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Field of the invention

The invention relates to a new eye treatment including the replacement of the lens of an
eye with an artificial accommodating intraocular lens. It can be used, for example, to
treat presbybpia.

Background of the invention

The human eye is a complex sensory organ. It includes a cornee, or elear outer tissue
which refracts light rays en route to the pupil, an iris which controls the size of the pupil
thus regulating the amount of light entering the eye, and a lens which focuses the
incoming light through the vitreous to the retina. The lens is often considered to have 3
portions, namely a nucleus, a cortex around the nucleus and an outer capsular region.
in the adult lens, the nucleue tends to be harder and has a relatively constant sectional
refractive index, whereas the refractive index of the cortex is known to exhibit a
gradient. Any obstruction or loss in clarity within these structures causes scattering or

absorption of light rays resulting in diminished vision.

With age, there is a loss of lens flexibility and/or lens transparency. The natural flexibility
of the lens is essential for focusing light onto the retina by a process referred to as
accommodation. Accommodation is the process by which the eye adjusts its focus for
visual objects at different distances. A common condition known as presbyopia results
from diminished flexibility of the lens thus reducing near vision acuity. Presbyopia
usually begins to occur in adults during their mid-forties; conventionally, these near

vision problems are alleviated with glasses or contact lenses.

Another cause of diminished vision is cataracts which is associated with a loss of lens

transparency in the aging eye. Some treatments involve the surgical removal of the _

natural lens An artificial lens is then needed to restore vision. Three types of prosthetic
-Ienses are avallable "cataract glasses, external contact Ienses and |OLs. Cataract

glasses have thick lenses, are uncomfortably heavy, and cause vision artefacts such as
central image magnification and side vision distortion. Contact lenses resolve many of

the problems associated with glasses, but require cleaning, are difficult to handle



The human eye is a conplex sensory organ. It includes a cornea, or clear
duter*tissue which refracts light rays en route to the pupil, an iris which
:control s the size of the pupil thus regulating the amount of light entering
the eye, and a | ens which focuses the 10 incomi ng |ight through the
Vvitreous to the retina. The lens is often considered to have 3 portions,
nanmely a nucl eus, a cortex around the nucl eus and an outer capsul ar region.
In the adult lens, the nucleus tends to be harder and has a relatively
constant sectional refractive index, whereas the refractive index of the
cortex is known to exhibit a gradien€. Any obstruction or loss in clarity
within these structures causes scattering or 15 absorption of |ight rays
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‘capsule via the capsulorhexis; a hole typically of a few mm in diameter made at the
anterior capsule surface. The capsulorhexis is made to provide an opening from which
15 the content (cortex and nucleus) of the lens can be removed during the procedure. To
minimise trauma - during implahtation, foldable and expansible IOLs have been
developed. These Ienses.may be rolled up and inserted through a small tube, which
allows a smaller incision to be made in the comea as well aé a smaller diameter
capsulorhexis to be made in the capsule. Smaller incisions and rhexes provide quicker
20 post-op recovery as well as improved post-op visual outcomes due to less likelihood of
distortion of the cornea. For example, dehydrated hydrogels can be used with these
small incision techniques. Hydroge! lenses are dehydrated before insertion and naturally
rehydrate once inside the capsular bag. To be suitable as I0Ls, these deformable
lenses require not just appropriate optical properties, but also mechanical properties,
25 such as structural integrity and elasticity, to permit them to deform during implantation
and then regain their shape in vivo. However, currently available IOLs are still relatively
much more rigid than the young, fiexible natural lens. Thus, such IOLs are not capable
of accommodating when in vivo, and so are not an optimal solution as they do not

restore the near vision capability (accommodation) of the natural young eye.

30 To further develop iOLs and reduce surgical ihcisions to below 1.5 mm, techniques
utilising injectable 10Ls have been suggested. Injectable 10Ls would be implanted by
lens filling (or refilling) procedures, such as Phaco-Ersatz. In such a procedure the



(especially for elderly patients with synptons of arthritis), and are not
suited for persons who have restricted tear production. Mre particularly,
:contact lens for restoring vision after lens renoval (called "aphakia") are
necessarily very thick due to the high power required. Such thick contact
lenses are unconfortable and cannot deliver sufficient 5 oxygen to support
'l ong-term ocul ar health. | OLs are used in the mpjority of cases to overcone
the aforenentioned difficulties associated with cataract gl asses and
contact |enses. Known 10Ls incl ude non-deformabl e, foldable and expansible
| enses, which may be formed frommaterials such as acrylics, hydrogels or
pol ysi | oxanes. These 10Ls are 10 inptanted by making an incision in the
cornea and inserting a prefornmed 10L. To treat cataracts, the natural |ens
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material s useful in deformabl e 10Ls are by no neans suitable for use as

i njectable 10Ls. For exanpl e, polydinethylsiloxane (PDMS) has been enpl oyed
as a material in foldable or deformable 10Ls. In'the injectable 1O. 20
context though, PDVS has been found to have a relatively | ow viscosity and

thereby a tendency to | eak out of the injection site (i.e. the capsular
bag) before curing. To address this deficiency, high viscosity

pol ysi | oxanes have been added to the PDMS reaction m x. However, a drawback
of high viscosity silicones is that they can entrap air bubbles, which can

inpair the optical quality of the resulting product. Al so, they are



25 difficult for a surgeon physically to inject in a very delicate
environnent, often requiring substantial force. In addition, it has been
found t hat polyorganosiloxanes having a high fraction of dinethylsiloxane
units may have an unacceptably | ow specific gravity with the undesired
.flesult that the injected lens material wll float on any aqueous |ayer
present in the capsular bag. I'n such a case, it wll be difficult to fil

t he capsul ar bag conpletely and 30 will require the surgeon to nmanually
express intra-capsular water in order 40 maintain the correct |ens shape
during the filling and curing process. 4 Therefore, it is desirable to
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found that in non-human primates (rhesus) the replacement induced a refractive error
(hyperopia) in all animals. Similar results were obtained for experiments conducted with
ex vivo human eyes. It was expected that if the contents of the natural lens is replaced
with a polymer of the same refractive index (RI) no refractive error would be induced.

20 Conventional optical measurements and modelling provide ‘text-book' valu_'es for the -

average refractive index of the natural human lens as being between 1.40 and 1.42. '

It has been discovered that, if the lens of an eye is evacuated and the capsular bag
refilled with polymers with refractive index in the ‘text-book’ range for the eye, such as
dimethyl siloxanes having an Rl of 1.407, the resulting power-load and power-stretch
25 curves show not only an induced refractive change in the eye, but also a departure from |
the accommodative response (change in power with ciliary muscle effort and change in .
power with change in lens diameter) of a natural lens. In contrast, when higher
refractive index materials are used to refill the lens capsular bag (e.g. Rl of 1.4457), the
refilied lens very closely mimics the static refractive staté and the accommodative

30 response of the natural lens.



25 curves show not only an induced refractive change in the eye, but also a
departure fromthe accomopdative response (change in power with ciliary
-muscl e effort and change in-. power with change in | ens dianmeter) of a
natural lens. In contrast, when hi gher refractive index materials are used
torefill the lens capsular bag (e.g. R of 1.4457), the refilled lens very
closely minmcs the static refractive state and the accommopdati ve 30
response of the natural lens. 5 Accordingly, the RI of a material for

refilling the lens without resulting in a departure fromthe |ens' original
optical power has surprisingly been f&und to. be higher than expected, being
between 1.421 and 1.450. The Rl of a naterial for refilling the lens of
rhesus prj i 1t sQrftﬁ ef 3 ween
1426 and COL0yf Ve T8 1 LRI o Sotly 68 RMBlout fodhliy 76 2 MpbaREl

pr ef er abl Yoragbetlerss’ mgmalF@natIcaUﬁeﬁer geméwarlrlpgly tbeen Ftpur@'f thbwgepr éhanf or

refilli ngetdéetehesan@fbémé% 1i 4P HRAVC BT meqtradmembt@naqwﬁremﬁg fh)éﬂér?s%f' y
greater than 1. 421 and | ess than _about 1.442. Mre usual g i s between

1.426 andfhfSH%Q”mPWSo?fé’ BWRiRINIAR fte_ ORtical; Rowas Jatpraferebly. bety e%ﬁﬁ&ﬁsa’tqver t he
age of 5401 44lnendte p?éfefbblpﬁieﬁwee’ﬂ 1 195 ah@fl jdahiang ntd%epteeatéblyvabdsmut44onrcrroducr ng

T aa> nobanBE Snealy, o R BhE PratdtiP ot Bling o g Sy TR SRR 8 s Ren . i
i s about ih.gener |£Qrp8:em9ugrdatej tham1.ap¢ aasp@stthart bbomrMnMdrmuamlly atispr ovi des
3 ethod lnagh STk 106 il Che CERRARLRY § 1k AR 1 217, 38 AR e Rlcacement

mat eri al |ss frpri si ng conbl Ni ng
neut ral (agmefcd), thedRli of@)material farmefdlingghe Ros N\wtboultmui@,dumag @ 'CNRIRIE i p@-ﬂerbet Ween

1.421 1%nd éyé’rggltygreg'te?tﬂaﬂf{ z?ﬁéeﬁ’of lg}s?g@rrl SHut qcﬂrt4boﬂlof'eaﬁétﬁ'i y,(lt §| b(e't:wr-}en

ascertaine nce to ower’ req to correct the -
patient' s1|486ﬁa@ﬂ|4\$§ lerqnereﬂfopdie!entvcﬂrigamltjﬁt ness or short si ght edness).
~The NRRI has surprisingly been found to be different for rhesus prinates
and hurraneoncbtﬁxehﬂﬁ uObh@lésﬁdd:Q&h@Ipt'es%ht BivéfitioAIProvies awietibdhd\detdrathirigo t he

h t ed | f t'h
Cpeciti cafeodL Sahaerinidr BhaT Bontr FRSamsR! MR RG ey uRc itk (e s
assessed tapsotar bat) cemprisingl@ontzimog &.nédttal (mm eorteched;)yeﬂerehﬁé refragtive. mdm and
likely,to,. to b
L OB bog e P A TR S5 B35S 8RR L0 O,
be about a&sctptainedhisy NRtenterto Hhmﬁadwerpqm wgairasf totl(ttorrsctatt_ISeMledt'St 0 be
bet ween 1re4|2a tr\%n%rér_lf ézlongfggct 31'593% chpsthtg H@%ﬁ cf:} ﬁ?eGNﬁﬁphés sﬁtﬁﬁ- likely

to be about he e Ive power qurre assesse known
ways by ope@miaund do bradiferant fohrhesue Pf"@?@ﬁ émnd FQIL@anﬁaQE%’ée ©HeE ﬁF%ﬁt@H'al n known

ways usi nginfidtificaOlBich Hal!idio ¥ rﬁéd;déséyenﬁerﬁ@% \Kn@&lgaefébépt@d iiddensoPlhd he
polymer used to refill the | ens capsular can correct refractive
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NRRI is assessed to be between 1.426 and 1.444, more likely 1.435 and 1.444 and

likely to be about 1.440. The NRRI for humans generally is assessed to be between

1.421 and 1.442, more likely between 1.426 and 1.438 and likely to be about 1.427. The

NRRI for humans over the age of 40 is assessed to be between 1.426 and 1 442, more
25 likely between 1.426 and 1.438 and likely to be about 1.427.

The refractive power required may be assessed in known ways by optometric
examination. The related RICF may be calculated in known ways using suitable

formulae.

By adjusting the refractive index of the polymer used to refill the lens capsular bag, one
30 can correct refractrve errors (such as myopia and hyperopia). This involves measunng'

'~'the patrents refractrve state and prescrlbrng a materlal wrth the correct 10OL refractrve



the patient's refractive state and prescribing a material wth the correct .
I'OL refractive index to 'neutralise' the refractive condition. Further, by
-repl aci ng the hardened material of a presbyopic natural lens with a soft
- gel having a correct NRRI, accommpbdati on nay be restored to a subject
suffering presbyopia. 5 Accordingly, another aspect of the present
invention is a nmethod of treating presbyopia of a subject by replacing
tissue in the subject's capsular bag conprising the steps of: (a)obtaining
an ocul ar replacenent material having a refractive index equivalent to a
neutral (non-correcting) reference rgfractive index of between 1.421 and
1.450; and 10 (b)replacing the tissue in the subject's capsular bag wth

the ocul ar, replacenent, material. I.p step (a), the NRRI.is preferably
bet ween 'i‘.dﬁ’ég’ 5?}3’%?%3‘2? rle%f?d}vﬁé:g[]g'{'] i mtes, more preferably between 1.435
and 1.444, and nost preferably about 1.440. For humans generally, the NRRI
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is desira etween 1.426 and 1.442. More uSually it is
bet ween RresPWPiAd 1.438. In one embodinment, it is about 1.427. A further
aspect of the present invention provides a nethod of treating nyopia, '
hyper @pi Accovdingly esrioytipiaspedt of treudrpestit ifvgntiomps achethod bitseating preshgomaibj ect ' s

capsul ar _pag ,20 conpri Si the steps of: (a).calcul ati.ng.a refractive index
correcti BEa %?%f’y g%g%cﬂ’ggt%sﬁﬁ' B¢ ?@ﬂ?g S(ﬂaE?%%rcqﬂgfcrog’é’f'?'{}gthﬁoSte > o?‘or rection
“required, if any, derived by neasurenent and/or exam nation_ of the
subj ect ' é)eyebtaining an ocular replacement material having a refractive index equivalent to a

neutral (non-correcting) reference refractive index of between 1.421 and 1.450;
and

10 (b) replacing the tissue in the subject's capsular bag with the ocular replacement

material.

In step (a), the NRRI is preferably between 1.426 and 1.444 for rhesus primates, more
preferably between 1.435 and 1.444, and most preferably about 1.440. For humans
generally, the NRRI is desirably between 1.421 and 1.442. More usually it is between

15 . 1.426 and 1.438. In one embodiment, it is about 1.427. For humans over the age of 40,
the NRRI is désirably between 1.426 and 1.442. More usually it is between 1.426 and
1.438. In one embodiment, it is about 1.427.

A further aspect of the present invention provides a method of treating myopia,
hyperopia, or presbydpia of a subject by replacing tissue in the subject's capsular bag

20 comprising the steps of:

(a) calculating a refractive index correction factor based on an estimate of the
refractive power correction required, if any, derived by measurement and/or

examination of the subject’s eye;

(b) determining the sum of the refractive index correction factor of step (a) if any with

25 a neutral (non-correcting) reference refractive index of between 1.421 and 1.450;

(c)  obtaining an ocular replacemeht material having a refractive index of the sum

determined in step (b); and



(b) determning the sumof the refractive index.correction factor of step
(‘a) if any with 25a neutral (non-correcting) reference refractive index of
-between 1.421 and 1.450; 7 (d)replacing the tissue in the subject's )
capsul ar bag with the ocul ar replacenent material. In step (b), the NRRI is
preferably between 1.426 and 1.444 for rhesus primates, nore. preferably
between 1.435 and 1.444, and nost preferably about 1. 440 For humans 5
‘generally, the NRRI is desirably between 1.421 and 1.442. More usually it
is between 1.426 and 1.438.- In one enbodinent, it is about 1.427. For
humans over the age of 40, the NRRI is desirably between 1.426 and 1.442.
Nbre usud) | yremlading thet tiasen in tae Gubjaet'si capselar hagowith heneeHlarersplacement about
1.427. Prefen%%yalthe ocul ar replacenent material of step (c) is an ocul ar
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pr edet er e dn bak kadbbivent idexbéalcadat ed to be the sumof (i) the NRRI for
rhesus primates, humans generally or humans over the age of 40, as 20
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The material will have a predetermined refractive index calculated to be the sum of (i)
the NRRI for rhesus primates, humans generally or humans over the age of 40, as

20 described above, and (i) a predetermined RICF ascertained by reference to the
refractive power required tb correct the. refractive error. The RICF may be zero e.g. for
the case of an emmetropic eye (i.e. an eye not requiring any refractive correction). In
preferred embodiments, the predetermined refractive index of the material may be
1.421-1.422, 1.422-1.423, 1.423-1.424, 1.424-1.425, 1.425-1.426, 1.426-1.427, 1.427-

25 1.428, 1.428-1.429, 1.429-1.430, 1.430-1.431, 1.431-1.432, 1.432-1.433, 1.433-1.434,
1.434-1.435, 1.435-1.436, 1.436-1.437, 1.437-1.438, 1.438-1.439, 1.439-1.440, 1.440-
1.441, 1.441-1.442, 1.442-1.443, 1.443-1.444, 1.444-1.445, 1.445-1.448, 1.446-1.447,
1.447-1.448, 1.448-1.449 or 1.449-1.450.

In one embodiment, the refractive index of the ocular replacement material is 1.440
30 when the RICF is 0 (ie an NRRI of 1.440) for rhesus primates, and 1.427 for humans.



8 Preferably, when treating nyopia or hyperopia the ocul ar repl acenent
used in step (e) results in an accommodating 10L. In yet a further
the present. invention provides an ocular replacement material for
replacing tissue in a subject's capsul ar bag having a refractive index of
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rﬁwcér 'a\égec!t ntgne presen{ |nventlon provides an accommodating 10L for replacing
tissue in a subject’s capsular bag comprising the above described ocular replacement

material.

Further, the invention provides a method of producing an ocular replacement material
for a subject having ametropia (i.e. a refractive error such as myopia or hyperopia)_or
presbyopia comprising:

(a) calculating a refractive index correction factor based on an estimate of the
refractive power correction required, if any, derived by measurement and/or

examination of a subject’s eye;

(b)  determining the sum of the refractive index correction factor of step (a) if any with
a neutral (non-correcting) reference refractive index of between 1.421 and 1.450;
and

(¢)  producing an ocular replacement material having a refractive index of the sum
~ determined in step (b).

The invention also comprises a rﬁethod of implanting an aceommodating IOL
comprising introducing an ocular replacement material having a refractive index of the
sum of: (a) a neutral (non-correcting) reference refractive index of between-1.421 and
1.450; and (b) a refractive index correction factor ascertained by reference to refractive

power required to correct a refractive error into a capsular bag of a subject.

Preferébly, the ocular replacement material is curable and the method further comprises
the step of curing the ocular replacement material after introducing the ocular

1P &8 H%fﬂ in

i al

a



sumof: (a) a neutral (non-correcting) reference refractive index of

bet ween 1.421 and 25 1.450; and (b) a refractive index correction factor
.ascertained by reference to refractive power required to correct a
refractive error into a capsular bag of a subject.

9 replacenent material into the capsular bag. Another aspect of the present
invention is the use of an ocular replacenent nmaterial for replacing tissue
in a subject's capsular bag having a refractive index of the sumof: (a) a
neutral (non-correcting) reference refractive index of between 1.421 and
1.450; and (b) 5 a refractive index correction factor ascertained by

r ef er enggplhGeméitimagtbrialentptvecapstipnbagd to correct a refractive error, for

t he manufacture of an accommodating intraocular |lens for use in treating

nyopi a, eropia_.or.pr pia. .. M el rial . t he
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To bet t €br idd mteatibhg niybpial hymmbpiaor prekbydpiazent i on- wi | | now be descri bed
with reference to particul ar enbodi nents and exanples, which do not limt

t he SCOPFLD cuﬁéﬁ' ;.Slgéé&ﬂérﬁt%tggﬁ%iﬂﬁe;ﬂ'esent invention js preferably a macr<_)monomelB_ri ef
‘description o R A ngs I n t'he acconpanyi ng figures, Figure 1 is a
graph ofhajriges visedsityquefaralceriog of between HH09panst 12k Qq)@gtep_raferﬁbkynbﬁ}ﬁo orom a
rreas%en&?é?d)&tt%% ﬁgﬁer@gﬁr%lﬁ $08b $o 86,080 c8Y PrefIMI She bElE feBlacsMBht 0l and
experinental” éyes of a r¥1esus) subject containi'ng their natural

| enses, mhtatial of thefoesentiryentian isrcuzgide ingd plnalymaerst metesiabhiapdng astrdiiuseye. 25
Figure 2_.i.s- ri ' ' [ and
experi rreanttazil éé)%e%gg?a{ ﬁ@ﬂﬁé@%ﬁg@ﬂﬁ%%ﬁfggt@%@ nl@?g%'ﬁee&%fegéem e%ggg@eg after
the | enss&Pat he experinental eye was evacuated and refilled with a

pol ydi met hyl si | oxane (PDMS) based polyneric nmaterial having an Rl - of 1. 407.

In preferred embodiments of the invention, the ocular replacement material is a siloxane

15 macromonomer.

To better illustrate thé invention, the invention will now be described with refe_rence o
particular embodiments and examples, which do not limit the scope of the invention

described.

Brief description of the drawings

20 In the accompanying figures,

Figure 1 is a graph of spherical equivalence (i.e. the spherical power component from a
measurement of the refractive state of an eye) against time for control and experimental
eyes of a NHP (rhesus) subject containing their natural lenses, that is before evacuation

and refilling of the experimental eye.

25 Figure 2 is a graph of spherical equivalence against time for control and experimentél
eyes of the NHP (rhesus) subject of Figure 1 seven days after the lens of the
experimental eye was evacuated and refilled with a pQIydimethylsiIOXane (PDMS) based

polymeric material having an RI of 1.407.



10 Figure 3 is a graph of power (D) against |oad (g) resulting from EVAS
t'esting on an eye containing first its natural lens (natural), second, the
lens refilled with uncured PDVMS based polyneric material having a
refractive index of:1.405 (uncured) and third the lens after the PDVS based
mmaterial is cured (cured). 5 Figure 4 is a graph of hyperopic shift (D) of
vari ous experinmental |enses that had been evacuated and.refilled with PDVS
based polyneric material having a refractive index of 1.405 against the
power in dioptres for the initial natu (gl | ens nmeasured during EVAS
testing. Figure 5 is a graph of power { ) against load (g) resulting from
EVAS testing on an eye 10 containing first its natural lens (natural),
second, tAigureénis ar@rhph pErPwer(R) agrinstdend(d) ssaaing fedt BNAS thdinomy ap eve
refractiveqtfiog % 1958 its- 1fEfhAl l@HQ‘SthG@) %‘é‘%rfdh'tﬂéjlehg'?eﬁllﬁﬂ%ﬁﬁfﬂirﬁ:ruréohﬁDW@ oxane

macronmer 1S cur raph relating the refractive
i ndex corbased mofynfeal@trmtemai hﬁWéQ egefraciive %cﬁﬁér40@dﬂﬂ%?¢)cﬁﬁ‘drt@fﬂﬂneé@lﬁ or one
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accommodati on achieved by the lens. 11 the left (control) and right

(experi ”Elﬁlballe)G %V@ﬁrébh rBREnAUR BHBLREtinds erRctidtefaciadid tHeerefFastve povee uat ed
and refil . The spherical equival ence is the nean power of the eye when
aver agi ngc%[ﬁc"'?'hée%'ﬂrﬁg@ﬁ@@e@i"e@ﬁ&a%@f’ﬂﬂmt| sm The control eye is the plot
that starts at a nmarginally higher spherical eqw val ent at the earliest

time _(1 0:40), and the 5 b%epr&% ﬁé&éﬁﬁfw&h Q/Ht wer is the

experiental eye. The ver rca n-lines |n IC he tines at which
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i ncrease I N po nCT as power eye due to accomodati on
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10 acco tion ts are effecti veﬂé_l_superl nposed

whi
i ndi cat esPPV basgd p@lvmaﬁq mﬁéer@d aedingfanyBt Af 1487 chg PeveRARL éﬁ}ﬂ@PF’?r@ﬁt al
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admi nistrafion. Furthe dneni ot of' ﬁ OC&I‘FI ne to the eyes at
appr oxi masiigct 19as) theih gompargd @tnhﬁﬂ,%’é infaryala mogherrialivelyn theeamalitpde tof ve

state, whhchmmeifRhet thd fnsbs Svaanibiel YsHarRhcASHEIMORHaSHAN sebcoppmidtiall t he
administration of pilocarpine induces the eye to accommodate to its near focus,
increasing the power of the eye. Refractometry (for measuring the refractive state of the
25 eye), using an auto-refractor, was carried out on each eye before and after pilocarpine
administration. The difference in the refractive state of an eye before and aiter
administration of pilocarpine indicates the amplitude of accommodation achieved by the

lens.

Figure 1, whiéh is a graph of spherical equivalence against time, shows a comparison of



15 eyes were al so consistent. Figure 2 shows the response to pilocarpine
adm nistration of the control and experinental eyes of the subject of
‘Figure 1 seven days after evacuation of the |ens capsul ar bag of the
experinmental eye and injection of a PDVS based polyneric material having an
Rl of 1.407 to forman accommodati ng 10L. The upper line represents the 20
experinmental eye containing the ICL and the |lower |ine represents the
control eye having the natural lens. Again, the vertical broken |ines
indi.cate the times at which pilocarpine was admi ni stered. The resting
(unaccommodat ed) refraction of the cohtrol and experinental eyes of the
subject were quite different. The experinental eye has about +6 D higher
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the power-stretch or power-load curves of 15 the natural - |l ens can be
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i nj ecti npigatd tealshewsreibe oraspormser so aplidcarpine asdmiadtratidme ofretbe ocomtroimang i n -t he

I th t f th
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25 with the PDMS based polymeric material induces a hyperopic shift of approximately 6 D

which means that the experimental eye has iess power than the control eye.

The inventors discovered that each of the subjects consistently experienced a hyperopic
shift in the refilled experimental eye, which indicates that the PDMS based polymeric

lens did not provide sufficient power to restore the lens to its natural power.

30 Regarding amplitude of accommodatidn, as shown in Figure 2, the overall change in the



The results for a rhesus lens refilled by an uncured PDVS based pol yneric .
material having an Rl of 1.405 are given in Figure 3. The graph shows the
work (load) required 30 by the ciliary body/zonules of the eye in order to
change the power of each type of lens. 13 It also shows the difference in
power and acconmodation resulting fromthe refilling of the | ens capsule.
The right-hand extremty of the results (towards a load of 8 g) is

anal ogous to the maxi num di saccommopdated state of the lens. This represents
the resting (unaccommodated) refractijpe state of the lens. The vertical
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20 Various NHP (rhesus) and human eyes were tested using the EVAS by measuring the
change"in power obtained from the lens of the eye as a factdr of the increase in load
applied to the lens. For each eye, the measurements were taken for the natural lens,
the lens capsular bag refilled by an uncured PDMS based polymeric material having an
RI of approximately 1.41 and the lens after the PDMS based polymeric material was

25 cured. These tests‘ showed the rate of change of lens power (accommodation or
disaccommodation) given a- change in the amount of muscular force exerted by the

ciliary body and zonules. _

The results for a rhesus lens refilled by an uncured PDMS based polymeric material
having an RI of 1.405 are given in Figure 3. The graph shows the work (load) required
30 by the ciliary body/zonules of the eye in order to change the power of each type of lens.



50 accommodati on) of the Iens to its natural state. This hypothesis is
supported by the 14 inventors' discovery that use of a polyneric materi al
‘havi ng a higher refractive index of 1.4457 produced a | ens having simlar
power and anplitude of accommodation to that of a natural lens. The results
of EVAS trials using the higher R polyneric material are shown in Figure

-5, 1n this trial an NHP (rhesus) |ens was used and neasurenents were 5
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attributable to an experimental lens and the power of the initial natural lens. This almost
direct correlation between natural iens power and hyperopic shift allows reasonable
experimental extrapolation of these principles to humans.

20 This surprising discovery of an error in the power and amplitude of accommodation of a
refilled lens could be attributable to any number of factors including the lens shape,
which may be affected by over or under-filling the lens, the post-op corneal shape, the
modulus of the PDMS based polyméric material, the refractive index of the PDMS
based polymeric material, pupil size and the lack of a gradient refractive index across

25  the refilled lens.

Without being bound by any theory or mode of action, the cause of the refractive error
seen in the primate and EVAS experiments is hypothesised to be due to a mismatch of
the refractive index of the PDMS based material, which was approXimately 1.41, and
the equivalent refractive index required to restore the optical properties (power and
30 accommodation) of the lens to its natural state. This hypothesis is supported by the



The refractive power required nmay be assessed in known ways by optonetric
exam nation. For instance, the distance refractive state of a patient may
‘be assessed using conventional nethods of refraction, such as subjective
refraction (enploying e.g. a letter chart and trial frame and trial-I|enses
of various powers) or. an objective.5 refraction, such as retinoscopy, or a
more nodern auto-refractoneter. The near refractive state may be assessed
using a near-point chart, or dynamc retinoscopy. The related RICF may be
cal cul ated in known ways using suitable fornulae. For instance, various:
nodel s may be assunmed in order to calldulate an RICF fromthe neasured

refractive error. One possible nodel is shown in Figure 6. It wll be 10
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under st oQghiikOy¥atii@nts of the three plots indicate that the natural, uncured and cured Ienses
all have similar amplitudes of accommodation.

These results indicate that the refractive index required to restore the power and
accommodation amplitude of the lens to its natural state is higher than would be
15 predicted from what is traditionally thought to be the equivalent refractive index of the

lens.

Accordingly, the inventors have surprisingly found the NRRI to be between 1.421 and
1.450. The NRRI for rhesus primates is assessed to be between 1.426 and 1.444, more

likely 1.435 and 1.444 and likely to be about 1.440. The NRRI for humans generally is

- 20 assessed to be between 1.421 and 1.442, more likely between 1.426 and 1.438 and
~ likely to be about 1.427. The NRRI for humans over the age of 40 is assessed to be
between 1.426 and 1.442, more likely between 1.426 and 1.438 and likely to be about

1.427. These NRRI values may advantageously be used in methods of the present
invention for preparing materials for accommodating IOLs that are suitable for use in

- 25 humans or rhesus primates.

For instance, the NRRI may be used in a method of determining the IOL refractive index

for an ocular replacement material for replécing tissue in the capsular bag comprising

'combining a neutral (non-correcting) reference refractive index of between 1.421 and

1.450 with a refractive index correction factor ascertained by reference to the refractive
30 power required to correct a patient's refractive error. '



introduce the material to the eye. For instance, a small corneal incision
and a smal |l capsul orhexis are nade, through which the | ens core (including
-the cortex and nucl eus) are extracted. An ocular replacenent material is
injected into the intact |ens capsule using a fine gauge (e.g. 29-Gor
finer) -cannula and syringe to reformthe lens. 16 Optionally, the ocular -
repl acenment material nmay then be cured, such as by exposure to visible or
W light. The material used to formthe injectable IOL of Figure 5 was a
macr onononer of the structural fornul@.1 5 Formula 1 wherein ais 79.1
mol % b is 20.6 nol% and ¢ is 0.26 nol % The nacronononer had the follow ng

charact e’FrLeStriaf?asc::tivel\/‘l}l)o(i\%?c?eq%iz&c? 0may be assessed in known ways by optometric
examination. For instance, the distance refractive' state of a patient may be assessed

using conventional methods of refraction, such as subjective refraction (employing e.g.

a letter chart and trial frame and trial-lenses of various powers) or an objective

5 refraction, such as retinoscopy, or a more modern auto-refractometer. The near

refractive state may be assessed using a near-point chart, or dynamic retinoscopy.

The related RICF may be calculated in known ways using suitable formulae. For
instance, various models may be assumed in order to calculate an RICF from the
measured refractive error. One possible model is shown in Figure 6. It will be

10 understood that any one of a number of different eye models could be used as a basis
for calculating the relationship between RICF and refractive error. Further, it will be
understood that variation in models would result in slightly different relationships being
calculated.

~ While interpolation of graphs such as that shown in Figure 6 may be tedious and
15 imprecise in the clinical setting, an approximate rule for caiculating RICF based on the
same model as shown in Figure 6 can be defined whereby:

For Myopes: RICF = RX x 0.00632
For Hyperopes:  RICF = RX'x 0.00578
where RX is the refractive error to correct in dioptres (D).

20 As the RICF does not have a linear relationship with refractive error, the rules for
myopes and hyperopes differ to afford greater precision.

When used in methods of treating presbyopia, myopia or hyperdpia,- the ocular
replacement material may be introduced into the eye using a lens refilling operation,
which is similar many respects to a current cataract extraction and I0L implantation
25 procedure (e.g. extra-capsular extraction procedure). It would be understood how to
introduce the material to the eye. For instance, a small corneal incision and a small
capsulorhexis are made, through which the lens core (including the cortex and nucleus)
are extracted. An ocular 'replacement material is injected into the-intact lens capsule
using a fine gauge (e.g. 29-G or finer) cannula and syringe to reform the lens.



Rl (@370C) 1.4457 Viscosity 8290 cSt Wnh 18274 PD 1.484 10 The

macr onononmer of Formula 1 may be synthesised by any suitable nethod known
-in the art. An advantageous net hod by which the phenyl and nethacryl ate
groups are attached to a siloxane nmacronononer is by a hydrosilylation
reaction. For instance, using hydrosilylation on a macronononer that has
tri-methyl substituted termnal silicons, the 15 phenyl and nethacryl ate
groups are attached to the sil oxane backbone using the allyl- 17

16

Optionally, the ocular replacement material may then be cured, such as by exposure to
visible or UV light.

The material used to form the injectable 10L of Figure 5 was a macromonomer of the

structural formula 1

o)

\jgj(s‘\o%ﬁ\o%éﬁi%(/

Formula 1

wherein a is 79.1 mol%, b is 20.6 mol% and ¢ is 0.26 mol%. The macromonomer had

the following characteristics:

Mw (gpc) ' 27120
RI (@ 370C) 1.4457
Viscosity 8290 cSt
Mn 18274
PD - 11.484

10 The macromonomer of Formula 1 may be synthesised by any suitable method known in
the art. ’

An advantageous method by which the phenyl and methacrylate groups are attached to
a siloxane macromonomer is by a hydrosilylation reaction. For instance, using
hydrosilylation on a macromonomer that has tri-methyl substituted terminal silicons, the
15 phenyl and methacrylate groups are attached to the siloxane backbone using the allyl-



precursors, allyl benzene and allyl-nethacrylate, in nethods known to those
skilled in the art. Schenme 1 illustrates a hydrosilylation reaction. M Me.
‘Me MeMeo Me ,0 SiSiflMe MelllMe Ph-~N Pt cat. Me Me.% Si Me MeMe | Q)
tsil-*Me MeMe

17

précursors, allyl benzene and allyl-methacrylate, in methods known to those skilled in
the art. Scheme 1 illustrates a hydrosilylation reaction. '

S

Ph-'"\
. Pt cat.
Me\ - ﬁ >< >\S| Me
Scheme 1

5 The addition of the phenyl and methacrylate groups using hydrosilylation reactions may |
be either to macromonomers, which are silane functionalized, or to silane functionalized
cyclic siloxane intermediates before they are subjected to ring opening polymerisation to
form the macromonomer. Suitable cyclic siloxane intermediates include
tetramethylcyclotetrasiloxane (D4, trimethylcyclotrisiloxane ~ ~ (Ds"),

10 pentamethylcyclopentasiioxane (Ds") or hexamethyl-cyclohexasiloxane (Dg).

in the following schemes, where figures such as “a=80, b=20" are provided, these are
mol% values for the substituents indicated, and do not necessarily correspond with a, b
and c of Formula 1.

One approach is to prepare silane functionalised macromonomer with sufficient silane
15 . functionality to allow introduction of both the phenyl groups and the methacrylate
groups. For instance, a silane functionalised macromonomer can be sequentially

functionalized as depicted in scheme 2.



Ph Schene 1 5 The addition of the phenyl and nethacrylate groups using
hydro&ilyl ati on reacti ons may be either to macronononers, which are silane
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‘Scheme 2

Alternatively, a cyclic intermediate monomer is first functionalised with phenyl or
methacrylate groups and then subjected to ring opening polymerisation. Scheme 3
5 shows the synthesis of allyl benzene and allyl methylacrylate functionalised D4", which

would then by subject to ring opening polymerisation.
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. Scheme 3

Using the materials and methods of the present invention, a material with a higher (or
lower) refractive index may be produced in order to induce a refractive power change in

5 a patient's eye in order to correct a refractive error (resulting in emmetropia) and at the
same time produce a gel havihg a sufficiently low modulus, as described herein, to
allow accommodation in vivo. An I0L with increased Rl according to the invention as
described above can have an NRRI so. that there is no shift in an experiment such as
illustrated in Figure 4 for a normal eye. Adjustments can then be made as required in

10 preparing the material for the IOL. For a human, an NRRI of about 1.427 would be used

as a starting point, and then adjusted or tuned as required.

The following examples, which illustrate how the methods of the present invention may

be implemented, are not limiting on the scope of the invention.



(21) Scheme 3 Using the materials and nethods of the present invention, a
material with a higher (or lower) refractive index may be produced in order
‘to induce a refractive power change in 5 a patient's eye in order to '
correct a refractive error (resulting in emmetropia) and at the sane tinme.
.produce ‘a gel having a sufficiently | ow nodul us, as described herein, to

al l ow accommodation in vivo. An ICL wth increased RI according to the

i nvention as descri bed above can have an NRRI so that there is no shift in
an experiment such as illustrated in Figure 4 for a nornmal eye. Adjustnents
can then be made as required in 10 prgparing the material for the 10L. For
a human, an NRRI .of about 1.427 would be used as a starting point, and then
adj usted or tuned as required. 20 Exa | es Exanple 1 A 47 year old patient
presents to an eye-care practitlon5¥'? *%. an opht hal nol ogi st) conpl ai ni ng
of diffl9¥ ﬁl“ﬁth readi ng and ot her near visual tasks, such as threading a
5 needl e. Yi'stance refractive state of the patient is nmeasured using
conventi-onal nethods of refraction, such as subjective refraction
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re-establis 3 |l restore_ the Qfatlent apility to 15
accontt8dagagrection to see c|early at |stance) However on near refrac’uon or example, using a

near-point chart, or dynamic retinoscopy), it is found that the patient is experiencing the

near vision problems of an early presbyope, resulting from the hardening crystalline

lens. In order to treat the presbyopia the patient undergoes a lens refilling operation i_n

order to re-establish a lens (an I0OL) .which will restore the patient's ability to

15 accommodate.

The lens refilling operation in many respects is identical to a current cataract extraction

and 10OL implantation procedure (e.g. extra-capsular extraction procedure) with some

minor but crucial differences. Hence, the entire procedure is not described in detail as it

paraliels a procedure currently carried out frequently by ophthalmic surgeons. The
.20 differences are described so that technical details may be more fully appreciated.

A small corneal incision is made at the para-limbal region to provide access to the
anterior segment. Following dilation of the pupil using a pharmacological agent such as
atropine or cyciopentolate, a small capsulorhexis (around 1 mm or less in diameter) is
made manually at the periphery of the anterior capsule using fine clawed forceps.
25 Through the small corneal incision and peripheral mini-capsulorhexis, the lens core
(including the cortex and nucleus) are extracted. This is carried out using any of a
number of implements familiar to ophthalmic surgeons, such as aspirators or small-

_diameter tipped phaco-probes.

A gel suitable for refilling the capsular bag comprising the macromonomer of Formula 1
30 is selected which has a refractive index of 1.427, equivalent to the NRRI. This refractive



The lens refilling operation in nmany respects is identical to a current
cat'aract extraction and |COL i nplantation procedure (e.g. extra-capsular
-extraction procedure) wi th some mnor but crucial differences. Hence, the
entire procedure is not describedin detail as it parallels a procedure
ccurrently carried out frequently by ophthal mi ¢ surgeons. The 20 differences
are described so that technical details may be nore fully appreciated. A
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to the anterior segnent. Follow ng dilation of the pupil using a
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Alternatlvely, applying the rul'e for hyperopia derived fromFigure 6 and
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of 1. 267.accordance with the present invention. First, an NRRI of 1. 427 is selected. Next, the
RICF is determined. By referencing the graph of Figure 6, it can be seen that for a
“hyperope of +7D, the RICF is 0.0407. Adding the NRRI and RICF gives a final preferred
refractive index for the material of the IOL of 1.468.

Alternatively, applying the rule for hyperopia derived from Figure 6 and described
25 earlier, the +7D hyperopia requires an RICF of 0.0405, resulting in a final preferred
refractive index for the material of the IOL of 1.467.

Consequently, a gel suitable for refilling the capsular bag comprising a macromonomer
similar to the macromonomer of Formula 1 is selected, which has a refractive index of
1.468. |



Consequently, a gel suitable for - refilling the capsular bag conprising a
nacronononer simlar to the macronononmer of Fornmula 1 is selected, which
has a refractive index of 1.468. 22 The gel is injected to form an
accomodative | OL using the nethod described in Exanple 1. However, a

m ni - capsul orhexis valve is applied to the capsulorhexis prior to injection
of the gel in order to prevent |eakage of t'he uncured macronononer into the
anterior chanber. Follow ng injection and |ight curing of the polyner gel,
the retaining 5 arms of the valve aregocut and renoved using surgical
scissors in order to prevent iris irritation and possibly a subsequent

inflanmmation resulting in an iritis. It will be understood that
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nmenti one evident fromthe text or draw ngs. - t hese djfferent
conbi natiniesionid the gst intarder tore\ans leakees ﬁatwcage&ere@%m@m?rﬁ@r i”FR/ i on.
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subj ect by replacing tissue i'n the subject's ca sul ar qgr rising the
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measur enent and/ or exam nation of the subject's eye; :

It will be understood that the invention disclosed and defined in this specification
extends to all alternative combinations of two or more of the individual features
mentioned or evident from the text or drawings. All of these different combinations

10 constitute various alternative aspects of the invention.



(b) determ ning the sumof the refractive index correction factor of step
(a)'if any with a neutral reference refractive index of between 1.421 and
-1.450; (c) obtaining an ocul ar replacenent material having a refractive.

i ndex of the sum 1O0determined in step (b); and (d) replacing the tissue in
the subject's capsular bag with the ocul ar replacenent material. 2. A nethod
of treating presbyopia of a subject by replacing tissue in the subject's
capsul ar bag comnprising the steps of: 15 (a)obtaining an ocul ar repl acenent
material having a refractive-index qu%valent to a neutral reference
refractive index of between 1.421 and 1.450; and (b)replacing the tissue in
the subject's capsular bag with the ocul ar replacenent material. 3. A nethod
-~ of determining the IOl refractive i gdam$or an ocul ar repl acenent 20
material for replacing. tissue.in the.capsular bag conprising conbining a -
neutral ref er Aneathaedf teediting enyoptie Xypdropiat ovaeeshyogiad bf anslibjecd by refilddnga

refractive ind correction factor asc ai y reference to a refractive
power redﬁ??ee'a?%(%s"@’é?ﬁ%ﬁpsé"aﬁ ?pgﬂglpgsfﬁhre éscepg\f)te?' error. 4. A method of
produci ng an ocul ar. repl acenent material for a subject having 25 anetropi a
or preshyepi acaorigtingsa mgfractive index correction factor based on an estimate of the

5 refractive power correction required, if any, derived by measurement and/or

- examination df the subject's eye;

(b)  determining the sum of the refractive index correction factor of step (a) if any with

a neutral reference refractive index of between 1.421 and 1.450;

(c) obtaining an ocular replacement material having a refractive index of the sum
10 determined in step (b); and

(d)  replacing the tissue in the subject's capsular bag with the ocular replacement '

material.

2. A method of treating presbyopia of a subject by replacing tissue in the subject's
capsular bag compr.ising the steps of: '

15 ga) obtaining an ocular replacement material having a refractive index equivalent to a
neutral reference refractive index of between 1.421 and 1.450; and

(b) repiacing the tissue in the subject’s capsular bag with the ocular replacement
material.

3. A method of determining the IOL refractive index for an ocular replacement
20 material for replacing tissue in the capsular bag comprising combining a neutral
reference refractive index of between 1.421 and 1.450 with a refractive index correction
factor ascertained by reference to a refractive power required to correct a patient's

refractive error.

4. A method of producing an ocular. replacement material for a subject having
25 ametropia or presbyopia comprising:

(a) caloculating a refractive index correction factor based on an estimate of the



refractive power correction required, if any, derived by neasurenment and/or
exam hation of a subject's eye; (b)determ ning the sumof the refractive
index correction factor of step (a) if any with a neutral reference
refractive index of between 1.421 and 1.450; and 5 (c)produci ng an ocul ar
replacenment material having a refractive index of the sumdetermned in
step (b). 5. A nmethod according to any one of the preceding clains wherein
the neutral reference refractive index is between 1.426 and 1.442. 6.
A nmet hod according to any one of the grecedlng cl ai mrs wherein the neutral
10 reference refractive index is 1.42#4 Use of an ocul ar repl acenent
material for replacing tissue in a subject's capsul ar bag having a _
refractive i ngdgxctRb ;Sdmerswﬂe@fnon (réduirkdNEULvRl deriRbe@ BN erasekhrat iang/orndex of
" between 1.421 and 1. g g&% a refractive index correction factor
ascertai ned H?aF@F@PBH %SFgeﬁ Y§ctive power required to correct the
-patient's refractive error, for the 15 manufacture of an accommodati ng
I ntraoculyr |detenfining theesunnot the a¢fravtjverindex egrrévfipe faptiraf stepdekd bpppith. 8. A
n‘e't hod accor di n%.#t{agre??% gnpefr%fctl\%l i%&of%e{v?ee% 1"‘@50‘3#14561'3& 9CU| ar

repl acenent rfaf yner cure u froma cross-linkable
- si | oxane nmacr onononer . _ . o _
5 (¢) producing an ocular replacement material having a refractive index of the sum

determined in step (b).

5. ° A method according to any one of the preceding claims wherein the neutral

reference refractive index is between 1.426 and 1.442.

6. A method according to any one of the preceding claims wherein the neutral

10 reference refractive index is 1.427.

7. Use of an ocular replacement material for replacing tissue in a subject's capsular
bag having a refractive index of the sum of: (a) a neutral reference refractive index of
between 1.421 and 1.450; and (b) a refractive index correction factor ascertained by
reference to refractive power required to correct the patient's refractive error, for the

15 manufacture of an accommodating intraocular iens for use in treating myopia, hyperopia
or presbyopia.

8... A méthod according to any one of claims 1 to 6 in which the ocular replacement

material is a polymer cured in situ from a cross-linkable siloxane macromonomer.



