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MULTI-ZONAL MONOFOCAL INTRAOCULAR LENS
FOR CORRECTING OPTICAL ABERRATIONS

Field of the Invention
[0002] This invention relates to intraocular lenses (JOLs) and, more particularly, to
multi-zonal monofocal IOLs that correct optical aberrations for a variety of human eyes with
different comeas under a wide range of lighting conditions and that are effective even when

decentered or tilted.

Background of the Invention
[0003] In the perfect eye, an incoming beam of light is focused through the comea and

through the crystalline lens in a way that causes all of the light from a point source to converge at
the same spot on the retina of the eye, ideally on the fovea area of the retina. This convergence
occurs because all of the optical path lengths, for all light in the beam, are equal to each other.
Stated differently, in the perfect eye the time for all light to transit through the eye will be the

same regardless of the particular path that is taken by the light.

[0004] Not all eyes, however, are perfect. The consequences of this are that light path
lengths through the eye become distorted and are not all equal to each other. Thus, light from a
point source that transits an imperfect eye will not necessarily come to the same spot on the
retina and be focused.

f0005] As light enters and passes through an eye it is refracted at the anterior surface of
the comnea, at the posterior surface of the cornea, and at the anterior and posterior surfaces of the

crystalline lens, finally reaching the retina. Any deviations that result in unequal changes in
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these optical path lengths ate indicative of imperfections in the eye that may need to be
corrected. For example, many people are near-sighted because the axial length of their eyes are
“too long” (myopia). As a result, the eharp image of an object 1s generated not on the retina, but
in front of or before the retina. Hyperopia is a condition where the error of refraction causes rays
of light to be brought to a focus behind the retina. This happens because the axial length is “too
short”. This condition is commonly referred to as far-sightedness. Another refractive malady 1s
astigmatism resu]ting from a refractive surface with unequal curvatures in two meridians. The
different curvatures cause different refractive powers, spreading light in front and in back of the

\

retina.

[0006] Other “higher order” maladies of interest for vision correction include coma and
spherical aberration. Coma exists when an asymmetry in the optical system causes unequal
optical path lengths in a preferred direction. For example, the image of an off-axis point object
takes on a comet-like shape. For symmetrical systems, spherical aberration exists when rays at
different radial heights from the optical axis focus at different axial locations near the retina.
Whereas coma exists only in asymmetric systems, spherical aberration can exist in both
symmetric and asymmetric systems. Other, even higher order, aberrations exist. However,
studies have show that spherical aberration is one of the strongest higher order aberrations in the
human visual system. Thus the retinal image may be improved if the spherical aberration 1s
corrected acoordmg to known techmques | | B o L

[0007] Studles have also shown that there is a balance between the posﬂ:lve sphencal ,
) aberratlon of the cornea and the negatlve sphencal aberrauon of the crystalhne lens m younger |
° "eyes As one grows older the sphencal aberratlon of the crystallme lens becomes more positive,
increasing the overall spherical aberration and reducing the image quality at the retina.

[0008] An intraocular lens (IOL) is commonly used to replace the natural lens of a
human eye when warranted by medical conditions such as cataracts. In cataract surgery, the
surgeon removes the natural crystalline lens from the capsular bag or posterior capsule and
replaces it with an IOL. IOLs may also beﬁimplanted in an eye (e.g., in the anterior chamber)
with no cataract to supplement the refractive power of the natural crystalline lens, correcting
large refractive errors.

[0009] The majority of ophthalmic lenses including IOLs are monofocal, or fixed focal

length, lenses that primarily correct refractive error. Most monofocal I0Ls are designed with
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sphericai anterior and posterior surfaces. The spherical surfaces of the typically positive power
IOLs cause positive spherical aberration, inter alia. Thus, replacement of the crystalline lens
with a typical monofocal IOL leaves the eye with positive spherical aberration. In real eyes with
complex corneal aberrations, the eye following cataract surgery is left a with finite number of
complex lower and higher order aberrations, limiting the image quality on the retina.

[0010] Some examples of attempts to measure higher order aberrations of the eye as an
optical system in order to design an optical lens include U.S. Pat. No. 5,062,702 to Bille, et al.,
- U.S. patent No. 5, 050 981 to Roffman U.S. Pat No. 5,777,719 to Williams, et al., and U.S. |
patent No. 6,224, 211 to Gordon.

[0011} A typical approach for improving the vision of a patient has been to first obtain
measurements of the eye that relate to the topography of the anterior surface of the comea.
Specifically, the topography measurements yield a mathematical description of the anterior
surface of the cornea. This corneal surface is placed in a theoretical model of the patient’s eye
with an IOL replacing the crystalline lens. Ray-tracing techniques are employed to find the IOL
design which corrects for the spherical aberration of the cornea. Ideally, if implantelid with this
custom 10L, the patient’s vision will improve.

[0012] Recently, Pharmacia Corp. (Groningen, Netherlands) introduced a posterior
capsule intraocular lens having the trade name TECNIS (Z9000) brand of Silicone 10L. The
TECNIS lens has a prolate anterior surface which is lntended to reduce sphencal aberrations of |

the cornea. . This lens may be desi gned usmg methods descnbed in U.. S. Patent Number

6 609 793 and PCT pubhcatlon wO 01/89424 both fo Norrby, et al The methods m these‘f“: |

| pubhcatlons involvé charactenzmg aberrant corneal surfaces as Tinear combmatlons of Zemike
polynomuals, and then modeling or selecting an intraocular lens which, in combination with a
characteristic corneal surface, reduces the optical aberrations ocular system. The lenses resulting
from these methods may be continuous aspherical surfaces across the entire optical zone and
may be, used to reduce spherical _aherratieha of the eye by introducing negative spherical
aberratioh to counter the typically positive spherical abefration of the cornea. In these lenses,.
there may be a single base curve on which the aspheric surface is superimposed. As reported by
J. T. Holliday, et al., “A New Intraocular Lens Designed to Reduce Spherical Aberration of
Pseudophakic Eyes,” Journal of Refractive Surgery 2002, 18:683-691, the Technics IOL has

been found to be to improve visual contrast sensitivity at a frequency up to 18 cycles/degree.
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[0013} The TECNIS brand of lens generally requires precise positioning in the capsular
bag to provide improved optical quality over a spherical IOL (c.f., “Prospective Randomized
Trial of an Anterior Surface Modified Prolate Intraocular Lens,” Journal of Refractive sugery,
Vo. 18, Nov/Dec 2002). Slight errors in decentration (radial translation) or tilt (a)gial rotation)
oreatly reduces the effectiveness of the lens, especially in low-light conditions, thus making the
task of the surgeon more difficult. Furthermore, shrinkage of the capsular bag or other post-
implantation anatomical changes can atfect the alignment or tilt of the lens along the eye’s
optical axis. It is believed that the “typical” magnitude of decentration resulting frorh the
implantation of an intraocular lens in an average case, and factoring in post-implantation
movement, is less than about 1.0 mm, and usually less than about 0.5 mm. Most doctors agree
that decentration of an IOL greater than about 0.15 to approximately 0.4 mm is clinically
relevant (i.e., noticeably affects the performance of the optical system, according to those skilled
in the art). Similarly, the “typical” magnitude of tilt resulting from the implantation of an
intraocular lens in an average case, and factoring in post-implantation movement, 18 less than
about 10 degreés, and usually less than about 5 degrees. Therefore, in practice, the benefits of
the TECNIS brand of lens may be offset by 1ts apparent drawbacks 1n the real world.

(0014] In view of the above, there remains a need for an intraocular lens that corrects for
spherical aberrations in a variety of lighting conditions and is less sensitive to non-optimal states

such as decentration and tilt of the IOL.

* Summary of the Invention

. [0015] The preésent inverition provides a multi-zonal ‘monofocal ophthalmic lens that'is -

less sensitive to its disposition in the eye by reducing aberrations, including the spherical
aberration, over a range of decentration. The monofocal ophthalmic lenses of the present
invention may also be configured to perform well across eyes with different commeal aberrations
(e.g., different. asﬂpheﬁcitiegs‘).

[0016] In one aspect of the invention, a multi-zonal monofocal opthaimic lens comprises
an inner zone, an intermediate zone, and an outer zone. The inner zone has a first optical power.
The intermediate zone surrounds the inner zone and has a second optical power that 1s ditfferent
from the first power by a magnitude that 1s less than at least about 0.75 Diopter. The outer zone

surrounds the intermediate zone and has a third optical power different from the second optical
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power. In certain embodiments, the third optical power is equal to the first optical power. The
ophthalmic lens may comprise between 3 and 7 total zones, but favorably comprises between 3
and 5 total zones. However, ophthalmic lenses with more than seven total zones are consistent
with embodiments of the invention.

[0017] In another aspect of the invention, a multi-zonal monofocal intraocular lens has an
optic with a plurality of concentric optical zones centered on the optical axis. The zones are
adapted to focus incoming light rays to form the image from one object. The intraocular lens
optic includes an inner zone overlapping the optical axis of the lens that provides an image when
the intraocular lens 18 cenfered on the optical axis of the human eye. A first surrounding zone
concentﬁc about the inner zone is adapted to compensate for optical aberrations resulting from
implanted intraocular lens decentration of greater than at least about 0.1 mm.

[0018] The first surrounding zone may be configured to compensate for optical
aberrations resulting from implanted intraocular lens decentration of greater than at least about
0.1 mm. The first surrounding zone may also compensate for optical aberrations resulting from
implanted intraocular lens tilt of greater than at least about 1 degree. The power of the first
surrounding zone preferably differs from the power of the inner zone by a magnitude that 1s less
than or equal to at least about 0.75 Diopter. In an exemplary embodiment, the inner zone
comprises a spherical surface and the first surrounding zone comprises an aspherical surface.

[0019] Another aspect of the mventlon mcludes a method of designing multl-zonal

;monofocal opthalrmc lens. The method compnses prowdmg an opucal model of the human eye.
: fThe ~method further compnses an optlcal model of a’ 1éns compn sm g an 1nner zone an
| ',mtenned]ate zone an outer Zone;’ and - zonal de31gn parameters “The method a]so compnses- -
adjusting the zonal design parameters based on an image output parameter for one or more non-
optimal states of the lens.

[0020] The method may further include testing the intraocular lens over a wide range of
chmcally relevant corneal surface vanatlons and dispositions. of optical elements in the eye’s
optlcal system usin g ray- trace analy31s techmques Furthermore the method may be repeated to |
modify zonal parameters and achieve a better average optical performance. Examples of
conditions of asymmetry that the lens will correct include decentration, tilt, and corneal

aberrations.

[0021] The invention, together with additional features and advantages thereof, may best
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be understood by reference to the following description taken iIn connection with the

accompanying illustrative drawings 1 which like parts bear like reference numerals.

Briet Description of the Drawings

[0022] Figure 1 is a schematic vertical cross-section of the human eye in a bright light
environment and showing a pair of light rays passing through the optical system of the comea
and an implanted intraocular lens of the prior art to focus on the retina.

[0023] Figure 2 is a schematic vertical cross-section of the human eye in a low light
environment and showing a pair of light rays passing through the optical system of the cornea
and the peripheral regions of an implanted intraocular lens of the prior art to focus in front of the
retina.

[0024] Figure 3 1s a schematic vertical cross-section of the human eye in a bright light
environment and showing a pair of light rays passing through the optical system of the cornea
and a decentered implanted intraocular lens of the prior art to focus on the retina.

[0025] Figure 4 1s a schematic vertical cross-section of the human eye in a medium light
environment and showing a pair of light rays passing through the optical system of the cornea
and a decentered implanted intraocular lens of the prior art to focus in front of the retina.

[0026] Figures SA and 5B are schematic plan and side views of a monofocal intraocular
lens of the present 1nvent10n 11]ustrat1ng concentric Zones about an optlcal axis.

. [0027] Fig gures 6A and 6B show 31mu1ated modulatlon transfer functlons for an asphenc,' |
: :*sphencal and multl-zona] monofoca] IOLS at a > mm pupﬂ dlameter w1th no decentranon and 0. 5

- .. mm. decentratlon iespectlvely

[0028] Figure 7 show simulated aspheric, spherical, and muliti-zonal monofocal 10L
MTF curves at a 5 mm pupil diameter representing the respective average MTFs over 100 eyes

varying in corneal aberrations, IOL decentration and tilt, and small pupil size changes.

Detailed Description

[0029] The present invention encompasses an intraocular lens (IOL) design that
reduces sensitivity to decentration within the eye while maintaining superior Module Transfer
Function (MTF) performance for large pupils. The MTF is a measure of visual performance

that can be plotted on a non-dimensional scale from a minimum of 0.0 to a maximum of 1.0
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across a range of spatial frequencies in units of cycles per mm. The MTF is a measure of the
efficiency of “transferring” the contrast of an object into an image. The spatial frequency 1s
inversely proportional to the size of the object. Thus, small objects -at the limi't of visual
resolution have high spatial frequencies than larger objects. 'The IOL described herein
comprises a multi-zonal monofocal lens in which the anterior lens surface, posterior lens
surface, or both comprises a plurality of zones that operate together on an incident wavefront
to produce a corrected ocular image. The different zones of the IOL of the present invention,
as described in greater detail below herein, generally have different mean spherical curvatures
and/or Diopter powers, but the Diopter power differences between zones are far less than the
typical 2 Diopter to 4 Diopter. design differences associated with multi-focal IOLs. In certain
embodiments, the maximum Diopter power difference between any two zones is less than at
least about 0.75 D, advantageously less than about 0.65 D.

[0030] As used hf:rein,° the term “monofocal lens” is considered to be a lens in which
light entering the lens from a distant point source is focused to substantially a single point. In
the case of a multi-zonal monofocal lens, light from a distant point source entering the lens
zones substantially fall within the range of the depth-of-focus of a spherical lens having an
equivalent focal length.

00317 As used herein in reference to the zones of a multi-zonal monofocal lens, the
terms “optical power” and “Diopter power * refer to the effectlve 0pt1cal or D10pter power of a
-zone when the lens is part of an ocular }ens system such as for example a cornea a multl--' .
zonal monofocal JOL;. a- retina,. :and the matenal surroundmg these components ~"This
',,.deﬁnmon may include the effects of the. .vergence. or an gle of I ght rays mtersectmg the IOL ‘:
surface caused by the power of the cornea. This may include the total vergence from all
optical surfaces in front of the multi-zonal monofocal IOL. In certain instances, an algorithm
for calculating the Diopter power may begin with a ray-tracing a model of the human eye
mcorporatmg a multi-zonal monofocal IOL. At a partlcular radial locauon on the IOL surtace,
"Snell’s law may be apphed to calculate the angle of the I ght ray followin g the refraction. The
optical path length of the distance between a point on the surface and the optical axis (axis of
symmetry) may be used to define the local radius of curvature of the local waveiront. Using

such an approach, the Diopter power is equal to the difference in indicies of refraction divided

by this local radius of curvature.
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[0032] IOLs of the present invention are designed to outperform certain IOLs of the
prior art in low or moderate light situations over a larger range of implant positi'lons. In
practice, clinicians recognize that in the average case intraocular lenses implanted in the
posterior capsule end up decentered from the optical axis of the host eye by between about
0.15-0.4 mm. Sometimes the decentration is greater as a result of poor implant technique or
non-axisymmetric forces imparted by the host eye. Indeed, decentration of more than 0.5 mm,
and sometimes up to 1.0 mm is experienced. IOLs of the present invention are specifically
designed to exhibit superior performance in comparison to the prior art IOLs when decentered
by at least about 0.15 mm and in particular in low or moderate light conditions. In certain
embodiments, IOLs of the present invention are designed to exhibit superior performance in
cemparison to prior art IOLs when decentered by greater than about 0.5 mm or greater than
about 1.0 mm. The amount of decentering to be accommodated depends upon design
constraints such as, for example, the accuracy of the surgical method to be used for implanting
the IOL.. Since the multi-zonal monofocal IOLs provide improved performance for decentered
conditions, it is anticipated that patients will generally experience greater satisfaction with a
multi-zonal monotocal 10L than with other prior art IOLs.

[0033] Figure 1 is a schematic vertical cross-section through a human eye 20 having
an IOL 22 of the prior art implanted therein. The optical system of the eye 20 includes an
outer cornea 24, a pUpll 26 defined by an orifice of an iris 28, the 10L ’?2 and a retina 30
- formed on the postenor inner surfaee of the ocu]ar globe 32. In the present apphcatlon, the

terms antefior and posterior are used in thelr convenuonal senSe antenor refeis to the front g

side of the eye. closer to the cornea while. postenor refers to the fear side eloser to the retina. .
The eye defines a natural optical axis OA. The drawing shows the eye 20 i1n a bright light
environment with the iris 28 constricted resulting in a relatively small pupil 26.

[0034] The exemplary IOL 22 is adapted to be centered along the optical axis OA and
within a capsular bag (not shown) just posterior to the iris 28. For this purpose, the 10L 22
mey Ee provided with 'hapties or fixation members 34. An optic of the IOL 22 is defined by an
anterior face 36 and posterior face 38. The optic may take a variety of configurations known
in the art, such as the convex-convex configuration illustrated in Figure 5B. It should be
understood that the present invention is not limited to posterior capsule-implanted IOLs.

[0035] A pair of light rays 40 pass through cornea 24, pupil 26, the IOL 22. The rays
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shown, the hght rays'40 pass through the mid-portion of the lens optic. The Intraocular lenses
of the prior art are relatively effective in focusing such light rays at a point on the retina 30
along the optical axis OA. | |

[0036] Figure 2 shows the eye 20 having the IOL 22 therein in a low light
~ environment. In such situations, the iris 28 opens up creating a relatively large pupil 26 and
~ permitting more light to strike the IOL 22. A p'a.ir of light rays 42 passing through the
~ peripheral regions of the pupil 26 may be incorrectly refracted by the peripheral regions of the
optic of the IOL 22 in the manner shown. That 18, the light rays 42 focus on a spot 44 along
the optical axis OA that is in front of the retina 30 by a distance 46. Such refraction is termed
positive' spherical aberration because the light rays 42 focus in front of the retina 30. A
negative spherical aberration focuses light rays at the imaginary point along the optical axis
OA behind the retina 30. Such aberrations can also occur in an eye with the natural lens still
in place. For example, the crystalline lens in the aging eye may not refract light, properly

under Jow light environments. The practical result of such a condition may be a loss'in image

quality.

[0037] Figure 3 illustrates the human eye 20 in a bright light environment such as
shown in Figure 1. The IOL 22 centered along the optical axis OA is again shown in solid
line, but is also shown 1n dashed line 22' representmg a condition of decentration. As
: mentloned above decentratl on mvolves a radial t:ranslatlon of the mtraocular lens from a
centered configuration on the natural optlcal ax13 OA: The llght rays 40 pass through the'“
- corned 24 and relatlvely small pupﬂ 26 and -are refracted through the central reglon of ‘the
decentered intraocular lens optic 22'. That is, despite the undesirable decentration, the optic
22" performs well in bright light environments because light does not strike and refract through
1ts peripheral regions.

[0038] Figure 4 illustrates the eye 20 in a medium hght environment, in which the iris
28 is somewhat larger oompared to the condltlon shown in Figure 3, but is not fully expanded
as seen 1n the low light environment of Figure 2. Under such conditions, a centered I0L 22
would likely perform adequately, but the decentered lens 22' will not. More particularly, a
light ray 48 passing close to the iris 28 will strike and be incorrectly refracted through a

peripheral region of the decentered optic 22' as shown. Intraocular lenses of the prior art have
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varymg degrees of sensitivity to decentration, and the situation shown in Figure 4 is for
i]lustration purposes only and does not represent any particular lens.

[0039] However, it is believed that certain lenses designed to correct for spherical
aberration, such as the TECNIS brand of lens, are relatively sensitive to small magnitudes of
decentration. Such lenses have a complex refractive surface that changes relatively
continuously across whichever face it is formed (i.e., anterior or posterior). This continuous
refractive surface provides a negative correction for the positive spherical aberration on the
cornea, but when the lens is decentered the closely calculated balance between the two optical
devices may be lost. Indeed, other optical aberrations such as coma and astigmatism may be

created by the resulting mismatch.

[0040] Figures 5SA and 5B schematically illustrate in plan and side views a monofocal
IOL 60 of the present invention having an optic 62 and a pair of haptics or fixation members
64a, 64b extending outward therefrom. The optic 62 has a generally circular peripheral edge
66 and a plurality of concentric annular refractive bands or zones formed thereon. The
peripheral edge 66 is desirably an axially oriented edge with thickness, as seen in Figure 5B,
although curved or angled edge surfaces, or combinations thereof, are possible. The optic 62
has an anterior face 68a and an opposite posterior face 68b separated by the peripheral edge
66. It should be understood that the refractive zones can be formed on either the anterior or
| postenor face Or 1In some cases as a oombmatlon of both faces. A cent:ral and inner zone 70
centered on the optlcal ams OA extends outward to a radlus of 11, . at least one mtermedl ate |
| zone 72 surrounds the mner zone 70 and extends outward to a radlus of 1'2, and an outer zone. |
:°74 Surrourids the intermediate zone 72 and exterids therefrom to the outer periphery 66 of the -
optic 62 and a radius of r3. Desirably, r; is between about 1-1.5 mm, r; is between about 1.5-
2.2 mm, and r3 1s about 3 mm. More desirably, r; is about 1.4 mm and r; is about 2.0 mm. In
certain instances, 1t may be desirable that r3 is greater than 3 mm, for instance in order to
‘preclude undesired edge ettects.

[004 1] The mnner zone 70, intermediate zone 72, and outer zone 74 may have surfaces
that are either spherical or aspherical in shape. The intermediate zone 72 may comprise a
combination of annular zones, although a single annular zone is generally desirable. In certain

embodiments, the inner zone 70 is spherical, the intermediate zone 72 is aspherical, and the

outer zone 74 1s also aspherical.
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[0042] The power of the inner zone 70 dominates the visual performance of the eye
when the pupil is small, such as in bright daylight situations. The intermediate zone 72 is at
least designed to‘help correct aberrations of the IOL when it is decentered, tilted, or otherwise
in a non-optimal state. The power of intermediate zone 72 is extremely close to that of the
inner zone 70. The outer zone 74 may be aspherical and designed to minimize the spherical
, aberrations natural to spherical monofocal 10Ls.

[0043] Preferably, the intermediate zone 72 has a correction power that is less than the
- correction power of the inner zone 70. When a prior art IOL is decentered (Fig 4), peripheral
light is too strongly refracted atrd focuses in front of the retina. However, the intermediate
zone 72 of the multi-zonal monofocal IOL 60 is used to reduce surface power, redirecting the
light ray 48 to the focal point on the retina. The intermediate zone 72 may also provide
correction in cases of tilting of the lens within the typical range of at least about 1 to 10
degrees, depending upon design constraints such as, for example, the accuracy of the surgical

method to be used for implanting the IOL.

[0044] The IOL 60 is considered to be a monofocal lens because the relative refractive
powers of the zones 70, 72, and 74 are close to one another and within the range of the depth-
of-focus of typical spherical monofocal IOLs. In this context, a “monofocal” lens 1s one 1n
which discrete adjacent regions or zones have a maximum difference in refractive power ot

less than at Jeast about 0.75 DlOptel' The refractwe power of any one zone may be 1nterpreted |
- as the fneail power Wlthm that zone. It should also be understood that dascrete adJ acent zones
ﬂ. does. not necessanly mean that there 1s a sharp physrcal transmon therebetween rather the

' miariafactifing process may be désigned to’ generally provrde a siooth transition betweern

adjacent zones.

[0045] The IOL 60 may be fabricated from materials used in the art, such as silicon,
acrylic, or Polymethylmethacrylate (PMMA), or any other material that is suitable for use in or
_on a human eye. Materials may also be selected so as to provide a desired optical
performance. For instance, the refractive index i1s hnown to vary with different materials and

may, therefore, be used as a design parameter for attaining a desired optical performance or

affect from the IOL 60.

[0046] The IOL 60 may also be used in conjunction with other optical devices such as

diffractive optical elements (DOE). For example, the anterior lens surface of the IOL 60 may
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comprise a multi-zonal surface and the posterior lens surface may contain a DOE such as a
diffractive grating, or visa versa. Alternatively, the multi-zonal surface itself may comprise a
DOE such as a diffractive grating. The DOE may also be used, for example, to correct for
chromatic aberrations or to improve the performance of the IOL 60 when displaced from the
optimal position (e.g., centered and normal to the optical axis). In certain embodiments, the
DOE is disposed over only a portion of the one of the IOL surfaces. For example, the DOE
may be disposed over the intermediate zone 72 and used as an additional parameter for
improving the performance of the I0L 60.

[0047] The IOL 60 may be designed to have a nominal optical power suited for the
particular environment in which it i1s to be used. It is anticipated that the nominal opti"cal
power of the IOL 60 will generally be within a range of about -20 Diopters to at least about
+35 Diopters. Desirably, the optical power of the IOL 60 is between about 10 Diopters to at
least about 30 Diopter. In certain applications, the optical potver, of the IOL 60 1s
approximately 20 Diopters, which 1s a typical optical power for the natural crystalline lens in a
human eye.

[0048] Under low light environments, such as night-time, the human eye has a larger
pupil (about 4.5-6 mm in diameter) and hence has a large spherical aberration (SA) that blurs the
itmage. Clinically, the large-pupil eye is reported to have a lower contrast sensitivity and
sometimes lower vrsual acmty The TECNIS brand of lens has been reported to perform better
than sphencal IOLs in low light envrronments as Judgcd by V1sua1 contrast sensmvny and visual .
| acurty Accordmg to srmulatlons however this asphencal desrgn 1s sensmve 0 decentratlon A
fraction of a rm]hmeter decentratl on of such IOLs from thé Optlcal axis may dramatlcally break' 3
the balance of SA between I0L and cornea, and thus seriously degrade the eye’s vision.

[0049] The inventors have discovered that spherical aberration can be reduced tor both

on-design and off-design conditions by forming a lens surface to have a multi-zonal structure,

‘with each zone having different surface parameters, for example, the base radius of curvature. In

contrast with the prior art single continuous aspheric surface such as the TECNIS brand of lens
described above, the surface sag of the IOL 60 (i.e. multi-zonal surface contour) may be
determined using an equation that changes across the lens. In accordance with an exemplary
embodiment of the present invention, the surface sag at any radius from the optical axis for an ith

zone 18 given by the following equation:
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C,*r’

M M
Sag-———ee—t ) B % (r—r)" + ) T, *(r—r)"
1+1-(1+K,)*C* *r? JZ-;‘ ’ 121: ’ |

where C;, K;, and 1; are the base radius of curvature, the asphericity constant, and the

height of the ith zonal surface. Further, the Bjs and Tjs are optional boundary parameters that
- can be used to connect the zonal surfaces smoothly. The variable M is an integer that determines
how smoothly one zone transitions to another. This work makes use of a published finite eye
- model to represent the “nominal” eye for JOL design (see, Liou H.L. and Brennan N.A.,
“Anatomically Accurate, Finite Model Eye for Optical Modeling, J Opt Soc Am A, 1997;
14:1684-1695).

[0050] For posterior chamber IOL design, the asphericity constant K, in the inner zone
70 (Figure 5A) is preferably zero (i.e., the inner zone 70 comprises a spherical surface). The

‘base radius of curvature C; in the inner zone 70 is considered to be the base surface power of the

lens. There are preferably at least three zones (i = 3) to achieve enhanced performe%nce for a 6
mm diameter pupil size. A preferred range of the number of zones 1s between at 1easic about 3-7,
more preferably between 3-5; however, larger numbers of zones may be used of particular design
conditions. The parameters in the outlying zones can be optimally determined such that each
zonal surface refracts more of the light rays in that particular zone to the focus set by the inner
. Zone. ThJS process can be achieved by the md of a commercnal optical ray tracmg design.
.software such as ZEMAX opﬂcal demgn program from ZEMAX DeveIOpment Corporatlon |
. (4901 Morena Blvd. Suite 207, San Dlego, CA 921 17-7320) |

[0051] In general the base curves in at least two zones are dlfferent (preferably the inner
and intermediate zones), though all zones may have different base curves. Desirably, the

anterior surface has three zones, each having a different base radius of curvature. The posterior

surface is a one zone spherical surface.

[0052] Table 1 provides an-example of a multi-zonal monofocal IOL consistent with the
present invention. The values of the parameters given below are for an IOL with an overall

Diopter power of 20 having 3 zones (i = 3) on the anterior surface and one zone on the posterior

G=1).
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Table I: Surface parameters of a 20D multi-zonal structured IOL

Antenior surface Symbol 1= i=2 i=3
parameter | ,

Zonal outer radial | 1, (mm) | 1.414 2.000 3.000
boundary, mm

0.05055500000000

Zonal curvature of | G, "’ 0.08614900000 | 0.0751110000000
radius, 1/mm (1/mm)

Zonal asphericity | K, 0.00000000000000 | -1.5931120000000

i

e —r— =l

8.90504900000000

M=3 B 0.00163052185449 | 0.01542174622418 | 0.11151991935001

B —0:0024465216312 -0.0241315485668 | -0.0611825408097

0.00122363035200 l 0.08421200000000 | 0.00963200000000

-0.0002040000000 | -0.1293190000000 | 0.00399800000000

it

T | 0.00000000000000 | .02774300000000 | -0.0571790000000

p— — ! ‘ s

T, | -0.0004750000000 | -0.1375720000000 | 0.13027200000000

‘T | 0.00007700000000 | 0.23032800000000 | -0.0800460000000 |

Sapgri=i,

Posterior surface .

parameter _
~Zo’na’i outer radial | r;(mm) | 3000 T
boundary,mm I
. —— — J - - - — —
Zonal curvature of C; 0.0636027120000
radius, 1/mm (1/mm) |
Zonal asphericity K; | 0.00000000000000 | N

M=0 N/A

— i el S e, - PRSI SS—

Notes: 1. IOL refractive index at 35%is 1.47;
| 2. IOL central thickness is 0.977 mm.
3. 1OL nominal base power = 20D

P P PRP———

—— WY i TN e r— . p——— S

R e M e e e e el g, — W
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[0053] Figures 6A and 6B illustrate the IOL performance the multi-zonal monofocal lens
shown in Table 1 in terms of the simulated modulation transfer functions as compared to both a
spherical lens and an aspheric lens (the TECNIS brand of lens). These snnulated results are
based on a 5 mm pupil diameter with no decentration (Figure 6A) and 0.5 mm decentration
(Figure 6B). Figure 6A illustrates the performance for each type of lens when the lenses are
precisely centered within the eye. In Figure 0B, the performance of each type of lens 1is
illustrated when the lens 1s decentered from the eptical axis of the eye by 0.5 mm, a condition
that is not uncommon under realistic conditions.

[0054] In comparing Fi gure 6B to Figure 6A, it can be seen that with decentration, both
the aspheric and multi-zonal monofocal designs suffer a large loss in image quality (e.g., M1F).
However, the multi-zonal loss is less compared to the aspheric design. Observe in Figure 6A
that the aspheric and multi-zonal MTFs are significantly higher compared to the standard
spherical surface design. The price paid for the significant enhancement of image quality 1s the
sensitivity to non-nominal conditions (e.g., decentration) shown in Figure 6B. Hovxiever, some
improvement in the non-nominal condition can be achieved by this novel use of zones in the
design of an improved monofocal IOL. The price paid for the reduction in non-nomunal
sensitivity is the slightly lower multi-zonal design M1¥F compared to the aspheric MTF shown 1n
Figure 6A. Never-the-less, the multi-zonal MTF remains significantly improved compared to
the 3phencal design MTF. N | | |

[0055] F1 gure 7 1llustrates the results of a Monte Carlo SJmulatlon in the form of plots of
| the average MT F perfonnance for sphencal asphenc, and multl-zonal monofocal IOLs based on
:over 100" different eyes and under varyin o conditions of corneal aberratlons IOL decentratlon
and IOL tilt. The simulation was conducted using a 5 mm nominal pupil diameter. The results
compare the average performance of the various types of lenses under simulated, real-world
conditions.

[0056] In clinical practice, many non-nominal conditions exist. These include corneas
with different aberrations, different amounts of IOL tilt and decentration, and different pupil
sizes for a nominal lighting condition. Other conditions may apply in more unique
circumstances. Randomly selected values of the above “conditions” were selected, individual

MTFs calculated, and the average MTF tabulated. In effect, this procedure simulates the general

clinical population and assesses the complex interaction of the IOL surface design and
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aberrations induced by the non-nominal conditions.

[0057] Figure 7 shows the results of such a “clinical simulation”, comparing the aspheric, |
spherical, and multi-zonal designs. Figure 7 suggests that the aspheric design will improve the
MTF at lower spatial frequencies compared to the spherical design. From the patient’s
perspective, objects will have a higher contrast and color will ap"pear richer. Figure 7 predicts
that the multi-zonal design will provide even more improvement over a wide range of spatial
frequencies. The patient should experience both improved contrast and visual acuity. The latter
is related to changes in MTF at about 100 cycles/mm. As expected, when averaged over an
entire clinical populétion; the multi-zonal design provides more improvement compared to an
aspheric design, even though the multi-zonal design is slightly lower in performance in the
nominal condition (Figure 6a).

[0058] In certain embodiments, a method of designing a multi-zonal monofocal I0OL
comprises providing an optical model of the human eye. The model may include a corona, an
iris, the IOL 60, a retina, and any liquids, substances, or additional devices between the these
components. The model may also include various system design parameters such as the spacing
between components and refractive index values.

[0059] The method further comprises providing an optical model of a lens comprising an
inner zone, an intermediate zone, an outer zone, and zonal design parameters (e.g., the IOL 60).
- The zonal design parameters for each of the zones may include, but are not hmlted to, a radius of
curvature surface polynom:lal coeffl cxents mner radlus outer radms refractlve index, and DOE -
'charactenshcs In certam embodlments the model may 1nc1ude addltlonal zones along with thelr-° |
correspondlng parameters.’ “One of the zonal desi g1l parameter may also include the humber of
zones in the lens. The mode! may comprise the zones and zonal design parameters for an
anterior surface of the lens, the posterior surface of the lens, or both surfaces of the lens.

[0060] The method further comprises adjusting the zonal design parameters based on an
image output parameter for one or more non-optimal states of the lens. Examples of non-optimal
states include, but are not limited to, JIOL decentration and tilt, and different corneal aberrations
(e.g., different corneal asphericities). Examples of image output parameter include, but are not
limited to, the Modulation Transfer Function, spot radius, and/or wavefront error. Alternatively,

a plurality of output parameters may be used for evaluation while adjusting the zonal design

parameters.
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[0061] With the IOL in a non-optimal state, zonal design parameters such as the number
of zones and zone radii may be adjusted to correct any aberrant light rays entering the system
entrance pupil. For example, in the case of IOL decentration and a three-zone lens, the first zone
radius and second zone radius are chosen such that the second zone falls within the entrance
pupil. The zonal design parameters for the zones exposed by light entering the system entrance
pupil may be adjusted to compensate for the aberrations produced by the non-optimal state.
Preferably, the zonal design parameters are adjusted until the image output parameter obtains an
optimized or threshold value.

[0062] The methcd may also include adjusting the zonal design parameters and/or the
other system desi gn parameters of the optical model based on the image output parameter for an
optimal state of the lens. Such an optimal state would preferably represent a condition in which
the IOL is centered along the optic axis of the eye and normal thereto.

[0063] The method may be realized using optical design software that is resides on a
computer or other processing device. The optical design software may be used to numerically
ray-traces various sets of light rays through optical model] and that evaluates the image formed
on the retina. Recognizing that the modeled cornea has finite aberrations, the design parameters
of the multi-zonal monofocal IOL may be adjusted to improve the quality of the image formed
on the retina in terms of the image output parameter or in terms of a plurality of image output
parameters |

[0064] The resu]ting lens from tlus des1 gn. may produce sh ghtly lower retlnal 1mage '.
quahty when’ placed in-the optlmal state as compared to the optImal dcm gn in the opt1ma1 state

However such a- non-optlmal state- design w111 still-allow ‘a lens:to be produced that prowdes e

significantly better performance than that possible using spherical optics. Thus, the non-optimal
state design provides superior performance over a greater range of non-optimal conditions as
compared to the initial optimal-design.

[0065] In certain embodiments, addxtlonal non-optimal states are used to further adjust
the de31 gn parameters in order to prowde a de31gn that is suitable of a particular condition or set
of conditions. The results using various non-optimal states may be used to provide a lens suited
for a plurality of anticipated non-optimal states of an IOL within an eye or certain population of
eyes having certain aberrations. For instance, the method may be used for testing the lens over a

plurality of corneal surface varations and dispositions of optical elements in the eye’s optical
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system using tolerance analyzing techniques. Additionally, all or part of the method may be
repeated one or more times to modify zonal parameters and achieve a better average optical
performance. Known algorithms, such as assigning weighting functions to the various non-
optimal states, may be used to provide a lens with desired characteristics.

[0066] While embodiments of the invention have been disclosed for an IOL suitable
providing enhanced performance under non-optimal conditions, such as when the IOL is
decentered from the optical axis of the eye, those skilled in the art will appreciate that
embodiments of the invention are suitable for other ocular devices such as contact lenses and
corneal implants. For instance, the method of designing a multi-zonal monofocal IOL may be
adapted for improving the performance of contact lenses, whicﬁ are known to move to
different positions during use relative to the optical axis of the eye.

[0067] While this invention has been described with respect to various specific examples
and embodiments, 1t 1s to be understood that these are merely exemplary and that the invention is

not limited thereto and that it can be variously practiced within the scope of the following claims.
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WHAT IS CLAIMED I8:

1. A multi-zonal monofocal opthalmic lens comprising:

an inner zone having a first optical power;

~an intermediate zone surrounding the inner zone and having a second optical power that

is different from the first optical power by a magnitude that is less than about 0.75
Diopter; and

an outer zone surrounding the intermediate zone and having a third optical power
different from the second optical power, wherein the monofocal ophthalmic lens i1s so
constructed that all light entering the lens zones from a distant point source substantially falls

within the range of the depth-of-focus of a spherical lens having an equivalent focal length.

2. The multi-zonal monofocal opthalmic lens of claim 1, wherein, the third optical power is equal

to the first optical power.

3. The multi-zonal monofocal opthalmic lens of claim 1, wherein the second optical power

differs from the first optical power by a magnitude that is less than or equal to about 0.65
Diopter.

4. The multi-zonal monofocal opthalmic lens of claim 1, wherein the inner zone comprises a

spherical surface and the intermediate zone comprises an aspherical surface

5. The multi-zonal monofocal opthalmic lens of claim 1, wherein the second optical power
differs from both the first and third optical powers by a magnitude that is less than or equal to
about 0.75 Diopter.

6. The multi-zonal monofocal opthalmic lens of claim 5, wherein the second optical power

differs from both the first and third optical powers by a magnitude that is less than or equal to
about 0.65 Diopter.
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7. The multi-zonal monofocal opthalmic lens of claim 5, wherein the inner zone comprises a

spherical surface and the intermediate zone comprises an aspherical surface.

8. The multi-zonal monofocal opthalmic lens of claim 7, wherein the outer zone comprises an

aspherical surface.

9. The multi-zonal monofocal opthalmic lens of claim 1, further comprising:
multiple outer zones surrounding the intermediate zone, wherein each zone in the lens has an
optical power that differs from the power of the adjacent zone(s) by a magnitude that 1s less than

or equal to about 0.75 Diopter.

10. The multi-zonal monofocal opthalmic lens of claim 1, wherein the opthalmic lens 1s an

intraocular lens and includes haptics.

11. The multi-zonal monofocal opthalmic lens of claim 1, wherein

the ophthalmic lens is an intraocular lens;

the inner, intermediate and outer optical zones are centered on the optical axis of the lens;

the inner zone overlaps the optical axis of the lens for producing an image when the

intraocular lens is centered on the optical axis of the human eye; and

the intermediate zone is concentric about the inner zone and adapted to compensate tor

optical aberrations in the image resulting from implanted intraocular lens decentration of greater

than about 0.1 mm.

12. The multi-zonal monofocal opthalmic lens of claim 11, wherein the intermediate zone

compensates for optical aberrations in the image resulting from implanted intrao cular lens

decentration of greater than about 0.4 mm.

13. The multi-zonal monofocal opthalmic lens of claim 11, wherein the intermediate zone

compensates for optical aberrations in the image resulting from implanted intraocular lens

decentration of greater than about 0.5 mm.
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14. The multi-zonal monofocal opthalmic lens of claim 11, wherein the intermediate zone also

compensates for optical aberrations in the image resulting from implanted intraocular lens tilt of

greater than about 1 degree.

15. The multi-zonal monofocal opthalmic lens of claim 11, wherein the intermediate zone also
compensates for optical aberrations in the image resulting from implanted intraocular lens tilt of

oreater than about 5 degrees.

16. The multi-zonal monofocal opthalmic lens of claim 11, wherein the intermediate zone also

compensates for optical aberrations in the image resulting from implanted intraocular lens tilt of

greater than about 10 degrees.

17. The multi-zonal monofocal opthalmic lens of claim 11, wherein the power of the
intermediate zone differs from the power of the inner zone by a magnitude that is less than or

equal to about 0.75 Diopter.

18. The multi-zonal monofocal opthalmic lens of claim 11, wherein the inner zone comprises a

spherical surface and the intermediate zone comprises an aspherical surface.

19. The multi-zonal monofocal opthalmic lens of claim 11, further comprising:
at least one other zone outside of the intermediate zone, wherein each zone in the lens has an
optical power that differs from the optical power of any other zone by a magnitude that 1s less

than or equal to about 0.75 Diopter.

20. The multi-zonal monofocal opthalmic lens of any one of claims 1 to 19, wherein there are

between 3 and 7 total zones.
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