WO 2011/ 008846PCT/ US2010/ 041958 FOLDI NG DESI GNS FOR | NTRACCULAR LENSES
CROSS- REFERENCES TO RELATED APPLI CATI ONS [ 0001] This application clainms the
benefit oWoWoB/008846vi si onal Patent Applications 61/225, pe3/dseéen4desy 14,
2009 and 61/250, 159 filed Cctober 9, 2009. 5BACKGROUND OF THE | NVENTI ON
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desi gn, while B. shows | etterbox wings that may be used with the |etterbox
fol di ng HéMGAiatepanhdisi#BeRYiMoAt s i nclude a rigid, electro-active conmponent.
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\(/)\II”II I gaI[ h@%ﬁﬂtogf)@aé&?@f%%g %@gd‘g;:ufc& a\é %ngesl)elﬁg %IOVE(Ie%n mtﬁgés OI} mp antlgg atfoIIgéIZI

15  intraocular lens, then unfolding the intraocular lens in vivo are also provided.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] Fig. 1 depicts exemplary intraocular lenses, including both articulated, foldable (A,
B, and C) and rollable designs (D). These designs include exemplary placement of the

electronic components for the operation of the electro-active aperature.

20  [0006] Fig. 2 depicts an assembly view of an electronics package supporting the operation
of the electro-active aperture including the batteries, the ASICs, and the antenna to support
remote charging of the batteries. The electronic components can be packed onto a wafer and

hermetically sealed in a thin wafer.

[0007] Fig. 3 depicts exemplary intraocular lens designs including articulated wings. A.
25  shows hinged wings that may be used with the central full hinge design, while B. shows
letterbox wings that may be used with the letterbox folding design. Both embodiments
include a rigid, electro-active component. In both embodiments, the electronic components
are shown at the haptic-optic junction away from the light path. In these designs, the optical
sections are darkened to avoid light transmission through them while the electro-active

30  aperture is on.



WD 2011/ 008846PCT/ US2010/ 041958 [0008] Fig. 4 depicts exenplary fol dable
designs for the 10O optic conprising an el ectroactive cell, which is nostly
rigid. Awbebtiawoksak. B. Double hinge C. Central parti al pPoirruseoido4@sst r al
full hinge E. Ofset single hinge. In Figure 4, the transm ssive central
aperture is shown in black. The white portions (along the fold lines) are
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the aperf@&Sis ON, i.e., closed. [0013] Fig. 9 depicts nodel ed folding
stresses for glass at a 70 angle. A shows a separation of 0.5 nmand a
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[0014] The intraocular |enses (I1OLs) described herein feature articulation
and/ or f disdner) v@Bnpbg ¢leetrsactivatapeutpe ovedosedpir anemt i on and/ or per f or mance.
The fol dable 1 OLs provided herein optionally include an el ectro-active (EA)

conponent012} g Fig. 8eplcicthe AT b Mecle@id-activBADLGaAh thedickitolabeveoiicttarl power
of the lens to adjust to a w de variety of vi sual demands incl udi ng near,
an
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2011/ 00884A6RGH a5 AhiprDB4dB@bB8in MTF is seen for object distances in the range of 800 mm (0.8

M) to 5000 mm (5 M) when the aperture is ON, i.e., closed.

[0013] Fig. 9 depicts modeled folding stresses for glass at a 70° angle. A. shows a
separation of 0.5 mm and a cell thickness of 100 pm resulting in 90 MPa peak stress. B.

20  shows a separation of 0.5 mm and a cell thickness of 200 pum resulting in 27 MPa peak stress.
C. shows a separation of 1 mm and a cell thickness of 100 pm resulting in 63 MPa peak

stress.

DETAILED DESCRIPTION OF THE INVENTION
[0014] The intraocular lenses (IOLs) described herein feature articulation and/or folding
25  patterns that improve implantation and/or performance. The foldable IOLs provided herein
optionally include an electro-active (EA) component, e.g., an electro-active cell, that can
modify the optical power of the lens to adjust to a wide variety of visual demands including

near, intermediate, and distance viewing.

[0015] In some embodiments, the electro-active component is more rigid compared to the

30  flexible IOL body material. In one embodiment, the folding design of the IOL



advant ageously allows for the narrom ng of the ICL profile for insertion,
while minimzing or elimnating fold lines across the nore rigid EA
conmponentwoO[2001083846n anot her enbodi nent, the | OL nay feaCurs2@ohlmzis bl e

el ectroni c conponent. The el ectro-active conponent may be fabricated out of
a flexible plastic material that may be 5rolled in order to present a
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El ectronics [0017] The 1CL may include various el ectronic conponents
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eleCtrOnhﬁa%ﬁQBVQE%$§E¥§hhﬁ@$£y?§gﬁ%ﬁ%Fm§F§§HHk9 wafer. Fig. 2 shows one

enbodi nen the onic warer I ncludes the electro-active
cel |. [00&9! Fig. | A shows one enbodi nent of a spaced apart configuration.
In this lsent, the electronic conponents are enbedded at or near the
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are placed on the haptic. The el ectro-active aperture neanwhile nmay 25
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embodiment, the electronic components are embedded at or near the distal edges of the
haptic, while the electro-active cell remains at the center of the optic. In this configuration,
20 an electrical connection should be provided between the electronic components and the

electro-active cell.

[0020] Since the electronic components are not typically transmissive, they may be nearly
anywhere on the IOL except for on the transmissive central aperture. In one embodiment, the
electronic components are placed on the haptic. The electro-active aperture meanwhile may
25  reside at the center of the optic, thus placing the electronic components away from the path of
rays from objects to the retina. For example, Fig. 1A shows electronic components placed on

the edges of the haptics.

[0021] In another embodiment, the electronic components are placed at or near the haptic-
optic junction. For example, they may be embedded in the hydrophobic acrylic material with
30  at least one fold line placed such that the components that are substantially rigid do not have

to be folded for the device to be implantable through a relatively smaller incision. In Fig. 1C



and Fig. 3A and 3B, the electronic conponents are shown at the haptic-optic
junction. Placenent of the electronic conponents at the haptic-optic
junction wapoh@ossted with the fol ding designs depicted iPOTRISg01044195%! di ng
Designs 5[0022] By including strategically placed fold lines, the QL

i ncluding the EA conmponent can be folded so that it may be inserted through
a snmal | sut Bigcdh and8Bsthorlechosicgnspbihatts arachevporathe heptehorfteljondtiones ar e
shown in_Figs. 1, .3, and 4. Fig. 3 sh a.cl ass of. desi gns named !'w ngs"
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f|6Xib|6ﬁﬁgﬁéheﬁgn§&%&nﬁpmiﬁ‘4i0|d6d around the central rigid conponent.
The haptics are Then fol ded 10back to |lie over the folded wi ngs. [0023] In

one enbogiﬁpnﬁ¥m9n i ntraocul ar | ens conprises a body conprising one or nore
fold Iin t the body that can assune a folded configuration and an
unf ol gled[oppf | Byriatiuding samdgiRilleplRedd PRCNAK Ehe UDARGNIng B BA B8Eportnr 0N
the body, wherein at |east one dinension of the folded configuration is

| ess t hapandisoiglded spnihat 1gpoonserted through psmal spsgicat Byeisitie ddesi@s dwit ai ned on
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t he body. e el ectroactive component® mdy 'be constiucted using materials
and net hagised'hoings'" sindehiecomtifrises &l céntas righl J9&ic0QEYN0SIBERBb@Eh didelSby flexible
2008/ 0208335. The IC% may al so jnclude one or nore of a battery, Eirc it,
and sens¥ctieBhial HawLeiplerd araundiae seipal rigis epmmmopentn d h fapticrars %@n SRS

00”516UCB&%&Q%e%v&?%%ﬁhﬁ&i@H%&iCie”tly flexible as to allow folding to at

| east sone degree out 1 to about 180, at |east about 45, or about 90 to
about 180). | ar terials include, but are not limted to, silicone
and acry 023 adaPrrtboRghi it Fireor it 5ok i nt Do SRR O ror e oo ve
central &@Iihey Rch meﬂfé%hg Aat i AREME YIEIdBRSoFidutARANME bARGRIAD €. 3.,

greater than 60% greater than 75% greater than 90% %reater t han 95% or

great er edigugdRn, Aleandilentiopetrvegonphacyeanteaicd aper enuthe body, Whnrciaxhlepite,
about 0.1 to about abaout. 0.5.to about 1.5 or about 1 mm [0027]
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lines create a folding pattern, which may be symetrical or aignnetrical
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configurat'o.n]fS the 1OL is said to be in a "partially folded" configuration.

10[ 0028] "{1&"“°ol ded confi guration may include fol ding of 180 or folding of
| ess than 180 ) o
[0026] The IOL body may also include a transmissive central aperture. The central

25  aperture has a transmittance of, e.g., greater than 60%, greater than 75%, greater than 90%,
greater than 95%, or greater than 99%. The diameter of the central aperture is, for example,

about 0.1 to about 2 mm, about 0.5 to about 1.5 mm, or about 1 mm.

[0027] The IOL described herein include one or more folding lines. The folding lines
create a folding pattern, which may be symmetrical or asymmetrical across the IOL body.

30  When the IOL is essentially planar (the folding lines are positioned at less than 10°,
preferably at about 0°), the IOL is in the unfolded configuration. The unfolded configuration



across one or nore folding Iines. Because the greater the degree of
folding, the greater the internal stresses placed upon the I OL conponents,
sonme enbosprmemt®ssace fol ded to | ess than 180 , even in trhe/usapbantsabl e
configuration. In sone enbodinment, the IOL is folded about 1 to about 180,
about 45 to about 180, about 70 to about 90, about 90 to about 135, or 15
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have wi dt.h h| n e s ze f abouyt 0.1 t bout, .1 . bout,, O.
about> 0. &1 vER i nsign amnioRnRll & BN irE RO uiKkE

about O. &ﬂﬂguraTﬁthmﬁswlamﬁre@aal%aﬁﬁ&sm PichitRNICI isttbRlcd @lonk Radne) S
under fold stress as opposed to the renmainder of the I10OL that renains

subst ant beinoy alh pﬁﬂl&rfolélmgdmeﬁ, aripghondh KL esoftded aloagions or pmromdng ilﬁes@ Rt
nbodi " b
emboct e iSRSk a5 b1 P ChyBRY uPRld e 101 500U oAy about

t hi CkneSSpaﬂ)ﬁaltyf'[BI(EH‘ECdﬂfﬁga@ttlome conponent is about 50 [tmto about 500 [tm
about 100 [tmto about 300 [tm about 150 [tmto about 250 [tm or about
200 {({ m Rfozhﬁs%e?@h&?é&ﬂf Pﬁoﬁ%a@z ihé 1088 fot@g bF @gtﬁrﬂrtfola{ngaotﬁ s Bndn! @b - For
exanple, the fold Iine ca have a transmtta%ce of great an 99%

gr eat er tdvass @5 %r ngre &tlding finen E@Wse@tb@gteatk@%etd@g&b@lﬁtfol@ﬁ% thatgmmter&h)é%) to

about 75% ahout 30%t o, abou % | ess than abot 200 e t.ha out WO
D001 00nBIBPOT CEIDTbF O ASBaha B Comnral Haq R R b

| i nes ar gggeh@NRGht %nﬁlﬁﬁt@ﬁl@‘cbnﬁ%&ﬁﬁon tlﬂ%ﬁnﬁreﬁlﬂéaﬁﬁ&@ﬁtﬂe toL g ﬂ&ld@d%ﬁout
distortion of Ii ght rays transm them when the 1OL is in position
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| i nes di bodieaﬁdier@@weﬁﬁddlly circul ar IO_ into two equal segnents 10and a
center portion. Exenplary folding patterns of this type include the
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t he cI os&brtut dunrey ab@tdg@mfto alait D6 rtlmdg,bauso élrmm to hbowt@rﬁem&s abdne 0ch mratoce
bet ween t | di

ch that the se ts and tlon
o1 " eveittis 0. kbR e RS B b S e h s ol EADE thetds P
i ncl udestad kst ag Qp@bséd){dith@ SerRAhAR10R thoWOR! Bat Iléﬁlalrgsubsﬁatftﬁllg @phnaql QRd if Wo
parallel folding Iines to greater than 90, greater than 13 or about 180.
I n one ethgdaidagpenfigveation. i s fol ded al ong the folding lines to about 180,
such that the 10L is folded like a tri-fold letter for insertion into an

enverppe[003DE Mebiheshboditiest g tRickews of the 10LaweneNiboat 0alth abhe Ctrh@Nkout
conponents required to drlve the el ectro-active 20 aperture at the

hapt i c- opfite apeiide] ®RL SLebWK iR path of |ight rays being focused by the
ICOL. It also allows the substantially rigid electronics package including
t he el ec[ﬂﬂelpcﬂﬂl mtﬂq&r@mﬁh@d&netm the tacknessndfaheleldctvduictiec Eahghineat ik ABodtG0 (o a

S|zethat|s abl e of bein d thyough an incision smaller than 5
mm to about 0 pm, about POO W to a outgbg um, about 150 um to about 250 pwm, or about

200 pm or less.

30 [0032] The fold lines can transmit or absorb light. For example, the fold line can have a
transmittance of greater than 99%, greater than 95%, greater than 90%, about 70% to about
90%, about 50% to about 75%, about 30% to about 50%, less than about 20%, less than about

5



[ 0035] In another enbodiment, the 1 OL includes a double hinge folding
pattern, where the 2510 is folded along two parallel folding lines to
about 30 wo 20100088480, about 45 to about 90, or about 90PoT/USe®Is/ 041988 One
enbodi ment, the 10L is folded along the folding lines to about 90. [0036]

I n one enbodi ment, at |east one fold line that traverses the central
apertur eIO‘Exemlmsathg/n imudb g \Whtit the delddines micslesigped tortcinsde light ticgrire al  f ul |
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patterns of this type include the central partial hinge shown in Fig. 4C
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[0035] In another embodiment, the IOL includes a double hinge folding pattern, where the

25 1OL is folded along two parallel folding lines to about 30° to about 90°, about 45° to about
90°, or about 90° or less. In one embodiment, the IOL is folded along the folding lines to
about 90°.

[0036] In one embodiment, at least one fold line that traverses the central aperture.
Exemplary folding patterns of this type include the central full hinge shown in Fig. 4D and
30  the offset single hinge shown in Fig. 4E. In one embodiment, at least one folding line bisects
the IOL body, i.¢., the folding line traverses the center point of the IOL. Exemplary folding
patterns of this type include the central partial hinge shown in Fig. 4C and the central full



30intraocular lens in a folded configuration; inserting the fol ded
intraocular lens into the eye; and unfolding the intraocular lens into its
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Modul ation Transfer Function [0047][ The Mdul ation Transfer Function (MIF)

of sever @imeagiophaiis3-p oy of kst nggnother embodiment, the folded configuration includes a
dimension that is about 3.2 to about 3.5 mm. These size parameters for the folded IOL

directly relate to the surgical incision size for the methods of implanting an IOL, discussed in

further detail below.

20 [0039] The IOL may also include haptics to secure the IOL in place in vivo. Arrangement
and design of haptics is well known in the art. In some embodiments herein, the IOL
includes articulated haptics. The haptics (typically two) may extend concentrically to the
circumference of the generally circular IOL body. In one embodiment, the IOL further
includes wings that space the haptics away from the outer edge of the IOL body. The wings

25  may be flexibly connected to the IOL body such that they may hinge and/or pivot relative to
the IOL body. See Fig. 3.

Methods of Implanting Foldable IOLs

[0040] In another embodiment, a method of implanting an intraocular lens includes the
steps of: providing a foldable intraocular lens as described herein above; providing the
30  intraocular lens in a folded configuration; inserting the folded intraocular lens into the eye;

and unfolding the intraocular lens into its unfolded configuration.



30 partial hinge, double hinge, and | etterbox) were sinulated and conpared
to a control system WD 2011/ 008846PCT/ US2010/ 041958 with no fold |ines. The
MIF was swoubatmsssbor an object at 500 mm whil e t he el eeCramsetioweldsonponent
was set to focus at infinity. [0048] As shown in Fig. 7, the exenplary ICLs
denonstrate a significant inprovenent in near vision. 5[0049] Next, the MIF
was si nu|tddéd Whbheebodimangt, tnsertiapjtlecfoldtiddOdno® the oyr innfuded yer(i®®the) t o 500
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(opaque). See Fig. 8. Exanple 3: Stress Tests 10[0050] To create fol dable

| OLs, thb gleagsbodonpronbasergmabincbenabBé mm ogiledss immbthercorbodimenarthent  of

folding stress. .4 ass .str t est re nodel ed. The vari abl e paraneters
and the f‘lggﬁﬁflflﬁlélof}é%?{bog séigggoﬁﬁeél\glﬂbm in Fig. 9 and provi ded bel ow

Model Separation (nmm Cell thickness (An) Peak Stress (MPa) A 0.5 100 90 B
0.5 200 [0042] Unfolding the IOL can include actively unfolding the IOL or passively permitting

the IOL to assume its unfolded state (depending on the resiliency of the IOL material).

Analysis of Image Quality

[0043] The foldable IOLs provided herein can provide exceptional vision performance
10 despite the folding disruption. The following measures of vision performance are achieved

after folding and unfolding of the IOL.

[0044] In one embodiment, the IOL achieves a modulation transfer function (MTF) of at
least about 5%, at least about 10%, at least about 15%, at least about 20%, or at least about
25%. See Fig. 7. In one embodiment, the IOL achieves this MTF for distance, intermediate,

15  and/or near vision focal tasks. In one embodiment, the IOL achieves this MTF for near
vision. In another embodiment, the IOL achieves this MTF for intermediate vision. In
another embodiment, the IOL achieves this MTF for distance vision. In yet another

embodiment, the IOL achieves this MTF for all of near, intermediate, and distance vision.

EXAMPLES
20  Example 1: Optical modeling

[0045] Optical performance was assessed by analyzing image quality of exemplary folded
IOL designs modeled using Liou Brennan eye model in ZEMAX® software. The results are

shown in Figs. 5-6.

[0046] As shown in Fig. 5, distance vision was substantially maintained with the exemplary
25  folded IOLs. Near vision is improved by adding the EA cell, when the cell is turned ON.
The extent of improvement depends on the mechanical design of the IOL, and is found to be

the best for the letterbox design.

Example 2: Modulation Transfer Function

[0047] The Modulation Transfer Function (MTF) of several exemplary IOLs (central

30  partial hinge, double hinge, and letterbox) were simulated and compared to a control system



27 C1 100 63 [0051] For a 1 mmthick lens, the glass preferably exhibits
a peak stress of less than 70 15MPa. As denonstrated by these nodel ed
stress t e®0211glosswis stress nay be reduced by increasi ngrCiaSs@pat®ss on
(conpare nodels A and C) and/or by increasing cell thickness (conpare
nodels A and B). WD 2011/ 008846PCT/ US2010/ 041958 1 WHAT IS CLAIMED | S:

21. An i nwithmoublrlideen$he b wsd siguulaal foody olgjoormt 560 ngn ehde dre dentwattoted
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line that“¥ ¥ ses 2the central aperture.

5 [0049] Next, the MTF was simulated while varying the object distance from infinity (90 m)
to 500 mm to assess vision at intermediate distances. The MTF for 100 line pairs/mm (as
used for ISO 11979-2), 40 Ip/mm, and 27.5 Ip/mm can be seen to improve as the liquid

crystal transmission is varied from 60% (clear) to 6% (opaque). See Fig. 8.

Example 3: Stress Tests

10 [0050] To create foldable IOLs, the glass components must be able to withstand a certain
amount of folding stress. Glass stress tests were modeled. The variable parameters and the

resulting peak stresses are shown in Fig. 9 and provided below:

Model Separation (mm) Cell thickness (um) Peak Stress (MPa)

A 0.5 100 90
B 0.5 200 27
C 1 100 63

[0051] For a 1 mm thick lens, the glass preferably exhibits a peak stress of less than 70
15 MPa. As demonstrated by these modeled stress tests, glass stress may be reduced by
increasing the separation (compare models A and C) and/or by increasing cell thickness

(compare models A and B).



14. The intraocular lens of claiml1, conprising a fold line that bisects the
2 body. 15.The intraocular lens of claiml1, wherein the central aperture
remai ns Asobketizooss4al | y pl anar in both the fol ded and unfralrdmsdo10/041958
configurations of the intraocular |ens 3body. 16. The intraocul ar | ens of
claim1l1, wherein at | east one dinension of the 2 folded configuration is

| ess ¥ haWBhdus A AMEDISThe i ntraocular I ens of claim®6, wherein at |east
one di mension of the 2folded configuration is |less than about 3.5 mMm

18. The intraocul ar .l ens ,of. cl ai ? wherei.n at | east one di nension of the 2
fol ded configuration i sAInég%aotCHQﬁ FBSRMPE ¢ 19. The intraocul ar | ens of
claing 1, wherein thgodtdmsesingénd @Mfore fadilngs sucheran thobsigdhandn Yshupleded,
achi eves a nodul ation transfer function of at |east about 5% 110.The

i nt r gbcufdded eondgwiation andan unfplded epnfiguietidnperdiocul ar |1 ens furt her

2co ises articul hapt.i cs. 011/ 46P S2010/ 041958 111. The

i nt ?ngcul ar |lens o?ﬁ g‘g%tlmnal &Y)e, g?r{ljmvn\%ércoggx%%e%ﬁgiogﬁgg&{en%bogyf | exi bly 2 connected
to the body, whereiviicicheathedst desdighsod ofbEaldtd taiiguyatidndsiRes thae ap®itismet er
of the 3 body fromthe wings. 112. The intraocul ar lens of claim1ll, wherein
the w ng8an hi nge and/ or

1 2. The intraocular lens of claim 1, comprising two parallel fold lines.

1 3. The intraocular lens of claim 1, comprising a fold line that traverses

2 the central aperture.

1 4. The intraocular lens of claim 1, comprising a fold line that bisects the
2 body.
1 5. The intraocular lens of claim 1, wherein the central aperture remains

2 substantially planar in both the folded and unfolded configurations of the intraocular lens
3 body.

1 6. The intraocular lens of claim 1, wherein at least one dimension of the

2 folded configuration is less than about 4 mm.

1 7. The intraocular lens of claim 6, wherein at least one dimension of the

2 folded configuration is less than about 3.5 mm.

1 8. The intraocular lens of claim 7, wherein at least one dimension of the

2 folded configuration is less than about 3 mm.

1 9. The intraocular lens of claim 1, wherein the intraocular lens, having

2 been folded and unfolded, achicves a modulation transfer function of at least about 5%.

1 10. The intraocular lens of claim 1, wherein the intraocular lens further

2 comprises articulated haptics.

10



2pivot relative to the body. 113. The intraocular lens of claim1, wherein
the intraocular lens further 2 includes one or nore el ectronic conponents
sel ect ed woamitdoss4gr oup consi sting of a battery, a 3cir egirtys2an/oasenna,
and a sensor. 114.The intraocular |ens of claim 13, wherein one or nore

el ectroni c 2conmponents is positioned on a haptic. 115. The intraocul ar |ens
of claim 13, wherein one or nore electronic 2conponents is positioned on a
haptik-optic junctibn. Théindrapstlinddnsodt dlayml Hnfurtgr aompnsin@eogsdlexibdns
conprj sing: 2providing an intraocul.ar | ens as in aim11: 3foldin e
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I nt r apcubady fr&fshd Wigst he eye; Sunfol ding the intraocular lens into its
unf ol ded confi gurati on.

1 12.  The intraocular lens of claim 11, wherein the wings can hinge and/or

[\

pivot relative to the body.

1 13. The intraocular lens of claim 1, wherein the intraocular lens further
2 includes one or more electronic components selected from the group consisting of a battery, a

3 circuit, an antenna, and a sensor.

1 14, The intraocular lens of claim 13, wherein one or more electronic

2 components is positioned on a haptic.

1 15. The intraocular lens of claim 13, wherein one or more electronic

2 components is positioned on a haptic-optic junction.

16. A method of implanting an intraocular lens comprising:
providing an intraocular lens as in claim 1;
folding the intraocular lens into the folded configuration;

inserting the folded intraocular lens into the eye;

[ S S R

unfolding the intraocular lens into its unfolded configuration.
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