having them on only one of the surfaces works adequately. Preferably,

these conic and/or aspheres are present on the surface facing the retina, which for

these designs typically is more steeply curved and contains the majority of the

optical power of the lens. The surface facing away from the retina may be left

purely spherical, i.e., devoid of conic and/or aspheric terms or components.

Alternatively, the aspheric terms can be placed on either or both of the anterior

and posterior surfaces.

It is found that the conic constant ("CC" in Oslo) is largely redundant with the

aspheric terms, and may be omitted (i.e., left equal to zero). This may be



understood by examining the aspheric terms themselves, and noting which

aberrations they correct. A fourth-order aspheric term ("AD" in Oslo) may be used

to correct for third-order spherical aberration (expressed mathematically as

"Wo4o"). A sixth-order aspheric term ("AE" in Oslo) may be used to correct for fifth-

order spherical aberration ("Woβo")- Likewise, an eighth-order aspheric term ("AF"

in Oslo) may be used to correct for seventh-order spherical aberration ("Woβo")-

There are higher-order aspheric terms available, but they are generally not

needed. Note that the order of each aspheric term corresponds nicely to the order

of spherical aberration that it corrects. For example, if a design shows an unusual

amount of fifth-order spherical aberration, it may often be corrected by adjusting

the AE term of one of the lens surfaces, without affecting the third-order spherical

aberration components. In contrast, adjusting the conic constant of a surface

affects essentially all the orders of spherical aberration, including the fourth, sixth,

eighth, and higher orders. Adjusting a CC term to correct for Wo4o is possible, but

it often still requires use of AE, AF, and higher-order aspheric terms. In particular,

use of both CC and A D to correct for Wo
4 O

is largely unnecessary. Therefore, we

choose that the conic constant of these lens designs remains zero, although it may

also be used for optimizing on-axis performance.

Adding the aspheric terms to the second (i.e., posterior) lens surface is preferably

done using a commercially-available lens design or raytracing program, such as

Oslo, ZEMAX, Code V , and others. One approach is to set the field of view to

zero (because we wish to optimize on-axis performance in this step), set the

aspheric terms AD, A E and A F as variables, and optimize using on-axis spot size

or on-axis wavefront error in the merit function. This approach works adequately,

and produces functional values for AD, A E and AF. This approach is also fast,

providing values in essentially one optimization step. Because the base radii are

not set as variables, the thickness between the lens and the retina may also be set

as a variable and optimized along with the other terms during this step.

Alternatively, the specific values of 3rd order, 5th order, and 7th order spherical

aberration may all be set to zero, but this may leave some residual 9th order

spherical aberration in addition to even higher orders.



A more insightful approach is detailed as follows. This approach adds one

aspheric term at a time, which corrects for one order of spherical aberration at a

time. It is worthwhile to try this approach at least once, so that the designer may

better understand when and why certain aspheric terms are necessary, and better

understand the limitations of on-and off-axis performance of the finished lens.

W e assume at this stage that the lens is entered into the raytracing program of

choice, that the front and rear radii of the lens are determined (from a pervious

step), and that the lens is stopped down beyond its design criteria. For instance,

the entrance beam radius is stopped down to 1 mm, and the field of view is

stopped down to 1 degree.

As an optional check, we can ensure that the paraxial image plane is truly

coincident with the retina. W e set as a variable either the radius of the second

lens or the thickness between the lens and the retina. W e set an appropriate merit

function; in Oslo, "PY" can be used as the sole aberration operand. We then

optimize. The designer should find that the radius or thickness changed by an

extremely small amount. If the values are initially transferred from the

spreadsheet with four significant figures, then they should remain unchanged after

optimization to four significant figures. The radius or thickness is then removed as

a variable, completing this optional check of the image plane.

With the lens in its stopped-down state, the dominant wavefront aberration should

be third-order spherical aberration, or Wo4o- This is brought under control by

adding a fourth-order aspheric term A D to the posterior surface of the lens. W e

set A D on this surface (surface 5 in the schematic of FIG. 13) as the sole variable.

W e add the aberration operand "SA3" to the merit function, ensuring that the third-

order spherical aberration of the system is minimized. W e then optimize. The

value ofAD should now be set to a particular non-zero value. The on-axis

performance of the lens should be superb, with a Strehl Ratio close to one, such

as 0.999. Off-axis, the lens should show an insignificant amount of coma, such as

roughly 0.02 waves or less.



Next, we control fifth-order spherical aberration by adding a sixth-order aspheric

term AE to the posterior lens surface. We open the pupil diameter to about 2 mm

so that we can see some fifth-order spherical aberration. We add AE on surface 5

as a variable, and add the aberration operand "SA5" to the merit function. We

then optimize. The value of AE should now be set to a particular non-zero value.

In addition, the value of AD should remain essentially unchanged, even if it

remained as a variable during this step, which shows the correspondence between

AD and third-order spherical aberration. There should again be superb on-axis

performance, with a Strehl Ratio of 0.999 or higher. Off-axis, there should still be

a negligibly small amount of coma.

Finally, we control seventh-order spherical aberration by adding a eighth-order

aspheric term AF to the posterior lens surface. We open the pupil diameter to

about 3 mm so that we can see some seventh-order spherical aberration. We add

AF on surface 5 as a variable, and add the aberration operand "SA7" to the merit

function. We then optimize. The value of AF should now be set to a particular

non-zero value. In addition, the values of AD and AE should also remain

essentially unchanged. Performance on-axis should be good, although not as

superb as in the previous two optimization steps. Off-axis, there should still be a

negligibly small amount of coma.

After these three optimization steps, values of AD AE and AF are obtained.

These values may be fine-tuned by changing the merit function from one that

minimizes individual aberrations to one that minimizes spot size or wavefront

aberration. We keep AD, AE and AF as variables, set the field angle to essentially

zero, then optimize. After optimization, we see that the value of AD remained

largely unchanged, the value of AE may have changed by a small amount, say

10%, and AF may have changed by a substantial amount, such as a factor of

three or more. The resulting performance of the lens on-axis should again be

superb, with a Strehl Ratio of essentially 1.0. Analysis of the wavefront error after

this spot size optimization shows an extremely small amount of some high-order

spherical aberration, with magnitudes of about 0.002 waves or less.



It should be noted that once the base radii of curvature are determined from the

early design step, they should preferably not be further optimized in tandem. For

instance, both radii should not be set as variables during any of the subsequent

optimization steps, such as the elimination of third-order spherical aberration. The

shape factor X also influences the amount of spherical aberration in the lens, but

because spherical aberration can be corrected by the addition of aspheric terms,

we use X to instead correct for coma, which is not easily influenced by aspheric

coefficients.

In practicality, although the step-by-step optimization process is informative for the

designer, it may be skipped altogether by setting AD, AE and AF of the back lens

surface as variables, setting the field angle to essentially zero, opening the

entrance pupil radius to 3 mm or 4 mm (or any other suitable value), and

optimizing for minimum spot size or minimum wavefront error. Along with the

refractive index ( 1 .4577 in these examples), thickness ( 1 .1 mm in this example),

and radii of curvature (determined by the previous section to minimize coma and

thereby maximize off-axis performance), the aspheric terms AD, AE and AF of one

of the lens surfaces thus complete the lens design.

Note that although the aspheric terms are applied to the back surface of the lens,

they may just as easily be applied to the front surface, applied to both, or divided

between the two. Switching the aspheric terms from one surface to the other has

little effect on the overall lens performance. There may be some advantage to

making one particular side of the lens aspheric, such as commonality of a surface

profile among various designs, say if a particular mold is to be shared among the

designs.

This design process may be repeated as often as required for different powers, so

that a complete line of off-the-shelf lenses may accommodate the full range of

patients. A typical range of required powers is 5 D to 30 D. A typical power

increment between available lenses may be 0.5 D, although 0.25 D or another

suitable increment may be used.



SAMPLE DESIGNS

Each of the designs shown in this section is designed in the same manner, as

follows. For a given power, the spreadsheet of FIG. 14 is used to find the

"optimal" or "preferred" starting point, with an X value that minimizes the third-

order coma of the full optical system. In addition to X, the spreadsheet provides,

equivalently, the radii of the front and rear surfaces of the lens, as well as the

appropriate surface-to-surface spacings. All of these starting points are then

optimized in Oslo. The aspheric terms AD, AE and AF are added to the second

surface of the lens using a merit function that minimizes the RMS spot size, and

performing the optimization at an entrance pupil radius of 3 mm and zero field

angle. All the lenses are 1. 1 mm thick, with a refractive index of 1.4577, and are

designed for a cornea with a radius of 7.5 mm and a conic constant of -0.15. This

cornea is intended to represent an "average" cornea.

Six sample designs are carried to completion, and are shown in FIGs. 23 and 24.

The designs of FIG. 23, which are for powers of 5, 10 and 15 diopters, are drawn

with a part diameter of 8 mm. The designs of FIG. 24, which are for powers of 20,

25 and 30 mm, are drawn with a part diameter of 6 mm. In practice, the actual

thickness of the part may be altered to accommodate any non-optical concerns,

like a minimum edge thickness, for example. For consistency, each of these

designs uses a center thickness of 1. 1 mm, although any suitable thickness may

be used.

The 5 D lens has a shape factor X of -2.23, an anterior radius of -39.74 mm, and a

posterior radius of -15.13 mm. The posterior surface has three aspheric terms: AD

= 1.014 x 10-3 mm 3, AE = -4.933 x 10 6 mm 5, and AF = 1. 1 57 x 10 7 mrrf 7. The

distance between the lens and the retina is 22.03 mm.

The 10 D lens has a shape factor X of - 1 .58, an anterior radius of -41 .85 mm, and

a posterior radius of -9.449 mm. The posterior surface has three aspheric terms:

AD = 1.333 x 10 3 mm 3, AE = - 1 .067 x 10 5 mm 5, and AF = 1.988 x 10 7 mm 7.

The distance between the lens and the retina is 20.36 mm.



The 15 D lens has a shape factor X of - 1 .19, an anterior radius of -86.72 mm, and

a posterior radius of -7.427 mm. The posterior surface has three aspheric terms:

AD = 1.741 x Kr 3 mm 3, AE = - 1.624 x 1(T5 mnrϊ 5, and A F = 3.616 x 1(T7 mm' 7.

The distance between the lens and the retina is 18.88 mm.

The 20 D lens has a shape factor X of -0.93, an anterior radius of 170.5 mm, and a

posterior radius of -6.307 mm. The posterior surface has three aspheric terms: AD

= 2.21 1 10 mm 3, AE = -2.215 x 10 mm 5, and AF = 6.479 x 10 7 mm 7. The

distance between the lens and the retina is 17.58 mm.

The 25 D lens has a shape factor X of -0.75, an anterior radius of 39.01 mm, and a

posterior radius of -5.549 mm. The posterior surface has three aspheric terms: A D

= 2.750 x 10 mm 3, AE = -2.849 x 10 5 mπV5, and AF = 1.136 x 10 6 mm"7 . The

distance between the lens and the retina is 16.45 mm.

The 30 D lens has a shape factor X of -0.62, an anterior radius of 2 1.47mm, and a

posterior radius of -4.980 mm. The posterior surface has three aspheric terms: AD

= 3.373 x 10-3 mm 3, AE = -3.557 x 10 5 mm"5, and AF = 1.985 x 10 6 mm 7. The

distance between the lens and the retina is 15.44 mm.

The description of the invention and its applications as set forth herein is

illustrative and is not intended to limit the scope of the invention. Variations and

modifications of the embodiments disclosed herein are possible, and practical

alternatives to and equivalents of the various elements of the embodiments would

be understood to those of ordinary skill in the art upon study of this patent

document. These and other variations and modifications of the embodiments

disclosed herein may be made without departing from the scope and spirit of the

invention.



CLAIMS

1. A method of specifying the anterior surface and the posterior surface of a

lens for implantation in an eye of a subject having a cornea, comprising:

performing at least one measurement on at least one of the eye and a

model for the eye;

determining an optical power from the at least one measurement; and

determining an anterior radius and a posterior radius from the optical power,

wherein the anterior radius and the posterior radius minimize the coma of

the eye;

whereby the coma of the lens offsets the coma of the cornea.

2. The method of claim 1, further comprising:

determining at least one aspheric term for at least one of the anterior

surface and the posterior surface;

whereby the anterior surface and the posterior surface are specified by the

anterior radius, the posterior radius and the at least one aspheric term.

3. A method of specifying the anterior surface and the posterior surface of a

lens for implantation in the eye of a patient, comprising:

performing a measurement capable of determining an optical power, P, of

the lens;

determining a shape factor, X, from the optical power;



determining an anterior radius, Ra, and a posterior radius, Rp, from the

shape factor and the optical power; and

determining at least one aspheric term for at least one of: the anterior

surface and the posterior surface;

whereby the anterior surface and the posterior surface are specified by the

anterior radius, the posterior radius and the at least one aspheric term.

4 . The method of claim 3, wherein:

the lens has a refractive index, n;

the lens has an incident refractive index, ni;

the lens has an exiting refractive index, ne;

the anterior radius is determined by

Ra = 2 (n - ni) / [P (X - I)]; and

the posterior radius is determined by

Rp = 2 (n - ne) / [P (X + 1)].

5. The method of any of claims 2 to 4 , wherein the aspheric term determining

step is performed by a ray trace, whereby the spherical aberration of the

lens offsets the spherical aberration of the cornea.

6. The method of any of claims 1 to 5, the radius determining step further

comprising:

determining a coma contribution of the cornea;



determining a coma contribution of the anterior surface;

determining a coma contribution of the posterior surface; and

selecting an anterior radius and a posterior radius of the lens, wherein the

coma contributions of the anterior and posterior surfaces offset the coma

contribution of the cornea.

7. The method of claim 6, wherein the coma contribution determining steps

are performed by a ray trace.

8. The method of claim 6 or 7 , wherein the coma contribution of the cornea is

determined by measuring the coma contributions of a plurality of subjects

and taking the average thereof.

9. The method of any of claims 6 to 8, wherein the coma contribution of the

cornea is determined by measuring a corneal radius and a corneal conic

constant of a plurality of subjects, generally averaging the corneal radii and

the corneal conic constants, and determining the coma contribution of the

cornea from the average corneal radius and the average cornea conic

constant.

10. The method of claim 6 or 7 , wherein the coma contribution of the cornea is

determined by measurement of the coma contribution on a particular

patient.

11. The method of any of claims 1 to 10, wherein the optical power is between

0 diopters and 10 diopters, and the shape factor is between -3 and - 1 .6.

12. The method of any of claims 1 to 10, wherein the optical power is between

5 diopters and 15 diopters, and the shape factor is between -3 and - 1 .2.



13. The method of any of claims 1 to 10, wherein the optical power is between

10 diopters and 20 diopters, and the shape factor is between - 1 .9 and -0.8.

14. The method of any of claims 1 to 10, wherein the optical power is between

15 diopters and 25 diopters, and the shape factor is between - 1 .5 and -0.5.

15. The method of any of claims 1 to 10, wherein the optical power is between

20 diopters and 30 diopters, and the shape factor is between - 1 .2 and -0.2.

16. The method of any of claims 1 to 10, wherein the optical power is greater

than 30 diopters, and the shape factor is between -0.7 and 0.

17. A lens having an optical power for implantation in an eye having a cornea,

comprising:

an anterior surface having an anterior radius; and

a posterior surface having a posterior radius;

wherein the anterior radius and the posterior radius determine the optical

power; and

wherein the anterior radius and the posterior radius are selected to

minimize coma of the eye for the value of optical power;

whereby the coma of the lens offsets the coma of the cornea.

18. A lens having an optical power and a shape factor for implantation in an eye

having a cornea, comprising:

an anterior surface having an anterior radius, Ra; and

a posterior surface having a posterior radius, Rp;



wherein the anterior radius and the posterior radius determine the optical

power, P, and the shape factor, X; and

wherein the shape factor minimizes the coma of the eye for the value of

optical power;

whereby the coma of the lens offsets the coma of the cornea.

19. The lens of claim 18 , wherein the shape factor is determined by:

X = (Rp + Ra) / (Rp - Ra).

20. The lens of claim 18 or 19 , wherein:

the lens has a refractive index, n;

the lens has an incident refractive index, ni;

the lens has an exiting refractive index, ne;

the lens has a thickness T; and

the optical power is determined by

P = [(n - ni) / Ra] + [(ne - n) / Rp] - [T / n] x [(n - ni) / Ra] [(ne - n) / Rp].

2 1. An intraocular lens having an optical power and a shape factor for

implantation in an eye having a cornea, comprising:

an anterior surface having an anterior radius, Ra; and

a posterior surface having a posterior radius, Rp;



wherein the anterior radius and the posterior radius determine the optical

power and the shape factor; and

wherein the shape factor is less than - 1.

22. The intraocular lens of claim 2 1, wherein the optical power is less than 20

diopters.

23. The intraocular lens of claim 22, wherein the optical power is less than 15

diopters.

24. The lens of claim 2 1, wherein:

the lens has a refractive index, n ;

the lens has an incident refractive index, ni;

the lens has an exiting refractive index, ne;

the lens has a thickness T; and

the optical power is determined by

P = [(n - ni) / Ra] + [(ne - n) / Rp] - [T / n] x [(n - ni) / Ra] [(ne - n) / Rp].

25. The lens of claim 2 1, wherein the shape factor minimizes the coma of the

eye for the value of optical power;

whereby the coma of the lens offsets the coma of the cornea.
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