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(57) Abstract: Systems and methods are provided for improving overall vision in patients suffering from a loss of vision in a portion
of the retina (e.g., loss of central vision) by providing a piggyback lens which in combination with the cornea and an existing lens in
the patient's eye redirects and/or focuses light incident on the eye at oblique angles onto a peripheral retinal location. The piggyback
lens can include a redirection element (e.g., a prism, a ditfractive element, or an optical component with a. decentered GRIN profile)
configured to direct incident light along a deflected optical axis and to focus an image at a location on the peripheral retina. Optical
properties of the piggyback lens can be configured to improve or reduce optical errors at the location on the peripheral retina. One or
more surfaces of the piggyback lens can be a tone surface, a higher order aspheric surface, an aspheric Zeraike surface or a Biconic
Zernike surface to reduce optical errors in an image produced at a peripheral retinal location by light incident at oblique angles. One
or more surfaces of the piggyback lens can be faceted.
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FRESNEL PIGGYBACK INTRAQCULAR LENS THAT IMPROVES OVERALL
VISION WHERE THERE IS A LOCAL LOSS OF RETINAL FUNCTION
CROSS-REFERENCE TO RELATED APPLICATIONS

(30011 This application is a continuation-in-part of U.S. Application No.
14/644,107, filed on March 10, 2015 and titled “PIGGYBACK INTRAOCULAR LENS
THAT IMPROVES OVERALL VISION WHERE THERE IS A LOCAL LOSS OF
RETINAL FUNCTION,” which claims benefit under 35 US.C. §119e) of U.S. Provisional
Application No. 61/950,757, filed on March 10, 2014, titled “INTRAOCULAR LENS THAT
IMPROVES OVERALL VISION WHERE THERE IS A LOSS OF CENTRAL VISION)”
and which also claims henefit under 35 U.S.C. §119{e) of U.S. Provisional Application No.
61/987.,647, filed on May 02, 2014, The cntire content of cach of the above identified
applications is incorporated by reference herein in its entirety for all it discloses and is made
part of this specification.

(6002} This application is also related to U.S. Application No. 14/644,082, filed
on March 10, 2015, ttled “INTRAOCULAR LENS THAT IMPROVES OVERALL
VISION WHERE THERE IS A LOCAL LOSS OF RETINAL FUNCTION,” Attorney
Docket No. AMOLNS.055A4, This application is also related to U.S. Application No.
14/644,110, filed on March 10, 20185, tiled “ENHANCED TORIC LENS THAT
IMPROVES OVERALL VISION WHERE THERE IS A LOCAL LOSS OF RETINAL
FUNCTION,” Attorney Docket No. AMOLNS.OSSA2. This application 1s also related to
U.S. Application No. 14/644 101, filed on March 10, 2015, titled “DUAL-OPTIC
INTRAOQCULAR LENS THAT IMPROVES OVERALL VISION WHERE THERE IS A
LOCAL LOSS OF RETINAL FUNCTION,” Attorney Docket No. AMOLNS.055A1. The
entire content of each of the above identified applications is incorporated by reference herein

in its entirety for all it discloses and is made part of this specification.

BACKGROUND
Ficld
[8383] This disclosure generally relates to using an intraocular lens to improve

overall vision where there is a local loss of retinal function {e.g., loss of central vision due to
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a central scotomay), and more particularly to using an intraccular lens to focus light incident at
oblique angles on the patient’s cye onto a location of the peripheral retina.

Description of Related Art

(6004 Surgery on the human cye has become commonplace in recent years.
Many paticnts pursuc ¢yc surgery to treat an adverse cye condition, such as cataract, myopia
and presbyopia. One cyc condition that can be treated surgically is age-related macular
degencration (AMD), Other retinal disorders affect younger paticnts. Examples of such
discases include Stargardt disease and Best discase.  Also, a reverse form of retinitis
pigmentosa produces an initial degradation of central vision. A paticnt with AMD suffers
from a loss of vision in the central viseal field doe to damage to the retina. Patients with
AMD rely on their peripheral vision for accomplishing daily activities. A roajor cause of
AMI} 15 retinal detachment which can occur due to accunwilation of cellular debuis between
the retina and the vascular layer of the eye (also referred to as “choroid”) or due to growth of
blood vessels from the choroid behind the retina. In one type of AMD, damage fo the macula
can be arrested with the use of medicine and/or laser treatment if detected carly, If the
degradation of the retina can be halted a sustained vision benefit can be obtained with an
0L, For patients with continued degradation in the retina a vision benefit is provided at
least for a time.

SUMMARY

[G005] The systems, methods and devices of the disclosure each have several
innovative aspects, no single one of which is solely responsible for the desirable atiributes
disclosed herein.

{306} Ophthalmic devices that magnify images on the retina can be used to
improve vision in paticnts suffering from AMD. Such ophthalmic devices can include a high
optical power loupe or a telescope.  Intraocular lenses (JOLs) that magnify images on the
retina can also be implanted to improve vision in patients suffering from AMD. Such 10Ls
are based on a telescopic effect and can magnify images between about 1.3 times and about
2.5 times, which will improve resolution at the cost of a reduced visual field. However, such
10Ls may not provide increased contrast sensitivity.

8687} Various embodiments disclosed herein inchude ophthalmic devices (such

as, for example, I0Ls, contact lenses, ¢ic.) that take into consideration the retinal structure



WO 2016/142736 PCT/IB2015/002000

and image processing capabilitics of the peripheral retina to improve vision in pationts
suffering from AMD. The ophthalmic devices described herein can be lightweight and
compact. Various embodiments of the ophthalmic devices described hercin can focus
incident light in a region around the fovea, such that a paticnt can move the eye and choosc a
direction that provides the best vision.  For patients with a developed preferred arca of the
peripheral retina, the embodiments of the ophthalmic devices desceribed herein can focus
image at the preferred arca of the peripheral retina as well as correct for optical errors
occurring in the image formed in the arca of the peripheral retina due to optical cffects such
as obligue astigmatism and coma. In some patients without a developed preferred arca of
peripheral reting, the timprovement in the peripheral vision brought about from correcting the
optical errors in the image formed at a location of the peripheral retina can help in
development of a preferred arca of the peripheral retina.

{3893 The embodiments described herein are directed to ophthalmic lenses, such
as an I0L, and a system and method relating to providing ophthalmic lenses that can improve
visual acuity and/or contrast sensitivity when there 1s a loss of central vision by focusing
incident light onto an area on the peripheral retina around the fovea or at a region of the
peripheral retina where vision 1s best. Such ophthalmic lenses can include spheric/aspheric
refractive surfaces, refractive stroctures such as prisms and diffractive structures such as
gratings to focus incident light onto a region of the peripheral retina around the fovea.

[68089] Ume aspect of the subject matter disclosed in this disclosure can be
implemented in an ophthalmic lens configured to improve vision for a patient’s eye. The
lens includes an optic with a first surface and a second surface opposite the first surface. The
optic together with a cornca and an existing iens in the patient’s eye is configured to improve
image quality of an image produced by light incident on the patient’s ¢ye in an angular range
between about 1 degree and about 50 degrees with respect to the optical axis and focused at a
peripheral retinal location disposed at a distance from the fovea. One or both of the first or
the second surface can be faceted. A curvature of the first surface and a curvature of the
sccond surface can be configured such that the optic has an optical power that is substantially
0 Diopter. For cxample, a difference in the curvatures between the first and the second
surface can be less than 10.0 mm™, such that the optical power of the optic is substantially 0

Diopter. In various implementations, the curvatures of the first and the second surface can be
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configured such that the optical power of the optic s fess than (.25 Diopter {(c.g., less than
(.2 Dropter, less than 0.1 Diopter or values there between).

(60161 The optic can be configured to improve the image quality by reducing
coma and/or oblique astigmatism at the peripheral retinal location. The optic can be
configured to improve image quality of an image produced by light incident on the patient’s
cyc in an angular range between about 5 degrees and about 30 degrees with respect to the
optical axis. Onc or both of the first or the sccond surface of the optic can be a toric surface,
an aspheric, a higher order aspheric surface, an aspheric Zernike surface or a Biconic
Zernike. In various implementations, a thickness of the optic can vary about a periphery of
the optic. The image produced by the combination of the optic, the cornea and the existing
lens can have a modulation transfer function (MTF) of at least 0.3 for a spatial frequency of
30 cycles/mm at a wavelength of about 550 nanometers for both the tangential and the
sagittal foct at the peripheral retinal location. The image produced by the optic has a
roodulation transfer function (MTF) of at least 0.5 for a spatial frequency of 100 cveles/mm
at a wavelength of about 550 nanometers for both the tangential and the sagittal foci at the
fovea.

(60111 In various implementations, a thickness of the optic along an optical axis
that intersects the first and the second surface can be between about §.1 mm and about 0.9
mm. The optic can be symmetric or asvmmetric about the optical axis. The optic can be
configured as a Fresnel lens, The optic can configured to be implanted between the iris and
the existing lens. For example, the optic can be configured to be implanted in the sulcus. In
various implementations, the cxisting fens can be configured to provide foveal vision. The
optic can include diffractive features or prismatic features.

(60124 Another aspect of the subject matter disclosed in this disclosure can be
impiemented in a method of selecting an intraocular lens (10L) configured to be implanted in
a paticnt’s ¢ye. The method compriscs obtaining at fcast one characteristic of the patient’s
cye using a diagnostic instrument; and selecting an 10L having a first surface and a second
surface opposite the first surface, wherein one or both of the first and the second surface have
an asphericity that reduccs optical crrors in an image produced at a peripheral retinal location
of the paticnt’s cye disposcd at a distance from the fovea. The image is produced by

focusing light incident on the patient’s cye in an angular range between about 1 degree and
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about 50 degrees with respect to an optical axis intersccting the patient’s cye by a
combination of the optic, an existing lens and the patient’s cornea. At least one of the first or
the second surface is faceted, and a curvature of the first surface and a curvature of the
second surface are configured such that the I0L has an optical power that is substantially 0
Diopter. In various implomentations, the curvatures of the first and the second surface can be
configurcd such that the optical power of the IOL is less than 0.25 Diopter {c.g., less than 0.2
Diopter, loss than 0.1 Diopter or valuces there between).

[6013) In various implementations of the method, the obtained characteristic can
include axial length along the optical axis of the patient’s ¢ye and corncal power. The
obtained characteristic can be selected from the group consisting of axial length along the
optical axis of the paticut’s eye, cormneal power based at least in part on measurements of
topography of the cornea, an axial length along an axis which deviates from the optical axis
and intersects the retina at the peripheral retinal location, a shape of the reting, and a
roeasurement of optical crrors at the peripheral retinal location.

(64141 One aspect of the subject matter described in this disclosure can be
implemented in an miraocular lens configured to wmprove vision for cves having no or
reduced foveal vision. The intraccular fens comprises a first zone having an optical axis
which intersects the retina of the eve at a location external to the fovea; and a second zone
having an optical axis which intersects the retina of the eye at the fovea, wherein the first
zone has a power that is greater than the second zone.

831 5] One aspect of the subject matter described in this disclosure can be
impicmented in an intraccular lens configured to improve vision where there is a loss of
retinal function {c.g., a loss of foveal vision), the intraocular lens comprising: a redirection
clement configured to redirect incident light along a deflected optical axis which interseets a
retina of a user at a preferred retinal locus. The redirection cloment comprises a surface with
a slope profile that is taitlored such that, in usc, the intraccular lens: redirects incident light
along the deflected optical axis; focuses the incident light at the preferred retinal locus; and
reduces optical wavefront crrors, whercin the slope profile is tailored to redirect and focus
the incoming rays on the preferred retinal locus. The slope profile can be tailored based at
lcast in part on a solution to an analytical cquation that is a function of a distance from the

IOL vertex to the original focus {7}, an index of refraction of the IOL (»), an index of
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refraction of the aqueous environment {#,,), an angle inside the eye to the preferred retinal
locus relative to a back vertex of the IOL (g,), a radial position of the IOL (x), and/or the
posterior radius of curvature of the YOL (#), the analytical cquation given by the following:

, wherein
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impicmentations, the slope profile can be tailored based at least in part on an analytical
solution to an cquation describing an eye of a patient. In some implementations, the slope
profile can be tailored based at least in part on simulations performed using ray tracing
techuigques. In some implementations, the slope profile can be determined analytically using
an cquation that incorporates an axial length to the preferred retinal locus, an angle of the
deflccted optical axis relative to an undcflected optical axis, and a radial position of the
preferred retinal locus. In various implementations, the slope profile can be tailored using an
tterative procedure that adjusts a portion of the slope profile to account for a thickness of the
redirection clement.

{6016} The redirection element can comprise a plurality of zones. Each zonce can
have a slope profile that is tatlored based at least in part on the solution to an equation (e.g.,
the analytical equation given above). In various implementations, a thickness of the
redirection clement can be less than or equal to 0.5 om. In various wmplementations, a
curvature of a posterior surface of the intraccular lens is configured to provide a focused
image at the fovea of the retina of the patient. In various implementations, the redirection
clement can be a scparate, additional surface on the mtragcular lens.  In some
implementations, the redirection element can be a ring structure. In some implementations,
the redirection element can cover a central portion of the intraccular lens. The central
portion can have a diameter that is greater than or equal to 1.5 mm and less than or equal to
4.5 mm. In various implementations, a posterior surface of the intraocular lens can inchide
the redirection element, and an anterior surface of the intraccular lens can include a second
redirection clement comprising a plurality of zones, cach zonc having a slope. In some

implementations, a posterior surface and/or an anterior surface of the intraccular lens can be
2
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toric, aspheric, higher order aspheric, a Zernike surface or some other complex surface. In
various implementations, the posterior surface and/or the anterior surface of the IOL can be
configured to reduce astigmatism and coma in the focused image produced at the preferred
retinal locus. In various implementations, a portion of the IOL can include the redirection
clement and another portion of the OL can be devoid of the redirection clement. In such
implementations, the portion of the I0L including the redirection element can have an optical
power that is differcnt from the portion of the IOL that is devoid of the redirection clement.

(6617} Another aspect of the subject matier described in this disclosure can be
impiemented in a method for improving vision where there is no or reduced foveal vision
using an intraocular lens and a redirection clement having a talored slope profile. The
method comprising: determining a deflecied optical axis which intersects a retina of a user at
a preferred retinal locus; caleulating a tailored slope profile for the redirection element, the
tailored slope profile comprising a plurality of slope values caleulated at a corresponding
plurality of points on a surface of the intraccular lens; determining optical aberrations at the
preferred retinal locus based at least in part on redirecting light using the redirection clement
with the tailored slope profile; adjusting the slope profile to account for a thickness of the
redirection clement; and determining whether a quality of an image produced by the
redirection ¢lement with the adjusted taitored slope profile is within a targeted range.

331 8] One aspect of the subject matter described in this disclosure can be
implemented in a method of using an intraocular lens to fmprove optical quality at a
preferred retinal locus, the method comprising: obtaining an axial length along an optical axis
from a cornea to a retina; obtaining an axial length along an axis which deviates from the
optical axis and intersects the retina at the preferred retinal locus. The method further
comprises determining a corncal power based at least in part on measurements of topography
of the cornea; estimating an axial position of the intraocular lens wherein the intraccular lens
with initial optical propertics at the estimated axial position is configured to provide a
focused image at a fovea. The method further comprises adjusting the mitial optical
propertics of the intraocular lens to provide adjusted optical properties, the adjusted optical
propertics bascd at least in part on the axial length along the optical axis, the axial length

along the deviated axis to the preferred retinal locus, and the corncal power, whercin the
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adjusted optical propertics are configured to reduce peripheral crrors at the preferred retinal
location in relation to the intraccular lens with the initial optical properties.

(8019} Another aspect of the subject matter described in this disclosure can be
implemented in an ophthalmic device configured to deflect incidenmt light away from the
fovea to a desired location of the peripheral retina. The device comprises an optical lens
including an anterior optical surface configured to reccive the incident light, a posterior
optical surface through which incident light exits the optical lens and an axis intersecting the
anterior surface and posterior surface, the optical lens being rotationally symmcetric about the
axis. The device further comprises an optical component disposed adjacent the anterior or
the posterior surface of the optical lens, the optical component having a surface with a
refractive index profile that is asymuuetric about the axis.

[602¢] One aspect of the subject matter desceribed in this disclosure can be
implemented in an ophthalmic device comprising an optical lens including an anterior optical
surface configured to receive the incident light, a posterior optical surface through which
mncident light exits the optical lens and an optical axis intersecting the anterior surface and
posterior surface. The device further comprises an optical component disposed adjacent the
anterior or the posterior surface of the optical lens, the optical component including a
diffractive clement, wherein the optical component is configured to deflect incident light
away from the fovea to a destred location of the peripheral retina.

(6021} Une aspect of the subject matter deseribed in this disclosure can be
implemented in an ophthalmic lens configured to improve vision for a patient’s eye. The
lens comprises an optic with a first surface and a sccond surface opposite the first surface.
The optic together with a cornea and an existing lens in the patient’s cyve is configured to
improve image quality of an image produced by light incident on the patient’s cye at an
oblique angle with respect to the optical axis and focused at a peripheral retinal location
disposed at a distance from the fovea. The image quality is improved by reducing oblique
astigmatism at the peripheral retinal location.

(60221 The image quality can also be improved by reducing coma at the
peripheral retinal location. The obligue angle can be between about 1 degree and about 235
degrees. The peripheral retinal location can be disposed at an cccentricity of about 1 degree

to about 25 degrees with respect to the fovea in the horizontal or the vertical plane. For
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example, the peripheral retinal location can be disposed at an cccentricity between about 7
degrees and about 13 degrees in the horizontal planc. As another example, the periphoral
retinal location can be disposed at an cccentricity between about 1 degree and about 10
degrees in the vertical plane. At least one of the surfaces of the optic can be aspheric. At
least one of the surfaces of the optic can be a toric surface, a higher order aspheric surface, an
aspheric Zernike surface or a Biconic Zernike surface. In order to limit the size of the
piggvback clemcent while maintaining large curvatures, the lenses can be configured as
Fresnel lenses that include a plurality of grooves. For example, instead of having a singular
continuous surface, one or more surfaces of the lenses can be faceted in discrete steps. An
image formed by the combination of the optic, an existing lens in the patient’s eye and the
cornea at the peripheral retinal location can have a rmodulation transfer function (MTF) of at
least 0.2 {(e.g., at least 0.3, at least 0.4, at least 0.5, at least .6, at least 0.7, at least 0.8, at least
(.9 or values there between) for a spatial frequency of 30 cycles/mm at a wavelength of
about 550 nanometer for both the tangential and the sagittal foci. An image formed by the
combination of the optic, an existing lens in the patient’s cye and the cornea at the fovea can
have a MTF of at least 0.2 (e.g., at least 0.3, at least 0.4, at least 0.5, at least 0.6, at least 0.7,
at least 0.8, at least 0.9 or values there between) for a spatial frequency of 100 cyeles/mm at a
wavelength of about 550 nanometer for both the tangential and the sagittal foci. The optic
has an optical axis that intersects the first and the second surface. A thickness of the optic
along the optical axis can be between about 8.1 mm and about 8.9 mm. In various
implementations, a thickness of the optic along its periphery {or edge thickness) can vary and
is not constant. The optic can be symmetric or asymmetric about the optical axis. The optic
can be configured to be implanted between the iris and the cxisting lens. The cxisting lens
can be configured to provide good image quality at the fovea,

{3623] In various implementations, both the surfaces of the optic can be concave
or convex. In some implementations, onc surface can be convex and the other can be
concave. In some implementations, one surface can be convex or concave and the other can
be planar. In various implementations, the optic can include diffractive features, prismatic
features, echelletes, ote.

8024} Another aspect of the subject matter described in this disclosure can be

implemented in a method of designing an optic configured to be implanted in a patient’s cyc.
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The method comprises determining a surface profile of a first surface of the optic and
determining a surface profile of a sccond surtace of the optic. The first and second surfaces
of the optic can be configured such that the optic has an optical power that reduces optical
crrors in an image produccd at a peripheral retinal location disposed at a distance from the
fovea. The tmage can be produced by focusing light incident on the patient’s cye at an
oblique angle with respect to an optical axis intersccting the patient’s ¢ye at the periphoral
retinal location by a combination of the optic, an existing lens and a paticnt’s cornea.

[6025] The optical power of the optic that reduces optical crrors at the peripheral
retinal location can be obtained from a measurcmcent of an axial length along an axis which
deviates from the optical axis and mtersects the retina at the peripheral retinal location. In
some implementations, the optical power of the optic that reduces optical errors at the
peripheral retinal location can be obtained from an estimate of an axial length along an axis
which deviates from the optical axis and intersccts the retina at the peripheral retinal location,
the cstimate based on measured ocular characieristics of the patient obtained using a
diagnostic instrument. The measured ocular characteristics can include axial length along the
optical axis, corneal power based at least i part on measurements of topography of the
cornea, pre-operative refractive power and other parameters. The image produced at the
peripheral retinal location can have reduced peripheral astigmatism and/or coma.

[8426] Another aspect of the subject matter disclosed herein can be implemented
in a method of sclecting an intraocutiar lens (1OL). The method comprises obtaining at least
one characteristic of the patient’s eye using a diagnostic instrument; and selecting an IOL
having an optical power that reduces optical errors in an image produced at a peripheral
retinal location of the patient’s eve disposed at a distance from the fovea. The image is
produced by focusing light incident on the patient’s oye at an obligue angle with respect to an
optical axis intersocting the patient’s cye at the peripheral retinal location by a combination
of the optic, an cxisting lens and the patient’s cornea. The optical power of the IOL is
calculated and/or optimized bascd on the obtained characteristic.  The image can have
reduced coma and/or astigmatism. The oblique angle can be between about 1 degree and
about 25 degrees. The IOL can be configured such that the image has a modulation transfer
function (MTF) of at lcast (.2 for a spatial frequency of 30 cycles/mm for both tangential and

sagitial foet.
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(60271 The obtained characteristic can include at least one of axial length along
the optical axis of the patient’s cye, corncal power based at least in part on measurcments of
topography of the cornea, an axial length along an axis which deviates from the optical axis
and intersccts the retina at the peripheral retinal location, a shape of the rotina or a
measurement of optical crrors at the peripheral retinal location. In some implementations,
the optical power can be obtained from an cstimate of an axial length along an axis which
deviates from the optical axis and intersects the retina at the peripheral retinal location. The
cstimate can be based on the axial length along the optical axis of the patient’s eye and
corncal power.

[3028] At least one of the surfaces of the first viewing element or the second
viewing clement can be a toric surface, an aspheric surface, a higher order aspheric surface,
an aspheric Zernike surface, or a Biconic Zernike surface. In various implementations, the
first viewing element of the sccond viewing element can be configured as a Fresnel lens. In
such implementations, one or both surfaces of the first or the sccond viewing clement can be
lincar, spherical, toric, aspheric or a Zernike surface and can inchude a plurality of grooves to
form a faccted sorface. The spacing and the depth of the plurality of grooves can bhe
configured such that that cither (i) the height of the facets does not exceed a threshold and the
height of the facets 1s reset to zero if the height exceeds the threshold, or b) the height of the
facets is reset to zero at certain intervals. At least one of the surfaces of the first viewing
clement or the second viewing clement can include a redirecting element. The redirecting
clement can have a tailored slope profile as discussed herein. The redirecting element can
include a diffractive feature and/or a prismatic feature.

166291 Various implementations disclosed hercin are directed towards an
intraocuiar device {c.g, an intraocular lens, an ophthalmic solution, a laser ablation pattern,
ctc.} that improves visual acuity and contrast sensitivity for paticnts with central visual field
loss, taking into account visual ficld, distortion or magnification of the image. The device
can be configured to improve visual acuity and contrast sensitivity for patients with AMD
through correction of the optical crrors for the still healthy retina that the patient uses for
viewing. The device can be configured to correct peripheral errors of the retina with or
without providing added magnification. The device can be configured to correct peripheral

crrors of the retina cither without ficld loss or in combination with magnification. The device
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can be configured to include a near vision zone. The device can be configured to include
multipic optical zones with add power. In various implementations, wherein the device is
configured to focus light incident n a large patch including a plurality of angles of incidence
is focused in a relatively small arca of the reting such that the image has sufficient contrast
sensitivity. In various implementations, light incident from a plurality of angles of incidence
arc focused by the device as an cxiended horizontal reading zonc above or below the fovea.
In various implementations, light incident from a plurality of angles of incidence are focused
by the device in an arca surrounding the fovea and cxtending upto the full extent of the
peripheral visual ficld, In various implementations, the device is configured to provide
sufficient contrast sensitivity for light focused at the fovea for patients with carly stages of
macular degeneration.

[6834¢] Vartous implementations of the device can include a redivection element
that is configured to redirect incident light towards a peripheral retinal location. Various
implementations of the device can include symumetric lenses surfaces with aspheric surfaces,
Various implementations of the device can include asymuuetric lenses surfaces with aspheric
surfaces. Various implementations of the device can inclade asymunetric/symmetric lenses
surfaces with aspheric surfaces having curvatures such that when implanted in the eve a
distance between the anterior surface of the lens and the puptl is between 2 mm and about 4
mm and the image formed at a peripheral retinal location at an eccentricity between 7 — 13
degrees has an average MTF greater than 0.2 for a spatial frequency of about 30 cycles/mm.
The aspheric surfaces in various implementations the device can include higher order
aspheric terms.  In various implementations, the device can include a symmetric optical
clement with a first surface and a second surface intersected by an optical axis. The
thickness of the device along the optical axis can vary between 0.5 mm and about 2.0 mm.
The first and the second surfaces can be aspheric. In various implementations, the aspheric
surfaces can include higher order aspheric terms.

(30311 In various implomentations, the device can be configured as a piggyback
lens that can be provided in addition to an existing lens that is configured to provide good
foveal vision. The piggyback lens can be symmetric or asymmetric. The piggyback lens can
be configured to be implanted in the sulcus or in the capsular bag in front of the existing lens.

In various implementations, the piggyback lens can be configured as a Fresnel lens having a
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first surface and a sccond surface opposite the first surface. In such implementations, at least
one of the first or the second surface can include a plurality of grooves. In implementations
of a piggvback lens configured as a Fresnel lens, the first and/or the sccond surface can be
lincar, spherical, aspheric, higher order aspherie, toric or a Zernike surface. Piggyhack lenses
configured as Fresnel lenses as described herein can advantageously provide the bencfits of
lenses with higher curvature in a lens which has a thickness less than 1.5 mm. For cxampile,
a thickness of piggyback lenses configured as Fresnel lenses can be between about 0.2 mm
and about 1.0 mm, between about .3 mm and about 0.9 mm, between about 0.4 mm and
about 0.8 mm, between about 0.5 mm and sbout 8.7 mun or values there between.

(6032} In vartous implementations, the piggyback lens can be configured to
correct optical errors {c.g., optical errors resulting from oblique incidence of light) at a
peripheral  retinal location and provide no refractive power comrection. In such
implementations, substantially all the refractive power correction is provided by the existing
lens {e.g., natural leos or the intraccular lens) in the eve. Stated another way, the piggvback
lens can have zero (0) refractive optical power and be configured to correct optical errors
{c.g., higher order optical errors such as, for example, coma, astigmatism, defocus, ete.) at
the peripheral retinal location.  As discussed above, some of the optical errors at the
peripheral retinal location can result from oblique incidence of light on the comea and/or the
piggvback lens. Accordingly, various implementations of piggyback lenses described herein
can be different from conventional piggvback lenses that are configured to provide refractive
power correction.

68033} Vartous implementations of the piggyback lenses described herein {c.g.,
asymmetric piggyback lens, symmetric piggyback lens, symmetric Fresnel piggyback lens,
etc.} that are configured to provide little to no refractive optical power can have surfaces with
radins of curvature that s zero (0} or close to zero (0. Alternately, implementations of the
piggvback lenses described herein {e.g., asymmetric piggyback lens, symmetric piggyback
lens, symmetric Fresnel piggyback lens, ctc.} that are configured to provide little to no
refractive optical power can have surfaces whose curvatures are configured to provide
substantially no optical power. For example, the curvatures of the first and/or the second
surface can be configured such that the optical power of the piggyback lens is less than 0.25

Diopters {e.g., less than 0.2 Diopters, less than 0.1 Diopters or valucs there between), A
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piggvback lens having a first surface with a first curvature and a sccond surface with a
second curvature can provide zero {0} or substantially zero {() optical power if the first and
the sccond curvature arc identical or if a difference between the first and the sccond
curvature is small,  Accordingly, various implementations of piggyback lenses discussed
herein can be configured such that a difference between the curvature of the first surface and
the curvature of the second surface is less than 10.0 mm™! (c.g., less than 5.0 mm™, less than
1.0 mm’, less than 0.5 mm ', loss than 0.2 rom’™, less than 0.1 mm”, less than 0.01 mm™, less
than 0.001 mum or values there between) such that the piggyback lens has substantially no
optical power {c.g., less than (.25 Diopter, less than 0.2 Diopter, less than 0.1 Diopter or
values there between).  Additionally, the first and the second surface can have high
asphericity to correct optical errors at the peripheral retinal location.

[6034] In various implementations, the device can be configured as a dual optic
intraocular lens having a first lens and a second lens. One or both surfaces of the first and the
second lens can be agpheric. In various implementations, one or both surfaces of the first and
the second lens can include higher order aspheric terms. In various implementations of the
dual optic intraocular lens, the optic proximal to the closer to the cornea can have a high
positive power and can be configured to be moved either axially in response to ocular forces
to provide accommodation. In various implementations of the device described herein, the
refractive power provided by optic can be changed in response to ocular forces. The change
in the refractive power can be brought about through axial movement or change in the shape
of the optic. Various implementations of the device described herein can inclade a gradient
index fons. One or more surfaces of the optics included in various implementations of the
device described herein can be diffractive to provide near vision. The optical zones of
various mmplementations of the device described herein can be split for different retinal
eccentricities.

[6035] Another aspect of the subject matter disclosed herein includes a power
calculation diagnostic procedure that measures corncal fopography, cye length, retinal
curvature, peripheral cye length, pupil position, capsular position, or any combination thereot
in order to determine characteristic of the intraccular lens device that improves visual acuity

and contrast sensitivity for paticnts with central visual ficld loss.
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10836] Implementations of intraocuiar devices described hercin can include one
or more optics with a large optical zone. The implementations of intraccular deviees
described hercin are configured to focus obliquely incident light in a location of the
peripheral reting at an eccentricity between about 5 — 25 degrees (e.g., eccentricity of 10
degrees, eccentricity of 15 degrees, cccentricity of 20 degrees, ete.). For patient with a well-
developed preforred retinal location (PRL), various implementations of the intrascular device
can be configured to focus incident light at the PRL. For patients without a well-developed
PRL, the implementations of mtraoccular device described herein can help in the formation of
the PRL.

6037} This disclosure also counternplates the wuse of diagnostic devices to
determine a region of the peripheral retina which provides the best vision, determining the
power of the intraocular device at various locations within the region of the peripheral retina
and determining an intraocular device that would correct optical ervors inchuding defocus,
astigmatism, coma, spherical aberration, chromatic aberration (longitudinal and fransverse) at
the region of the peripheral retina.  When determining the intraocular device that would
correct optical errors at the region of the peripheral retina, different figures of merit can be
used to characterize the optical performance of different configurations of the intraocular
device and the intraccular device that provides the best performance can be selected. The
different figures of merit can include MTF at spatial frequencies appropriate for the retinal
areas, weighting of retinal areas, neural weighting, and weighting of near vision function.

{3638 The methods and systems disclosed herein can also be used to customize
IOLs based on the geometry of a patient’s retina, the extent of retinal degeneration and the
geometry and condition of other structures in the patient’s cye. Various embodiments
described hercin can also treat other conditions of the cyve such as cataract and correct for
presbyopia, myopia and/or astigmatism in addition to improving visual acuity and/or contrast
sensitivity of peripheral vision.

[B8839] The methods and systems described herein to focus incident light at a
region of the peripheral retina around the fovea can also be applied to spectacle lenses,
contact lonses, or ablation patterns for laser surgeries {e.g., LASIK procedures).

[8040] Details of onc or more implementations of the subject matter described in

this specification arc sct forth in the accompanying drawings and the description below,
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Cther features, aspects, and advantages will become apparent from the description, the
drawings, and the claims. Note that the relative dimensions of the following figures may not

be drawn to scale,

BRIEF DESCRIPTION OF THE DRAWINGS

(0041} Example implementations disclosed herein  are  illustrated in the
accompanying schematic drawings, which are for iltustrative purposcs only.

[6042] FIG. 1 is a diagram itlustrating the relevant structures and distances of the
human eve.

[3043] FIG. 2 illustrates different regions of the retina around the fovea.

844 FIG. 3A = 3D dlustrate simplated vision with a central scotoma along with
ophthalmic device embodiments. A ray diagram lies to the right of cach simulation,

30451 FIG. 44 is a diagram of an eyc implanted with an intraccular lens that
deflects incident light to a preferred retinal location (PRL). FIG. 4B illustrates an image
obtained by a PRL diagnostic device.

{6046} FIG. 5A illustrates an implementation of a symmetric piggyback lens that
can be placed in addition to an existing lens in the eye of a patient suffering from AMD.
FIG. SB tllustrates an implementation of an asyvmmetric piggvback lens that can be placed in
addition to an existing lens in the eye of a patient suffering from AMD.

(6047} FIG. SC-1 dlustrates the surface profile of an implementation of the
piggvback lens having a first surface sag. FIG. 53C-2 illustrates the surface profile of an
implementation of the piggyback lens having a sccond surface sag.

[3048] FIG. 3D shows a cross-section view of an cye with a central scotoma at
the fovea and implanted with an implementation of an optic. FIG. 5D-1 and FIG. 5D-2
ithustrate regions of peripheral retina where the optic can improve image quality. FIG. 5E
graphically illustrates the wvariation in image quality versus eccentricity for an
impiementation of an optic configured to improve image quality at a peripheral retinal
location and an optic configured to improve image quality at the fovea.

[3349] FIG. 6A illustrates a computer simulation model of an asymumetric optic
that s configured as a piggyvback lens that is optically coupled with an cxisting lens in the

cye of a patient.
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(08506 FIG. 6B-1 shows the modulation transfer function for an IOL that provides
good foveal vision at an eccentricity of 10 degrees. FIG. 6B-2 shows the modulation transfer
function provided by the asymmetric optic in conjunction with the cxisting lens and cornca at
an eccentricity of 10 degrecs.

(6051 FIGS. TA-1 - TA-6 illustrate implementations of a surface having the same
curvature and different height difference between a center of the surface and the edges of the
surface.

[6052] FIG. 7B-1 illustrates a computer simulation model of a Fresnel piggvback
lens that is optically coupled with an cxisting lens in the cye of a patient. FIG. 7B-2
ithustrates an imoplementation of the Fresnel piggyback lens.

(60531 FIG. 7C-1 shows the modulation transfer function provided by the Fresnel
piggvback lens in conjunction with an existing lens and cornea at an cccentricity of 10
degrees. FIG. 7C-2 shows the modulation transfer function provided by a piggyvback lens
including a syrametric non-Fresnel optic in corgunction with an existing lens and cornea at an
eccentricity of 10 degrees. FIG. 7D shows the modalation transfer function at an eccentricity
of 10 degrees provided by a symmetric Fresnel piggyback lens in conjunction with cornea
and an existing lens that is pushed back toward the retina by about 2.0 mm during the
implantation of the piggvback lens.

[8054] FIG. 8 illustrates a block diagram of an example 10L design system for
determining propertics of an intraocular lens configured to improve overall vision where
there is a loss of central vision.

6055} F1G. 9 iHustrates parameters used to determine an optical power of an I0L
based at fcast in part on a location of a PRL in a patient.

16056} FIG. 10A and FIG. 10B ilustrate implementations of a method for
determining an optical power of an I0OL tatiored to improve peripheral vision.

(60571 Like reference numbers and designations in the various drawings indicate

{ike elements.

DETAILED DESCRIPTION
8058 It s to be understood that the figures and descriptions have been

simplificd to tllustrate clements that arc relevant for a clear understanding of embodiments
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described herein, while eliminating, for the purposc of clarity, many other elements found in
typical lenses, lens systems and lens design methods. Those of ordinary skill in the arts can
recognize that other clements and/or steps are desirable and may be used in implementing the
embodiments described herein.

8059 The terms “power” or “optical power” arc uscd hercin to indicate the
ability of a lens, an optic, an optical surface, or at least a portion of an optical surface, to

tocus incident light for the purpose of forming a real or virtual focal point. Optical power
may rosult from refiection, refraction, diffraction, or some combination thereof and is
generally cxpressed in units of Diopters. One of ordinary skill in the art will appreciate that
the optical power of a surface, lens, or optic s generally equal to the refractive index of the
medium (n) of the medium that swrrounds the surface, lens, or optic divided by the focal
length of the surface, lens, or optic, when the focal length is expressed in units of meters.

30601 The angular ranges that are provided for eccentricity of the peripheral
retinal location in this disclosure refer to the visual field angle 1o object space between an
object with a corresponding retinal image oun the fovea and an object with a corresponding
retinal image on a peripberal retinal location,

(88611 FIG. 1 s a schematic drawing of a human eye 200. Light ¢nters the ¢ye
from the left of FIG. 1, and passes through the cornea 210, the anterior ¢hamber 220, a pupil
defined by the iris 230, and enters lens 240, After passing through the lens 244, Light passes
through the vitreous chamber 250, and strikes the retina, which detects the light and converts
it to a signal transmitted through the optic nerve to the brain {not shown}. The cye 200 is
intersected by an optical axis 2803, The optical axis 280 can correspond to an imaginary line
passing through the midpoint of the visual ficld to the fovea 260. The visual ficld can refer
to the arca that is visible to the eye in a given position. The corneca 210 has corneal thickness
{CT), which is the distance between the anterior and posterior surfaces of the center of the
cornca 210. The corneal center of curvature 275 can coincide with geometric conter of the

ye 200, The anterior chamber 220 has an anterior chamber depth (ACD), which is the
distance between the posterior surface of the cornea 210 and the anterior surface of the lens
240, The lens 240 has lens thickness (LT} which is the distance between the anterior and
posterior surfaces of the lens 240, The eye has an axial length (AXL} which is the distance

between the center of the anterior surface of the cornea 210 and the fovea 260 of the retina,
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where the image is focused. The LT and AXL vary in cyes with normal accommodation
depending on whether the cye is focused on near or far objects.

(60621 The anterior chamber 220 is filled with aqueous humor, and optically
communicates through the lens 240 with the vitreous chamber 250, The vitreous chamber
250 1s filled with vitrcous humor and occupies the largest volume in the cye. The average
adult cye has an ACD of about 3.15 mm, although the ACD typically shallows by about 0.01
mm per year. Further, the ACD is dependent on the accommodative state of the lens, e,
whether the lens 240 is focusing on an object that is near or far,

{60631 FIG. 2 illustrates different regions of the retina around the fovea 260, The
retina includes a macular region 207, The macular region 207 has two areas: central and
peripheral. Light focused on the central arca contributes to central vision and light focused
on the peripheral area confribuics to peripheral vision. The central region is used fo view
objects with higher visual acuity, and the peripheral region is used for viewing large objects
and for capturing information about objects and activities in the periphery, which are useful
for activitics involving motion and detection.

[6064] The macular region 207 1s approximately 5.5 yom in diaroeter. The center
of the macular region 207 s approximately 3.5 mm lateral to the edge of the optic dise 205
and approximately 1 mm inferior to the center of the optic dise 205, The shallow depression
in the center of the macula region 207 is the fovea 260G, The fovea 260 has a horizontal
dimension {(diameter} of approximately 1.5 mm. The curved wall of the depression gradually
siopes to the floor which is referred to as the foveola 262, The diameter of the foveola 262 is
approximately 0.35 mm. The annular zone surrounding the fovea 260 can be divided into an
inner parafoveal area 264 and an outer perifoveal arca 266, The width of the parafoveal arca
264 is 0.5 mm and of the perifoveal arca 266 is 1.5 mm.

[365] For the gencral population incident light is focused on the fovea 260.
Howgver, in patients suffering from AMD, a scotoma develops in the foveal region which
lcads to a loss in central vision. Such patients rely on the region of the peripheral retina
around the fovea {e¢.g., the macular region 207} to view objects. For cxample, paticnts with
AMD can focus incident light on the PRL either by using a magnifying lens that enlarges the
image formed on the retina such that a portion of the image overlaps with a portion of the

seripheral retina around the fovea or by rotating the eve or the head, thus using eccentric
- ~ 9
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fixation such that light from the object is incident on the ¢ve {c.g. at the cornea) at oblique
angles and focused on a portion of the peripheral retina arcund the fovea. The visnal
outcome for paticnts suffering from AMD can be improved if optical cerrors resulting from
oblique incidence of light or coma arc corrected. In some AMD paticunts, a portion of the
peripheral retina around the fovea may have has greater visual acuity and contrast sensitivity
compared to other portions of the peripheral retina.  This portion is referred to as the
preferred retinal ocation (PRL). The visual outcome for such patients may be improved if
incident light were focused at the PRL and the ophthalmic solutions corrected for optical
crrors at the PRL. This is cxplained in detail below.

[6066] Congider a patient suffering frorn AMD who desires fo view a smart phone
at a normal distance (23 om simulated here). Tn such a patient, the scotoma will block out the
view as seen in FIG. 3A. One solution to improve the visual outcome is to bring the object
of interest closer to the eye. Thus requires a magnifyving glass to place the object optically at
infinity. FIG, 3B illustrates the simulated view of a smart phone viewed with the aid of a
magnitying glass by a patient with a contral scotoma, The effect of the magnifying glass is to
reduce the object distance and cularge the size of the image formed on the retina such that i
overlaps with a portion of the peripheral retina around the fovea. For the purpose of
sirmtlations, it is assumed that the magnifyving glass is used and hence the phone is assumed
to be at a distance of 7.5 ¢cm. If the patient has cataract in addition to AMD and is implanted
with a standard 10L, the peripheral errors will increase. FIG. 3C shows the simulated view
of a smart phone viewed by a patient implanted with a standard IOL and who also suffers
from AMD. A comparison of FIG. 3B and 3C illustrates that the smart phone screen appears
more blurry when viewed by a patient implanted with a standard IOL due to the increase in
peripheral errors.

166671 Another sohition to improve visual outcome 18 to utilize eccentric fixation
to focus light from a visual interest on to a portion of the peripheral retina. FIG. 3D
ithustrates a simulated view of a smart phone viewed using cccentric fixation to focus light
from the smart phone screen o a position on the peripheral retina located about 12.5 degrees
away from the fovea. Since, the image formed at the position on the peripheral retina is
formed by light that is obliquely incident on the cye, optical errors arising from the oblique

incidence of light may degrade the visual guality. Accordingly, ophthalmic solutions that
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can correct optical errors arising from oblique incidence of light may benefit AMD paticnts
who rely on eccentric fixation to view objects.

[8068] As discussed above, some patients may have a well-developed PRL and
may prefer focusing incident light on the PRL. Such patients can bencfit from an IOL that
can focus light at the PRL instead of the fovea. FIG. 4A is a diagram of the cyc 200
implanted with an 10L 295 that deflects incident light away from the fovea 260 to the PRL
290. For most patients, the PRL 290 s at a distance less than or cqual to about 3.0 mm from
the fovea 260, Accordingly, the IOL 295 can be configured to deflect incident hight by an
angle between about 3.0 degrees and up to about 30 degrees such that it s focused at a
preferred location within a region at a distance of about 3.0 nun around the fovea 260, The
0L 295 can be customized for a patient by determuning the PRL {for cach patient and then
configuring the I0L 295 to deflect incident light sach that it is focused at the PRL. The
method to find the PRL of any patient is based on Perimetry, One perimetry method to
locate the PRL 18 Goldmann Pernimetry, The perimetry method to locate the PRL includes
measuring the visual field of a patient. For example, the patient can be asked to fixaic on a
cross and flashes of lights are presented at various parts in the ficld and the responses are
recorded. From the recorded responses, a map of how sensitive the peripheral retina is can
be created. The patient can be trained to consistently use the healthy and more sensitive
portions of the retina. The perimetry method can be further enhanced by microperimetry, as
used by e.g. the Macular Integrity Assessment {MAJA) device, where the retina is tracked in
order to place the stimmili consistently and eye movement are accounted for.

(60691 The PRL can also be located subjectively, by asking the patient to fixate as
they want into an OCT-SLO instrument. The instrument can obtain one or more images of
the retina and determing which portions of retina are used more than the other. One method
of determining the portions of retina that are used more includes imposing the parts of
fixation onto an image of the retina. The OCT-SILO instrument can also be used to obtain
normal images of the retina. FIG. 4B illustrates an image obtained using the perimetry
method and the fixation method. FIG. 4B shows a photograph of the retina with a central
scotoma 415, The red-vellow-orange dots in the region marked 405 are the results of the
perimetry. Perimetry results indicate that spots closer to the scotoma 415 perform worse that

spots farther away from the scotoma 415, The many small teal dots in the region marked 410
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are the fixation points, and the lighter teal point 420 is the average of the dots in the region
410, Based on the measurements, the PRL can be located at cither point 420 or one somge of
the vellow points 4253 — 425d.  Accordingly, an IOL 295 can be configured to focus an
image at one of the points 420 or 425a — 425d. The determination of the PRL for a patient
having both cataract and AMD can be made by methods other than the methods described
above.

(8476} Since, AMD patients rely on their peripheral vision to view objects, their
quality of vision can be improved if optical errors in the peripheral vision are identifiecd and
corrected.  Optical power calculation for an IOL configured for foveal vision is based on
measuring eye length and corneal power. However, power calculation for an IOL that
focases objects in an area around a peripheral retinal location offset from the fovea can
depend on the curvature of the retina as well as the oblique astigmatism and coma that is
associated with the oblique incidence of hight in addition to the eye length and the comeal
power.  Optical power caleslation for an IOL that focuses objects in an arca around a
peripheral retinal location can also depend on the position of the 10L with respect to the wr1s
and an axial length along an axis which deviates from the optical axis and intersects the
retina at the peripheral retinal focation

(8071} Methods that are used by an optometrist to measure optical power for
spectacle lenses or contact lenses for non AMD patients with good foveal vision may not be
practical for measuring optical power for ophthalmic solutions (e.g., IOL, spectacie lenses,
contact lenses)y for peripheral vision.  Optometnists use various machines such as
autorefractors, as well as a method called subjective refraction wherein the patient reads lines
on the wall chart. The response is then used to gauge which trial lenses to put in, and the
lenses that give the best results are used. However, such a method is not practical to
determine which ophthalmic solution is best for a patient with AMD who relics on peripheral
vision to view objects since, the performance estimates arc rendered unrcliable by the
phenomenon of aliasing {a phenomenon which makes striped shirts look wavy on some
television sets with poor resolution), the difficulty of fixation and general fatigue associated
with oricnting the head/cye to focus objects on the peripheral retina.  Instead, the mcethods
used to cvaluate the optical power of ophthalmic solutions for AMD patients rely on

peripheral wavefront sensors to cstimate peripheral optical crrors.  Peripheral wavefront
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sensors illuminate a small patch of the PRL using lasers and cvaluate how the light reflected
and coming out of the ¢ve is shaped through an array of micro-lenses. For example, if the
light coming out of the cye is converging, the paticnt 18 myopic at the PRE.

16672) In various patients suffering from AMD as well as cataract, the natoral
lens 240 can be removed and replaced with the 10L 295, or implanted in the eye 200 in
addition to another 10L placed previously or at the same time as the I0L 295, In some
paticnts suffering from AMD, the 10OL 295 can be implanted in the cye 200 in addition to the
natural lens 240, In FIG. 4A, the IOL 295 is implanted in the capsular bag. Where possibie,
the TOL 295 is placed as closc to the retina as possible. However, in other implementations,
the 101, 295 can be imoplanted within the capsular bag in front of another TOL or in front of
the capsular bag. For exarople, the IOL 295 can be configured as an ins, sulcus or anterior
chamber implant or a corneal implant. By selecting an IOL 295 with appropriate refractive
propertics, the image quality at the PRL can be improved.

[6073] The visual outcome at a peripheral retinal location is poor as compared to
the foveal visual due to a decreased density of ganglion cells at the peripheral retinal location
and/or optical errors and artifacts that arise due to oblique incidence of light {e.g., oblique
astigmatism and coma). Pationts with AMD can receive substantial improvement in thewr
vision when optical errors at the peripheral retinal location are corrected. Many of the
existing embodiments of IOLs that are configured to improve foveal visual outcome for a
patient are not configured to correct for optical aberrations {¢.g., coma, oblique astigmatism,
ete.y in the image generated at the peripheral retinal location,

(6674} it is envisioned that the sohations described herein can be applied to any
cccentricity. For example, in some patients, a location that is disposed at a small angle from
the fovea can be used as the PRL while in some other patients, a location that is disposed at
an angle of about 30 degrees from the fovea can be used as the PRL.

(6075} Various embodiments of the 10Ls disclosed herein are configured to focus
light at a location on the peripheral retina to produce good quality images, for example,
images produced at the location on the peripheral retina can have a quality that is
substantially similar to the quality of images produced at the fovea. The images produced at
the location on the peripheral retina by the I0Ls disclosed herein can have reduced artifacts

from optical effects such as oblique astigmatism, coma or other higher order aberrations.
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Cther embodiments are based on the fact that the location on the peripheral retina is not used
in the same way as the fovea. For example, it may be harder to maintain fixation on the PRL,
so it may be advantageous to increase the arca of the retina where incident light is focused by
the IOL in order to have sufficient visual acuity cven when fixation is not maintained and/or
when the eve 18 moved lincarly as in during rcading. As such, the retinal arca of interest can
cover arcas where the refraction differs substantially duc to differences eo.g. in retinal
curvaturce and obliquc astigmatism. Various embodiments of {OLs described hercin can be
used to dircct and/or focus hight entering the cye along different directions at differeont
locations of the retina. Simulation results and ray diagrams are used to describe the image
forming capabilitics of the embodirnents described herein,

(6076} As used herein, an 0L refers to an optical component that s implanted
into the eve of a patient. The IOL comprises an optic, or clear portion, for focusing light, and
may also include one or more haptics that are attached to the optic and serve to position the
optic in the eye between the pupil and the retina along an optical axis.  In various
implementations, the haptic can couple the optic to zonular fibers of the eve. The optic has
an anterior surface and a posterior surface, cach of which can have a particular shape that
contributes to the refractive properties of the IOL. The optic can be characterized by a shape
factor that depends on the radius of curvature of the anterior and posterior surfaces and the
refractive index of the material of the optic. The optic can inclade cvlindrical, aspheric,
toric, or surfaces with a slope profile configured to redivect light away from the optical axis
and/or a tight focus.

Piggvback IOL to Generate an Image at a location of the peripheral retina for AMD Patients

(077} Many patients with AMD can be treated with a piggyback solution in
which a piggyback I0L is placed in addition to an cxisting lens. Some reasons for
considering a piggyback solution are as follows: (i} for some patients with AMD, a cataract
surgery using a standard YOL can itself bring substantial benefits. It is therefore possible that
an cye care professional (¢.g., a surgeon) would want to first try a standard IOL that provides
good foveal correction for a patient with AMD, and then consider providing additional
corrcction with a piggyback lens if the visual outcome provided by the standard I0OL of the is
not satisfactory; (i1} while comorbidity of AMD and cataract is relatively common, a large

group of patients can develop AMD long after cataract surgery. A standard 10L that

34



WO 2016/142736 PCT/IB2015/002000

provides good foveal vision may be alrcady implanted in such patient’s ¢ye. Such patients
may bencfit from being implanted with an additional piggyback lens that improves the visual
outcome at onc or more locations of the peripheral retina; (iit) the number of stock keeping
units of piggyback lenscs can be smaller since the power range provided by piggyback lenses
is smaller than for primary IOL tmplantation. For example, piggyback lenses have optical
power between about -5 Diopters to about 5 Diopter while a primary IOL can have optical
power between 5 — 34 Diopters.

[6078] As discussed above, the quality of an image gencrated by light that is
incident obliguely on the cve of the paticnt and focused at a peripheral location on the retina
can be mmproved by providing a piggyvback lens in addition to an existing lens in the cve.
The existing lens can be an I0L {e.g., standard 10L) that provides good foveal vision and/or
the natural Iens. The piggyback lens can be placed between the pupil and the existing lens.
For example, the piggyback lens can be fitted onto an existing 0L, inserted 1nto the capsular
bag of the eyve of the patient in front of an existing IOL and/or the natural lens, or inserted
between the ins and the capsular bag o the sulcos.  In various implementations, the
piggyback lens can be configured as a multifocal lens with different optical zones providing
different add power. In various implementations, the piggvback lens can include filters
and/or coatings to absorb short wavelengths that can damage the retina further,

[8479] The implementations of piggyvback lenses described in this disclosure
inclnde an optic that can correct either lower order errors {e.g. sphere and cvlinder), higher
order aberrations (e.g., coma, trefoil) or both resulting from the oblique incidence of light in
the image formed at a location of the peripheral retina. The implementations of piggyback
lenses described in this disclosure can also configured to correct for peripheral astigmatism
arising from the oblique incidence of light in the image formed at a location of the peripheral
retina. The optic included in the implementations of piggyback lens described herein has a
first surface facing the cornea and a second surface opposite the first surface and facing the
retina. The optic is associated with an optical axis that passes through the geometrical conter
of the optic and joins the centers of curvature of the first and sccond surfaces. Various
implementations of the piggyback lenses described herein can inclode optics that are
symmetric sbout the optical axis such that the image quality in a region around the optical

axis is uniform. However, in some implementations of the piggyback lenses described herein
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can include optics that are asymmetric about the optical axis such that the image quality in a
particular focation with respect to the optical axis is better than the image quality at a
different location.

[3080] The first and/or the second surface can be spheric, aspheric, biconic,
conic, toric, cte. The first and/or the sccond surface can be described mathematically by a
polynomial function in either Cartesian or polar coordinates. For cxample, the first and/or
the sccond surface can be mathematically described by a polynomial function represented by
equation {1} below:
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where z is the sag of the surface, ¢ is the curvature of the surface, » the radial distance from
the optical axis 515, k& the conic constant, ¢ the aspheric coefficients, 4 are the Zernike
cocfficients and 72 are the Zernike polynomials. The fifth and sixth Zernike coefficient 4s
and Ag correspond to the astigmatic terms and the seventh and cighth Zernike cocfficients 45
and 4¢ order correspond to the coma term.  In various implementations, the first and/or
sccond surface can be described by aspheric coefficients including upto cighth order aspheric
cocfficients. In some implementations, the first and/or sccond surface can be described by
aspheric cocfficients including aspheric cocfficients with order less than cight (c.g., 2, 4, or
6. In somc implementations, the first and/or second surface can be described by aspheric
coctficients including aspheric cocfficients with order greater than cight {c.g., 10, 12 or 14}
Alternatively, the first and/or second surface can be described by up to 34 Zernike
polynomial cocfficients. In some implementations, the first and/or second surface can be
described by less than 34 Zernike coefficients. In some nmplementations, the first and/or
second surface can be described by more than 34 Zemike coctlicients. Additionally, the first
and or second surface can be described as a combination of these aspheric and Zermike
coctficients. Lenses inclading aspheric surfaces and other complex surfaces are also
described 1o U.S. Application No. 14/644,082, filed on March 10, 2015, ttled
“INTRAOCULAR LENS THAT IMPROVES OVERALL VISION WHERE THERE IS A
LOCAL LOSS OF RETINAL FUNCTION,” Attorney Docket No. AMOLNS.055A4, which
is incorporated by refercnce herein in iis entirety.  Additional implementations of dual optic

lenses are also described in U.S. Application No. 14/644,101, filed on March 10, 2813, titied
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“DUAL-OPTIC INTRAOCULAR LENS THAT IMPROVES OVERALL VISION WHERE
THERE IS A LOCAL LOSS OF RETINAL FUNCTION,” Attorney Docket No.
AMOLNS.055A1, which is incorporated by reference herein in its entirety.

(6081 In various implementations, the first and the sccond surface of the
piggvback lens can be configured such that the piggyback lens is a meniscus shaped lens
with cdges bent towards the cxisting lens {c.g., standard IOL or the natural lens). For
cxample, the first and the second surface of can be configurcd such that the surfacc of the
piggyback lens adjacent the cxisting lens (e.g., standard IOL or the natural lens) is convex.
In some implementations, the surface of the optic of the piggyback lens adjacent the existing
lens {e¢.g., standard IOL or the natural lens) can have a shape and size identical to the
corresponding surface of the existing lens. The thickness along the optical axis for various
implementations of the optic of the piggvback lenses disclosed herein can be less than 1.0
nun. For example, the thickness of the optic along the optical axis can vary between about
0.25 oun and about 8.4 mm, about 8.3 mm and sbout 8.5 mm, about 8.4 vum and about 0.6
mn, about 0.5 nun and about 0.7 mum, about 0.6 o and about 0.8 nun, about 0.7 mum and
about 0.9 num, shout 0.9 mm and about 1.0 mm, or values thercbetween. In various
implementations, the thickness along the periphery or the edge of the optic can be non-
uniform.

[3882] The characteristic of the first and second surface of the optic, the thickness
of the optic, cte. can be designed such that the piggyback lens in conjunction with the cormnea
and the existing lens {e.g., natural fens or standard IOL) can focus light incident on the eve
{(c.g., at the cornca} at oblique angles {(¢.g., between about -25 degree and about +25 degrees
with respect to the optical axis of the cye) at a location on the peripheral retina around the
fovea. For example, the piggyvback ens in conjunction with the cornea and the existing lens
can be configured to focus obliguely incident light of a large patch around a location on the
peripheral retina.  Without any loss of generality, a large patch configuration refers o
configuration when the isoplantic patch is large. In other words, there are a large range of
angles {patch) of incidence that are focused at corresponding retinal locations in a small arca
such that any individual point of the image is sharply focused. As another example, various
impicmentations of the piggyback lenses can be configured such that in conjunction with an

existing lens and the cornca, obliquely incident light is focused in an arca that is disposed
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within a cone having a semi angle of about 3 — 6 degrees about a location of the peripheral
retina.  As discussed above, the piggvback lens can be configured to provide optical
refractive power between about -5.0 Diopter and +5.0 Diopter. In some implementations, the
piggyback lens can be configured as a multifocus lens capable of providing add power in the
range of 0.5 — 3.0 Diopter. In various implementations, the piggyback lens in combination
with the cxisting lens can be configured to correct for corncal astigmatism. In various
impicmentations, the piggyback lens can be configured to provide astigmatic power between
0.5 Diopter and about 6.0 Dipoters.

{60831 FIGS. 5A and 5B illustrate different implemcentations of an optic that is
included in a piggyback lens. The wmplementation of optic 500a illustrated in FIG. SA is
symmetric about the optical axis 515, while the implementation of the optic 500b iHlustrated
in FIG. 5B is asymmetric about the optical axis 515, The thickness of the optic 500a
tustrated in FIG. 5A along the periphery can be uniform or constant. In contfrast, the
thickness of the optic 300b illustrated in FI1G. 5B along the periphery can be non-uniform or
not constant.  As discussed above, piggyback lenses including optics 500a and S500b are
configured to be inserted between the pupiViris of the paticnt and an existing lens {e.g., a
natural lens or a standard 101}, For example, the piggyback lenses can be implanted in the
capsular bag or the sulcus of the patient’s eve. Accordingly, the thickness of the optics 500a
and 500b is less than 1.0 mm and preferably between about 8.25 mun and about 8.5 mm {(e.g.,
0.3 mm, .35 mm, 0.4 mm, cte.). The piggyback lenses can be implanted in the patient’s eye
such that the optical axis 313 of the optic 580a or 500b is coincident with the optical axis 280
of the patient’s eye. The piggyback lenses 500a and 500b can be implanted in the patient’s
cye such that the optical axis 515 of the optic 500a or 500b is offset and/or tilted with respect
to the optical axis 280 of the patient’s cye.

13084] The optic 500a and 500b have a first convex surface 505 and a second
convex surface S10 opposite the first surface 505, Accordingly, the implementations of the
piggvback lenses including optics S00a or 500b can be referred to as a meniscus lens.
Although in the illustrated implementations, the first surface 505 and the second surface 510
are convex, in other implementations, the first and/or second surface 505 and 510 can he
planar or concave. In various implementations, the optics 500a/500b can be configured as a

reversed meniscus, a biconvex lens or a biconcave lens. The shape and curvature of the first
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and/or second surface 505 and 5190 can be sclected based on the patient’s visual requirements
as well the patient’s ocular characteristics and the optical and physical characteristics of the
cxisting lens.

[6085] In varicus implementations, the optics 500a and 500b can be configured
such that the refractive properties of optics 500a and 500b can be changed in responsc to the
cyc’s natural process of accommodation. For cxample, the optics 500a and 500b can
comprisc a deformable material that can compress or cxpand in response to ocular forces
applied by the capsular bag and/or the ciliary muscles. For example, the optics 500a and
500b can be configured to change their shape in responsce to ocular forces in the range
between about 1 gram to about 10 grams, 5 to 10 grams, 1 to 5 grams, about T to 3 grars or
vahies therebetween, In various wmplementations, the optics 5002 and 500b can comprise
materials such as acrylic, silicone, polymethylmethacrylate (PMMA), block copolyvmers of
styrene-cthylene-butvlene~-styrene (C-FLEX) or other styrene-base copolymers, polyvinyl
alcohol (PVA), polystvrenes, polyurcthanes, hydrogels, ete. The optics 5300a and 500b can
comprise structures and materials that are described in ULS. Publication No, 2013/0013060
which is incorporated by reference herein in its entirety.

[8486] Although not illustrated, the piggvback lenses S00a and 500b can be
provided with a haptic that holds the piggvback lens in place when implanted in the eve. The
haptic can comprise a biccompatible material that is suitable to engage the capsular bag of
the eye, the iris 238, the sulcus and/or the ciliary muscles of the eye. For example, the haptic
can comprise materials such as acrylic, silicone, polvmethyvimethacrvlate (PMMA), block
copolymers  of  styrene-cthylene-butylene-styrene  {C-FLEX) or other  styrene-base
copolymers, polyvinyl alcohol {PVA), polystyrene, polyurcthancs, hvdrogels, ctc. In various
impiementations, the haptic can include a one or more arms that arc coupled to the optics
500a/500b. For example, the haptic can be configured to have a structure similar to the
structure of the biasing clements disclosed in 1S, Publication No. 2013/0013060 which is
incorporated by reference herein in its entirety. o various implementations, the haptic can
include one or more arms that protrude into the optic 500a/500b. In various
implementations, the haptic can be configured to move the optic 500a/500b along the optical
axis of the cye in response to ocular forces applied by the capsular bag and/or the ciliary

muscles.  For cxample, the haptic can include onc or morc hinges to facilitate axial
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movement of the optic.  As another example, the haptic can include springs or be configured
to be spring-like to offect movement of the optic 580a/500b. In this manner, the distance
between the piggyback lens and the existing lens (c.g., natural lens or a standard 10L) can be
varied in response to ocular forces to provide vision over a wide range of distances. A
piggvback lens that is configured to change the axial position of the optic and/or shape and
sizc of the optic in response to ocular forces applicd by the capsular bag and/or ciliary
muscles can be referred to as an accommodating lens.

[6087] FIGS, 5C-1 and 5C-2 illustrate the surface profiles in one of the meridians
of the asymmetric optic 500b that can be included in an implementation of a piggyback lens.
Without any loss of gencrality, the first surface 505 of the optic 300b illustrated i FIG. 5B
can have a profile as shown in FIG. 5C-1 and the second surface 510 can have a profile as
shown in FIG. 5C-2. The first and the second surfaces 505 and 510 can be mathematically
deseribed by a polynonual equation similar to eqoation (1) above. The surface sag of the
first surface 505 and the second surface 510 can be varied by selecting different values of the
curvature, conic constant, and other parameters. In various implementations, the surfaces can
be described by other polynonual equations different from equation (1),

{388} As discussed herein, the optic 300a/500b is configured such that when
optically coupled with the cornea and an existing lens in the patient’s eye {¢.g., a natural lens
or a standard IOL) light incident on the eye {¢.g., at the comea) at oblique angles to the
optical axis 280 of the ¢ye 18 focused on a location of the peripheral retina away from the
fovea. The light can be incident in the vertical ficld of view or the horizontal ficld of view.
For cxampile, the piggyback lens in conjunction with the corneca and an existing lens can be
configured to focus light incident at oblique angles between about 5 degrees and about 30

degrees with respect to the optical axis 280 of the eye, between about 10 degrees and about

b2

5 degrees with respect to the optical axis 280 of the cye, between about 15 degrees and
about 20 degrees with respect to the optical axis 280 of the eye, or there between at a location
on the peripheral retina away from the fovea.

(6089} The optic 500a/500b can also be configured such that when optically
coupled with the cornea and an existing lens in the patient’s cye {c.g., a natural lens or a
standard TOL) light incident on the eye {c.g.. at the cornca) along a direction parallel to the

optical axis 1s focused on the fovea for those patients with carly AMD who still have some

-30-



WO 2016/142736 PCT/IB2015/002000

foveal vision. For example, some patients may have parts of the fovea covered by a scotoma
instead of a central scotoma. Such paticnts may have some residual foveal vision and can
benefit from incident light being focused at the fovea by the combination of the piggyback
lens and the cxiting lens. Additionally, the piggvback lens and/or the cxisting lens in the
patient’s cye can also be configured to accommodate to focus objects located at different
distances on to the rotina {c.g., at a location on the periphery of the retina and/or the fovea) in
response to ocular forces exerted by the capsular bag and/or ciliary muscles.

3G90 As discussed above, the implementations of the optic 500a/500b described
herein can be configured to correct lower order errors {e.g. sphere and cylinder), higher order
aberrations {¢.g., coma, trefoil) or both resulting from the oblique incidence of hight in the
image formed at a location of the peripheral retina, The optic 500a/500b can also configured
to correct for peripheral astigmatism arising from the oblique incidence of light in the image
formed at a location of the peripheral retina. The characteristic of the surfaces 535 and/or
510 of the optic 500a/500b, the thickness of the optic 500a/500b, the distance between the
optic 500a/500b and the cornea, the distance between the optic 500a/500b and the existing
lens, cte. can be designed such that the piggyback lens including the optic 500a/500b in
combination with the cornea and the existing lens can focus light incident on the eye at a
plurality of oblique angles (c.g., between about -25 degree and about +25 degrees with
respect to the optical axis 280 of the eye) in an area around a location on the peripheral retina
spaced away from the fovea with sufficient visual contrast. This is explained in forther detail
below with respect to FIG. SD.

160911 FIG. 5D shows a cross-section view of an eve with a central scotoma at
the fovea 260 and implanted with a piggyback fens including an optic S00 similar to optic
500a illastrated in FIG. 5A or optic 500b illustrated in FIG. SB. The cxisting lens and the
cornca are not illustrated. Light from an object is incident in a range of oblique angles
between 8; and 8, with respect to the optical axis 280 and is focused by the combination of
the optic 500, the existing lens and the cornea tn an arca 325 disposed arcund a location 520
on the peripheral retina disposed away from the fovea 260. For most patients 8; can be
between | degree and 5 degrees and 8, can be between 10 degrees and 35 degrees. The
location 520 can be located at a distance v from the fovea 260 along a direction that makes an

anglc 8; with respect to a tangential line 530 intersecting the retina at the fovea 260 and lying
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in the vertical plane. Although, not shown in FIG. 5D, the location 520 can be located at a
distance r from the fovea 260 along a dircction that makes an angle 8; with respect to a
tangential line (not shown) intersecting the retina at the fovea 264 and lying in the horizontal
plane. The angles 8; and 84 can have a vahie greater than or equal to 0 degrees and less than
30 degrees. The distance r can have a valoe between about 0.5 mun and about 4 mun,

(80921 The area 525 can be described as the region between a first region which
is the base of a cone having a semi angle of €; degrees with respect to the optical axis 20
and a sccond region which is the base of a cone having a semi angle of about 8, degrees with
respect to the optical axis 280, Accordingly, the angular width of the arca 525 is given by (8,
- 81}, For most patients, the angular width of the arca 525 can be between about 5 degrees
and about 30 degrees. Without any loss of generality, the arca 525 can include locations that
are within about 2 — 5 nun from the fovea 260. The area 525 can have an angular extent A8y,
in the horizontal plane and an angular extent ABy, in the vertical plane. In various
implementations, the angular extent ABy, can be zero or substantially small such that the arca
525 is a horizontal line above or below the fovea 260, Alternately, the angular extent AByy,
can be zero or substantially small such that the arca 525 is a vertical line to the left or the
right of the fovea 260. In some embodiments, the angular extent A8y, and the angular extent
A8y, can be equal such that the area 525 is circular, In some other implantations, the angular
extent Ay, and the angular extent A8y, can be unequal such that the area 525 is elliptical. In
various implementations, the angular extont ABy, and the angular extent A8y, have values
such that the area 525 ncludes the fovea 260. However, in other implementations, the
angular extent Al and the angular extent A8y, can have values such that the area 525 does
not include the fovea 260

[6693] As discussed herein, the piggyback lens can be symmetric such that the
image guality in an annolar region around the fovea is uniform. Suoch a lens system can be
used by patients who do not have a well-developed PRL and who can orient thewr eyes and/or
heads to select the posifion that affords the best visual quality. The anoular region can be
between a first region and a second region. The first region can be the base of a cone having
a seoti angle of 8y degrees with respect to the optical axis 280 and the second region can he

the basc of a cone having a semi angle of about 8, degrees with respect to the optical axis
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280, Accordingly, the angular width of the annular region is given by (8, - 8;). For most
patients §; can be between 3 degrees and 3 degrees and 8, can be between 20 degrees and 35
degrees.  Accordingly, for most patients, the angular width of the annular region can be
between about 10 degrees and about 30 degrees. Without any loss of generality, the annular
region can include locations that are within about 3 — 5 mm from the fovea. Alternately, the
piggvback lens can be asymueiric such that the image quality 15 optimized for a cerfain
location of the peripheral retina {c.g., the PRL). Such an IOL system can be used by paticuts
who do have a well-developed PRL. The PRL can be Jocated within an avoular region
around the fovea having an angular width between about 10 — 30 degrees. The PRL can be
located at a distance between about 3 — 5 mum from the fovea. The PRL can be deternuned
using the methods discussed above with reference to Figure 4B.

833941 Generally, patients with AMD experience greater improvement in thetr
vision when refractive grrors arising from the oblique astigmatism and coma are corrected for
image formed at a location in the peripheral retina than patients without AMD at similar
retinal eccentricities. Accordingly, the piggyback lens is configured such that the refractive
crrors duc to relative peripheral defocus, oblique astigmatism and coma in an image
produced at a location of the peripheral retina by the combination of the piggyback lens and
the cxisting lens are reduced. Additionally, the piggvback lens can also be configured to
provide good visual guality at the fovea in conjunction with the cxisting lens for those
patients who have carly stage AMD. In contrast to optics and 10Ls that arc configured to
improve image quality at the fovea, the piggyback lens including the optic 500a4/500b in
combination with the existing lens and the cornea is configured to improve image quality ina
region of the peripheral retina that is offset from the fovea, For example, the piggyback lens
including the optic 5004/500b in combination with the existing lens and the cornca can be
configured to improve image quality in an anmular zone surrounding the fovea 260 as shown
in FIG. 5D-1. The annular zone can include an arca 545 between an inner periphery 535
surrounding the fovea and an outer periphery 540 surrounding the fovea 260, The inner
periphery 335 can include retinal locations at an eccentricity between about 1 degree and
about 10 degrees. Without any loss of generality, as used herein, the term eccentricity refers
to the angle between a normal to the retina at the location of miterest and the optical axis of

the eve which intersects the retina at the fovea. Accordingly, the fovea is considered to have
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an eccentricity of about ¢ degrees. The outer periphery 540 can include retinal locations at
an cceentricity between about 3 degrees and about 25 degrees. Although in FIG. 5D-1 the
piggvback lens including the optic 5003/500b in combination with the cxisting lens and the
cornca is not configured to improve image quality in the foveal region, in various
impicmentations, the arca 545 in which the piggyback lens including the optic 500a/500b in
combination with the existing lens and the cornea is configured to improve image quality can
extend to the foveal region and include the fovea 260 for patient who have residual foveal
vision. In such implementations, the piggvback lens including the optic 500a/500b in
combination with the cxisting lens and the cornea can be configured to provide good image
quality at the fovea as well as at peripheral retinal locations at an eccentricity between about
| degree and about 25 degrees. In variouns implermentations, the region 545 can be symuuetric
about the fovea 260. In some implementations, a projection of the region 545 on a plane
tangential to the retina at the fovea 260 can be circalar, oval or any other shape.

[6095] As another example, the piggyback lens including the optic 500a/500b in
combination with the existing lens and the comea can be configured to tmprove image
quality in a region 548 suwrrounding a preferred retinal location {e.g., location 520 as shown in
FIG. 5D offset from the fovea as shown in FIG. 5D-2. The preferred retinal location can be
located at an cccentricity between about 1 degree and about 25 degrees. The region 548
surrounding the preferred retinal location 520 can include retinal locations at an eccentricity
between about | degree and about 25 degrees.

[8396] The tmage quality at the region of the peripheral retina can be improved
by optimizing the image guality produced by the piggyback lens including the optic
500a/500b in combination with the existing lens and the cornea such that optical errors (c.g.,
peripheral astigmatism, coma, trefoil, etc.) are reduced at the peripheral retinal region. For
example, the tmage quality at the peripheral retinal region can be incrcased by correcting
optical errors at the peripheral retinal region, correcting for corncal astigmatism at the
peripheral retinal region, reducing optical crrors resulting from oblique astigmatism at the
peripheral retinal region, reducing coma at the peripheral retinal region and/or reducing other
higher order aberrations at the peripheral retinal region.

(60971 The improvement in the tmage guality at the peripheral retinal region

provided by the system including the optic 500a/500b, the existing lens in the patient’s ¢ye
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and the patient’s cornea can be measured using different figures of merit discussed below.
One figure of merit that can be used to measured image quality is the modulus of optical
transfer function {MTF) at onc or more spatial frequencies at one or more wavelengths which
provides a measure of contrast sensitivity or sharpness. The MTF for the system inchuding
the optic 500a/500b, the cxisting lens in the patient’s ¢yc and the paticnt’s cornca is
calculated for both sagitial rays and tangential rays originating from an object disposed with
respect to the intersection of the optic and the optical axis of the eye. Accordingly, two MTF
curves are calculated one for sagitial rays and the other for tangential rays. For an image to
have good guality and sufficicnt contrast sensitivity, the MTF for both the tangential rays and
the sagittal rays should be above a threshold, The MTF s calculated for various offtaxis
positions of the object represented by coordinates along the x~direction and the y-direction in
a Cartesian coordinate system in which the point of intersection of the optic and the optical
axis of the eye is disposed at the onigin of the Cartesian coordinate system and the optical
axis is along the z-direction. In various implementations, the point of intersection of the
optic and the optical axis of the eve can coincide with the geometric of the optic and/or the
geometric center of a surface of the optic.

33981 The MTF of the system inchuding the optic 500a/500b, the existing lens in
the patient’s cye and the patient’s cornea refers to how much of the contrast ratio in the
object is preserved when the object 18 imaged by the optic. A MTF of 1.0 indicates that the
optic does not degrade the contrast ratio of the object and MTF of 0 indicates that the
contrast ratio is degraded such that adjacent lines in the object cannot be resolved when the
object is imaged by the optic. Accordingly, the MTF is a measure of contrast sensitivity or
sharpness. Another figure of merit can include average MTF for a range of retinal locations
and cccentricitics, cither close to a single PRL or for multiple PRLs for the patient, and with
spatial frequencics chosen to match the retinal sampling. Other figures of merit can include
arca under the MTF curve for different spatial frequencies, average MTF for a range of
spatial frequencies or combinations of the figures of merit listed here.

60991 An optic {¢.g., the optic 500a/500b) that is configured to improve image
quality in the peripheral retinal region can provide a MTF greater than a threshold value
(MTFyug) at one or more spatial frequencies for an image produced at the desired peripheral

retinal region. Similarly, an optic that is configured to improve image quality in the foveal
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region can provide a MTF greater than a threshold value (MTFrugr) at one or more spatial
frequencices for an image produced at the foveal region. The threshold value (MTF ) can
be subjective and be determined based on the patient’s needs and ophthalmic condition. For
example, some patients may be satisfied with an image quality having a MTF greater than
0.1 for spatial frequencics between 10 cyeles/mm and 50 cveles/mm. Some other patients
may desirc a MTF greater than 0.5 for spatial freguencics between 1 cyele/mm and 100
cycles/mm. Accordingly, the threshold MTF value (MTFpyr) can vary depending on the lens
design and the patient’s nceds.  The increase in MTF value can be corrclated with an
improvement in the patient’s ability to rcad various lines in an ¢ye chart. For example,
without any loss of generality, an increase in MTF from 0.7 to 8.8 can correspond to about
15% contrast sensitivity improveroent, or | line of visual acuity (VA), Simularly, an increase
in MTF from 0.7 t0 0.9 can correspond to about 30% increase in contrast sensitivity or 2
lines VA.

(6100} FIG. 5E which shows the variation in image quality versus cccentricity for
an implementation of an optic configured to improve image quality at a peripheral retinal
region and an optic configured to improve image quality at the fovea region. Curve 550
shows the variation of MTF versus eccentricity for an optic configured to improve tmage
quality at a peripheral retinal region while carve 5355 shows the variation of MTF versus
eccentricity for an optic configured to improve image quality at the foveal region. As shown
in FIG. 5E the optic configured to improve image quality at a peripheral retinal region
provides a MTF greater than a threshold value (MTFrr) at one or more spatial frequencics
at an cccentricity between 1 degree and 25 degrees and -1 degree and -25 degrees such that
an tmage produced in the peripheral retinal region at an eccentricity between 1 degree and 25
degrees and -1 degree and -25 degrees has sufficient contrast sensitivity, In various
impicmentations, the optic may be configured to improve image quality at a peripheral retinal
region at the expense of foveal vision. For ¢xample, the optic configured to improve image
quality at a peripheral retinal region may provide a MTF less than the threshold value
(MTFgr) in the foveal region {c.g., at an eccentricity between -1 degree and 1 degree). In
contrast, an optic configured to improve foveal vision will provide an MTF greater than the
threshold value (MTFpgg) for an image produced in the foveal region. In some

implementations, the optic configured to improve image quality at a peripheral retinal region
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may also be configured to provide a MTF value greater than the threshold value (MTFrug) at
the foveal region as shown by curve 560.

(61014 One way to configure the piggyback lens including an optic similar to
optic 500a/500b to rcduce optical crrors at a peripheral retinal region when combined with
the cornea and an cxisting lens is to determine the surface profiles of the first surface 505 and
the second surface 510 that reduce optical errors due to obligue astigmatism and coma at the
peripheral retinal region when light incident on the cye obliquely with respect to the optical
axis 280 is focused by the combination of the cornea, piggyback lens and the existing lens at
the peripheral retinal region. Using a lens designing system various surface characteristics of
the first and/or second surface 505 and 510 of the optic 500a/500b can be determuned that
redoce refractive errors at a peripheral location of the retina.  The various surface
characteristics can inclade curvatures, surface sags, radios of corvatures, conic constant, axial
thickness, arca of the optical zone, diffractive features, echelletes and/or prismatic features
provided with the optic, cte. In various implementations, a portion of the first surface 505
and/or the second surface 510 can inclode redirecting clements similar to the prismatic
features and/or diffractive features described in ULS. Provisional Application No. 61/950,757,
filed on March 18, 2014, titled “INTRAOCULAR LENS THAT IMPROVES OVERALL
VISION WHERE THERE IS A LOSS OF CENTRAL VISION,” which is incorporated by
reference herein in its entirety. The redirecting elements can be configured to redirect light
incident on the ¢ve along the optical axis and/or at an angle to the optical axis to one or more
locations on the retina.

10192} The surface characteristics can be determined using an eye model that is
based on average population statistics. Alternately, the surface characteristics can be
determined by using an eye model that is specific to cach patient and constructed using a
patient’s individual ocular characteristics. Some of the ocular characteristics that can be
taken into consideration when determining the characteristics of the surfaces of the optics
500a/500b can inclade corneal radius of curvature and asphericity, axial length, retinal
curvatures, anterior chamber depth, expected lens position, location of image on the
peripheral reting, size of the scotoma, optical and physical characteristics of the cxisting lens,
peripheral aberrations, cte.  Depending on the patient’s needs, the first and/or the sccond

surface 505, 510 of the optic 500a/500b can be symumetric or asymmetric and/or inchude
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higher (e.g., second, fourth, sixth, cighth) order aspheric terms. For example, the first and/or
the second surface 585, 510 of the optic 500a/500b can be described by a Zernike polynomial
having cighth order Zernike cocfficient. The first and/or second surface 505, 510 of the optic
500a/500b can be parabolic, clliptical, a Zernike surface, an aspheric Zernike surface, g torie
surface, a biconic Zernike surface, cic.

[0103] FIG. 6A illustrates a computer simulation model of an asymmeiric optic
605 that is included in a piggyback lens optically coupled with an existing lens 610 in the eye
of a paticnt. The optic 605 can be an asymumetric optic simtlar to the optic 500b illustrated in
FIG. 5B. The optic 605 has two complex surface 605a and 605b. The surfaces 605z and
605h can be compound Zemike surfaces, higher order aspheric surfaces, toric surfaces, ete.
In various implementations, the surfaces 605a and 605b can have a surface profile in one of
the meridians similar to the surface profile shown in FIGS. 5C-1 and 5C-2. For the purpose
of simulation, the existing lens 6190 is considered to be a standard 20.0 Diopter Teenis 101,

[6164] For the purpose of the simulation, the existing lens 6180 is considered to
provide full foveal vision. The patient 18 considered to have developed AMD after the
existing lens 610 was implanted and has developed a preferved retinal locus {(PRL) at an
eccentricity of 10 degrees from the fovea.

(6105} FIG. 6B-1 illustrates the modulus of the optical transfer function (MTF) at
an cccentricity of 18 degrees for different spatial frequencies between § cyeles/mm and 30
cyeles/mm at a wavelength of about 350 nm. The MTF i3 calculated (or simulated} for light
incident in the tangential plane as well as the sagittal plane. The MTF can be calculated {or
simulated) using an optical simmilation program such as, for cxample, OSLO, ZEMAX,
CODE V, cte. As observed from FIG. 6B-1, the MTF at the PRE is less than 0.4 for a spatial
frequency of 30 cycles/mm for tangential focus, while the modulus of the OTF is less than
(1.9 for a spatial frequency of 30 cycles/mm for sagittal focus. The pationt can benefit from
increase in the modulus of OTF for at least the tangential focus., FIG. 6B-2 illustrates the
MTF at the PRL for different spatial frequencies between ¢ cycles/mm and 30 cyveles/mm at
a wavelength of about 550 nm when the additional asymmetric optic 605 is provided. From
FIG. 6B-2, it is noted that the MTF for both tangential and sagittal foci is greater than 0.9 for
spatial frequency of 30 cycles/mm. Accordingly, addition of the optic 635 can mmprove the

image guality {(c.g., contrast ratio of the image) at the PRL. In various implementations,
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piggvback lenses can be configured to provide a MTF at a spatial frequency of 30 cycles/mm
of at lcast 0.5, For example, piggyback lenses can be configured to provide a MTF greater
than 0.5, greater than 0.6, greater than 0.7, greater than 0.8 and greater than 0.9at a spatial
frequency of 30 cycles/mm at onc or more wavcelengths in the visible spectral region for
cocentricitics between about 7 degrees and 13 degrees from the fovea.

[6166] The piggyback lens can be configured to provide one of distance vision,
near vision, or intermediate distance vision, distance vision and near vision, distance vision
and intermediate distance vision, near vision and intermediate distance vision or all
Although, the piggyback lens in the above discussion was configured to increase the modulus
of the optical transfer function at a particular spatial frequency, in other implementations, the
piggvback lens can be configured to increase other figures of merit, such as, for example,
arca under the MTF curve for different spatial frequencies, average MTF for a range of
spatial frequencies, average MTF for a range of retinal locations and eccentricities, cither
close to a single PRL or for multiple PRLs for the patient, and with spatial frequencies
chosen to match the retinal sampling, or combinations of figures of merit listed here. For
example, an implementation of a piggyback lens configured for reading can be configured to
increase the average MTF for a range of spatial frequencies and locations from 4,41 to 8.81.

(6107} It is concetved that the implementations of piggyback lenses that are
configured to improve image quality at a peripheral retinal location in combination with an
existing fens by correcting optical errors arising from oblique incidence of light {e.g., obligue
astigmatism and coma) can improve the MTF by at least 5% {e.g., at least 10% umprovement,
at least 15% improvement, at least 20% improvement, at least 30% improvement, cte.} at a
spatial frequency of 30 cycles/mm at one or more wavelengths in the visible spectral region
for both tangential and sagittal foci at a peripheral retinal location at an eccentricity between
about 1 degrec and about 25 degrees with respect to the fovea as compared to the MTF ata
spatial frequency of 30 cyveles/mm provided by an 10L that is configured to improve image
quality at the fovea at the same peripheral retinal location.

(6108} It is conceived that the implementations of piggyback lenses that are
configurcd to improve image guality at a peripheral retinal location in combination with an
cxisting lens by correcting optical crrors arising from oblique incidence of light {e.g., oblique

astigmatism and coma) can provide a MTF greater than 0.2 at a spatial frequency of 30
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cveles/mm for both tangential and sagittal foci, greater than 0.3 at a spatial frequency of 30
cycles/mm for both tangential and sagittal foci, greater than 0.4 at a spatial frequency of 30
cycles/mum for both tangential and sagittal foct, greater than 0.5 at a spatial frequency of 30

cycles/mm for both tangential and sagittal foci, greater than 0.6 at a spatial frequency of 30

9

cycles/mum for both tangential and sagittal foct, greater than 0.7 at a spatial frequency of 30
cycles/mm for both tangential and sagittal foci, greater than 0.8 at a spatial frequency of 30
cycles/mm for both tangential and sagittal foci or greater than 0.9 at a spatial frequency of 30
cycles/mm for both tangential and sagittal foci at a peripheral retinal location between about
1 degree and about 25 degrees with respect to the fovea.

(6109} The optic 500a/500b can have a clear aperture.  As used herein, the term
"clear aperture” means the opening of a lens or optic that restricts the extent of a bundle of
light rays from a distant source that can imaged or focused by the lens or optic. The clear
aperture can be circular and specified by its diameter. Thus, the clear aperture represents the
full extent of the lens or optic usable for forming the conjugate image of an object or for
focusing hight from a distant point source o a single focus or fo a plurality of predetermined
foct, in the case of a multifocal optic or lens. It will be appreciated that the term clear
aperture does not limit the transmittance of the lens or optic to be at or near 100%, but also
inclndes lenses or optics having a lower transmittance at particular wavelengths or bands of
wavelengths at or near the visible range of the clectromagnetic radiation spectrom. In some
embodiments, the clear aperture has the same or substantially the same diameter as the first
or second viewing clement. Alternatively, the diameter of the clear apertare may be smaller
than the diameter of the first or sccond viewing clement. In various implementations of the
piggvback lenses system described herein the clear aperture of the optic 500a/500b can have
a dimension between about 3.0 mm and about 7.0 mm. For example, the clear aperture of the
optic  500a/500b can be circular having a diamcter of abouwt 5.0 mm in various
implementations of the piggyback lenses.

6116} The optic 500a/500b can include prismatic, diffractive clements, cchelletes
or optical clements with a gradient refractive index (GRIN) profile to provide a larger depth
of ficld or ncar vision capability. The optic 500a/500b can include one or more apertures in

addition to the clear aperture to further enhance peripheral image quality.
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FRESNEL PIGGYBACK LENS

LIS Y In various implementations, the piggyback lens can be configured as
Fresnel piggyback lens in which onc or both of the surfaces (e.g., an anterior surface of the
optic 500a/500b) include a plurality of grooves to form a faccted surface. In contrast to the
asymmetric piggyback lens discussed above, the implementations of a Fresnel piggyback
lens described hercin can be configured as a symumctric piggyback lens that can increase
visual guality for light incident at any angle within the ficld of view. For example,
implementations of g Fresnel piggyback lens described herein can be configured to increase
visual quality for light incident at any angle between 5 degrees and 30 degrees with respect to
the optical axis 280. This can be attributed to the mechanisms for correcting peripheral
aberrations which are discussed below.

(6112} Symmetric optics and IOLs rely on the interaction between shape factor,
spherical aberration and puptl shift distance (corresponding to the distance from the vertex of
the optic to the pupil) to correct for optical errors. The maximum curvatare and shape factor
of non-Fresnel piggyback lenses that are configured to correct optical errors are restricted by
the available space between the pupil and the existing I0L. It the available space between
the pupil and the existing IOL is small, then the curvature and the shape factor of the non-
Fresnel piggvback lens cannot exceed beyond a certain threshold without increasing the
thickness. However, increasing the thickness can increase the risk of causing damage to the
existing OL or other structures in the eye. A Fresnel piggyvback lens can advantageously
achieve high curvatures and shape factors that are useful to correct optical errors for light
incident in a wide range of angles at small thicknes This is explained in further detail by
the cxamples below.

(6113} Consider a meniscus shaped lens with high spherical aberration {(and
accompanying higher order asphericity terms that can compensate on-axis spherical
aberration) that is placed far from the pupil. Such a lens can provide peripheral optical error
correction while maintaining visual quality at the fovea. If this meniscus lens is configured
as a symmetric piggyback lens and is placed in the sulcus to correet peripheral optical crrors,
the distance from the pupil to the symmetric piggyback lens can be small.  Additionally,
since the symmetric piggyback lens is configured to be an add-on to an cxisting 0L or the

natural lens, the curvature and the thickness of the lens is limited to the space available

41



WO 2016/142736 PCT/IB2015/002000

between the pupil and the existing IOL or the natural lens. In various implementations, a
distance between the pupil and the edges of the existing IOL or the natural lens can be less
than 1.0 mm (e.g., around 0.7 mm). As a rcsult the amount of optical error correction
provided by the symmetric piggyback IOLs can also be himited.

(6114} In contrast, a symmetric Fresnel piggyback lens having a certain thickness
can have a higher curvature as compared to the non-Fresnel piggyback lens with the same
thickness. This is shown in Figurcs 7A-1 through 7A-6 which illustrate a surface {c.g., an
anterior surface) of an optic having the same cuorvature. The surface illustrated in Figure 7A-
! is smooth and does not include any facets or discontinuities. It is obscrved from Figure
7A-1 that the height differcnce between the edge of the surface and the center {corresponding
to the vertex of the lens) s 1.5 mm. It may not be practical to dispose an optic having an
anterior surface similar to the surface shown in Figore 7A-1 in the sulcus. By modulating the
surface as shown in Figure 7A-2 through 7A-6, the same curvature can be achieved while
restricting the height differcnce between the edge of the surface and the center. As shown in
Figure 7A-2 through 7A-6, modulating the surface includes restricting the height by discret
drops. The surface illostrated in Figures 7A-2 through 7A-6 inclades a plorality of facets or
grooves which are configured to provide similar optical effects as the surface illustrated in
Figure 7A-1 while reducing the height difference between the edges and the center of the
surface. The distance between the center and the edges of the lens can be reduced increasing
the mamber of facets. For example, the number of facets provided in the surface iltustrated in
figure 7A-2 reduces the height difference between the edges and the center of the surface
from 1.5 mum to about (.5 mm. By increasing the number of facets, the height differcnce
between the edges and the center of the surface can be progressively reduced. For example, a
height difference between the cdges and the center of the surface progressively decreases
from 0.5 mm as the number of facets increase in Figures 7A-3 through 7A-6. A Fresnel
piggvback lens having a faceted surface as shown in Figures 7A-2 through 7A-6 can provide
the benctits of a lens with high curvature while having a reduced thickness between the
center of the lens and the cdges thereby being practical for implantation in the sulcus,

(6115} In various implementations of Fresnel piggyback lenses, the grooves can
have a height less than about 6.5 mm. For cxample, the groove height {(or depth) can be

between about 8.01 mm and about 0.4 mm, between about 0.03 nun and 0.3 mm, between
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about 0.05 mm and about 0.2 mm, between about 0.1 mm and about .25 mm or have values
thercbetween.  In various implementations, all the facets or grooves can have a constant
height. In various implementations, the width of the facets or grooves can vary. In somc
implementations, all the facets or grooves can have a varying height with constant width. In
various implementations, the transition zones between the different facets or grooves can be
coated to avoid unwanted reflections or refractions.

(6116} FI1G. 7B-1 illustrates a computer simulation model of a symmectric Fresnel
piggyback lens 705 having a faccted surface that is optically coupled with an cxisting lens
610 in the eye of a patient. In various implementations, the Fresncl piggyback lens 705 can
be an asymumetric lens. The lens 705 has two surfaces 7035a and 705b. One of the surfaces
{¢.g., anterior surface 705a) can be linear, aspheric, spheric or a Zernuke surface that includes
a plurality of grooves. The curvature of the faceted surface can be configured to have high
asphericity. The other surface {e.g., posterior surface 705b) can be planar or curved. In
various implementations, the other surface can be a compound Zernike surface, higher order
aspheric surface, toric surface, ete. In some implementations, the other surface can also be
faceted. The curvatures of the surfaces 705a and 705b can be configored such that the
Fresnel piggyback lens 705 provides substantially no optical power {c.g., less than §.25
Diopters, less than (.2 Diopters, less than 0.1 Diopters, or values there between). In vartous
implementations, the curvature of the surface 705a and the surface 705b can be zero (0} or
close to zero (B) such that the Fresnel piggvback lens 705 provides substantially no optical
power {e.g., less than .25 Dropters, less than 0.2 Dhopters, less than 0.1 Diopters, or values
there between). In some implomentations, the curvature of the surface 705a and the surface
7055 can be identical such that the Fresnel piggyback lens 705 provides substantially no
optical power {¢.g., less than (.25 Diopters, less than (.2 Diopters, less than 0.1 Diopters, or
values there between). In some implementations, a difference between the curvatures of the
surfaces 705a and 705b can be zero () or close to zero {0) such that the Fresncl piggyback
lens 705 provides substantially no optical power {e.g., less than 0.25 Diopters, less than 0.2
Diopters, less than (.1 Diopters, or values there between).  For example, in various
implementations a differcnce between the curvatures of the surfaces 705a and 705b can be
less than 10.0 mm™ {c.g., less than 5.0 mur ), less than 1.0 mm', less than 0.5 mum’', less than

1

0.2 mm’, less than 0.1 mm’', less than 0.01 mm™, less than 0.001 mm™ or values there
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between) such that the Fresnel piggvback lens 705 provides substantially no optical power
{c.g., less than (.25 Diopters, less than 0.2 Diopters, less than 0.1 Diopters, or values there
bety 'een). Additionally, the surfaces 705a and 705b can be configured to have high
asphericity to correct optical crrors at the peripheral retinal location. When implementations
of the Fresnel piggyvback lens are configured to provide zero {0) or substantially zero (0}
optical power, the cxisting lons 610 can provide the entire refractive correction required by
the patient for near, intermediate or distant vision. However, some paticnts may require
residual power correction. For such patients’ the curvatures of the Fresnel piggyback lens
can be configured to provide upto +5.0 Diopters of optical power.

(6117} Figure 7B-2 illustrates an implementation of the Fresuel piggyback lens
705 that is implanted in front of an existing lens 610 in the cye of a paticnt, In the illustrated
implementations, the anterior surface 705a 18 faceted and the posterior surface is planar,

(6118} For the purpose of simulation, the existing lens 610 1s considered to be a
standard 20.0 Diopter Tecnis 101, For the purpose of the simulation, the existing lens 6101
considered to provide full foveal vision. The patient 18 considered to have developed AMD
after the existing lens 610 was implanted and has developed a preferred retinal locus (PRL)
at an eccentricity of 10 degrees from the fovea. For the purpose of simulation, the vertex
spacing between pupil and IOL 610 1s 1.9 mm. The thickness of the Fresnel piggyback lens
705 1s considered to be .3 mm which is inserted in the 8.9 mm spacing between the pupil
and the IOL 610. The faceted surface of the piggvback lens 705 can be considered to have
an underlying shape that is mathematically represented by equation {2} below on which a

phurality of grooves are provided to form the facets,

Z A e C LA— s ‘? o (2}

where 7 i the sag of the surface, ¢ the curvatare, v the radial coordinate, X the conic constant
and o the aspheric coefficients.

(6119 FIG. 7C-1 llusirates the modulus of the optical transfer function (MTF) at
an cceentricity of 10 degrees for different spatial frequencies between § cycles/mun and 30
cycles/mun at a wavelength of about 550 mm provided by the piggyback lens 705 in
comjunction with the existing lens 610 and the cornea 631, The MTF is calculated {or

simulated) for Hight incident in the tangential plane as well as the sagittal plane. The MTF

44



WO 2016/142736 PCT/IB2015/002000

can be calculated {or simulated} using an optical simulation program such as, for example,
OSLO, ZEMAX, CODE V, etc. As observed from FIG. 7C-1, the MTF at the PRL 1s greater
than 0.7 for both tangential and sagitial focus for a spatial frequency of 30 cycles/mm at a
wavelength of about 550 nm.  In contrast, as observed from Figure 6B-1 without the
piggvback lens 705, the MTF at the PRL is less than 0.4 for tangential focus for a spatial
frequency of 30 cycles/mum at a wavelength of about 550 nm. Accordingly, the patient can
benefit from implanting the Fresnel piggyback lens.

(6126 FIG. 7C-2 tllustrates the MTF at the PRL for different spatial frequencics
between O cycles/mm and 30 cycles/mm at a wavelength of about 550 nm for both tangential
and sagittal focus when a symunetric non-Fresnel piggyback lens is included between the
puptl and the existing lens 610, 1t is observed from Figure 7C-2 that the MTF at the PRL is
about 0.5 for tangential focus for a spatial frequency of 30 cycles/rom at a wavelength of
about 550 nm and about 0.7 for sagittal focus for a spatial frequency of 30 cycles/mm at a
wavelength of about 5350 nm. A comparison of Figures 7C-1 and 7C-2 indicates that a
Fresnel piggyback lens can provide greater improvement in the image quality {e.g., contrast
ratio of the image) at the PRL than the improvement provided by a symmetric non-Fresnel
piggvback lens. Various implementations of Fresnel piggyback lenses can be configured to
provide a MTF at a spatial frequency of 30 cycles/mm and a wavelength of about 550 nm of
at least 0.5. For example, piggvback lenses can be configured to provide a MTF greater than
.5, greater than 0.6, greater than (.7, greater than 0.8 and greater than (.9at a spatial
frequency of 30 cycles/mm at one or more wavelengths in the visible spectral region for
cocentricitics between about 7 degrees and 13 degrees from the fovea.  Various
impicmentations of Fresnel piggyback lenscs can be configured to improve other figures of
merit such as a geometric average of MTF values obtained for a range of spatial frequencies.

(121} Implementations of a Fresnel piggyback lens can provide benefits that are
similar to implementations of non-Fresnel piggyback lenses that are described herein. For
example, implementations of a Fresnel piggyback lens can be configured to provide one of
distance vision, near vision, or intermediate distance vision, distance vision and near vision,
distance vision and intermediate distance vision, near vision and intermediate distance vision
or all. Implementations of Fresnel piggyback lenses can be configured to increasc other

figurcs of meorit, such as, for cxample, arca under the MTF curve for different spatial
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frequencies, average MTF for a range of spatial frequencics, average MTF for a range of
retinal locations and cccentricitics, cither close to a single PRL or for multiple PRLs for the
paticnt, and with spatial frequencies chosen to match the retinal sampling, or combinations of
figurcs of merit listed here. For cxample, an implementation of a Fresnel piggyback lens can
be configured to incrcase the geomctric average of MTF values obtained for a range of
spatial frequencies and locations from 0.7 to 0.81.

(61224 As discussed above, various implementations of Fresnel piggvback lenses
can be configured such that they do not provide any optical power correction and only
correct peripheral optical crrors {c.g., optical errors that can result from oblique incidence of
fight). In such implementations, the piggyback lens is configured to have § Diopiers of
refractive optical power.  Some implementations of Fresnel piggyback lenses can be
combined with Fresnel capsule lenses to produce combinations of high optical power and
high asphericity to correct optical errors at a peripheral retinal location. Such combinations
can be used to make telescope intraccular lenses that do not degrade or redace peripheral
image quality. For example, a magnifying telescope intraocular lens including a Fresnel lens
can provide a magnification of 15% or higher withoot degrading image quality in the
periphery. In contrast a magnifving telescope ntraccular lens that includes optics with only
standard aspherie terms would degrade image quality outside the central vision zone at a
magnification of 15% or higher.

(6123} In varicus implementations, during implantation of the piggvback lens
{c.g., asymmetric piggyback lens 605 or a symmetric Fresnel piggyback lens 705), the
existing lens {c.g., lens 610} can be pushed further back in the eye, to create a new stop shift.
The cxisting fens can be pushed back using mechanical or optical methods. In such
impiementations, the piggyback lens can be configured to compensate for the power
difference of the disposed existing HOL. Figure 7D illustrates the MTF at the PRL located at
an cceentricity of about 10 degrees for different spatial froquencies between ¢ cycles/mm and
30 cycles/mm at a wavelength of about 550 nm for both tangential and sagittal focus when
the cxisting lens 610 is pushed further back by about 2.0 mm during implantation of a
symmetric Fresnel piggyback lens. From Figure 7D it is obscerved that the MTF at the PRLU is
greater than 0.7 for both tangential and sagittal focus for a spatial frequency of 30 cycles/mm

at a wavelength of about 550 nm which shows an improvement over the performance
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ithustrated in Figure 6B-1 or 7C-2.{61258}  The piggyback lenses {c.g., asyvmmetric
piggvback lens or a symmetric Fresnel piggyback fens) described herein can use additional
technigues to cxicnd the depth of focus. For example, the optic 500a/500b can include
diffractive features {c.g., optical elements with a GRIN profile, echelietes, etc.) to increase
depth of focus. As another cxample, in some cmbodiments, a refractive power and/or base
curvature profile(s) of an intraccular lens surface{s} may contain additional aspheric terms or
an additional conic constant, which may generate a deliberate amount of spherical aberration,
rather than correct for spherical aberration. In this manner, light from an object that passes
through the cornea and the lens may have a non-zero spherical aberration. Because spherical
aberration and defocus are related aberrations, having fourth-order and second-order
dependence on radial pupd coordinate, respectively, introduction of one may be used to
atfect the other.  Such aspheric surface may be used to allow the separation between
diffraction orders to be modified as compared to when only spherical refractive surfaces
and/or spherical diffractive base curvatures arc used. An additional number of technigues
that increase the depth of focus are described wn detall in U.S. Patent Application. No.
12/971,506, titled "SINGLE MICROSTRUCTURE LENS, SYSTEMS AND METHODS,”
filed on December 17, 2810, and incorporated by reference in its entirety herein. In some
embodiments, a refractive lens may include one or more surfaces having a pattern of surface
deviations that are superimposed on a base curvatwre (cither spherical or aspheric).
Examples of such lenses, which may be adapted to provide lenses according to embodiments
of the present invention, are disclosed in U.S. Pat. No. 6,126,286, 1J.S. Pat. No. 6,923,539
and 11.S. Patent Application No. 2006/0116763, all of which arc herein incorporated by
reference in their entirety.

(6124} As discussed above, the piggyvback lens {(¢.g., asymmetric piggvback lens
or a symunetric Fresnel piggyback lens) that provides increased image quality at a location on
the peripheral retina can be implanted after an 101 configured to provide good foveal vision
is implanted. However, for some patients, the piggyback lens can be implanted at the same
time as an 10U configured to provide good foveal vision is being implanted. For example,
during an ophthalmic surgical procedure, an I0L configured to provide good foveal vision
can be implanted first and the peripheral error resulting from the I0L can be measured using

a diagnostic instrument. An appropriate piggyvback lens that reduces the peripheral crror can
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be sclected and implanted during the same surgical procedure. Various implementations of
standard 10Ls that arc configured to provide foveal correction can be designed to be
cxpandable so that wmplantation of piggyback lenses when required becomes casy and
convenient. As discussed above, piggvback lenses can be used to provide lower order and/or
higher order corrections. In some implementations, one or both surfaces of a piggvback lens
configurced to provide lower order aberrations correction can be a toric.

[8125] Piggvback lenscs can also be used for paticnts with unacceptable
refractive outcomes. This is an attractive solution if the source of the unacceptable refractive
outcome 15 suspected to be an uncertainty in offective lens position. Replacing the existing
IOL would introduce new uncertaintics as to where the new lens would be, whereas if it 1s
determined that the existing IOL introduces an error of 1.5 Diopter, for example, a piggyback
with 1.5 Diopter correction can be applied to increase image guoality.

Example I0L Desion Svystem

[3126] FIG. & illustrates a block diagram of an example IOL design system 27000
for determining properties of an intraocular lens configured to improve vision at a peripheral
retinal location. The IOL design systern 27000 mcludes a controller 27050 and a computer
readable memory 27100 coupled to the controller 27050, The computer readable memory
27100 can inchide stored sequences of instructions which, when executed by the controller

27050, cause the I0OL design system 27000 to perform certain functions or execnte certain
modules. For example, a PRL location module 27150 can be executed that is configured to
determing a location of one or more PRLs for a particular patient.  As another example, a
deflection module 27200 can be cxecuted that is configured to determine a deflected optical
axis which intersects the determined PRL location at the retina. As another example, an {OL
modification module 27250 can be cxecuted that is configured to determine propertics of the
0L which would deflect at least a portion of incident light along the determined deflected
optical axis to the determined PRL. As another example, an IOL selection module 27270 can
be executed that is configured to sclect an appropriate or candidate IOL provided one or
more selection parameters including, for exampie and without limitation, PRL location and a
patient’s biomctric data.

[0127] The PRL location module 27150 can be configured to determine one or

more candidate PRL locations using analytical systems and mcthods designed to assess
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retinal sensitivity and/or retinal arcas for fixation. For cxample, the PRL location module
27150 can provide or interface with a system configured to provide a patient with stimuli and
to image the paticnt’s reting to assess topographic retinal sensitivity and locations of
preferred retinal loci. An cxample of such a system is a microperimeter which can be used to
detcrmine a patient’s PRL by presenting a dynamic stimulus on a sercen and imaging the
retina with an infrarcd camera. Another example of such a system, a laser ophthalmoscope
can be used to asscss a retinal arca used for fixation {e.g., using an infrared cye tracker)
which can be used to determine discrete retinal arcas for fixation for various positions of
ZazCe,

[6128] The PRL location module 27150 can be configured to bypass the optics of
the patient. In some instances, optical errors induced by a patient’s opfics can cause the
patient to select a non-optimal PRL or a PRL which does not exhibit benefits of another PRL,
¢.g., where a patient selects an optically superior but neurally inferior region for the PRL.
Accordingly, the PRL location module 27150 can advantageously allow the identification of
a PRL which, after apphication of corrective optics (e.g. the TI0Ls described herein), would
provide superior performance compared to a PRL selected utilizing a method which includes
using the patient’s optics. This may arise where the corrective optics reduce or eliminate the
optical errors which are at least a partial cause for a patient selecting a sub-optimal PRL.

(61291 The PRL location module 27150 can be configured to determine multiple
candidate locations for the PRL. The preferred or optimal PRL can be based at least upon
several factors including, for example and without limitation, a patient’s ability to fixate a
point target, distinguish detail, and/or read; aberrations arising from redirecting images to the
candidate PRL; proximity to the damaged portion of the retina; retinal sensitivity at the
candidate location; and the like. The preferred or optimal PRL can depend on the visual task
being performed. For cxample, a patient can have a first PRL for reading, a sccond PRL
when navigating, and a third PRL when talking and doing facial recognition, cte.
Accordingly, multiple PRLs may be appropriate and an I0L can be configured to redirect
incident light to the appropriatc PRLs using multiple zones and/or mmitiple redirection
clements, as described hercin. For example, an IOL can be provided with two or more zones,
with one or more zones redirecting light to a designated PRL, where the zone can be

configurcd to have additional optical power or no additional optical power.
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(8136} The deflection module 272080 can be configured to assess the propertics of
the cye and to determine a deflected optical axis which intersects the patient’s retina at a
PRL. The deflection module 27200 can be configured to account for the removal of the
natural lens, the optical propertics of the cornea, the shape of the retina, the location of the
PRL, axial distance from the cornea to the PRL and the like to determine the angle of
deflection from the eye’s natural optical axis {c.g., the optical axis of the natural lens, the
optical axis of the cve without an 10L, ctc.). In some cmbodiments, the deflection module
27200 can be configured to determine aberrations arising from deflecting incident light along
the deflected optical axis. The aberrations can include astigmatism, coma, ficld curvature,
cte. The determined aberrations can be used in the process of refining or tailoring the design
of the 10L, where the TOL s configured to at least partially correct or reduce the determined
aberrations.

(61311 The IOL modification module 27230 can be configured fo determine
adjustments, modifications, or additions fo the 10L fo deflect light along the deflected optical
axis and focus images on the PRL. Exaroples of adjustments, modifications, or additions to
the 10L include, without limuitation, the optical systems and methods described herein. For
example, the 0L can be modified through the introduction of a physical and/or optical
discontinuity to deflect and focus light onto the PRL.  As another example, one or more
redirection ¢lements can be added to one or more surfaces of the IOL to redirect at lcast a
portion of the light incident on the eve to the PRL. The redirection clements can inchude, for
example and without limitation, a simple prism, a Fresnel prism, a redivection element with a
tailored slope profile, redirection clement with a tailored slope profile tuned to reduce optical
aberrations, a diffraction grating, a diffraction grating with an achromatic coating, a
decentered GRIN lens, ete.  In some embodiments, multiple redirection elements and/or
multipic modifications can be made to the IOL, as determined by the 0L modification
module 27250, such that the combination of modifications and/or additions to the 10L can be
configured to redircet incident light to different PRLs, to direct incident light to different
portions of the retina, to provide an optical power which magnifies an image at the retina, or
any combination of these functions.

[6132] The I0OL sclection module 27270 can be configured to seclect the IOL

design, power, deflection, orientation, and the like that would provide acceptable or optimal
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results for a particular patient. The IOL selection can be based at least in part on the patient’s
biometric inputs. The IOL sclection can incorporate multiple considerations. For cxample,
typical IOL power calculation procedures can be used to sclect the spherical 1I0L power
which can be modificd to consider the axial distance from the cornea to the PRL. As another
cxample, customized or additional constants can be developed for AMD paticents which
provide better results for the patients. The deflection and orientation of the IOLU during
implantation would be given by the PRL location.

[6133] The I0OL sclection can be based at least in part on ray tracing which can
cnable a computational cye model of the patient to be generated where the inputs can be the
patient’s own biometric data. The optical quality can be evaluated considering different IOL
deigns and powers, being selected that which optirnizes the optical quality of the patient. The
optical quality can be evaluated at the PRL or at the PRL and on-axis, for example.

61341 In some embodiments, the 101 selection module 27270 can also comprise
a refractive planner which shows patients the expected outcome with different TOL designs
and options. This can cnable the patient to aid in the decision as to the appropriate IOL
design and to come to a quick and satisfactory sohution,

[B135] The IOL design systemn 27000 can include a communication bus 27300
configured to allow the various components and modules of the IOL design system 27000 to
communicate with one another and exchange information. In some embodiments, the
communication bus 27300 can inchude wired and wircless communication within a
computing system or across computing systems, as in a distributed computing environment.
In some embodiments, the communication bus 27300 can at lcast partially use the Internet to
communicate with the various modules, such as where a module {c.g., any one of modules
27150, 27200, or 27250) incorporated into an external computing device and the IOL design
system 27000 are communicably coupled to one another through the communication bus
27300 which includes a local arca network or the Internct.

{3136] The 0L design system 27000 may be a tablet, a general purpose desktop
or laptop computer or may comprise hardware specifically configured for performing the
programmed calculations. In some embodiments, the IOL design system 27000 is configured
to be clectronically coupled to another device such as a phacocmulsification console or onc

or morc instruments for obtaining measurements of an ¢ye or a plurality of eyes. In certain
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embodiments, the 10L design system 27000 is a handheld device that may be adapted to be
clectronically coupled to one of the devices just listed. In some embodiments, the 10L
design system 27000 is, or is part of, a refractive planner configured to provide one or more
suitable intraccular lenses for implantation based on physical, structural, and/or geometric
characteristics of an cye, and based on other characteristics of a paticnt or patient history,
such as the age of a patient, medical history, history of ocular procedures, life preferences,
and the like,

(6137} Generally, the instructions stored on the 10L design system 270060 will
include clements of the methods 2900, and/or paramcters and routines for solving the
analytical equations discussed herein as well as iteratively refining optical properties of
redirection clements.

[6138] In certain erobodiments, the 10L design system 27000 inchudes or is a part
of a phacoemulsification system, laser treatment system, optical diagnostic instrument (e.g,
autorefractor, aberroreter, and/or corncal topographer, or the like). For example, the
computer readable memory 27100 may additionally contain instructions for controlling the
handpiece of a phacoemulsification system or similar surgical systemn. Additionally or
alternatively, the computer readable memory 27100 may contatn instructions for controlling
or exchanging data with oune or more of an autorefractor, aberrometer, tomographer,
microperimeter, laser ophthalmoscope, topographer, or the like.

[8139] In some embodiments, the IOL design system 27000 includes or is part of
a refractive planner. The refractive planner may be a system for determining one or more
treatment options for a subject based on such parameters as patient age, family history, vision
preferences {c.g., ncar, intermediate, distant vision), activity type/level, past surgical
procedures.

{6148 Additionally, the solation can be combined with a diagnostics system that
identifies the best potential PRL after correction of optical errors. Normally, optical errors
can restrict the patient from cmploying the best PRL, making them prefor neurally worse but
optically better region. Since this solution would correct the optical errors, it is important to
find the best PRL of the patient with a method that 18 not degraded by optical crrors {e.g.
adaptive optics). Finally, the solution can be utilized to take advantage of the symmetrics

that cxists with regards to peripheral optical errors in many patients.
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(6141} Prior to replacing a natural crystalline lens with an I0L, an optical power
of the IOL 13 typically determined. Generally, the on-axis axial length, corneal power of the
cve, and/or additional parameters can be used to determine the optical power of the I0L to
achicve a targeted refraction with a goal of providing good or optimal optical quality for
central/foveal vision. However, where there is a loss of central vision an 1OL configured to
provide good or optimal optical quality for central vision may result in relatively high
peripheral refraction and reduced or unacceptable optical quality at a peripheral location on
the reting.  Accordingly, systems and methods provided hercin can be used to tailor the
optical power of an I0L to provide good or optimal optical quality at g targeted peripheral
location such as a paticot’s PRL. The improvement in optical quality at the peripheral retinal
location may reduce the optical quality at the fovea, but this may be acceptable where the
patient 18 suffering from a loss in central vision.

(6142} FIG. @ iHustrates parameters used to determine an optical power of an 10L
based at least in part at a peripheral retinal location in an eve 2800, The eve 2800 1s
tustrated with a PRL location at 20 degrees with respect o the optical axis OA. This can
represent an intended post-operative PRL location, where the PRL location is determined as
deseribed clsewhere herein. The on-axis axial length {e.g., axial length along optical axis
CA) and PRL-axis axial length {e.g., axial length along a deflected optical axis intersecting
the retina at the PRL) can be measured for the eye 2800 having the indicated PRL location.
In some patients, the axial length in the direction of the PRL can be estimated from the
measured on-axis axial length and population averages of ocular characteristics measured
using a diagnostic instrument. The ocular characteristics measured using the diagnostic
instrument can include pre-operative refraction, corneal power or other paramcters. The
corneal topography can alse be measured {(e.g., measurements of the anterior and posterior
surtaces of the cornea, thickness of the cornea, ¢tc.} and these measurements can be used, at
least in part, to determine the corneal power.

10843] FIGS, 10A and 10B illustratec implementations of a mcthod 2900 for
determining an optical power of an I0OL tailored to improve peripheral vision. For reference,
FI1G. 9 provides an illustration of an eyc 2800 for which the method 2900 can be applied. In
addition, FIG. 8 provides a block diagram of the 10L design system 27000 which can

perform one or more operations of the method 2900, The method 2900 can be used to
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determine the optical power of the HOL which improves or optimizes optical guality at a PRL
location. However, the method 2900 can be used to determine the optical power of an IOL to
be used in any suitable procedure, such as where there is a loss of central vision, where the
PRL is outside the fovea, where the PRL is within the fovea, where there are multiple PRLs,
where the PRL is at a relatively large or small eccentricity, or the like.

{0144 With reference to FIGS. 10A and 10B, in block 2905, the on-axis axial
length is measured. The on-axis axial length can be measured, for example, from the anterior
surface of the cornca to the retina. The length can be determined using any number of
standard techniques for making measurements of the eve. In some embodiments, instead of
measuring the on-axis axial length, i 18 estimated based on computer models of eyes,
statistical data {e.g., average on-axis distance for eves with simiar characteristics), or a
combination of these. In some embodiments, the on-axis axial length is determined using a
combination of measurement techniques and estimation fechniques.

[0145] With reference to FIG. 10A, in block 2910, the PRL-axis axial length 1s
measured. The PRI-axis axial length can be taken as the length along a deflected optical
axis to the PRL location at the retina. The length can be measured from the anterior surface
of the comnea, from the point of deflection from the optical axis, or any other suitable
location. In some embodiments, the PRL-axis axial length can be estimated based on a
combination of the eccentricity of the PRL, the PRL location, the retinal shape, the on-axis
axial length, the distance from a proposed I0L location to the PRL, or any combination of
these. In some embodiments, instead of measuring the PRL-axis axial fength, it is cstimated
based on computer models of eyes, statistical data {c.g., average PRL-axis axial length for
cyes with similar PRL locations and characteristics}, or a combination of these. In some
embodiments, the PRL-axis axial length is determined using a combination of measurement
techniques and estimation techniques. In some embodiments, the PREL-axis axial length can
be cstimated based on population averages of ocular characteristics measured using a
diagnostic instrument, as shown in block 2907 and 2912 of FIG. 10B. The measured ocular
characteristics can include on-axis axial length, pre-operative refraction power, corneal
power or other measured parameters,

10146] In block 2915, the corneal shape is determined. The anterior and/or

posterior surfaces of the cornca can be determined using measurcments, cstimations,
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simulations, or any combination of these, The corncal power can be derived or determined
based at least in part on the corncal shape, that can be measured with tomography or
topographic techniques.  In some embodiments, the corneal power is determined based on
measurements of optical propertics of the cornea.

(61471 In block 2920, the position of the I0OL is estimated. The position of the
IOL can be estimated based at least in part on an cstimation of a location which would
provide good optical quality at the fovea. The location can be one that takes into account the
corncal power or topography and the on-axis axial length. Some other mnputs that can be
taken into consideration to predict the postoperative IOL position are the axial position of the
crystalline lens from the anterior cormea, which is defined as anterior chamber depth,
crystalline lens thickoess, vitrcous length on axis combinations of thereof. In some
embodiments, the estimated posifion of the TOL can be refined by taking into account the
PRL-axis axial length and/or cccentricity of the PRL. In some emobodiments, the estimated
IOL location can take into account data from previous procedures, with or without including
the same IOL design. For example, historic data from cataract surgeries can be used as that
data may indicate a good estimate of the I0L position.

{31481 In some embodiments, rather than determining an estimated initial
position of the IOL configured to provide good optical quality for central/foveal vision, the
estimated position can be configured to provide good optical quality for peripheral vision.
Simtlar procedures as described for determining the I0L position that provides with good
optical quality on axis can be applied in this case. Therefore, the location of the I0L can be
predicted from biometric measurements, including corncal shape or power, axial length,
cither on axis or to the PRL, anterior chamber depth, crystalline lens thickens and/or vitreous
length, either defined on axis or to the PRL. Retrospective data from previous cataract
procedures aimed to restore vision on axis or at the PRL can also been taken into
consideration to optimize the prediction of the IOL position that provide with good optical
quality at the PRL. In addition to that, the estimated position can be based at least in part on
procedures, for example, where the patient was suffering from central vision loss {(¢.g., duc to
AMD). Similarly, data can be used where the positions of OLs have been tabulated and
recorded as a function of the propertics of the 10Ls {c.g., sphere power, cylinder power,

cylinder axis, redirection angle, cte.} and such propertics were tailored using the systems and
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methods deseribed herein. Data from such procedures can be subjected to further selection
criteria based on the location of the PRLs of the patients, where the locations were, for
cxample and without limitation, outside a determined angular range of the fovea, at an
cccentric angle greater and/or icss than a threshold eccentricity, at an cccentricity within a
provided range of the PRL of the paticnt, or any combination of these. The data can be
selected based on these criteria or other similar criteria which may improve the estimated
IOL position for paticnts suffering from a loss of central vision.

[6149] In block 2925, the sphere and cylinder power of the IOL is determined
using an fOL power calculation. The IOL power calculation can be configured to provide a
spherical power for the 10L, a cylinder power for the TOL, and/or the cylinder axis, wherein
the combination of one or more of these parameters 1s configured to provide good or optimal
optical quality at the PRL location when the IOL is implanted at the estimnated location.

(61561 The IOL power calculation can use as input data, for example and without
fimutation, on-axis axial length (e.g., the measoreroent or value provided in block 2905},
corneal power (e.g., the value determined from measurements acquired in block 2915),
fixation angle(s) (e.g., horizontal and vertical angles of fixation), intended post-operative
refraction, eceentricity of the PRL, ¢ccentric axial length (e.g., from the antertor cornea to the
focation of the PRL on the retina, such as the measurement or value provided in block 2910},
predicted future movement of the PRL {¢.g., due to progression of a discase such as AMD), a
partial or full map of the retinal shape, a partial or full map of the retinal health, corneal
topography, or the like. In some embodiments, the IOL power calculation is a regression
formula, a theoretical formula {c.g., based on paraxial optical equations, ray tracing, ¢ic.), or
a combination of both of these. In some embodiments, current IOL power calculation
procedures can be used while considering the coecentric axial length together with the corneal
power. In those cases, A constants for cither lenses fo restore vision on axis after cataract
surgery can be used. In certain cmbodiments, specific A constanis can be determined
depending on the design and/or ccoentricity.

(6151} In some embodiments, ray tracing can be used to determine propertics of
the TOL which improve or reducce peripheral crrors at the PRLU based at least in part on the
estimated 10L position. The ray tracing can incorporate rclevant measurcments and data

including, for example and without Hmitation, the measurements of the cye {c.g., the
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measurements or values determined in blocks 2905, 2910, and 2915), the position of the
PRL, the cstimated position of the IOL (c.g., as provided in block 2928}, and the like. This
information can be used as input in a computer cxecutable module or program stored in non-
transitory computer memory, the module or program configured to causc a compuicr
processor to execute instructions configured to perform ray tracing which can be
accomplished, for example, by the IOL design system 27000 described herein with reference
to FIG. 8 The ray tracing system can be used to find the sphere power, cylinder power,
and/or cylinder axis of the YOL to be implanted in the cye 2800, wherein these parameters are
tailored to improve or optimize for peripheral aberrations at the PRL location. Any standard
ray tracing system or scheme can be used to accomplish the goal of tailoring the sphere
power, evlinder power, and/or eylinder axis.

[61582] In some embodiments, the output of the I0OL power calculation can he
used for selecting an appropriate or suitable IOL where the ouiput of the IOL power
calculation includes, for example and withoot lmntation, dioptric power, cvlinder power,
cylinder axis, deflection angle, and the like. These output values can be used in the selection
of the IOL wherein the selected I0OL has one or more propertics within an acceptable range of
the output values. In some embodiments, the TOL power caleulation can be used to define or
select IOL design parameters that improve or optimize optical quality as a fimction of retinal
location(s} or retinal arca(s}.

(6153} In some cmbodiments, the IOL power calculation can be similar or
equivalent to a power caleulation configured to provide good or optimal on-axis optical
quality {c.g., for central/foveal vision} where the axial length used is the PRL-axis axial
length rather than the on-axis axial length, In some embodiments, the PRL-axis axial length
can be determined based at least in part on the cccentricity of the PRL, the PRL location, the
retinal shape, the ength from the IOL to the PRE, or any combination of these. These and
other input vahics can be determined based on measurements of a particular pationt {¢c.g., the
patient to receive the I0L), a group of patients, from computer models or simulations, or a
combination of these sources. In an alternative embodiment, both, the axial length on axis
and to the PRL can be considered, so that the I0L selected is that which maximizes the

optical quality at the PRL and at, to some extended, at the fovea. In another embodiment, the
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axial length to several PRL can be considered, so that the 10L selected is that which has the
characteristics that optimize the optical quality at cach PRL.

HIRE]! In some embodiments, the IOL power calculation can be used for
multifocal 10Ls for patients suffering from a loss of central vision. The I0L power
calculation can be configured to provide valid and acceptable results where the PRL lics
within the fovea. In an alternative embodiment the add power of the multifocal YOL can be
sclected as that which maximizes the optical quality cither at the PRL and/or the fovea.

[0155] In some embodiments, the 0L power calculation can be used in
conpunction with the other systems and methods described herein configured to redirect and
focus images to the PRL. The power calculations can be used to tailor the propertics of the
0L, the I0OL being used in combination with one or more redivection elements to reduce
peripheral aberrations and/or improve peripheral image quality for patients suffering from a
loss of central vision.

Additional Embodiments for Selecting IOL. Sphere and Cvlinder

(6156} As detatled above, I0L power is typically selected based primarily on
axial length and corneal power, and any toric parts mostly depend on the toricity of the
cornea. However, any spherical surface for which the light 1s obliquely incident will exhibit
a large degree of astigmatism. The embodiments below detail additional ways to properly
select sphere and cyvlinder of the IOL for the AMD patient.

(6157} In one embodiment, sphere selection is based on population data. Here,
no new biometry readings are needed. Instead, the patients are classified depending on
foveal refraction, from which the average peripheral spherical profile for that refractive
group is sclected. From the profile, spherical refraction at the PRL can be determined.

(6158} As scen above, sphere selection may also be based on individual data.
The peripheral sphere can be determined through an axial length measuroment to the PRL.
This requires the modification of current axial length methods, since the oblique incidence on
the crystalling lens will mean a longer than average passage through the lens, which has a
higher index of refraction, increasing the difference between the optical path length and the
physical length. The increased contribution can be predicted based on PRL location.

(6159 In one cmbodiment, astigmatism determination is bascd on population

data. The inter-subject variation in astigmatism for a given angle is relatively modest.
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Therefore, the contribution of the oblique incidence at any given cceentricity can be
predicted based on PRL location. For these calculations, PRL location should be determined
based on the optical axis, which is on average between about 1 — 10 degrees horizontally and
between about 1 — 5 degrees vertically from the fovea. The axis of the astigmatism can also
be determined from the location, e.g. for g horizontal PRL the axis is 180 and for a vertical
PRL the axis s 90, for a negative cylinder convention.  Additionally, the astigmatism
contribution of the IOL selected can be incorporated, in an iterative selection procedure. To
this gstigmatism, the corneal astigmatism from the cornica can also be added.

{3160 In another embodiment, astigmatism determination is based on ndividual
data. Even for persons that are foveally ermmetropic, the oblique astigmatisio at e.g. 20
degrees can vary between 0.75 D and 2 D, There are several possible rcasons for this: 1) The
individual differences in angle between fovea and optical axis; 2} Individual differences in
corneal power means the oblique astigmatism has different values; 3) Papil position relative
lens and cornea can be different leading to variation in the IOL position for different
individuals, Biometry reading for any or all of these parameters can then be incorporated
into an individual eve model, to select the best IOL evlinder power for the patient.
Conglusion

8161} The above presents a description of systems and methods contemplated for
carrying out the concepts disclosed herein, and of the manner and process of making and
using it, in such full, clear, concise, and exact terms as to enable any person skilled in the art
to which it pertains to make and usc this invention. The systems and methods disclosed
hercin, however, are susceptible to modifications and alternate constructions from that
discussed above which are within the scope of the present disclosure. Consequently, it is not
the intention to limit this disclosure to the particular embodiments disclosed. On the
contrary, the intention is to cover modifications and alternate constructions coming within
the spirit and scope of the disclosure as generally expressed by the following claims, which
particularly point out and distinctly claim the subject matter of cmbodiments disclosed
herein,

[6162] Although embodiments have been described and pictured in an exemplary
form with a certain degree of particularity, it should be understood that the present disclosure

has been made by way of cxample, and that numerous changes in the details of construction
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and combination and arrangement of parts and steps may be made without departing from the
spirit and scope of the disclosure as set forth in the claims hercinafter.

(6163} As used herein, the term “controller” or “processor” refers broadly to any
suitable device, logical block, module, circuit, or combination of clements for executing
instructions.  For cxample, the controller 27050 can include any conventional general

<

purpose single- or multi-chip microprocessor such as a Pentium® processor, a MIPS®
processor, a Power PC® processor, AMD® processor, ARM processor, or an ALPHA®
processor.  In addition, the controller 27050 can include any conventional special purpose
microprocessor such as a digital signal processor. The various illustrative logical blocks,
modules, and circutts described in connection with the emboduments disclosed herein can be
wmplemented or performed with a general purpose processor, a digital signal processor
(DSP), an application specific integrated civcuit (ASIC), a field programmable gate array
(FPGA), or other programmable logic device, discrete gate or transistor logic, discrete
hardware compounents, or any combination thereof designed to perform the functions
described herein.  Controller 27050 can be implemented as a combination of computing
devices, ¢.g., a combination of a DSP and a microprocessor, a plurality of microprocessors,
one or more microprocessors in conjunction with a DSP core, or any other such
configuration.

164} Computer readable memory 27100 can refer to electronic circuitry that
allows information, typically computer or digital data, to be stored and retrigved. Computer
readable memory 27100 can refer to external devices or systems, for example, disk drives or
solid state drives. Computer readable memory 27100 can also refer to fast semiconductor
storage {chips), for cxample, Random Access Memory (RAM) or various forms of Read
Only Memory (ROM), which are directly comnected to the communication bus or the
controller 27053, Other types of memory include bubble memory and core memory.
Computer readable memory 27100 can be physical hardware contigured to store information
in a non-transitory medium.

[0165] Methods and processes described hercin may be embodied in, and
partially or fully automated via, software code modules executed by one or morc general
and/or special purpose computers. The word “module” can refer to logic ombodied in

hardware and/or firmware, or to a collection of software instructions, possibly having entry
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and oxit points, written in a programming language, such as, for cxample, C or C++. A
software module may be compiled and linked into an exccutable program, installed in a
dynamically linked library, or may be written in an interpreted programming language such
as, for cxample, BASIC, Perl, or Python. It will be appreciated that software modules may
be callable from other modules or from themselves, and/or may be invoked in responsc to
detected events or interrupts. Software instructions may be embedded in firmware, such as
an erasable programmable read-only memory (EPROM). It will be further appreciated that
hardwarc modules may comprise connccted logic units, such as gates and flip-flops, and/or
may comprised programmable units, such as programmable gate arrays, application specific
integrated circuits, and/or processors. The modules described herein can be implemented as
software modules, but also may be represented in hardware and/or fitmware. Moreover,
although in some cmbodiments a module may be separately compiled, in other embodiments
a roodule may represent a subset of instructions of a separately compiled program, and may
not have an interface avatlable to other logical program units.

[§166] In certain embodiments, code modules may be implemented and/or stored
in any type of coroputer-readable medium or other computer storage device. In some
systems, data {and/or metadata) input to the system, data generated by the system, and/or
data used by the system can be stored in any type of computer data repository, such as a
relational database and/or flat file system.  Any of the systems, methods, and processes
described hercin may inchide an interface configured to permit interaction with users,

operators, other systems, components, programs, and so forth.
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WHAT IS CLAIMED IS:

I An ophthalmic lens configured to improve vision for a patient’s cye, the lens

COmprising:
an optic with a first surface and a second surface opposite the first surface,
whercin the optic together with a cornea and an existing lens in the patient’s cye is
configured to improve image quality of an image produced by light incident on the
paticnt’s cye in an angular range between about | degree and about 50 degrees with

respect to the optical axis and focused at a peripheral retinal location disposed at a

distance from the foves, wherein one or both of the first or the second surface is

faceted, and
wherein a curvatore of the {irst surface and a curvature of the second surface
arc configured such that the optic has an optical power that is less than 0.25 Diopters.

2. The lens of Claim |, wherein the image quality 18 improved by reducing coma
at the peripheral retinal location,

3. The lens of Claim |, wherein the image quality 1s improved by reducing
oblique astigmatism at the peripheral retinal location.

4. The fens of Claim 1, configured to improve image quality of an image
prodoced by light incident on the patient’s eve in an angular range between about 5 degrees
and about 30 degrees with respect to the optical axis.

5. The lens of Claim 1, wherein one or both of the first or the second surface s a
toric surface, an aspheric, a higher order aspheric surface, an aspheric Zernike surface or a
Biconic Zernike .

6. The lens of Claim 1, whercin a thickness of the optic varies about a periphery
of the optic.

7. The intraocular lens of Claim i, whercin the image has a modulation transfer
function {MTF) of at least (1.3 for a spatial frequency of 38 cycles/mm for both the tangential
and the sagittal foci at the peripheral retinal location.

8. The intraocular lens of Claim 1, wherein the image has a modulation transfer
function (MTF) of at least 0.5 for a spatial frequency of 1080 cycles/mm for both the

tangential and the sagittal foci at the fovea.



WO 2016/142736 PCT/IB2015/002000

9. The lens of Claim 1, wherein the optic includes an optical axis that intersects
the first and the second surface and a thickness of the optic along the optical axis is between
about 0.1 mim and about 6.9 mm.

16, The lens of Claim 9, wherein the optic is symmetric about the optical axis of
the optic.

i1, The lens of Claim 9, wherein the optic is asymmetric about the optical axis of
the optic.

12, The lens of Claim |, wherein the optic is configured to be implanted between

the iris and the existing lens.

13. The lens of Claim 12, wherein the optic 1s configured to be in the sulcus.

f4.  The lens of Claim 1, wherein the existing lens 15 configured to provide foveal
vision.

I35, The intraccular lens of Claim I, wherein the optic inclodes diffractive
features.

i6. The intraccular lens of Claim 1, wherein the optic inchudes prismatic features.

17, A method of selecting an intraocular lens {10L) configured to be implanted in

a patient’s eye, the method comprising:

obtaining at least one characteristic of the patient’s eye using a diagnostic
instrument; and

selecting an I0OL having a first surface and a second surface opposite the first
surface, one or both of the first and the second surface having an asphericity that
reduces optical crrors in an image produced at a peripheral retinal location of the
paticnt’s cye disposed at a distance from the fovea, wherein the image is produced by
focusing light incident on the paticnt’s eve in an angular range between about 1
degree and about 5O degrees with respect to an optical axis intersecting the patient’s
cye at the peripheral retinal location by a combination of the optic, an existing lens
and the patient’s cornea,

wherein at least one of the first or the second surface is faccted, and

wherein a curvature of the first surface and a curvature of the sccond surface

arc configured such that the I0L has an optical power that is substantially § Diopter.
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1¥. The method of Claim 17, wherein the obtained characteristic includes axial
length along the optical axis of the patient’s cye and corneal power.

i, The method of Claim 17, wherein the obtained characteristic is selected from
the group consisting of axial length along the optical axis of the paticnt’s ¢ye, corncal power
based at least in part on measurcmcents of topography of the cornca, an axial length along an
axis which deviates from the optical axis and intersects the retina at the peripheral retinal
location, a shape of the retina, and a measurement of optical crrors at the peripheral retinal
location.

20. The method of Claim 17, wherecin at lcast one of the surfaces of the I0L
includes a redirecting element.

21, The method of Claim 20, wherein the redirecting element comprises a
diffractive feature.

22, The method of Claim 20, wherein the redirecting element comprises a

prismatic feature.

23. The method of Claim 17, wherein the image has reduced coma.
24. The method of Claim 17, wherein the image has reduced astigmatism.
25. The method of Claim 17, wherein the IOL is configured such that the image

has a modulation transfor function (MTF} of at least 0.3 for a spatial frequency of 30

cycles/mm for both tangential and sagittal foci.
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