I *I Innovation, Sciences et Innovation, Science and CA 3012450 A1 2017/09/14
Developpement economique Canada Economic Development Canada
(21) 3 01 2 450

Office de |la Propriete Intellectuelle du Canada Canadian Intellectual Property Office

12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION

(13) A1
(86) Date de depot PCT/PCT Filing Date: 201/7/02/16 (51) CLInt./Int.Cl. A671F 2/16 (2006.01)
(87) Date publication PCT/PCT Publication Date: 201//09/14 (71) Demandeur/Applicant:
(85) Entree phase nationale/National Entry: 2018/07/24 NOVARTIS AG, CH
86) N° demande PCT/PCT Application No.: IB 2017/050885 (72) Inventeurs/inventors:
9%) N CEMancs pplcation 1o COLLINS, STEPHEN, US:
(87) N° publication PCT/PCT Publication No.: 201//153857 BORJA DAVID US:
(30) Priorité/Priority: 2016/03/08 (US15/064,363) LIU, JIAN, US;

WENSRICH, DOUGLAS B., US;
SINGH, SUDARSHAN, US;
DOLLA, WILLIAM, US

(74) Agent: KIRBY EADES GALE BAKER

(54) Titre : LENTILLE INTROCULAIRE (LIO) ACCOMMODATIVE A DOUBLE OPTIQUE ET A CHANGEMENT DE COURBURE
PRESENTANT UN ETAT DE REFRACTION FIXE SANS ACCOMMODATION

(54) Title: DUAL OPTIC, CURVATURE CHANGING ACCOMMODATIVE IOL HAVING A FIXED DISACCOMMODATED REFRACTIVE
STATE

930\ /910

B
952— ﬁgﬁﬁ%‘?&ﬁ?'

950 924 920

FIG. 9A

(57) Abrege/Abstract:
An |OL Includes a fluid optic body having a cavity defined by a sidewall, a deformable optical membrane intersecting the sidewall
around an anterior circumference of the sidewall, and a posterior optic intersecting the sidewall around a posterior circumference of
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(57) Abrege(suite)/Abstract(continued):
the sidewall. The posterior optic Includes a central protrusion extending anteriorly into the cavity and the deformable optical

membrane Includes a ring-shaped protrusion extending posteriorly into a space between the sidewall and the central protrusion. A
second optic body Is spaced apart from the fluid optic body and coupled thereto via a plurality of struts. Axial compression causes
the plurality of struts to deform the sidewall in a manner that increases the diameter of the cavity, modifying a curvature of the
deformable optical membrane Is modified. Contact between the ring-shaped protrusion and the central protrusion defines a
maximum modification to the curvature of the deformable optical membrane.
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(57) Abstract: An IOL includes a fluid optic body having a cavity defined by a sidewall, a deformable optical membrane intersect -
ing the sidewall around an anterior circumierence of the sidewall, and a posterior optic intersecting the sidewall around a posterior
circumierence of the sidewall. The posterior optic includes a central protrusion extending anteriorly mto the cavity and the deform-
able optical membrane includes a ring-shaped protrusion extending posteriorly mnto a space between the sidewall and the central pro -

trusion. A second optic body 1s spaced apart trom the tluid optic body and coupled thereto via a plurality of struts. Axial compres -

sion causes the plurality of struts to deform the sidewall in a manner that increases the diameter of the cavity, moditying a curvature
of the deformable optical membrane 1s modified. Contact between the ring-shaped protrusion and the central protrusion defines a

maximum modification to the curvature ot the deformable optical membrane.
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DUAL OPTIC, CURVATURE CHANGING ACCOMMODATIVE [1OL HAVING

A FIXED DISACCOMMODATED REFRACTIVE STATE

RIIRD.

Q001 This present disclosure relates generally o the field of intraccular
lenses (10OLs) and, more particularly, to a dual oplic, curvature changing

accommeodative 1OL having a fixed disaccommodated refractive state.

BACKGROUND OF THE DISCLOSURE

100021 The human eye in its simplest terms functions (o provide vision by
receiving hgnt through a clear outer portion called the cormnmea, and focusing
the image by way of a crystaliine lens onio a retina. The guality of the focused
Hnage depends on many factors including the size and shape of the eye, and

the transparency and focal power of the cornmea and the iens.

00031 VWhen age or disease causes the iens o become iess transparent,
vision detericrates pecause of the diminished amount of light that s
iransmitted {0 the retina. This deficiency in the lens of the eye is medically
Known as a cataract An accepied ifreaiment for ihis condition is surgical
removal of the lens and replacement of the lens function by an artficial

intraocular lens (10L),

(3004] in the United States, the majority of cataracious lenses are
removed by a surgical fechnique calied phaccemulsification. Dunng this
procedure, an opening s made in the anierior capsuie and a thin
phacoemuisification cutling tip i1s nseried into the diseased lens and vibratad
uitrasonically. The viprating cutting tip liguehes or emuisifies the lens so that
the lens may be aspirated out of the eye. The diseased iens, once removead,

1S replaced by an artificial iens.

O005] in the natural lens, bifocality of distance and near vision {8 proviged
OV 8 mechanism Known as accommodation. The natural lens, early in life, is
soft and contained within the capsular tag. The bag is suspended from the

ciltary muscle by zonules. Relaxation of the ciliary muscle applies a radal
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force that tightens the zonules, and sirelches the capsular bag. As a resull,
ihe natural lens fends to flatien. Tightening of the ciliary muscie reiaxes ihe
fension on the zonules, allowing the capsular bag and the natural lens o
assume a more rounded shape. In this way, the natural lens can focus on

poth near and far objects.

00081 As the lens ages, it becomes harder and is iess able o change
shape in response o movements of the ciliary muscie. This makes it harder
for the iens 10 focus Oon near objects, a megical condgiion known as

presbyopia. Presbyopia aftects nearty all aduils by the age of 45 or 50,

00071 VWhen a cataract or other disease reguires the removal of the
natural lens and replacement with an artificial 10OL, the 0L typically is a
monofocal lens that provides a suifable focal power for distance vision but
requires the use a pair of spectacles or contact lenses for near vision.
Multitocal {OLs, e.q., relving on diffractive patlterns {0 general multiple foct,

nave peen proposed but {0 date have not been widely accepted.

100081  Therefore, a need exists for a safe and staple accommodative

intraocuiar tens that provides accommeodation over a proad and useful range.

SUMMARY OF THE DISCLOSURE

10009 The present disciosure CONcems curvature-changing,
accommodative intraccular lenses (10Ls) thalt may be implanied in the
capsuiar bag of a patient's eye and configured o hamess the energy of the
movement of the capsular bag upon contraclion and relaxation of the cliary
muscies. in cerfain embodiments, the 10Ls described herein are designed
such that axial compression of the capsular pag changes the shape of a fluid
optic {(e.g., a fuid-tlled cawvily defined in part by a deformable optical
membrane), thereby aitering the curvature of the membrane and the power of
the optic. As just one example, the IOLs described herein may include a fluid
optic body and a second oplic DOdy each disposed on the oplical axis and
configured ¢ be in contact with a surface of the capsular bag, the fluid optic

pody and the second oplic body being couplad via a plurality of struts.
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{(3010] Upon axial compression of the capsular bag, an axial compressive

force on the struts {e.g., via the posienor oplic) may cause the siruts o
deform (e.g., to pivot or 10 bow oul), resulting in an ncrease in the {ension on
the deformabie oplical membrane (i.e., the deformable oplical membrane may
stretech radialiy). As a resuit, the curvaiure of the deformabie oplical
membrane may be reduced, as in a disaccommodaied nalive lens.  in
aadition, a mechanical piock feature may define a maximum amount of radial
siretching of the deformabie oplical membrane, thereby defining a consistent

minimum optical power for the {OL.

10011 Conversely, when axial compression is relaxed, the deformation of
the struts may be relieved and the deformabple optical membprane may become
more rounded 1o provide for close vision, as in an accommodated native lens.
For exampie, the plurality of strufis can be biased (o rotate in a8 direction
opposed to the first direction upon relaxation of the axial compression.  in
accordance with various aspects of the present teachings, the 10OLs described
nerein can pe implanted into the native capsular bag to replace a cataracious

or prespyopic natural crystatiine lens removed therefrom.

{0012] in certain embodiments, an [OL includes g fluid optic body having &
cavity defined by a sidewall, a deformable optical membrane intersecting the
sidewall around an anternior circumference of the sidewall, and a postenor
optic intersecting the sidewall around a postenor circumiference of the
sigewall. 1nhe postenor oplic inciuges a central protrusion extending anteriorly
iNto the cavity and the detormable oplical membrane includes a ring-shaped
protrusion extending posteriorty mto a space pelween ithe sidewall and the
central protrusion. A second optic body 15 spaced apart from the fluid optic
pody and coupled thereto via a plurality of struis. Axial compression causes
the pluralily of struts o deform the sidewall in @ manner that increases the
diameter of the cavity, modifving a curvature of the deformable optical
membrane is modified. Contact between the ring-shaped protrusion and the
central protrusion defines a maximum modification © the curvature of the

deformabie optical membrane.
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0013 Certain embodiments of the present disciosure may provide an iOL
that has a relatively small size and/or occupies a limited volume of the
capsuiar bag while still providing a substantial power change between s
accommodaled and disaccommodated siate.  Accordingly, the presently
disciosed 10OL may allow for smaller surgical incisions during implantation.
Additionaily, the shape and/or stifiness of certain embodiments of the
presently disclosed 10L may allow for interaction of the IOL with the capsule
in a manner that prevents posterior capsuie opacification (PCO) and anterior
capsuie opacification (ACQ) via sguare edge optics, open capsule, and

mechanical procegure.

10014] in addition, the mechanical block feature of the IOL (nciuding the
central protrusion portion of the posterior optic and the ring-shaped profrusion
extending from the deformabile oplical membrane} may advantageously define
a consistent minimum oplical power for the IOl as well as increase the rate of
power change at low levels of compression.  Additonally, the increased
rigidity around the perimeter of the deformabie oplical membrane provided by
the ring-shaped profrusion may reduce spherncal aperrations induced by the

stretching of the deformable oplical membrane during power change.

BRIEF DESCRIPTION OF THE DRAWINGS

10015] For a more complets understanding of the present disclosure and
the advantages thereof, reference I1s now made 10 the foliowing descnption
taken in comunclion with the accompanying drawings in which like reference

numerais ingicate ike features and wherein:

10010] FiG. 1 s a perspective view of an exemplary curvature-changing,
accommodatiive intraocular iens, according io certain embodiments of the

present gisciosure;
{00171 i, 2 18 g cross-sectional view of the exemplary lens of FiG. 1;

{(3018] Fi(s. 3A is a cross-sectional view of the exemplary lens of FiG. 1,
depicting the lens in s accommodated (close vision) state within the capsular

oag,
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00181 FiG. 3B is a cross-sectional view of the exemplary lens of Fi. 1,
depicting the lens in Hs disaccommodated (near vision) state within the

capsuiar bag;

00201 FiG. 4A s a simulation of the pivoting of the struls and the
curvature change of ihe deformabie oplical membrane of the exemplary iens
of FI(G. 1 as it moves from an accommodated siate o a disaccommodated

staie;

0021] Fi(s. 4B is another view of the simulation of the pivoting of the struts
and the curvature change of the deformable optical membrane of the
exemplary iens of FiGG. 1 as it moves from an accommodated state to &

gisaccommodated state;

{(3022] Fi(s. 5 is a perspective, cross-sectional view of ancther exemplary
curvature-changing, accommodative intraocular lens, according 1o certain

embodiments of the present disciosure;

10023] Fi(a. © 18 g simulation of the movement of the exempiary lens of
Fis. © as it moves from its resting or accommodated state o s

gisaccommodated siate;

10024] FiG. 7 is a plot depicting the power change of the exemplary lens of
Fils. 6 as i moves from ifs resiing or accommodaied stale to s

gisaccommodated state;

{O0Z25] Fia. 8 depicts data showing the modulation transfer function and

power change of the exemplary lens as shown in FIG. 1

1020] FIGS. 9A-UB are cross-sectional views of ancther exemplary
curvature-changing, accommeodalive intraoccular lens, acceording 1o certain

ambodiments of the present disclosure;

00277 FiGS,  10A-100 are  cross-seclional views  of  alternative
configurations of the mechanical block feature of the exemplary lens of FIG. 9,

according (o certain embodiments of the present disclosure; and

00281 FIGS. 11A-118 are cross-sectional views of the exemplary lens of
Fi(s. 9, depicting the lens in its accommodated (close vision) state within the

capsuiar bag;
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{(3029] Fils., 12A-128 are cross-sectional view of the exemplary lens of
FiG. 9, depicting the lens in its disaccommodated (near vision) state within the

capsuiar bag, and

{0030] Fi. 13 is a plot Hustraling the optical power of the exemplary

lenses of FIGS. 5 and DA-98 versus compression of the capsuiar bag.

0031] The skilled person in the art will understand that the drawings,
describad below, are for dlustration purposes only. The drawings are not

intended 1o imit the scope of the applicant s teachings in any way.

DETAILED DESCRIPTION

00321 The present disclosure generally relates {0 an intraoccular lens (10L)
configured © be implanied in the capsular pag of a patient and that can utilize
the movement of the capsuiar bag to change the power of the {OL.  Wilh
reference to FIGS. 1 and 2, an exempiary {OL 10 is depicted, according 1o
certain embodiments of the present disclosure. As shown in FiG. 1, the [OL
10 generally comprises a fiuid oplic pody 20 and a second oplic body 30
separated a distance apart. A piuraiity of struis 40 extend between the fluid
optic body 20 and the second optic body 30 and coupie the fiuid optic body 20
to the second oplic body 30, thereby defining a central space. in certain
embodiments, another iens {&.¢g., as a soiid iens) may pe disposed in this
central space, as discussed in defall below. When the I0OL 10 is implanied
within the capsular bag of a patient’s eye such that the fluid optic body 20 and
second optic body 30 are disposed on the optical axis (A) {aliowing iight
traversing the 10OL 10 to be refracted by fluid oplic body 20 and/or second
optic pbody 30}, the compression of the capsular bag dunng
disaccommodation can cause the plurality of struts 40 t© deform (e.g., rolate,
flex, pend, pow cul) in Mmanner that changes the shape of the fluid oplic pody

20, thereby altering the optical power of the 10OL 10.

100331  The fluid optic body 20 of {OL 10 can have a variety of
configurations but generally comprises a sealed cavity for containing an
optical fluid, the sealed cavity being at least partially defined by a deformabie
optical membrane. As best shown in Fi(. 2, the fiuid optic body 20 comprises

g deformable optical membrane 22, a posterior optic 24, and a circumferential
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sidewall 26 extending therebetween such that a sealed cavily 28 (which may
contain an oplical fluid) is formed within the fiuid oplic body 20. As discussead
in detall below, the sidewall 26 can be coupled {0 the deformabie optical
membrane 22 such that rotation/tlexion of al least a portion of the sidewall 20
(e.g., due o movement of the struts 40) increases tension on fhe deformable
optical membrane 22. in certain empodiments, the posterior optic 24 may de
more ngid than the deformable oplical membrane 22 s0 as 1o provide &
retatively nigid surface upoeon which the axial force can be applied durng
compression of the capsular bag. For exampie, the posterior oplic 24 may be
formed from a stiffer (e.qg., less elasiicy malenal than deformable oplical
membrane 22. Allernatively, the posierior oplic 24 may be formed of the
same material deformable optical membrane 22 but may have an increased

thickness relative 1o deformable oplical membrane 22.

{0034 in certain embodiments, the junction of the postenior optlic 24 and
ine sidewall 20 can be a relatively-sharp edge (e.¢g., the surfaces may pe
substantially perpendicuiar {0 one anoiner) so as 1o create a discontinuous
capsuiar bend at this junchon dunng compression of the capsuiar bag.
Likewise, such a discontinuous bend can be generated at the anienor portion
of the IOL 10, for example, via a circumferential lip about the anterior optic
body 30.

100351 Although the deformable optical membrane 22 is depicied and
gescribed herein as peing iocated anterior {0 the posienor oplic 24 when
disposed wilthin the capsuiar bag 2 (such that the posterior oplic 24 contacts
at least a portion of a posterior surface © of the capsular bag 2), the present
disclosure contempilates that an iOL 10 may aliernatively be configured such
that, when implanted within the capsular bag £, the deformable membrane 27
may be iccaled postenor to the deformable membrane 242 {such that the
posterior oplic 24 contacts at least a porfion of an antenor surface 4 of the

capsuiar pag 2).

100361  The second optic body 30 of IOL 10 may include any suitable oplic
pody faciitating the functionalily described herein. For example, as depicted
in FioS. 1 -2, second optic body 30 may comprise a solid (i.e., second optic

oody 30 may lack g cavily). As a result, second optic body 20 may provide a
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retatively nigid surface upon which the axial force durning compression of ihe
capsuiar bag may be apphled. As another example, second optic pody 30
may comprise a fluid optic similar to fluid optic body 20. in other words, 1OL
10 may comprise polh an antenor fuld oplic {e.4., second oplic body 30} and
a posterior fluid optic {e.g., #uid optic body 20) each of which comprises 3
deformanle optical membrane that changes shape upon axiat compression of

the capsuiar bag.

00377 The fiuid oplic body 20 and the second optic body 30 of 1OL 10 may
each comprise a varety of materiais thalt inciude, for exampie, UG
impermeable and biccompatible matenals. In particular, the deformable
optical membrane 24 and the posterior oplic 24 may each pe constructed of
materials that are oplically {ransparent and smooth {(e.g., an opticai-quality
surface). exemplary materiais inciude, hydrogels, sticones, acryiic maternials,
and other slastomeric polymers and soft plastics. For exampig, the silicone
matenals can be unsaiurated terminated sioxanes, such as vinyi terminated
siioxanes or multi-vinyl terminated sioxanes. Non-imiting exampies inciude
vinyl  ferminaied  diphenvisiioxane-dimethyisiioxane  copolymers,  vinyi
terminated noivohenyimethyisiioxanes, Viny terminated
phenvimethyisioxane-diphenvidimethyisioxane copolymers, vinyt terminated
polydimethyisioxanes and methacrylate, and acryiate functional siioxanes. In
other smbodimenis the lens-forming matenals can be & hydrogel or a
nydrophobic acrylic, such as the AcrySof® acryhic. Use of elastic/Hiexible
materials can aiso enable the 10OL 10 or optic body 20 to be folded upon iiself
during impiantation, thereby decreasing the size of the mcision required o
nsert the 0L 10 into the capsular bag 2. The present disclosure
contempiates that fluid optic body 20 and the second optic body 30U may be

constructed of the same or gifferent materiais.

0038] in certain embodiments, fluid optic body 20, second oplic body 30,
and struts 40 can comprise a unitary dogy formed of the same material
throughout, though these portions may vary in thickness in order to provide for
desired movement of the IOL 10, as ofherwise discussed herein.  For
exampie, second oplic pody 30 may pe thicker than struts 40 and sidewali 26

such that the second oplic body 30 provides structural support to the 10OL 10
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during axial comprassion of the capsular pag and efiiciently transters the axial
force to the struts 40, the sidewall 20, and ultimately o the deformable oplical
membrane Z22. Likewise, the posterior oplic 24 may be thicker reialive {0 the
sidewall 26 and deformable optical membrane 22 such that the posternor oplic
24 may also provide structural support for the {OL 10 upon axial compression
of the capsular pbag. Additionally, this configuration may aliow the sidewall 20
to flex or rolate i response to the deformation of siruts 40, thereby

tensioning/stratching the deformabie optical membrane 22.

00381 In certain embodiments, varous portions of the 1OL 10 may be
made of matenals of ditferent stiffness o provide for desired movement of the
IOL 10, as otherwise discussed herein. For example, the deformabile optical
membrane 22 may be made of an elasiomeric material having a iow modulus,
while the second oplical pody 20 and posternior optic 24 may be of a more rigia

maternal.

00401 The various components of 10OL 10 may each have any suitable
configuration facilitaling accommodation as described herein. For exampis,
fluld oplic bogy 20 and second optic body 30 may each have subsiantially
circular cross sections. Alternatlively, fluid optic dody 20 and second optic
pody 30 may each have non-circular cross sections (e.q., oval or elliptical
cross-section). Additionally, the sidewall 20 of fluid optic body 20 may have
any suitable configuration thal facilitates roflation/flexion in response 1o
getormation of the attached struts 40. For exampile, the sidewall 20 may
detine a diameter 27 of the fluid oplic body 20, and the deformable oplical
membrane 22 may span that diameter. Upon axial compression of the
capsular bag (in the direction indicated by the arrows in FiG. 2), struts 40 may
impart a force on the sidewall 26, thereby causing deformation of the sidewall
20 In a manner that cause the diameter 27 defined by the sidewall o
increase. In particular, the sidewail 20 may deform such that at least a portion
of the sidewsall 26 rotates aboul a pivot.  This increase in diameter 27 of
sidewall 20 may cause a change in the radius of curvature of ihe deformable
optical membprane 22 {(e.g., by radially stretching the detormabple optical

membrane 22).
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00411 The present disciosure contemplates that the term “diameter may
encompass mulliple diameters in the case of a fluid oplic body 20 having a
non-circular cross section (e.g., an elliptical cross section having a fransverse
and conjugate diametern. Moreover, when the ferm “diameter” encompasses
multiple diameters, deformation of the sidewall N a manner thal increases the
cdiameter defined Dy the sidaewall {0 INCrease may encompass an mncrease in

one or more of those diameters.

1004217  The optical fluid contained within the cavily 28 of {OL 10 may be
any suitable fiuid and may include, for example, an mncompressipie or
substantially incompressibie fluid exhibiing an index of refraction different that
the fluid surrounding the 1OL 10. As a result, light passing through the 1OL 10
may undergo refraction at poth the deformabie optical membrane 22 and the
posterior oplic 24, the level of refraction being dependent upon the shape of
the boundary between the optical fiuid and the external fiuid {i.e., the shape of
ine deformable optical membrane 22 and the posterior optic 24 relative 0 ihe
optical axis{A)). Exemplary suitaple fluids for use in the cavily 28 include
fuids with an index of refraction higher than water, for exampie, an index of
refraction greater than 1.3, in certain empodiments, {he fluig may exhibit an
index of refraction greater than 1.30 or greater than 1.38. in other
empodiments, the index of refraction may be in the range of about 1.3 1o
about 1.8, in the range of about 1.36 {0 about 1.70, or in the range of about
1.38 1o about 1.00. Suitable fluids may include saline, hydrocarpbon oils,

sificone oils, and silicone geis.

10043  The optical fluid may be disposed within the cavity 28 dunng
fabrication of the {OL 10, after fabrication but before implantation of the I0OL
10, or after implantation of the 1OL 10. For example, the optic body 20 may
include a fill port thatl can be sealed or plugged after filling the cavily 28.
Additionally or aiternatively, the optical fiuid may be injecied through the oplic

cody 20 and the oplic boay 20 may be seif-sealing.

100441  The pluralily of struls 40 may have any suitable configuration
facilitating accommodation of the {OL 10 as described herein.  For exampie,
each of the plurality of struts 40 may generally extend between the fluid optic

pody 20 and the second optic body 30 {thereby coupling the fiuid oplic body
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20 10 the second optlic body 30} and may be configurad (0 move or deform in
response (0 axial compression of the capsular bag (as described in detall
below). In particular, as shown in FIG. 1, each of the plurality of struis 40 may
extend in a direction subsianiially paraliel {0 the optical axis {A) and couple a
noint or region on the circumference of the fluid optic body 20 {0 a point or
region on the circumierence of the second oplic body 30,  Allhough &
particuiar number of struls 40 are depicied, the present dJdisciosure
contemplates any suitable number of struts 40 faciiitating to transiation of
axial compression of the capsular bag into modification of the curvature of at

ieast the deformabie optical membrane 22,

10045] in certain embodiments, each of the struts 40 may be curved. As a
result, the axial force imparted by the capsular bag may tend {0 increase
radial bowing of the struts 40. As a result, the maximum diameter of the I0OL

10 In the disaccommodated state may be increased.

(040 in certain empodiments, struts 40 may nave cross-sectional areas
that vanes with length s0 as o provide additional support and/or 1o provide for
the movement of the struis 40 as discussed herein. For exampie, portions of
a struts 40 that are cioser {0 the fiuid oplic body 20 {&.q., the posterior end of
the strut 40) may be thinner reiative 10 the portions of the strut 40 closer {0 the
second optic body 30 {e.g., the anlerior end of the strul). As a resull, the
posterior end of the sirut 40 may move in response 1o axial compression so

as 1o increase the deformation of the deformabie optical membrane 22,

10047 in certain embodiments, adiacent struts 40 may be coupled {0 one
another via a ring-itke structure 40 gisposed around the circumference of the
{OL 10, Ring 46 may increase stability of the [OL 10 within the capsular bag
and/or improve the uniformily of the force exerted on the struls 40 and
deformable membrane 22 as the IOL 10 15 axially compressed. Additionailly,
the axial torce exerted on the second oplic body 30 may be more evenly
distributed between the struls 40 due to their coupling with the nng 46, and
the nng 40 may provide additional support {0 the struts 40 at a locaton
petween fhe fluid optic body 20 and the second oplic Dody 30 In which stress

on the struts 40 durnng axial compression is concentrated.
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{(3048] in certain embodiments, the fluid oplic body 20, the second optic
pody 30, and the struts 40 may each be dimensioned such that, in its resting
state {as shown in FiG. 2}, the 1OL 10 may have a length along the optical
axis (A) that is slightly larger than the antenor-to-postenor depth of the
capsular bag. As a result, tension exerted by the capsular bag on the OL 10
upon implantation may substantially maintain the IOL 10 in a desired position.
Addifionaily, the fluid oplic body 20, the second optic body 30, and the struts
40 may each be dimensioned such that the surface area that engages the
anterior and posterior surfaces ¢of the capsular bag s maximized whiie
minimizing the overall volume of the 10L 10, For example, the radial
dimensions of the IOL 10 may be slightly smaller than diameter of the
capsular bag (o help maximize the transfer of energy io the 1OL 10 by

minimizing 10ss of energy due {o lateral stretching of the 10OL 10

100481 Movement of the exemplary [OL 10 will now be described as the
capsular bag 2 goes from an accommodated state, as shown in Fis. 3A, 1o &
disaccommodated state, as shown in FiG. 3B. With reference first to Fi(. 3A,
the {OL 10 and capsular bag 2 are depicted in their accommodated state
during which the ciliary muscles are contracted such that zonules extending
petween the ciiary muscies and the capsular bag 2 are siack. As a resulf,
there exists littie radial fension on the capsuiar pag <. As discussed above,
{OL 10 may be sized such that, in this state, the fluid optic body 20 and the
second optic body 30 may each be in contact with the capsuiar pag 2, but the
capsular bag 2 may exert a minimum amount of axial force on the {OL 10
This minimum amount of axial force may help maintain the [OL 10 in a desired

nosiion within the capsular bag 2.

{00501 Upon relaxation of the ciliary muscies, the zonules will exert radial
tension on the capsular bag 2 {(as indicated by the solid arrows in FiG. 3B8),
which causes axial compression of the capsular bag 2 (as indicated by the
proken arrows). As a resuit, the capsular bag 2 may exert a force on the 1OL
10 {specifically fluid oplic body 20 and second oplic body 30}, and this force
may cause g gecrease in the separation distance between fluid optic body 20
and second optic body 30. This decrease in the separation distance between

fuld oplic body 20 and second oplic body 30 may contribute fo the oplical
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power change of the 1OL 10. However, the prnimary factor affecting the optical
power change of the IOL 10 may be the curvalure change of the deformable
oplic membrane 22 resulting from deformation of struts 40, as discussed

further below.

00511 As is illusirated by comparing FIGS. 3A and 3B, the maximum
diameter of 1OL 10 (e.g., the diameter measured at the ring 48) may increase
due detormation of struts 40 resulting from axial compression of the capsular
pag 2. in particuiar, the posienor-curved portions of the struts 40 ocataed
adiacent to fiuid optic pody 20 may move radially and/or posteriorly {e.g.,
through rotation about the fluid oplic body 20). Because the postenor-most
ends of struts 40 are coupled o the sidewall 20, such deformalion of the
struts 40 may impart a force upon the sidewali 20 and cause deformation of
the sidewall 26. For example, at least a portion of the sidewall 20 may rotate
outward about a pivot such that the diameter 27 defined by the sidewall 26
increaseas. In certain embodiments, the portion of sidewall 26 dehning
giameter 27 {(i.e., the point at which sidewall 26 and deformable optical
membrane 22 intersect) may anteriorly raise the penphery of the deformable
optic membrane 22. Deformalion of sidewall 20 in a manner that increases
cdiameter 27 may increase tension and radial stretching of the deformable
membrane 22. As a resuit, the deformabie optical membrane 22 may exhibit
a flatter profile (e.g., a larger radius of curvature}. Additionally, the distance
petween the deformable oplical membrane 22 and ithe posterior optic 24
(along the optical axis {(A)) may be decreased. As the radial force on the
capsular bag 2 is relaxed, the capsular bag 2 and 1OL 10 may return to their

biased configuration shown in FiG. 2.

00521 With reference now o FIGS. 4A and 48, finite element analysis of
exemplary simulated movement of the 10Ol 10 is depicted as the 1OL 10
moves from its resting or accommodated stale (as shown in phaniom outline)
o its disaccommodated state {(as shown in solid color). Upon axial
compression of the capsular bag, the axial compressive force on the 1OL 10
ncreases, intialing movement of the struts 40 and deformation of the sidewal!
26, This movement of struts 40 transfers at least a portion of the force

exerted on {OL10 {0 the sidewall 26, which in turn transfers at least a portion
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of that force to deformable optical membrane 2Z22. The resulling stress on
deformable optical membrane 22 18 at a maximum along the optical axis as
the deformable oplical membrane 22 is pulled from all sides. AS compression
continues, the struts 40 rolate further and the cavity 28 containing the optical

fluld changes shape as the deformabie optical membrane 22 becomes flatlter.

00531 As the thickness of the sidewall 20 increases and/or iis height
decreases, the overall power change of the 10OL 10 during compression may
decrease oOr a grealer axial compressive force to achieve the same
getformation may be reguired. In order 1o achieve maximum power change,
the thickness of the sidewali 26 {(i.e., in a radial direction) may be significantly
less than s height {.e., giong the oplical axis {A}). Additionally, increased
thickness of the junction of the deformable oplical membrane 22 and the
sidewall 26 may help in distributing the deformation from the struts 40 more
uniformiy on the oplic membrane 22, which may reduce the number of siruls
40 needed withoul nducing oplical aberrations in the deformable oplical

membrans 22.

100541  The present disciosure contemplates that the thickness of the
deformabie optical membrane 22 may be manipulated (e.q., increased,
decreased, and/or varied about s area) so as to mainiamn good visual acuily
and high power change throughoul accommodation. For example, a convex
deformable oplical membrane 22 (i.e., a membrane in which the central
portion is thicker than the peripnery) with a low power may reduce aperrations
during accommodation. Allernatively, if the deformable optical membrane 22
s flat {(1.e., the membrane exnibits a subsiantially constant thickness), it will
deform more easily in the central part than the peripnery. Additionally, the
oresent disciosure contemplates that each surface of the 10OL 10 within the
optical aperture lens can be spherncal or asphenc so as to aller the optical
properties of light traversing thersthrough. For exampie, the varicus surfaces
of the second oplic dody 30U provide various iocations {0 inciude compiex
optical designs, In accordance with that process as known in the art and

moditied in accordance with the present feachings.

0055] The above-described [OL 10 may be fabricated using any suitable

techniguas Known in the arl and modified in ight of the present teachings.
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For exampie, 10OL 10 may be injection molded such that the struts 40 and
deformable oplical membrans 22 can be biased (o the posiion shown in FIG.
2. Thatis, in the absence of substantial external forces (e.g., in iis free form
cutside the eye), the 1OL 10 can be configured to maintan a radius of
curvature approximate its shape in an accommodated siate. Accordingly, the
struts 40 would tend 1o return 1o this biased position upon removai of or
retaxation of the axial compressive force (€.g., as ihe capsuiar bag goes from
its disaccommodated configuration to its accommodalied configuration). This
piased conhiguration may especially aid those pabients in which the ciliary
podies have iost some of their contracliity or the capsular bag 2 has {ost

some of iis elasticity, for exampie, due {0 age.

00561 With reference now to FIG. 5, ancther exempiary 10L 510 is
depicted. The IOL 510 is substantially similar to the IOL 10 depicted in FIG. 1
in that it inciudes a fluid optic body 520, a second oplic body 530, and a
plurality of struts 540 extending therebetween. Similarly, the fluid optic body
520 defines a cavity 528 for containing a fiuid and 15 configured 1o change
shape upon axial compression of the 10L 510 due to movement of the struls
540, The |OL 510 differs, however, in that adjacent struts 540 are not coupled
t0 one ancther at a location petween fluid optlic bodies 520 and second optic
body 530 {(e.¢., via a ring 40 as shown in Fi(. 1), Although the ring 46 can
orovide stability in some aspects, a lens such as {OL 510 iacking such a ring
may ease implantation {e.q9., by allowing the 0L 510 t¢ be folded into a more
compact shape) and may ease viscoelastic removal. In certain embodiments,
the dimensions of iOL 510 may be have a greater overall diameter relative 10
IOL 10 s0 as to exiend more radially within the capsular bag, thereby
increasing stability of the 0L 510 (e.q., by reducing rotation) following

implantiation.

00571 With reference now o FiG. 6, finite element analysis of exemplary
simulated movement of the 10L 510 is depicted as the lens 510 moves from
s resting or accommodated state {(as shown in phantom outline) © s
disaccommodated state (as shown in solid colory. Upon axial compression of
the capsuiar bag, the axial compressive force on the {OL 510 initiates

movement of the second optic body 530 and thus rotation and/or bowing out
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of struts 540. This rotation results in a radial force applied o the deformabie
opticai membrane 522 such that the cavity 528 containing the optical fluid

changes shape, thereby altenng the power of the fluid optic body 520.

100581 With reference now to Fl(a. 7, an exemplary simulation depicts the
optical power change of the exemplary IOL 510 as it moves from iis
accommodated state to s disaccommodaied stale. As fhe lens 510 is
compressed from s accommodated state {(compression = O mm) o is
disaccommodated state {(compression = 0.5 mm), the 10OL 510 exhibits an
opticai power change of -7 diopter, which S a decrease in the focusing power
(for far vision as the light rays from far objects are more paraliel relative 1o

those from near opjects).

00581 With reference now to Fi(. 8, a simulated modulation fransfer
function (MTF)} and power change 1s depicted for a lens in accordance with
FiG. 5. The simuiation was performed with a 3mm pupil and a model eve. In
the simulation, a simple spherncal convex type membrane s used. Since
dynamic aberrations are reasonably compensated by the membrane, all M

curves are close o the giffraction limited M TH over ~8D power changse.

00601 With reference now to FIGS. 9A-98, ancther exemplary 1OL 810 is
depicted. {OL 910 may be substantially similar o {OL 510 depicted of FIG. 5,
put differing in that the 1OL 910 additionally includes a mechanical block
feature configured 0 interfere with the curvature change that can be exhibited
by the deformabile oplical membrane 822, In particular, the mechanical block
feature may consist of two primary components: (1) a central protrusion
portion 950 of the posterior optic 8924 extending anteriorly into the cavity 828,
and {(2) a ring-shaped protrusion 852 extending posteriorlty from the
deformable oplical membrane 822 into a portion of the cavity 928 between the
sidewall 928 and the central protrusion 850 of the posienior oplic 924, This
combination of components may consirain movement of the deformabile
optical membrane 822 and define a fixed minimum reifractive power {(as
described in further detail below). In adgition 0 defining a fixed minimum
refractive power, the mechanical piock feature may ais¢ be advantageous in
that it reduces the tolal fluid voiume of cavily 828, increases power change at

low levels of compression {as illustrated in FiG. 13), and decreases the
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amount of higher order aberrations induced dunng compression (due at least
in part 1o the structural siability added o the periphery of the deformable
optical membrane 922 by rnng-shaped protrusion 8952},

100611 Although the components 950/852 of the mechanical biock feature
are shown as having particular shapes and relative orientations, the present
disciosure contemplates that the components 950/85¢ of the mechanical
block feature may sach have any suitable shape. For example, FIGS 10A-
100 Hustrale alternatively shaped components 950/952 of the mechanical
biock feature tllustrated in FIG. Q. In particular, as illustrated, the components
950/952 may have vanous widihs and/or volumes, edges of the components
950/952 may be rounded, and/or draft angles may be applied {0 various

surfaces of components 950/952.

0062 FIGS. 11A-11B and 12A-12B ilusirate the effect of the mechanical
plock feature as the IOL 910 changes power axial compression of the
capsuiar bag £. In particular, FIGS. 1T1A-11B illustrate 1OL 910 in an
accommodated state (maximum refractive power) and FiIGS. 12A-12B

Hiustrate [OL 810 in g disaccommodated state (minimum refractive power).

{0063] As discussed above with regard to FIGS. 3A-38, axial compression
of the capsuiar bag 2 may cause {he posterior-curved portions of the siruts
940 located adiacent 1o fluid optic pody 920 10 move radially andg/or posterioriy
(e.q., through rotation about the fluid oplic body 920). Because the posternor-
most ends of siruts 840 are coupled © the sidewall 826, such detormation of
the struls 940 may impart a force upon the sidewall 920 and cause
deformation of the sidewall 920, For exampie, at least a portion of the
sidewall 9286 may rotate cutward about a pivol such that the diameter defined
oy the sidewail 26 increases. Such deformation of sidewall 926 may increase
tension and radial stretching of the deformabie membrane 922, in addition,
rotation about the pivet point dunng deformation of sidewall 926 may cause
corresponding rotation of ring-shaped protrusion 852 such that the space
petween ring-shaped protrusion 952 and central protrusion portion 950 is
decreased. AS compression continues, nng-shaped profrusion 9592 may
contact central protrusion portion 950 and define a maximum deformation of

sidewall 926 as well as 8 mapumum radial stretching of the deformable
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membrane 922. As a resull, ring-shaped proftrusion 852 and central

protrusion portion 950 may coliectively define a minimum refractive power for
{OL 210.

10064  FiGG. 13 is a plot illustrating the oplical power of IOLs 510 and 910
versus compression of the capsular bag 2. As jlustrated, the mechanical
block feature of 1OL 810 may increase the rate of optical power change at iow
comprassion ievels (highiighted by the increased siope of the plot related to
{OL 910 for low compression levels). Additionally, the mechanical block
feature of {OL 910 may define a minimum refractive power for [OL 810 despite
increased comprassive force (as the mechanical biock feature may provide an

aguivalent resistive force that prevents further compression.

00651 As noted above, the {OLs described herein generally provide a
space between the optic bodies and struts within which a solid lens can be
disposed. Vhereas the curvature of the deformable oplical membrane (8.¢.,
deformable optical membrane 22 of FiG. 1) is generaily responsible for the
optical power of the 1OL, a solid lens disposed within the space can
aaditionally provide for power change or other features (e.g., spherical,
aspheric, tonc features), as s known in the art. 1o further aid delivery, the
solid lens can also be eiastomernc or foldable {0 ease insertion nio the
capsuiar bag. Additionally or aliternatively, a second optic body of the {OlLs
describad herein can provide for such spherical, aspherical, or toric features,

as noted above.

10006] N use, the exemplary accommodative infraccular lenses described
nerein are adapted to0 pe inserted i the numan eye using conventional
surgical {echnigues modified in accordance with ithe present teachings.
Typically, the natural crystalline lens is first removed and the iOL can be
folded iNte a compact size for insertion through an Incision or opening in the
capsular bag. Following insertion, a singie piece 0L (e.q., IOL 10} can be
manipuiated o assume (s proper position in the capsular bag, as described
above. Alternatively, an {OL in which muitiple components are delivered {©
the capsular dag ingependently can be assembdied in situ {e.4., by cCouping
the struts 40 0 a fluid oplic body 20 delivered independently}). In some

aspects, the 10Ls described herein can be implanted in the capsular bag
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without optical fluid contained within the cavity of the fluid optic body such that
ihe method for implantation can further inciude filling the cavity with the oplical
fuid while the lens is disposed within the eye (e.g., via injection). In this
manner, implantation of the exempiary 1OLs described herein can aid in
restoring natural vision by providing an accoemmuodative, curvature-changing
refractive lens that mimics now the natural crysiailine fens changes shape in
response {0 movement of the ciliary bodies {0 varnously bend mcoming light

onto the retina depending on the desired focal point.

00671 The term intraocular lens or "IOL” 1s used herein {0 refer 10 any lens
or lens component adapted o be inserted into a palient's eve. Such a lens
can be phakic or aphakic (also referred to in the art as pseudophakic) o
restore, improve, or partially correct vision. Phakic lenses are used in
coniunclion with the natural lens of an eye 1o correct refractive errors such as
myopia (near-sightedness), hyperopia (far-sightedness) and asligmatism,
coma or other higher order refractive errors (blurred vision due to poor iight
focusing on the retina due 10 an irreguiarly shaped cormea or, in some
instances, an irreguiarly shaped natural lens). An aphakic or pseudophakic
lens 1s inseried in the eye subsequent 1o removal of the natural lens due 1©
disease, e.¢., a cataract or ciouding of the natural lens. The aphakic or
pseudophakic iens can aiso resiore, improve, or partiaily correct vision Dy
poroviding a power comparable to that of the natural lens and can aiso correct
myopia, hyperopia or other refractive errors.  Either type of lens may be
impianted in the antenor chamber in front of the s or n the posterior
chamber behind the s and in front of the natural lens or in the region where

the natural lens was before removal.

{0068] it will be appreciated that vanous of the above-disclosed and other
features and functions, or alternatives thereof, may be desirably combined
into many other different systems or apphcations. it will alsc be apprecialed
inat various presentiy unforeseen or unaniicipated alternatives, modifications,
varations or improvements therein may be subseguently made by those
skilied In the art which aitermnatives, varations and improvements are aiso

intended 0 be encompassed py the foliowing claims.



CA 03012450 2018-07-24

WO 2017/153857 PCT/IB2017/050885
20

CLAIMS

1. An intraocutar lens configured 1© be implanted within a capsular
pag of a patient’'s eye, the lens compnsing:

a fiud optic pody comprising a cavity for containing an optical fiuld, the
cavity defined by

a sidewall extending around the cavity and defining a diameter
of the cavity;

a deformable oplical membrane interseciing ihe sidewall around
an anterior circumference of the sidewall and spanning the diameter of the
cavilty, ihe deformable oplical membrane configured to extend across the
optical axis of the patient’'s eye;

a posternor optic nlersecting the sidewall around a posterior
circumberence of the sidewall, wherein:

the posienor oplic comprises a central profrusion
extending antenorly info the cavily; and
the deformable optical membrane comprises a f1ng-
snaped protrusion extending postenorly mto a space between the sidewall
and the central protrusion of the posternor oplic; and
a second optic body spaced a distance apart from the fuid oplic body
and configured (0 extend across the oplical axis of the patient's sye; and
a plurality of struts exiending from the sidewall and coupling the fluid
optic poQy {0 the second optlic pody, the struts being configured such that
axial compression of the capsular bag causes the plurality of struts {o deform
the sidewall in a manner that increases the diameter of the cavity such that a
curvature of the deformabie optical membrane s modified, wherein contact
petween the ring-shaped protrusion of the deformable oplical membrane and
the central protrusion of the postenor optic defines @ maximum modification 1o

the curvature of the deformable optlical membrane.
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2. The intraccular lens of claim 1, wherein the fluid oplic body is
configured to be disposed in contact with a first surface of the capsular vag
and the second oplic body is configured to be disposed in contact with a

second surface of the capsular bag.

3. The intraccular lens of claim 1, wherein the deformation of the
sidewall in a manner that increases the diameter of the cavity causes an

increase in tension on the deformabie optical membrane.

4. The intraocular lens of claim 3, wherein the deformation of the
sidewall in a manner thal increases the diameter of the cavity causes the

deformable optical membprane 1o siretch radially.

5. The intraocular tens of claim 1, wherein the struts are configured
such that axial compression of the capsular pag causes deformation of the

siruts.

G, The intraocuiar lens of ciaim 5, wherein the deformation of the
struts comprisas each of the siruts bowing outward relative 10 the oplical axis
of the patient’s eye.

7. The intraccular {ens of claim 5, wherein the deformation of the

sfruts comprises a radius of curvature of each of the struts decreasing.

8. The intraocuiar lens of claim 1, wherain the modification of the
radius of curvature of the deformable optical membrane comprises an

ncrease in the ragius of curvature.

9. The intraocular tens of claim 1, wherein, upon axial compression
of the capsuiar bag, a distance belween the fluid oplic body and the second

optic pody along the oplical axis decreases.

10.  The intraocuiar lens of claim 1, wherein the deformation of the

sidewall comprises rotation of at least a portion of the sidewali about a pivol.
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11. The infraccular lens of claim 1, wherein each of the plurality of

sfruts comprises a curved portion that is concave relative to the oplical axs.

12.  The intraccular lens of claim 1, wherein the second optic body

comprises a solid oplic.

13, The intrapocular of claim 1, wherein the second oplic DOOY

comprises a second fluid optic body.

14.  The intraocular iens of claim 1, wherein each of the plurality of
struts are coupled 10 one another via a circumferential rning disposed between

the fluid optic body and the second oplic body.

15, The intraocular iens of claim 14, wherein the circumferential nng

increases in diameler upeon axial compression of the capsular bag.

16. The intraocular lens of claim 1, further comprising a solid iens

disposed between the fluid optic body and the second optic body.
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