WD 97/ 28759

PCT/ US97/ 01411
ALTERI NG
Techni cal -

cor neal

i ncl udi ng the cofPEA curvat uverLy
cornea of an e e

cofl neal

: SEGVENTED
CORNEAL REFRACTI VE
The present

a
Ah

Field 5
inserts and nethods for .

Nor e peC|f|caI

| NTRASTROVAL CORNEAS\ l\?séRqﬂunR Z
PROPERTI ES AND I\/ETHC%S}W[
t O LT

i nvention rel ates awﬁa

astrovgl

|tering refractive pr ~|,‘_ies,
& QROAgZATIONDEe, Of i t he
|nve1 i on_invol ves intrastron&l

] [ ON REA;

but not
t hi ckne
i nserte

&0 mdmiw.m cnaangﬁne ,6
5S, AgEl2i4dt h, which effect thig
H into the cornea. The inventilon

hange when the 10 segnents are
Iptermtjont! Peblication Dated s f'bf‘“ﬂl’h@@rﬂ%ﬁ)

aEmlﬁ.em‘.w PibidatinumberNe aNYWO,97/28759

one or
Anontl i
Hyper op| @
in the
ori gi na
retina.

Or € 01 the Segnents Into the corn

c@1) internatiqual dpplication Nomberpe o fPCTHY7RIGH
tional Flling 153 Slghtfﬁxgﬁésgﬂ

I's too short ¢ sﬁ@

than 20 feet fromthe

WneRbhatyosk (9 B s) O- RA

eyebaH

fin ater
iyt

| ong, nyopia

{60) Parent Application or Grant
(63) Related by Continuation
Us
Filed on

08/599,014 (CIP)
9 February 1996 (09.02.96)

{71) Applicant (for all designated States except US): KERA VI-
SION, INC. {US/US]; 48630 Milmont Drive, Fremont, CA
94538-7353 (US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): SILVESTRINI, Thomas, A.
{US/US]; 1701 Las Trampas Roat_i. Alamo, CA 94507 (US).

(749) Agents: CIOTTI, Thomas, E. et al; Momison & Foerster
L.L.P., 755 Page Mill Road, Palo Alto, CA 94304-1018
(Us)-

da of the eye.
B DegigpatedSiates: ALAAMNTE A, A& B, BB, BG, BR,

(s g oL AR

K
h MM MW, MX, NO, NZ, PL,
Bk SK, T, 'I'M.TR.TI‘ UA.

I, B K&, M, RU,

'TJ, T™), European patent (AT, BE, CH, DE, DK, ES, FL

FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent

'(I%F, BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD,
).

¢k di

Published
With international search report.
Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendments.,
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(57) Abstract

An intrastromal comeal insert for effecting a
change in the comeal curvature to treat conditions such
as astigmatism, myopia, and hyperopia. The insert
inciudes one or more arcuate or arc-shaped segments.
The extent of comeal comection by such a segment,
for a given cross-sectional configuration, is a function
of one or more predefined parameters, including the
arc angle, radius of curvature, cone angle, modulus of
elasticity, and thickness of the segment. The invention
salso provides for various methods for changing the
refractive characteristics of an eye. Generally, the
methods involve determining the amount of corrective
refraction desired, providing an intvastromal channel
which traverses at least a portion of the circumcomeal
rotation, and introducing one or more of the inventive
segmented inserts.

(54) Title: SEGMENTED INTRASTROMAL CORNEAL INSERT FOR ALTERING CORNEAL REFRACTIVE PROPERTIES AND




("nearsi ghtedness”) occurs and the focus of parallel rays entering the eye
occurs in front of the retina. Astigmatismis a condition which
occurs when the parallel rays of light do not focus to a single
point within the eye, but rather have a variable focus due to the fact that

20 the cornggopggmects light in a different neridian at dipdwosdibra
di stances. Sone degree of astigmatismis normal, but where it is

pronounced, the astigmatism nust be corrected. Hyper opi a,
nyopi a, and astigmati smare usually correctkd by gl asses or contact
| enses. Surgical nethods for the correction of such disorders are known.

Such net hods SEGMENTERINTRASTROMALCORNEAJ INSERT FOR ALTERING s Nos.
4,815, 463 and 4, 68CORNBAERREFRAETTYE PROPERTIES ANDODMETHODS FHEREOF. , US.
Patent No. 4,941,093). Anot her net hod for correcting those
di sorders is through the inplantation of . . ... polymeric rings in the
eye's corneal stroma to change the cur veshaicalBield: he cornea. Previous
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PCT/ US97/ 0141 Tadius of curvature, cone angle, thickness, and width, which effect this change when the

10 segments are inserted into the cornea. The invention also involves methods for inserting
one or more of the segments into the cornea of the eye.

Background of the Invention

Anomalies in the overall shape of the eye can cause visual disorders. Hyperopia
(“farsightedhess") occurs when the front-to-back distance in the eyeball is too short. In -

15 such a case, parallel rays originating greater than 20 feet from the eye focus behind the
retina. In contrast, when the front-to-back distance of eyeball is too long, myopia
(“nearsightedness™) occurs and the focus of paraliel rays entering the eye occurs in front of
the retina. Astigmatism is a condition which occurs when the parallel rays of light do not
focus to a single point within the eye, but rather have a variable focus due to the fact that

20 the comea refracts light in a different meridian at different distances. Some degree of
astigmatism is normal, but where it is pronounced, the astigmatism must be corrected.

Hyperopia, myt;pia; and astigmatism are usually corrected by glasses or contact
lenses. Surgical methods for the correction of such disorders are known. Such methods
include radial keratotomy (see, e.g., U.S. Patents Nos. 4,815,463 and 4,688,570) and laser

25  comeal ablation (see, e.g., U.S. Patent No. 4,941,093).

Another method for correcting those disorders is through the implantation of
polymeric rings in the eye's corneal stroma to change the curvature of the cornea. Previous
work involving the implantation of polymethylmethacrylate (PMMA) rings, allograft

~ corneal tissue, and hydrogels is well documented. One of the ring devices involves a split

30 ring design which is inserte_c.:l into a channel previously dissected in the stromal layer of the

comea. A minimally invasive incision is used both for producing the channel and for

inserting the implant. See, for instance, the use of PMMA intrastromal rings in U.S.



2 Pat ents Nos. 4,452,235 to Reynol ds; 4,671,276 to Reynol ds;

4,766,895 to Reynolds; and 4,961,744 to Kilner et al.

Adj ustnent of intracorneal rings to obtain the necessary correction of the
eye normal |y typically involves an adjustnent of ring size or

di aneter. Forwggﬁ%quge, us. 5 . Patent No. 4,452,235 desGidiRar ¥qat hod
and an apparatus for corneal curvature adJ ust nment by neans o

adjusting the dianmeter of the ring. The nmethod involves inserting
one end of a split end adjusting ring inta®the cornea of the eye and noving

the ring in ?atents Nos. 4(‘452995%11%0%}@671',27\3% R@ﬂﬁlifdsnﬁ%? 8% A58 dnd

thereafter adjusted relative to each ape of the
eye has assurmﬁbla‘lﬂeeiﬁlhnbrcmhature vvhereupon the ends are fixedly 10

attached to maintajp the ired c rvat of the cor nea.
Anot her manner in P‘rﬂeisr‘ Wﬁ’éé WW°%@%%F¥?@I y
correcting normallygg enfl’dﬁol#e?ﬁnﬂdju%&t% %ﬁ%@ér\éﬂﬁnét&r g&%ﬁe g_hsckness

of the rings. 47 di scl oses t hat
all ows fdr trﬂatmNoaéﬂﬁils&imusmw&ﬂdanﬂenmforcomeal cwtedtareni ni ng t he

15" appr okt o) BERREEE tsoshfi B bt AR LBRT TheRhod bRy nspeite”

sel ection of dﬂemﬁﬁoﬂisphtendadjuuﬁrgsﬂnﬁmtbmmﬁﬁﬁafthaayham A%th'hgxﬁhng
into the corneal stromm S. Pat ent 5,384 al so

di scl oses an q‘WPP&B‘!‘Fb‘RB\ its ands mes: H@apn#arrg'be r gdjusted ielauvemhngher
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Cross sé&tlorattashddhoniammnrthddmr&ncurvaturbuﬁheoémtzhe regi on |s nore

pr onounced. By pr oper mant of the |arger regions,af ring
with the eye's andﬁ%ﬂ %ﬁﬁ %Ql ? velycorrectx
Prior art 'ntdbiéﬂﬁﬂﬁ%&ofth@ﬁyémb&&é@y@%]ﬁb&ﬁclﬁﬁisfﬂfﬂﬂ:rﬁxgﬁoms . PERHENo. -
circunferenti al hannel hin the stroma of the cornea, and

thereafter i rﬁs%}&ngl%Plesm methoddhat pllows far the refractive comprtion of thereye by Such a
U 1S i 2 0 B e oS
of the 15 appropnate thnckness to obtain the necessary correction from a selection of rings of

' varying thickness, and inserting the ring into the comneal stroma. '

U.S. Patent No. 5,405,384 also discloses an intrastromal intracorneal rings having
varying thicknesses for the purpose of creating astigmatism. These rings have at least one
region, and often have two or more regions, in which the cross section is thicker or the

20 bulk of the region is more pronounced. By proper alignment of the larger regions of the
ring with the eye’s anomalies, the astigmatism can be alleviated.

Prior art intracorneal ring implants require fom'ling a continuous circumferential
channel within the stroma of the cornea, and thereafter inserting a conti_nuous circular
device therein. Such a requirement has important drawbacks. Forming a single,

25 continuous channel at a constant or otherwise desired depth from the anterior surface of the
cornea is surgically more complicated and necessitates additional steps to ensure that the
channel is at a proper depth. Another drawback of continuous ring inserts is that, after
insertion, they remain in contact with the initial surgical incision made in the cornea. The
ring exerts pressure on the incision, making it more difficult to successfully suture the

30 incision and increasing the possibility of post-surgical infection and reducing the rate of

healing. Further, as the flow of nutrients occurs by diffusion from the posterior to the



cornea is surgically nore conplicated and necessitates additional steps to
ensure that the channel is at a proper depth. Another drawback of
continuous ring inserts is that, after insertion, they remain in
contact with the initial surgical incision made in the cornea. The

ring exerts prwe9wesys®on the inci.sion, making it nore diffi culRCTVES97/01411
successfully suture the 30 I nci sion and increasing the possibility of
post-surgical infection and reducing the rgte of heal i ng. Furt her
as the flow of nutrients occurs by diffusidn fromthe posterior to the

WD 97/ 28759  anterior side of the cornea, post-surgical contact between the insert and the incision site

PCT/ US97/ 01411 3

anterior si de%ﬁqeﬁg‘emwu%%ﬁm&ﬁﬂ?@ﬂs%nt act between the insert and
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site. I nst ead of Preforrred ring inserts, other prior art
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does not al | RO mmnptr@!om@%s%mﬂw@c@r the precise shapecof
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or nmoved wit hii 1, the gel insert cannot be rotated or moved within channel.

10 Thus, there is a need for an intrastromal comeal insert which overcomes the
limitations of prior art inserts. In view of the particular limitations identified above, there
is a need for an intracorneal insert which subtends less than 360°. Furthermore, thereisa
need for an intrastromal corneal insert that has an arc length and angle less than that of the
insertion channel. In addition, it is desirable that such a segment have dimensions (e.g.,

15 cone angle, thickness, cross-sectional area, arc length, etc.) which vary or are variable
between portions of the segment to allow a surgeon to precisely control the dimensions of
the insert in order to achieve the desired comeal correction. It is also desirable to provide
an assemblage of such segments having dimensions which vary from segment to segment.
Additionally, it is desirable to have a segment and a method of inserting the segment ata

20 desired orientation or angle with respect to the cornea which provides for precise corneal
adjustment in-espective.pf the thickness, width, or arc angle of the segment. Moreover, i_t-
is contemplated that the desired segments be used to introduce therapeutic or diagnostic
materials into the cornea.

Summary of the Invention

25 The.present invention is directed to an intrastromal corneal insert for effecting a
change in the comeal curvature to treat conditions such as astigmatism, myopia, and
hyperopia. The insert is an arcuate or arc-shaped segment. The extent of comeal
correction by such a segment, for a given cross-sectional configuration, is a function of one
or more predefined parameters, including the arc angle, radius of curvature, cone angle,

30 modulus of elasticity, width and thickness of the segment. Particular visual disorders, such
as astigmatism, myopia, hyperopia, and astigmatism in combination with either myopia or

hyperopia, are correctable by use of these segments.



10 Thus, there is a need for an intrastromal corneal insert

whi ch overcones the limtations of prior art inserts. In view of
the particular limtations identified above, there is a need for an
i ntracorneal insert which subtends | ess than 360[err]. Furthernore, there
s a G IT an intrastromal corneal insert that hafcﬁ,g%fa ength
and angl e Ies\g thanﬁ{ hat of the I nsertion channel. In a i{olﬁéin, It
is desirable that such a segnment have dinensions (e.g., 15 cone angl e,
t hi ckness, cross-sectional area, arc |engtdé, etc.) which vary or are
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used to int r ddorespecifioaliyethe msmme@slecanmdependeeﬁmy@hm
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a function of one or nore predefined parameters |nc uding the arc

angl e, radi uspﬂwaﬂlmpﬁﬁpw*banémﬂﬁmwﬂ itsqriginal aspherieshape.i ci ty, wi dth
08 U chness o SRl et ok L SRASH B Mg,
myopi a or cornea bb)pnﬂidxpg scgnients afumyhgtthioknesbmdmﬂﬂmbr altersately onnyging the
thickness of portions of an individual segment. The segments may be used in isolation, in
15 isolated multiples, in cooperative multiples, as segments in a larger assemblage encircling
at least a portion of the comnea, or as assemblages to form constructs of varying thickness.
The arcuate inserts have sufficient structural integrity to approximate the shape of
some portion of the intrastrormal channel into which a segment is to be placed. The
segments may be comprised of one or more polymers having 2 high and/or low modulus of
20 elasticity. Segments having mismatched cone angles over at least a portion of their lengths
are required to have a minimum flexural modulus of elasticity of about 3,500 psi, so that
the segment retains its ability to exerta mismatched cone angle effect over time. The
inserts may further comprise a hydrophilic or hydrophobic material, or may be a hybrid
device comprising layered materials. The insert may have an inner portion or be holiow or
25 adapted to be fillable with a biologic agent, drug or other liquid, emulsified, or time-release
eye treatment or diagnostic material, or gel or settable polymer.
‘When the insert is a hybrid, both the inner and outer portions may comprise
variously one or more high or low modulus, physiologically compatible polymers or a
composite of a low modulus polymer and a high modulus polymer. The inner portion may
30 comprise a gel or a polymeric material which is polymerized in situ after introduction intb

a hollow center layer.
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An aspect of the invention is to effect a change in the curvature of the
cornea by provi ding one or nore segnents having a selected arc
angl e and radi wo9eR87sar vat ure. . A segnent of thrCpUSSTANNL
“invention nay al so be provided with a m smat chi ng cone angl e
sel.ected, independently of the segnent's size, to inpart an additional
correction to 5 the corneal tissue when3the segnent is positioned at

the desired | ocati of hidratabR are used, th b@hﬁd?ﬁﬁdﬁéféﬁ'dr\éﬁettlﬂﬁoducmn
m smat chi ng cone ang Ie can in ependently e fect a change in the

radi us of curvmtmﬂlelmm mesamyma@edshy dhvesuagical deviessed to intraduge these

effected. Thus

curvature desi‘?eé'ilé,gfﬁg et Fr%e curva ardgoﬁﬁifiﬁﬂa géﬁgm&nmhqge%‘aﬁq%ﬁésd on
t he thi ckness, hydestedibefofe ifiseitian ititothe eyerithetidllsive oﬁfhee:hsaﬁtmn bé Yetdkford1e
segnent 10 for a given cross-sectional conflqwratlon The cone angl e may

be sel ect &d t oinsertipgelfithphydratable polymess e allowed to; hydrags wi aﬂmomeelm the
mai ntain or al a t her
aspect of the ﬁerﬁﬁgﬁ{%h@%wgﬁﬂnge |n e cure\ygﬁjftséﬁ%%l ﬂo

cornea by pr ovprehydyated,gheaniter layer oftery progidedn mkasmf dubdiicity tit the device, allowmg it
alternately, var t he t hi ckness of portions of an individual
segnment. The s, d%éﬂ%geﬁ'&?‘h eaTE&RS 1 i sol ation, | n 15 i sol at ed

mul tiples, in coopemtdnmemyp&arakﬁﬁpra&nma@dmmemsaomﬁasémm' age
encirclin at least a portion ofthe cornea, or as assenbl ageg to

form conégr ucthnmquhgnm&nmnvemmms of an eyeh Gensrally the
have sufficienf, 3he Yt itliBing' e Sblch ¥t doPreBNR 1 9R4HBE Sestlf ppiVadiSe 2 intrastromal

channel which traverses at least a portion of the circumcorneal rotation, and introducing
one or more of the above described inventive segmented inserts. Specific indications, such
as astigmatism, may be rectified by insertion of one or more of the inserts into a partial
1S . intrastromal channel to flatten the steeper portions or to steepen the flatter portions or to
simultaneously flatten and steepen portions of the anterior corneal surface without
insertion of a complete intracomeal ring.
The above is a brief description of some of the features and advantages of the
present invention. Other features, advantages, and embodiments will be apparent to those
20 - skilled in the art from the following description, accompanying drawings and appended
claims. _ :
Brief Descrinfion of the Drawi
Fig. 1 is a schematic representation of a horizontal section of the eye.
Fig. 2 is a schematic illustration of the anterior portion of the eye showing the
25 various layers of the comea.
| Fig. 3 is a schematic representation of an eye showing the average corneal
curvature radius and aspheric shape of the cornea.
Fig. 4 is a schematic representation of a hyperopic eye showing the average comeal
curvature radius and the aspheric shape of the cornea.
30 Figures 5A and 5B show respectively a front view and a cross section of a typical

intracorneal insert made according to the invention.
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Fig. 10 is a sectional view taken along line 10-10 in Fig. 9.

Fig. 11 is a sectional view taken along line 11-11 in Fig. 9.

Fig. 12 illustrates a firther embodiment of the present invention in which two
segments are provided with multiple cone angles. |

Fig. 13 is a cross-sectional view of a cornea showing segments of the present
invention positioned therein and having matching cone angles.

Fig. 14 is a cross-sectional view of a cornea showing segments of the present
invention positioned therein and having mismatching cone angles that according to one
embodiment of the invention effects the flattening of the comneal anterior surface for
treating myopia. _

Fig. 15 is a cross-sectional view of a cornea showing segments of the present
invention positioned therein and having mismatching cone angles that according to another
embodiment of the invention effects the steepening of the corneal anterior surface for
treating hyperopia.

Fig. 16 is a frontal view of segments of the present invention having symmetrical
areas of added bulk or cross-section.

Fig. 17 shows a segment of the present invention in which the thxckness of the
segment is varied. _ _

Fig. 18A-C show respectively a front view, a cross-section, and a top view of an
embodiment of a segment made according to the present invention.

Fig. 19A-C show respectively a front view, a cross-section, and a top view of
another embodiment of a segment made according to the present invention.

Fig. 20A-C show respectively a front view, a cross-section, and a top view of

another embodiment a segment made according to the present invention.

r.



| f hydratable polynmers are used, they may be hydrated before or after

I ntroduction into the intrastronal passageway created by the
surgi cal device used to introduce these devices into the eye. If
the insert is made of a hydratable polyner and the outer |ayer is

hydr at ed bef orwogIgerspi on into the eye, the final size of thepctigssio! |
be set before 5 insertion. If the hydratable polyners are allowed to
hydrate within the corneal space, the device (if appropriate
pol'ymers are chosen) will swell within the éye to its final size. If
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i ntroduci Ag Fign23 A showaespectiviely adfivens viewcand two exgsy seotionsiof & soBofilied: ed
Inserts. Specifig¢ indi ' A Jgmati sm may be
rectified by im%@%&%@e%@%@x&m&egtﬁsﬁ@&x 'g into a partial 15

i ntrastromal channeFigt 24 dépidts £froitivieve bfanmd-tpend assanblage df intficanp Regrivnts
flatter portions _or to si mul t aneously fl atten and, sf eepen_portions

of the anteri ohavieg RRand juRrtiont betwpen e segments: junctiops patyeesythe, )

I ntracor neal rnﬂ%ﬁﬁ : : :The above is a brief description of sone
of the featureis ?éa\}-gg%nglgreeéaugfml}x e present invention. O her

f eat ur es,10advant ageRig. 2 showsiadriintreiewof an khd-toeend jagsemblage ofintrivomeals@gments

skilled in the art fromthe follow ng descripti.on cconpanyi ng. dr.awi ngs
and appended hamg;m@*ogfggtweenthemsegstoqwﬁthgmma cﬁarr}Batx relaq.lons@.i of

Description of the ﬁﬁammarsaparﬁa: cross-sectional View of dn érfd-10-¢56 Baemblage of
representation of a horizontal section of the eye. Fig. 2

i s a schemat i cinterqraeal segmentsovhichhere snung oo filgwentitp forBR ringe eye showing the
25 various | ayepg 975 SRW 'tivelyaﬁrontviewanqafxb%segﬁdnsbfqn“hemt Ic

representation of an~eye show ng aver age cornea
15 assemblage of intracorneal inserts made according to the invention which overlap at their
ends to form a single monolithic device. '
Fig. 28A-E schematically depict steps of a procedure for installing the intracorneal
segments of the present invention. '
Fig. 29A-E schematically depict steps of another procedure for installing the
20 intracorneal segments of the present invention.
Detailed Description of the | .
Prior to explaining the details of the inventive devices and methods, an explanation
of the physiology of the eye is provided in conjunction with Figs. 1-2. Referring to
Fig. 1, a horizontal section of the eye is shown. Globe 11 of the eye resembles a sphere
25 with an anterior bulged spﬁcﬁcal portion representing cornea 12. Globe 11 of the eye
consists of three concentric coverings enclosing the various transparent media through
which the light must pass before reaching the sensitive retina 18. The outermost covering
is a fibrous protective portion the posterior five-sixths of which is white and opaque and
called the sclera 13, and sometimes referred 1o as the white of the eye where visible to the
30 front. The anterior one-sixth of this outer layer is the transparent comea 12.
A middle covering is mainly vascular and nutritive in function and is comprised of

the choroid 14, ciliary body 16 and iris 17. Choroid 14 generally functions to maintain



curvature radius and aspheric shape of the cornea. Fig. 4
Is a schematic representation of a hyperopic eye show ng the average

cor neal curvature radius and the aspheric shape of the cornea. 30
Fi gures 5A and 5B show respectively a front view and a cross section of a
typi cal wo ohdzsscorneal insert made according to the inygntd
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Fig. 6 is a diagrammatic cross-sectional vkew of a cornea showi ng an

T e R e S
i magi nary ringng 21174 tHe O dsh Entérir pBRion of the mlddle covenﬁ$ bt @8 eye’anid}¢ ag‘%ngeg

illustrate geonmetric relationships between m smat chl ng segnent  an
a cornea in ancofrealqdans ﬂhsahhnpxreﬂsrmsclcmespbndmgtothedxaphragmofacarﬁer@,an&

Seqmont 1 & pr BB AR TAEplen L RS aRgee callbd B pupl 18" e s e i ¢

secti onak vi evarieak&agajawmehha@nb@hélﬁwmﬁwheﬁeunals Itconu'actsalsotd:' - 11is
a sectional wewtaken along line 11-11 in Fig. 9, Fig. 12

i|lustrates aadcommed torsharpen WMbYﬂWMmﬂphenchmaﬁmo
Iris 17 dmdes the space between cornea 12 and lens 21 into an anterior chamber 22 and a

posterior chamber 23. The innermost portion of covering is retina 18, consisting of nerve
~ elements which form the true receptive portion for visual impressions.

10 Retina 18 is a part of the brain arising as an outgrowth from the fore-brain, with
optic nerve 24 serving as a fiber tract connecting the retina part of the brain with the fore-
brain. A layer of rods and cones, lying just beneath a pigmented epithelium on the anterior
wall of the retina serve as visual cells or photoreceptors which transform physical energy
(light) into nerve impulses.

15 Vitreous body 26 is a transparent gelatinous mass which fills the posterior four-
fifths of globe 11. At its sides it supports ciliary body 16 and retina 18. A frontal saucer-
shaped depression houses the lens.

Lens 21 of the eye is a transparent bi-convex body of crystalline appearance placed
between iris 17 and vitreous body 26. Its axial diameter varies markedly with

20 accommodation. Ciliary zonule 27, consisting of transparent fibers paésing between ciliary
body 16 and lens 21 serves to hold lens 21 in position and enables the ciliary muscle to act
onit.. -

Referring again to comea 12, this outermost fibrous transparent coating resembls a
watch glass. Its curvature is somewhat greater than the rest of the globe and is ideally

25 spherical in nature. However, often it is more curved in one meridian than ;nother giving
rise to astigmatism. The central portion of the cornea is called the optical zone with a
slight ﬂattening taking place outwardly thereof as the cornea thickens towards its
periphery. Most of the refraction of the eye takes place through the cornea.

Referring to Fig. 2, a more detailed drawing of the anterior portion of the globe

30 shows the various layers of comea 12 comprising an epithelium 31. Epithelial cells are

rich in glycogen, enzymes and acetylcholine and their activity regulates the corneal



segnents are provided with nmultiple cone angles. _ Fig. 13 is
a cross-sectional view of a cornea showi ng segnents of the present

i nvention positioned therein and having nmatchi ng cone angl es.

Fig. 14 is a cross-sectional view of a cornea showi ng segnents of the
present 15 Wa9&RR7n positioned therein and havi ng m snat AGTEITOHEL
angl es that according to one enbodi nent of the invention effects
the flattening of the corneal anterior surface for treating nyopia. -
Fig. 15 is a cross-sectional view of a cornea showi ng segnents of the

present corpusdlesidinduonfolsithid teanepbre dfawatir andieldctivdytes dirouph tirtlahellxe of tize
angl es that according to another 20 enbodi nent of the invention effects
t he st eepeni n@u@mt:’ﬂé’féﬁ‘ﬁ‘ﬁ%b?- anterior surface for treating

hyper opi a. An anterior linifing ofhifa 3 bRt hs Hovlor?d maROMRK b Ialr, o

present invention having synmet areas o
cross- sect i on.positioned between the epiffieljum 3T asdstromas32afglmecomeaf Strbma p2 éssent

[ ti in which t t hi f.t 2. t, | i ed.
e i el S s et SRR o e ke ol v
of an &'ﬂ%’é&dﬁmwm??oﬁ%?ﬁﬁm%@%ﬂu@%&ﬁbwwﬁéﬁk

I nventi on. 9A- C show respectively a front view, a

cross- sect i on,obligue,aspeciallyianteriofly. A posteriordimitingoleminaiddds refemed 46 asDescemetist
rade 206011 Mgl 16 Al A Ml e e gy a6
anot her enbodi pattiflogicat pficessés oftecsrfieaOr di ng to the present invention.
10 . Endothelium 36 is the most posterior layer of the comea and consists of a single
layer of cells. Endothelium cells function to maintain the transparency of cornea 12.
Limbus 37 is the transition zone between the conjunctiva 38 and sclera 13 on the one hand
and cornea 12 on the other.
Fig. 3 shows the globe of the eye having a comea 12 with an average spherical
15 radius of curvature 41 and a positive aspheric shape. By "average spherical radius of
curvature” we intend the radius of the circle defined by the points at the periphery 45 of the
cornea near the limbus of the eye and having a center 46. By "positive aspheric shape” we
mean that the distance 47 from that center 46 to the anterior center of the cornea is greater
than the average spherical radius of curvature, that is, the anterior surface of the cornea
20 flattens as it progresses from the center 44 to its periphery 45. As shown in Fig. 3, when
parallel rays of light pass through the corneal surface, they are refracted by the corneal
surfaces to converge eventually near retina 18 of the 3ye. The diagram of Fig. 3 discounts,
‘for the purposes of this discussion, the refractive effect of the lens or other portions of the
eye.
25 The eye depicted in Fig. 4 is hyperopic because the light rays from the periphery of
the cornea refract into focus at a point behind the retinal surface. Further, the eye depicted
in Fig. 4 has does not have the same aspheric shape as that shown in Fig. 3. Distance 47
from center 46 to the anterior surface of the cornea is about the same as or less than the
. average spherical radius of curvature 41 and the cornea does not flatten from center 44 to
30 periphery 45 but rather plateaus or even dips at its center, If an intracorneal segment with
a flat mismatched cone angle, according to the present invention and as will be described

in detail below, is implanted into the cornea shown in Fig. 4, the light rays refracted by the
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assenbl age of aﬂﬂi&ﬁ@ﬂﬁﬁé\ﬁﬁhlaﬁﬁghﬁ&h&wnmtheﬁ& hepe. ng j unctions between the
inserts to hold themin a particular spatial relationship

Fig. 26 Shows a pamithdhe backgeonad discyssign ofFigsy 1 cﬁmdﬁn%mhmddbnmégmuge of

I nt I
;:ing.rag%ra\ngﬁd E‘ gl%gi\?vérespect Ive yw%ﬁ{gﬂt\ﬁl&\%ﬂén a}ug{r'%gggfsgé%ﬁ{) %Po'é?’f 15

assenbl age of an sinular chord @ff thercoamea o imgievesthe visidh ofithe eyd. eccoring toitRpréfene h
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Fig. 29A-E schenati cal | epi ct steps of another procedure | nst aH I ng

the 20 10 int p&dmzsmorsegmmmes'ormhmathe mﬁ@mvecmopemes of an eye. Each
of the inventive aspects of the segments is discussed in detail below.

. For purposes of discussing the arc length or arc angle of the seginents of the present
invention, and how variations in these parameter effect the shape of a cornea, Figure 5A
shows a front view of a typical insert made according to the invention and Figure 5B

15 shows a cross section of that insert. As is shown in Figure 5A, the arcuate segment 100 is
a portion of the circle and subtends some specific amount of a circumference of the comea
(at some chosen radius) equal to a value of “a” or “arc angle.” The particular arc angle
value is selected based upon the indication to be corrected and upon the particular -
configuration of the segment (or segments) used. The arc angle is related to the arc length
20 (L), the ratio of arc length to arc angle being defined by the expression

Le 2nR_ x (a/360°), for a given radius “r” _qf_ a segment.

For definitional purposes, the opposite ends of a single segment do not meet and
subtend less than 360° when the segment is inserted into an intrastromal channel.
However, if two or more segments are joined or used in conjunction with each other, the

25 sum of the values of “a” may be any of a wide range of values up to and including 360°. Jt
should be noted that when a group of segments is used having a sum of arc angles equal to
or greater than 360° , the advantage of not having the segment in contact with the corneal
entry incision is lost. .

Another important parameter of the segments of the present invention is the radius

30 of curvature (R,). The radius or radius of curvature of a segment is related to the rate of
change of its curve relative to a fixed axis, or in other words, is related to the radius of the

ring that can be configured from that particular segment. Selection of the radius of



Det ai | ed Description of the Invention Prior to expl aining
the details of the inventive devices and nethods, an expl anati on of
t he physiology of the eye is provided in conjunction with Figs. 1-2.
Referring to Fig. 1, a horizontal section of the eye is shown.

d obe 11 of thWOS7@858senbl es a sphere 25 wi th an ant eri oPCHUSgOTIN
spherical portion representing cornea 12. d obe 11 of the eye

consi sts of three concentric coverings enclﬁsi ng the various transparent
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shapes for the segments of the present invention. The thickness of the segment, designated
with reference character “¢", is generally between about 0.05 mm to 0.48 mm, and

10 preferably between about 0.15 and 0.45.

Although a particular segment configuration has been described abov_e, segments of
other cross-sectional shapes, including but not limited to ovaloid and rectangular shapes,
also may be used provided their respective maximum radial transverse cross-sectional
dimensions are within the allowable ranges defined above. Illustrative examples of other

15 suitable shapes are discussed in more detail below.

Retumning to Fig. 5B, for purposes of describing the cone angle(s) of the segments
of the present invgntion, reference is made to an iinaginary or phantom ring 102 having
cross-sectional shape and thickness dimensions identical to those of the segment to be
inserted, and having a diameter configured from the segment having phantom ends which

20 extend to meet each other. The radial transverse cross-section of the segment is the cross-
section that would cut through the diameter of such an imaginary ring 102 superimposed
on the insertion site. As shown in Fig. 5B, the components of the radial transverse cross-
section of imaginary ring 200 are the cross-sectional area of segment 100 and phantom
portion 104 (shown in phantom).

25 - The cone angle 0 of imaginary ring 102, and thus segment 100, is defined, for
example, as the angle between the plane of the flat surface 50 that imaginary ring 102 rests
on and a line drawn between points 52 of the cross-section that rests on the flat surface and
point 54 on the cross-section that is farthest from the point where imaginary ring 102 rests
on the flat surface. In other words, cone angle 8 the angle formed between the major axis

30 of a radial, transverse cross-section (e.g., axls 56 as shown in Fig. 5B) and surface 50.
Alternatively, cone angle 0 can be defined with reference to the angle formed by the

intersection of major axes 56, angle ¢, where 8 = (180-¢)/2.
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ts periphery. Mst of the refraction of the eye takes place
thr ougHSt he thempaler axis 56° and (2) is bounded by the outer surface of the segment. A matching

cone angle may vary according to changes in corneal shape and to the radial dimension of

the segment used.
Conversely, a mismatching cone angle of imaginary ring 102 is one in which the
major axes 56° of substantially any radial, transverse cross-section of imaginary ring 102
20 -would not be parallel to tangent .line 66 at the point where bisecting line 64 is
perpendicular to major aasis line 66 and intersects the anterior surface of cornea 12.
Referring now to Figs 7 and 8, the concept of axmsmatchmg cone angle of a
segment will be described in detail with reference to imaginary ovaloid intracomeal rings
(102, 102") superimposed at the insertion site prior to insertion of the cornea. These |
25 imaginary rings have dimensions equal to those of the respective segments to be inserted.
As shown in the drawings, the major axis (axes 150 and 152 in Figs. 7 and 8, respectively)
of substantially any radial, transverse cross-section of the ring (segment) are not parallel to
a line (iines 160 and 162 in Figs. 7 and 8, respectively), which is in the same plane as the
major axis and is tangent to the anterior surface of the cornea at the point where the line
30 (line 170 and 172 in Figs. 7 and 8, rcsbectfully) that bisects the major axis line (defined as
the line extending along the major axis and bounded by the outer surface of the ring

(segment)) and is perpendicular thereto, intersects the anterior surface of the cornea.



Referring to Fig. 2, a nore detailed draW| ng of the anterior portion of the
gl obe 30 shows the various | ayje conprising an epithelium
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cor.puscles and controls the transport of watder and el ectrol ytes through the
| anel | ae of the stroma 32 of cornea 12. An anterior

limting lamna 33, referred to as Bowran's nenbrane or layer, is
posi tioned between nemafivdly@hdtéHingidons Bhkles, il thusishiatchidg c6mM digies, dahbena 32

is 5 conprised of |anella hayi ngl bands of fibrils garallel t o .each
ot her- and cr osdesebedwelagive lo-an equation. Tp derivieg ueh Avequation ragtchipng.cone

fib band
elsptrag:JZI I ;ma?]t gﬁgﬁ%é)?éﬁi%ﬁ%)g‘é@grﬁr ‘Hm?l nmlﬁg&?f gomnrler&t%}“'to ghe
Descenet ' comeal FRditY chafige, AR,j, achieved by implmtingtireringshthemoynedef i ned from

stroma 32 and resistant to pat hol ogi cal processes of the cornea. 10
Endot hel ium 36 is the nost posterior Iayer of the cornea and consists of a

single - layer of llé;f(RE- e function to maintain the

transparency of cornea 1§R°‘ ”ry’ie R?n%g%}hs the transition zone between

t he conjunctiva 38 and sRl%hﬁiiﬂl&onnaluﬁbumfeuhatnth(measuredalongtheantenorcomeal
surface) (see, e.g., Fig. 6B)

10 0 = cone angle of the segment

t = segment thickness
d =depth of the segment in the cornea measured radially from the anterior
corneal surface to the midpoint of a radial line, extending across the thickest or largest
radial dimension (e.g., “t” in Fig. 5B) of the radial, transverse section referenced above
15 with respect to D, (defined below) and shown, for example, in Fig. 6 where the depth is
indicated with reference character “r”.
D; = limbus diameter
R = radius of curvature of the segment, where R = D, /2 or one half of
the diameter of an imaginary intracomeal ring configured from the segment o be inserted
20 (measured center to center, where each center is at the midpoint of the major axis line of a
radial, transverse section of the imaginary intracorneal ring. Such centers are shown in
Fig. 6, for example, where they are indicated with feference character “c").
E, = Young's modulus for the segment
. 0, = segment cross-sectional area shape factor, which is a function of the
25  ration of LXA to CXA, or |

_ where LXA is the long axis of the radial, transverse cross-sectional area of
’ 30 the segment and CXA is the circumference of the radial, transverse cross-sectional area of
the segment.
These variables are believed to be the dominant ones that will indicate how the

segment will perform in changing corneal curvature or shape.

T
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a flat smat.chéB gor}e angl e, according to the present invention and as
will be*tlesc'™B in detail below, is inplanted into the cornea

shown in Fig. 4, {FaRhérethhplesitilidating thatifcreddingith€cone angle increases refractive
corrections are provided with respect to data obtained from tests conducted on human eye
bank eyes. Cone angles of 31° and 43° provided refractive corrections of about 2.8 and -

4.4 diopters, respectively. Although the segment cone angles varied, each segment had a
15 thickness (t) of about 0.15 mm and was inserted at a depth (d) in the cornea of about 0.42
o :
Based on the variables listed above, the following equation, which defines a
matching cone angle for a given D, (which is equal to 2R,) g; and d, was derived.

De.
20 1) @ = sin” » Where
2(R-d)
0, D, R, and d are as defined above.

-

The following table provides matching cone angle values (6) in degrees rounded to

25 the nearest tenth of a degree for a segment implanted at a depth of 0.42 mm and for an
initial corneal radius of curvature (R;) ranging from 7.6-7.9 mm (which is the typical range
in the population) and center to center diameters (D) ranging from 5.0-8.0 mm according

to the above equation.
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10 now st eepened corneal surface will be refracted at a | arger
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5 example.
A mismatching cone angle is one that does not equal the cone angle described in

equation (1) for a given D, (equal to 2R,,), R; and d. Thus, for example, given a D, of 7.0

mm, an R; of 7.6 mm and a “d” of 0.42 mm, a mismatching cone angle would be any cone

angle that is not equal to 24.1 degrees.

10 Another equation for describing a cone angle that is a matching cone angle is
preferred when accounting for segment thicknesses above about 0.15 mm, which provides
sufficient thickness to flatten the cornea independent of cone angle. According to this
refined equation:

15 D
2 0 = sin! ————— , where
2[(R-d)HAR{]]

AR, = the expected radius of corneal curvature change induced by segment
20 thickness independent of cone angle for a given transverse, cross-sectional shape of any
particular segment design. Alternatively, AR, can be described as the initial radius of
comeal curvature minus the final radius of corneal curvature as previously described above
where AR, is determined based only on the change induced by the segment thickness
independent of cone angle for a given radial, transversc cross-sectional shape of any

*25 segment.



Llerr] 2[err]Rerr] x ([err]/360[err]), for a given radius "r" of a

segnent . For definitional purposes, the opposite ends of a
singl e segnent do not neet and subtend | ess than 360 when the
segnent is inserted into an intrastromal channel. However, if two

or nore segn%s—,mgjm ned or used in conjunction with eaclpcqhm-;,, 4ihe 25
sum of the values of"[err]" may be any of a wi de range of values up to and

i ncludi ng 360. It shoul d be noted _that when a group of segnments is
used having a sum of arc angles equal to 16 or greater than 360 , the
advant age of not Ik, WehehaCcaRgingfor sich tl@iel&Ie?sé*s athisiatchifig 66ie@gle is one that

entry incision is |ost t her | mportant paraneter of the
segnents of tdRes %‘?‘éﬂ%ﬂt‘hq WEH@S%H"%WH@“H%P%Q)@T a givendy.. faqnaide 3Re), Ri,

(Rlerr]). Th%Jn%dAIF]ES or radius of curvature of a segnment is related to the
rate of ange of its curve relative to a fixed axis, or in other

words, is rel ated The diseassioncbif éoneinglelof segments has, this'far, bételintied tbeegﬁ%id gur ed
fromthat particular segnent. Sel ectjon of the radius of WO
97/ 28759 having a constant cone angle across its length. However, segments having a cone angle

PCT/ US97/ 014 ch al the 1 fth t . .
curvatur e T or i varies along the length of the segtent or, in other words,  sepment having syligle
and shape, t lvene anglesis alsmmnwnplaﬂed by thispresérdtduvestion. a Refetring noadblﬁgsw-mhe

oo O35S B ke Sl shown T o, P 8™
provided with multxple cone angles. This construction is particularly advamageous for
10 treating astigmatism (or astigmatism concurrent with either myopia or hyperopia) where
the corneal curvature varies in different meridians. In the embodiment shown in Fig. 9, the
segment cone angle changes along the circumferential direction thereof. Generélly
- speaking, the segment has a first circumferential region having a first cone angle and at
least one other region having a cone angle that differs from said first cone angle.
15 In the example illustrated in Fig. 9, the segment has three circumferential regions
with distinct cone angles. Circumferential region 202 has a first cone angle 8; as shown in
Fig. 10. Circumferential re_gion 202 is followed in the clockwise direction by a second
circumferential region 204 having a second cone angle 8,, as shown in Fig. 1i that
substantiaily differs from the first cone angle 9,. That is, the cone angle varies enough for
20 treating astigmatism (or astigmatism concurrent with either myopia or hyperopia) as
discussed below. Circumferential region 206 follows region 204 with a cone angle similar
to that of region 202 in the clockwise direction.
Fig. 12 shows another embodiment of the present invention. Two segments
210 and 220 are shown positioned opposite each other such that they form a ring-shaped
25 structure having two splits. In the example of Fig. 12, segments 210 and 220 have
multiple cone angle values and arc angle and length values which are substantially similar
to each other and to segment 102" of Fig. 9. The cone angles of the respective segments
210 and 220, and of the resulting ring-shaped structure, changes along the circumferential
direction thereof. In the example illustrated in Fig. 12, the structure has six circumferential
30 regions with distinct cone angles. Segment 210 has a first circumferential region 212
which has a first cone angle 0, as shown in Fig. 10. Circumferential regton 212 is

followed in the clockwise direction by a second circumferential region 214 having a



present invention which is inserted circunferentially about the cornea is
bet ween about 1.5 5 mnm and 4.25 mm Referring now to
Fig. 5B, there is shown a radial transverse section of segnment 100

havi ng a hexagonal cross-sectional shape, one of a variety of suitable
cross-secti onaw0972878 shapes for the segnments of the preserRCHERIFA4ILN.

The thickness of the segnent, designated with reference character
"t", is generally between about 0.05 nmto 3 48 nm and 10 preferably
between about 0.15 and 0. 45. Al t hough a particul ar segment

confi guration Mmd)wnatds@i,iabehbvaﬁ@\lﬁs 13 sthatesnbstantiplly differs fromythia first cone
crass-sectional p i ncl | i 0 oval o

rectangul ar sh 6‘ Citcum m@ﬂ%‘éﬁm@@%@%‘??ﬂ@?%8@8&8?%@8“’
maxi mum r adi al stilﬁf‘&‘tEﬂt%Eréﬁitﬁﬁﬁl‘Zs ThicuMfidéntial region 22Z/6MRPHREMR 220, e\ﬂﬂcﬂ»fdubwa the
al | owabl e ranges defined above. |llustrative exanples of ot her

sui t abl e shapetsgion@1§iin theslackwisg direstionglns |cpnmg&numlartoreglon216 Thecone

fo j h
Cegnont o5 ek yinies bl BUSRBR320 SasfigRS' ol helein WLt g 2 of "€
| magi nary or pighiean210. mxan@Zrehwm of segment nomsmengleanmasmaa ofnd

t hi ckness di nensjions_identical to those of the segnent to be
i nserted, and F&ianRgih 246A9d222- confi gured from the segnment havi ng phant om

ends whi ch 20 ex Eﬂﬁ&é&ﬂﬁ?ksﬁ&?%}gé{;?ﬂh'];Qspﬁ'ﬁ&h%“&‘r&'iﬁé/t wouYedméut

cross-section of the segnment 1s t ] section
t hrough the di angitseandsbnesanglesdor a pastigule ssgmentiwith @ particylan drosssewsignal area shapeon

t he insertion si sho i.n Fi t he t he di al
transver s@ cr ogssdt"'p"‘"‘f\S g@c‘f‘?‘% l@&%@ﬁﬁ%ﬁ%&% fﬁ’ segment,
Cr 0ss- sect i onahndhe AeRiralTBEIERE of 1 segient) TepicAly, for treating aﬁﬁgxﬁaﬂaﬁh witifleifizh own

I n phanton). 25 The cone angle [err] of imaginary_ ring 102, and
thus segment 1BU0picr hynerqpigiproplems, two or morgsegments maybe used. The WO OFmoRen t he
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cone angle and arc angle configurations has been shown, other configurations can be used.
For example, any number of segments may be used, each having various matching or
inismatching cone angle configuration and arc angles for treating an individual’s particular
problem.
20 As discussed above, an important aspect of the present invention is that the shape
of the anterior corneal surface, and particularly the radius of curvature, may be adjusted by
using segments having .mismatched cone angles. This aspect is generally illustrated in
Figs. 13, 14, and 15 where the effect of matching (Fig. 13) and mismatching (Figs. 14 and
15) cone angles is compared. Each of these three Figures shows a cross-sectional view of
25 a pair of opposing segments similar to those described with respect to Fig. 12.

Fig. 13 shows a pair of opposing segments 300 and 302 having cone angles which
match the inner lamaellar architecture. In Figs. 14 and 15, there are shown segment pairs
having mismatched cone angles. In other words, their respective cone angles do not match
the inner lamaellar architecture. The phantom lines shown in these figures correspond to

30 the outer lines of the comea section of Fig. 13 and thus provide a reference for the corneal
configuration changes caused by the respective segment pairs with mismatching cone

angles. Referring particularly to Fig. 14, segments 304 and 306 are shown with cone



30 of a radial, transverse cross-section (e.g., axis 56 as shown in

Fig. 5B) and surface 50. Alternatively, cone angle [err] can be
defined with reference to the angle fornmed by the i ntersection of
maj or axes 56, angle [err], where [err] = (180-[err])/2.
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Referring to Fig. 6, an imaginary ring, s%%h as imginary ring 102
configured from segnment 100 descri'bed above, is shown inserted

i nto cornea lzhgles grogton thap thoseghdvaPini Kig. 6. The largexivoneangletivisty aljacemtepostivyise

mat ched to the corneal architecture prior to.insgrtion. A t ching
cone angle ofﬁéhes‘féﬁﬁ@rﬂ"tfﬁﬂaﬂgﬁﬁ'&”EFF%W@P‘? M?Wmn%e of
S | Magi Nagnd 305 38 shidWn inthd@awiipd ThRYPRAnRAAF SorfiguiaiBitishelpkul i ReatihB2 May
general ly be considered to be one that matches the angle defined by
a particul ar myopia.cln contrast, Fig+ krshows a pajr of segments 308and 311 having conefangles leks t he
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Cross- surfaéds showfl in therigdwing ¥nd is helpfild th tteatifig hypetopitg the |ine

indicating dimension "W' in Fig. bB) to 10  the anterior corneal surface
of the cornea. Thelhysjfasin this descriptiogiof theipresspiinvantion, 9ae or more segmentphaving se
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pl ane

change in the radius of curvature of the cornea. Another aspect of the invention is to

10 employ segments, with or without mismatched and/or multiple cone angles, which have
varying cross-sections, or otherwise vary in thickness and width along their arcs, to effect
the desired alteration of the radius of curvature, and in particular to correct for astigmatism.

Referring now to Figs. 16-17, an embodiment of the segments of the present
invention are shown in which the individual segments have at least one region in which the

15 cross-section is thicker or the bulk of that region is more pronounced. Often these
segments will have two or more regions at which the bulk is increased. By proper
alignment of the various regions of the segment with the areas of the eye that need
correction, the proper radius of curvature may be achieved.

In Fig. 16, there is shown two segments 350 and 352 each having a region 354 of

20 added bulk or dimension shown to extend over a region of about 90° of the respective
segments. Although regions are shown to be substantially symmetrical, other
embodiments in which more than one segment is used and in which the respective regions
of enhanced dimension are in an asymmetric configuration are also contemplated by the
present invention. The regions of added dimension are critically tailored to correct the

25 astigmatism or astigmatism in combination with either myopia or hyperopia found in a
particular eye.

Fig. 17 illustrates a segment 380 in which the thickness of at least one portion of
the segment is thicker 382 than another thinner portion 384 of the segment 380. The
number of thicker portions of the segment may be one or more depending upon the

30 astigmatic aberration to be corrected.

In general, the thickness of the regions of added bulk may range from about 0.1 '

mm to less than 0.5 mm. This thickness range is suitable for segments, to treat



as that major axis and tangent to the anterior surface of the cornea 12
where the line 64 that bisects the major axis line 66, and is

per pendi cul ar thereto, intersects the anterior surface ofthe
cornea. The major axis line 66 is defined as the line which (1) extends

al ong 15 t hWOW/28759axi s 56' and (2) is bounded by the out ePCTESYI10f
the segnent. A matching cone angle may vary according to changes in
corneal shape and to the radial dinensi on of9 t he segnment used.
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Particular values of the segment parameters discussed above are selected based

upon the corneal curvature correction to be effected. The values of some of the individual
15 parameters may be dependent upon the other parameter values selected, such as the radius

of curvature and Young’s modulus of elasticity of the segment. Accordingly, suitable

values for each parameter are generally defined within a range. The following discussion

of acceptable value ranges for cone angle, thickness and arc angle is based upon segments

having a radius of curvature of about 3.25 mm and comprised of polymeric material having
20 a flexural modulus of elasticity greater than about 3.5 kpsi.

Generally, values for a segment’s cone angle, whether constant or variable across
the segments length, are between about 0° and 160°; preferably between about 0° and 80°,
and more preferably between about 0° andv60°. In general, the value of a segment’s arc
angle is less than 360°, typically less than 340, more typically 320°, and most typically

25 lessthan 270°. Segment thickness, whether constant or varying across the fength of the
segment, ranges from about 0.1 mm to about 0.5 mm.

Many combinations of particular values within the above ranges are accei:table for
correction vision problems. However, for purposes of correcting astigmatism where no
myopic or hyperopic correction is needed, the combination of variables requires a more

30 specific range of values., Specifically, with segments having a constant cross-sectional area
and a constant cone angle along their lengths, suitable arc angles are between about 10°
and 90°, preferably between about 20° and 60°, and more preferably between about 30°
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Al ternatively, matching cone angles, and thus m smatching cone angl es, can
be described relative to an equation. In deriving such an equation
t o cal cul at e wownis7s3g cone ) angl es, applicants consi gerasgeididi
variables listed below to be inportant in determning the 5 cor neal

radi us change, [err]Rerr], achieved by igplanting the ring in the cornea. -
[err]Rlerr] = [err]d&R[err] [err], t, d, ?err] Rlerr], Elerr]) where
Rlerr] = ini and50% Mﬂ,rfamwoﬁmasWHQmm&s:wmshamgtMamater|or

cone.ang! e of PP yplEor fuftple cond ngiiSalong thiengi seblere s
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ara
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thickness or a varying or constant cone angle. It should be noted, that for treating

10 astigmatism in combination with either inyopia or hyperopia, a segment having certain
other prescribed parameters (such as variable thickness or multiple cone angles) in addition
to the above prescribed arc angles may also be used.

The materials used in the segments of the present invention preferably have a shape
and sufficient strength such that the segment is not easily damaged by the forces put upon

15 it when it is inserted into the eye. A certain minimum flexural modulus of elasticity is
necessary for segments having mismatching cone angles in order to maintain the
mismatched angle over time. Thus, with segments having a mismatched cone angle,
relatively stiff, physiologically acceptable polymers having a high flexural modulus of
elasticity are preferable. Materials having a high flexural modulus of elasticity are those

20 having moduli greater than about 3.5 kpsi.

Acceptable physio}ogical polymers having a sufficiently high modulus of elasticity
include polymethylmethacrylate (PMMA), TEFLON, polycarbonate, polysulfones,
epoxies, or polyolefins such as polyethylene, polypropylene, polybutylene, and their
mixtures and interpolymers. Many of these polymers are known in the art to be

25 appropriately used in hard contact lenses.

The polymeric material making up the segment may be a hybrid which includes
more than one polymeric layer. The polymeric layers may be comprised of, for example,
one high modulus and one low modulus pofymer, or two high modulus polymers, or two
low modulus polymers. Low modulus polymers have a Young’s modulus of elasticity

30 below about 3.5 kpsi. This class of polymers include physiologically compatible
elastomers and such crosslinked polymeric gels as polyhydroxyethylmethylacrylate
(Poly-HEMA) or polyvinylpyrrolidone (PVP), polyethylene oxide, or polyacrylates,



20 (nmeasured center to center, where each center is at the m dpoint of

the major axis line of a radi al, transverse section of the

i magi nary intracorneal ring. Such centers are shown in Fig. 6, for
exanpl e, where they are indicated with reference character "c").

E[err] = Youngwo smmsedous for the segnent PCTIUSI 411 =
segnent cross-sectional area shape factor, Wni ch is a function of the 25
ration of LXA to CXA, or [err]

where LXA is the Ionlg axi s of he radl‘ﬁ nsvera SS- sectdlg ﬂi ar ea
of 30 the sBoNaFYIg SLEAP \“‘“E YISt and the pkeaS er se
Cross-secti onal.f, &qﬁﬁl

vari abl es are be |a§§‘e°§;%mp(gyme J‘h?h nant ones t a{os\s;\lnmlkledh%pging ow tche
segnent will peeiflormin changi ng corneal curvature or shape.

WO 97/ 28759 . b .. £ s .
PCT/ US97/ 01411 As mentioned above, because a certain mintmum amount of segment rigidity is, 4

5 necessary to maintain mismatched cone angles over time, care should be taken to ensure
that the overall rigidity of hybrid segments comprised of one or more layers of low
modulus polymers is sufficient.

The segments of the present invention may also be hydratabie. Partially hydrated
or fully hydrated hydrophilic polymers are typically slippery and consequently may

10 contribute to the ease with which the insert may be introduced into the interlamaellar
tunnel. _ : _ '

Suitable hydrophilic polymers include polydroxyethylmethacylate ((HEMA), N-
substituted acrylamides, polyvinylpyrrolidone (PVP), polyacrylamide,
polyglycerylmethacrylate, polyethyleneoxide, polyvinyl alcohol, polyacrylic acid,

15 polymethacrylic acid, poly (N, N-dimethy! amino propyl—N‘-acrylamide) and their
copolymers and their combinations with hydrophilic and hydrophobic comonomers,
crosslinks, and other modifiers. Thermoplastic hydrogels include hydropoly-acrylonitrile,
polyvinyl alcohol derivatives, hydrophilic polyurethanes, styrene-PVP block copolymers
and the like.

20 The intrastromal comeal segment may be lubricated with suitable ocular lubricants
such as hyaluronic acid, methylethyl cellulose, dextran solutions,'glycerine soiuﬁons,
polysaccharides, or oli.éosaccharides upon its introduiction to help with the insertion
particularly if one wishes to insert intrastromal segments of hydrophilic polymers without
prior hydration. If a hybrid segment having a hydrophilic polymeric covering or a segment

25  comprising a hydrophilic polymer is inserted into the eye without prior hydration,
subsequent to the insertion, the intrastromal segment will swell to its final size or thickness
within the eye. This swelling often permits the inclusion of larger intrastromal segments
than would normally be accommodated within normal sized intrastromal channels.

Low modulus polymers used in this invention are often absorbent, particularly if

30 they are hydratable, and may be infused with a di-ng or biologic agent which may be slowly
released from the device after implantation of the intrastromal segment. For instance, the

- low modulus polymer may be loaded with a drug such as dexamethasone to reduce acute



In general, with a high Young's nodulus, an increase in cone angle provides

an I ncrease in the mnus correction which nmeans an increase in the
flattening of the cornea. By | owering the cone angle, one induces a
positive correction which results in steepening t he cornea.

Mat chi ng the f@wneRel e is dependent on the starting radial pefyMedmbisisOf
the 5 cornea. [err]Alerr] is the expected radius of corneal curvature
change i nduced by segnent t hi ckness i ndependent of cone angle for a
gi ven transverse, Cross- sectional shape of2Zny particul ar design

where the chaggﬁnm di? r

(i.e., the radius of cu ature o#lgﬁ'h“’gmé%drlﬁgg gﬂsdl‘?“ oéggﬁé%miﬁ“rr% an atlon)
m nus the fi nsdmngorvasculumgnewﬂﬁtowudmumml segmefti Sumlm‘lyhhepmd; us of
curvature of the cornea after se Iantatlon)

Furt her exarrpF‘E'g ?FG‘?E% 'Wﬂ%%ﬁﬂ%ﬂmh%m@ aptisear-forming, apt-
refractive adhmm,%ﬂhﬁﬁiﬂg%k%n&iﬁ'a&éﬁ‘(é&ﬁds m&heraa&fiﬁé‘amﬁ&eoﬁaé ?P)g' ned

fromtests conducted on hurman eye eyes. Cone angles o 1l err]
and 43[ebr] pmymg&lwedmﬂuwrmg@g@em amoatien. (ldarly, there area 4. 4

segnent had a e e o 3RS b BRI e SRRRANE Eimerd, TR enaiG ol
depth (d) in amncmeaietabﬂuéhﬂeé&gsmpm mn Based on
the variables |isted above, t he f ow ng_equati on, which defines a
mat chi ng cone angl WF I!)?éT(F 20Acfiand 21 A-G gheys respestivaycs frpnt view r |
?Qd d, was d e;“q { and ﬁ cross section (“B” drawxn\%)]and a side view (“C” drawile £ variods
2(Rlerr]iod)  narrow pomt mtracorneal inserts mgderac¢ordifif tr thi invBiitiomr Althouphdhesee as
defined abovedrawmgs show narrow pomts on the inventive inserts, such points are not a critical aspect
of the invention. The ends of the inserts may be tapered in both width and thickness, in
one or the other of those axes, or may be blunt. Other variations of the ends will be
discussed below to the extent necessary to understand the invention. These inserts are
15 “pre-formed” or “pre-shaped.” By the use of these terms, it is meant that the insert has
s sufficient structural integrity to approximate the shape of some portion of the intrastromal
channel into which it is to be placed.
Figure 18A shows a front view of a pre-shaped intracorneal insert 400 having ends
402. The intracomeal insert tapers both in width and in thickness to narrow points 402.
20 Viewed in cross section in Figure 18B, the generally smooth convex front surface 404 and
plamir rear surface 406 may be seen. Figure 18C shoy_v_; a side view of the segrrie_nt or
insert. - '

Figure 19A shows a front view of an intracomeal insert 500 having ends 502.
Again, the intracorneal insert tapers both in width and in thickness to narrow points 502.
25 Viewed in cross section in Figure 18B, the generally hexagonal shape may be seen. The
surfaces most adjacent the anterior surface of the eye and the side just opposite are
generally the two longer of the sides. Those generally planar front surface 504 and planar
rear surface 506 may be seen. Figure 19C shows a side view of the segment or insert. -
Figure 20A shows a front view of an intracomeal insert 600 having ends 602. The
30 intracorneal insert tapers both in width and in thickness to narrou) points 602. Figure 20B
shows the generally round cross section. The cross section may also be oval-shaped with

the major axis of the oval either as the width or the thickness or neither. Figure 20C shows



The follow ng table provides matching cone angle values ([err]) in degrees
rounded to 25 the nearest tenth of a degree for a segnent inplanted at a
depth of 0.42 nmand for an initial corneal radius of curvature
(Rlerr]) ranging from7.6-7.9 nm (which is the typical range

t he popul ati orFYOR#7nter to center diameters (Derr]) rangﬂﬂ'g‘"‘l’%ﬁ’r‘“
5.0-8.0 nm accordi ng to the above equati on. WO
97/.28759 23
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Rl err] 5.0 asife view of the ggment or igers which, becgusg of the symmegy of the dgv:ge, is the
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: : Figure 21 A shows a front view of a hybrid intracomeal insert 700 having ends 702.
Again, the intracorneal insert tapers both in width and in thickness to narrow points 702.

5 Viewed in cross section in Figure 19B, the generally hexagonal shape may be seen. This
set of Figures is to show the concept of a multilayered insert made up of polymers of
different characteristics. In this example of a multilayered insert, the hybrid intrastromal
segment has inner 702 and outer faces 704 of polymers having low moduli of elasticity.
Low modulus polymers are those having a Young’s modulus of elasticity below about 3.5

10 kpsi, more preferably between 1 pst and 1 kpsi, and most preferably between 1 psi and 500
psi. They must be physiologically compatible with the eye. This class of polymers
includes most polymeric materials used in soft contact lenses.

The inner portion or core 706 as shown in Figure 21B may be a physiologically
compatible polymer having a high modulus of elasticity. As discussed above, high

15 Young’s modulus of elasticity is considered to be greater in value than about 3.5 kpsi,
preferably 5-10 kpsi, and most preferably 8-10 kpsi.

. If hydratable polymers are chosen for the outside layers, the extent to which those
outer layers swell upon hydration is dependent upon the type of polymer chosen and, when
the polymer is hydratable, upon the amount of cross-linking found in the outer layers 702

20 and 706, and upon the thickness of the layer. Generally speaking, the more highly linked
the hydratable polymer, the smaller the amount of volume change upon hydration.
Alternatively, a substax;ﬁally nonswellable polymer system may be formed of a hydrogel
physically interpenetrated by another polymer which does not hydrate, e.g., polyHEMA, to |
limit its degree of swelling and water absorption.

25 The thickness of the outer layer depends in large function upon the intended use of
the intrastromal segment. If the outer layer is used to provide a swellable outer layer
which does not add significantly to the size of the intrastromal segment or is used
functionally as a lubricant layer, the other layer may be quite thin -- even to the pointof a
layer of minimum coverage, perhaps as thin as a single molecular layer.

30 Of course, the inner and outer layers need not be, respectively, low modulus and

high modulus polymers but may instead be multiple layers of low modulus polymers
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The above cal cul ations are nmerely exenplary and not intended to limt the

i nvention. For exanple, the inplantation depth "d" may range from about
0.10-0.50 mm wo9srs9 even though a value of 0.42 mmis usedpbipSsigdt the

above cal cul ations for purposes of 5 exanpl e. A
m smat ching cone angle is one that does not equal the cone angle descri bed
in equation (1) for a given D err]®(equal to 2R[err]), Rlerr] and

d. Thus, for iaaagaggn ottteY Bidraphili€ pélymertayef afMl an inner hydféhotidip Ef: b vRfiety 6

mm and a "d" of .mm a msmatching cone angle woul d be any cone
angl e t hat i ofiydrophili¢/polymers etc.degrees. 1 Anot her equation for

0
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Accor di ng to this . refined equation:
]

15

D err astigmatism, an intrastromal segmpent haying a thicker portion and a substantially thinngrer e
2[(Rerr]-d)+ A intrast . [ ?EE% = pﬁ e
radi us of corl{notgaﬁz; ﬂ%%gg%s}r“gdbﬁgr%e | nlﬁﬁlgg%}n%’)t/ lg{é%lkegﬁ pore & | gﬁﬁ%@bﬁg
i ndependent qfolymereand agloatek oovezing iof 2swellable pulymee might bs shosers: t Tigrsalgeshape of
any parti cul ar segpent,.design. ternatively, [err]R err] can be
described as WoRldrmeve P‘gﬂ?ﬂ @BWM segmentt’s exterior céatmgor prior to

introducing the intrastromal segment into the eye. Further, and as will be discussed below

10 in greater detail, hydrophilic polymers are more easily infused with therapeutic and
diagnostic materials than are the high modulus materials. In the variation just noted, the

insert may then be used to deliver the infused therapeutic and diagnostic materials in a
greatly delimited of treatment or diagnostic area.
Fig. 22A shows a front view of an wide end intracorneal insert 800 having ends

15  802. In this variation, the insert tapers only in thickness to form a spade-shaped end 802.
Viewed in cross section in Fig. 22B, the generic shape may be seen. Fig. 22C shows the
same shape but nearer to the end of the device. This set of figures is to show the concept of
a single-tapered end.

Fig. 23A is a front quarter view of a variation of the intrastromal segment 900

20 made of a low modulus polymer system hydratable outer coating 902. Fig. 23C shows the
inner cavity 904. This intrastromal segment may be inserted into the intrastromal space
created by the dissector as a covering on a tool smular to the dissector which created the
intracomeal channel. Once in position the insertion tool is rotated out of the intrastromal
segment leaving the shell within the stroma.

25 Fig. 23C shows the inner cavity 904 which may be filled with a biologic, a drug or
other liquid, or biclogically active eye treatment material. These devices may be tied or
pinched or crimped or otherwise connected at their point of insertion by known techniques.

The shell 906 may be injected with a settable soft polymer core, allowed to expand
to a desired thickness, énd set. Polymeric gels which do not polymerize in situ are

30 preferred. Suitable injectable polymers are well known but inclu_de polyHEMA hydrogel,
cross-linked collagen, cross-linked hyaluronic acid, siloxane gels, and organic-siloxane

gels such as cross-linked methy! vinyl siloxane gels.



corneal curvature mnus the final radius of corneal curvature as previously

descri bed above where [err]Rerr] is determ ned based only on the
change i nduced by the segnent thickness i ndependent of cone angle
for a given radial, transverse cross-sectional shape of any 25 segnent .
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Thus, when accounting for such thicknesses,sq nmsmatching cone angle is one’
t hat does not equal the cgne angle desg¢ribed in equation (2) for a

given Dlerr] (equal Fige2®s§osys W@?ﬂﬁw invention in which ag agsgblagg ofithe inventive
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This construction iBigp2§ shmlmtharblmmwhwh the mﬁeomealrseanmtsysz are held

oSO S (Ofe apll Al NGRS LSI ok bl R R i R i

embodi ment  Shoyginihg déviee. An ads@ifiblage such as is seen in Fig. 25 may be advantageously inserted
from a single central opening, as will be described below.

10 Fig. 26 shows a variation, an assemblage of segments, in which the sections 960 are
strung together on a filament 962. The segments 960 have an open pathway along their |
length (see cutaway) which permits such stringing.

Figs. 27A and B show a variation of the inventive intracorneal inserts in which
two or more inserts overlap to form an assemblage. The top view shown in Fig, 27A

15 depicts the assemblage as found in the eye. The assemblage need not be formed of
segments of the same or similar width or thickness or material of construction nor need the
assemblage be limited to the semicircle shown in Fig. 27A. Although a front-to-back
assémblage is depicted in Fig. 27B, the junction between the sections (964 and 966) may
be of any other design which allows contact between the adjoining sections and remains

20 relatively immobile after the placement in the comea. For instance, the design shown in

- Figures 27A and 27B involves the use of a smooth interface. The intrastromal channel
normally exerts a force‘ against the assemblage and will maintain the segments in the
depicted relational position within the eye.

Although particular embodiments of segment assemblages have been illustrated in

25 the Figures, other assemblages are acceptable. The segments may be of similar or quite
different configurations depending upon the indication to be remedied. For example,
rather than overlapping or being positioned end-to-end, the segments may be stacked one

- on top of the other to form a thicker insert. Additionally, the segments may be inserted in
separately produced intrastromal channels which may, or may not, be in communication

30 within the cornea. Such individual insertion will be discussed in more detail below.

The present invention includes methods for inserting the above-described inventive

segments into the cornea of the eye in which partial arc segments are introduced into



segnent cone angl e changes along the circunferential direction thereof
Ceneral ly speaki ng, the segnent has a first circunferential region
having a first cone angle and at | east one ot her region having a
cone angle that differs fromsaid first cone angle. 15 In the
exanmple illuswoatesisosn Fig. 9, the segnment has three circunfms9oéoralan

regi ons with distinct cone angles. Circunferential region 202 has a
first cone angle [err] as shown in Fig. 10. Crcunferential region
202 is followed in the clockw se di rectior?Gby a second

ci rcunf er ent | @para@Gkations Bfthe AVIEAl circiftfeRinde SRside Hf Zohe oﬁﬁxa%u?ﬁm. i
ngl e

Fig. 1 1 that substantially differs fromthe Tirst cone a

[err]. That ipartiqulas Figsn28Arkidepiot a method@finsgiting oror@han onet segmentrilirongh ingreat i sm
(or astigmatigm concurr M th el ther. nygbi & or.hyperopi.a), as

di scussed bel%&lﬁ %\grgﬁﬁgh%itgﬁco% Sﬁﬁsz%‘?b?‘f %é&%@"ﬁgﬁhﬂ'%?t%wdeﬁne
angl e simil arinsertin%]one drandrd ségneehts'thidugiond oné entiylstit with the\tbfiRa ISR MidsOF-

Fig. 12 shows another, enbodi nent of t ‘eqageresent i nvention. Two segnents

210 and 220 avuegicsl davicesorhich may be usedse thg dnitig) icomeal slitsiand intzastromagl f or m a
i ng-sh d ' .] LFig. 12,
Ceguent o 510 hamel e Shidhford i bpboiflg ribdstmay b ifs IR PR Go. 15
and | engt h vaPOTEAISARI06214 PETRblitationiNd. WO2320763entitled “Comeal VatiagiCefittdig and

t t 102" of . Fig. 9. T ang| tjye s t
550" and 220, e 8ad Distécpar s P Bubiigettn i Qi bR B T ong ¢ he
ci r cunf er ent i Wirastromal CorriSal RfE" @8 ch idihré {HorBURIER Y refbfetisd T at ed i n

Fig. 12, the structure has six circunferential 30 °~ regions w th distinct
cone andfes. SegneFumipgdowde agiscussion of oneofithemethodss Fig: 284 showszpfrontal view

o ch a2, (4F i B85 o0 e e BB o s R R
ci rcunf er ent i vikibled itlige dradinRY Fit§t, # entry slit 804 is made radially into the cornea. A
dissector blade (not shown) is introduced into the entry slit 804 and turned in the direction
of the arrow 806 to form a partial intrastromal channel of a desired length. A second entry
15 slit 808 may then be made in the cornea and a second intrastromal channel be made in the
direction of the arrow 810, as shown in Fig. 28B. The first and second channels have been
shown to be formed by turning the dissector blade in counter-clockwise and clockwise
directions, respectively, for purposes of describing the invention. Alternatively, the entry
slits may be made at other radial locations around the cornea, with channels formed in
20 respectively opposite directions form those described. Additionally, the channels may be
formed in the same direction, for example, where the entry slits are 180° apart.

Fig. 28C shows the introduction of a first invéx-x-t.ive segment 812 into the first entry
slit 808. Fig. 28D shows first segment 804 in its final resting position and the introduction
of a second segment 814 into the second entry slit 808. Finally, Fig. 28E shows both first

25 segment 804 and second segment 814 in their final position within the cornea. As finally
positioned, neither segments 804 and _814 are in contact with the two initial incisions so as
to facilitate healing of the incisions. This method demonstrates the flexibility of the
procedure in that either clockwise or counter-clockwise insertion is appropriate and the
intrastromal channel need not be a complete circle about the comnea.

30 Figs. 29A-F schematically portray a method for the insertion of the segments
described above in which partial arc segments are introduced into separate sections of the
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second cone angle [err], as shown in Fig. 11, that substantially differs
fromthe first cone angle [err]. Grcunferential region 216 of
segnent 210 f owobezgs™segi on 214 with a cone angle Si m »eErUssgiolant  of

region 212. Crcunferential region 222 of segnent 220, which follows
region 216 in the clockw se direction, hasg cone angle simlar to region
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216. The cone 5 angle varies again inr
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simlar to thagorfital cRgimferentlowiide of the opticale®dne frea aflflat coinea ryugh £hg18 eRR6
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fonnmg a channel in the counter-clockwise direction is described. With either procedure,
the channels are formed in opposite directions. The two channels may meet to form one
360° channel, overlap each other, or preferably form one channel which is less than 360°.

Fig. 29C shows the introduction of the first segment 846 into the entry slit 842,
Fig. 29D shows the first segment 846 in its final resting position. Fig. 29E shows the
introduction of the second segment 848 into the entry slit 840. Finally Fig. 29F shows
both first segment 846 and second segment 848 in their final position within the comea. .
Again, both segments are positioned away from the incision point to facilitate healing of
the incision.

Alternatively, t};e present invention contemplates forming one channel having an
arc angle of 350°, for example, into which two or more segments may be introduced and
positioned within the channel as desired.

Because of the nature of certain of the segments of the present invention, a large
measure of adjustability is available in the process of inserting the segments. For instance,
it has been found that when using various inserts (particularly with ocular lubricants) that
the inserts may be “pushed” nearly 180° or more around a previously created intrastromal
channel for insertion and then easily removed, if so desired. This observation means that
the following procedure may be used. The eye of a person having myopia and/or
astigmatism may be measured to determine the proper amount of correction needed. From
this information, the size and placement of one or more segments may then be chosen.

After insertion in the appropriate channels, the vision of the eye might again be measured.



of the anterior corneal surface, and particularly the radius of curvature,
may be adj usted by usi ng segnents having m smat ched cone angl es.
This aspect is generally illustrated in Figs. 13, 14, and 15 where
the effect of matching (Fig. 13) and m smatching (Figs. 14 and 15)
cone angl es woemep®’ ed. Each of these three Figures shows gcrusemerss
cross-sectional view of 25 a pair of opposing segnents simlar to those
described with respect to Fig. 12. Fig. 13 shows a pair of
opposi ng segments 300 and 302 havi ng conéangl es whi ch mat ch the
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angl es gr eat pised b fadiddkeatrbraywn in Fig. 6. The larger cone angle tw sts
adj acent portions - of the cornea ,out

regi on of the corResfolewingdwoszamplgs, based on °mr°g pﬂmﬂ}{iésg%%?ﬁgn g?\/?l"e"a'!t‘?; ?Ihe
drawi ng. Thi gy 0008 iethahod 8isddssud vt f8petto PfYsPIO A-Fiviit dré fitliktBAked to limit the

10 invention in any way.

EXAMPLE 1
The eye at issue required correction of myopia. It was determined that the amount
of correction required was between -2.0 to -2.5 diopters. Based on the amount of
correction to be achieved, it was determined that two segments, each having a thickness of

15 0.3 mm, an arc angle of 150°, and a constant cone angle of 34°, should be symmetrically
positiéned about the vertical axis. The insertion procedure involved making an entry slit,
similar to that shown in Fig. 29A, and forming a counter-clockwise channel having an arc
of 210°. Then, from the same entry slit, a clockwise channel also having an arc 0of210°

- was formed in the opposite direction, similar to that shown in Fig. 29B. The two segment

20 were then inserted into their respective channels and positioned symmetrically opposite
each, similar to that shown in Fig. 20F. Measurements showed that the desired power
correction of -2.5 diopters was achieved.  ° o

EXAMPLE 2
The eye at issue in this example was astigmatic, requiring -3.0 diopters of '

25 correction. Here, two segments, each having a thickness of 0.40 mm, a cone angle of 34°,
and an arc angles of 45°. The same insertion procedure was used to position the segments
symmetrically opposite each other about the vertical axis, similar to the arrangement
shown in Fig. 29F. Measurements were taken showing a correction of
only -5.0 diopters, -2.0 diopters in excess of the desired correction. The segments were

30 then rotated out of the channels and replaced with segments having the same arc and cone
angles but having a thickness of 3.0 mm. Measurements then showed that the increase in

thickness of the segments had achieved the desired -3.0 diopter correction.



nyopia. In contrast, Fig. 15 shows a pair of segnents 308 and 310 havi ng

cone angles less 5 than that shown in Fig. 13. This smaller cone angle
effects a steepening of the corneal surface as shown in the draw ng
and is helpful in treating hyperopia. Thus far in this

descri pti on ofwobdm2spsdesent invention, one or nore segnents h#®OINIFI701411
one or nore m smatched cone angl es have been di scussed which are used to
effect a "~ change in the-radius of cgévature of the cornea. Another
aspect of the invention is to 10 enpl oy“Segnents, with or wthout

m smat ched and/ or MhHe hbgveds g derailead dekeiptionbf waktidubir embodiment of e iytvengion. It is
cr.oss-sections, or otherw se vary in thickness and width al gng_ their arcs,

to effect recognigefbthatdepartures fromtha displossd embediments may b made Within the scape) i n

particul ar to o?ﬂfe%ﬁwan@%?é%&miﬁcaﬁm will oceur to aé@{o%rskilﬂs i ahtO

Figs. 16-17, an e I ment segnments of the presen I nvention
are shown in Vithie il sdope ofutie inventidn is sgtoatinghdclaimsahat follawt theinequivalgnts: i n

whi ch the 15 toss-section s thicker or,,the bulk of that region is
nore pr or%uncé’tf@%ﬂgilhﬁﬁfg%‘@smasmmcgtémmlgnﬁ mﬂé’(}'@dfmy ¥ gi ons
at which the B kopé of profeef&Ped wilivh the @PRhtion is entitledd! | gnent of the vari ous
regions of the segnent  with the areas of the eye that need .

correction, the proper radius of curvature may be achieved.
In Fig. 16, there is shown two segnments 350 and 352 each having a region

354 of 20 added bul k or di mension shown to extend over a region of
about 90[err] of the respective segnents. Al though regions are
shown to be substantially symretrical, other enbodi ments in which

nore than one segnment is used and in which the respective regions
of enhanced dinension are in an asymetric configuration are also

contenpl ated by the present invention. The regions of added
dimension are critically tailored to correct the 25 astigmati sm or
astigmatismin conbination with either nyopia or hyperopia found in a
particul ar eye. Fig. 17 illustrates a segnment 380 in which
the thickness of at |east one portion of the segnent is thicker 382
t han anot her thinner portion 384 of the segnent 380. The nunber of

t hi cker portions of the segnent nmay be one or nore dependi ng upon the



tion to be corrected. I n general,
the thlmﬁmnmmu(ﬂ i ons of added bul k may range fromabout 0.1
mmto | ess @han 6.55mmM This thickness range. able for segnents, to
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have arc angle ranges and correspondi ng constant and vari abl e cone
angl e ranges di scussed above. 30 Furthernore, the regions 354
subtend an arc of at |east about 2 nea .fromthe center of an

i magi nary ring having identical cross-sectlonal dinensions and radius of 5
curvature as e segnent. More typically the regi ons of |arger dinension
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thi cknesses, of these segnents can be adjusted in sj t\g,la.,afjtér” rfv,.syklnt

t he cornea. Such aspects of the present, antl n-BrE di.scussed ¢
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10 3. The insert of claim 2 wherein the cone angle C;@;x the range of 0° and 602—
4, The insert of claim ! wherein the con@e varies continuously. 7 P
5. The insert of claim 1 wherein the m@le vancs  step wise. _:'7 ‘?
15 _ (AT
6. The lnsert of claim I wherein the thickness varies in the range _g_f_‘ out .1 mm and
abotyOSmm ;

7. The insert of claim 1 wherein said segment has an arc angle suitable for treating
20 ‘ \ pure astigmatism.

An intrastromal corneal insert for implantation i-n a cornea having an anterior
surface, said insert comprising an arc-shaped scgment having a radius of curvature,

acone angle, an outer surface, a major axis for each radial, transverse cross-secnon

25 ﬂ{ \ ;  thereof ,and a major axis line for each said cross-section, each major axis line
& -t — ] . ] i . J—- '
/ fmﬁ ® ” /1 .- defined as the line that extends along a respective major axis a“d;ﬁ,'_’?....‘!!!?!ié.hzm e:! a gJ‘ /f“w
A ) ¥ I said outer surface of said arc-shaped segment, said cone angle being one that if an (; ,,g\
O e : ‘ "
ke vy imaginary ring, having the same radius of curvature, major axes, and major axes ; t mf/:" "f o
| Sp

. lines as said arc-shaped segment, were superimposed at an insertion site in said

30 cornea prior to actual insertion of said arc-shaped segment, the major axis of
substantially any radial, transverse cross-section of said imaginary ring would not

be parallel to a line in the same plane as that major axis and tangent to the anterior /
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upon th e correction to be effected. The val ues of sone of
t he mdﬂ"ﬂlﬂlﬂﬂl"ﬂlﬂuﬂmgmters may be dependent upon the other paraneter

val ues sef ec¢ted, ®uch as the radius of curvature and Young's

nodul us of elasticity of the segne ' EERM it abl e val ues
for each paranwo97/28758 general |y def |Tﬁ@%gf ﬂﬂ%@ rangje. The PoOlUSITON1

di scussi on of acceptabl e va : angl e, thickness and
arc angle is based upon segnents h 1| ng a radius of curvature of

about 3.25 mm and conprised of polyneric mat'erial having 20 a flexural
modul us of el astici quf@eeﬁﬁmcombaalthé)pnmnﬁaefeddmthat bisects the major axis line and is
Cenerally, values for a segnent's cone angle, whether nstant or vari able
acr 0ss t he BEH [tasEefe interseqts mré "88‘5%"1530[err];
preferably between about O[err] and 80[err], and nore preferably
bet ween about O[e t] and 60[err]. In general the value of a segnent's arc
angle is |less n mgmﬂppedgcgmaﬂdfyhimsgvmmnemlevwla pithe

320[err], .and nost t. I t ha 70[err]. Segnent thickness,
whet her cénstant or° ﬂc;a 5%{%@?’8%%"%(‘%8“95?%‘{] gof t he segnent,
ranges from about .1 mmto about 0.5 nm Many conbi nati ons
of particular valfies within the above ranges are acceptable for

correction vis pﬂ'bfb#féﬁbﬂpeldl@mw of ¢laim Pwhereinsaid segracnt hasca fissteisymfereatial sm
wh .
of e\r/gr Pgbl es reqw re Qm@%%&%h@u%%&?%k?%ﬁh%ﬂﬁ?ﬁggﬂﬂgéﬁﬁ pg‘g}l%:‘ap a: lon

wi th segnents havi ngxaadmrﬂ}ambmdﬁmeemmgleonal area and a constant
cone anglﬁ\) along their lengths, suitable arc angles are between about

10[ err] U,b}{d 90[err], preferably between about 20[err] and 60[err],

and nmore prefe yTﬁsﬁmspeal&egﬁaexﬁ‘afclaim 8 having muitiple cone angles.

\}2./ The arc-shaped segment of claim 1] wherein said cone angle is selected to maintain
. said anterior surface in substantially an aspheric shape.

15,
fii;kw\‘\ 34 ./ A surgical system or kit for use in correcting refractive characteristics of an eye
\/f ol . comprising at least two intrastromal corneal inserts that are preformed,
LA physiologically compatible, polymeric arcuate segments having an arc angle less
then 360° which differ from each other in at least one of the fdllowit}g
20 characteristics: cone angle, radius of curvature, width, thickness, and modulus of
elasticity.
14.  The system or kit of claim 13 wherein the inserts differ in cone angle and their cone
angles are in the range of 0° and 180°,
25 _
15.  The system or kit of claim 14 wherein the inserts differ in thickness and their |
thickness are in the range of about 0,1 and 0.5 mm. 7
16.  The system or kit of any of claims 13-15 wherein the inserts have different arc
30 | angles.

This Sheet Has Been Re laced
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and 50. However, for treatnment of pure astigmatismw th segnments having

vari abl e kness and/or variable or nultiple cone | ong
their Iengths OQU%Pﬁgle arc angl es are between aboutﬁ@%b§ﬁﬂﬁﬂg5,

preferably between about 100[err] and 175[err], and nore preferably
bet ween about 140[err] and 165[err]. rly, for treatnent of conditions
other than 5 pure astlgnatlsnl(such nyopi a, hyperopia, or

conbi nati ons of myopia with astigmati®n or ¢ i nati ons of

ween about
175, ,and nore
egardLess of
esst®r a
:yg.\vty-reatlng 10
N AW Segnment

hyperopia with astigmati sm suitable az angl ¢s are
90[err] and 175[err], preferably betweeg
pref.erably bet ween about 140][ er
whet her the segnent has a varying Q
varyi ng or constant cone angl e.
astigmati smin conbination with
havi ng certain ot her
t hi ckness or nultiple cone
prescribed arc angles nay a
in the segnments of the pre¢
and sufficient strength sug
forces put upon 15 it
m ni mum f 1 exural nodul us

invention preferably have a shape
that the segnent is not easily damagqd.
gn it is inserted into the eye. A cert diil
elasticity i's necessary for s-c' nts
es in order to maintain the 9
egnents having a m smatched cone anglfg;
ally acceptabl e polynmers having a hi gp-
Qlasticity are preferable. Mterials /
hi gh fl exural nodul us of el

city are those 20 havi ng modyf/ /
t han about 3.5 kpsi. Accept abl e physi ol ogi.c DA
having a sufficiently high no¥ of elasticity [ Agfe’

pol ynet hyl net hacryl ate (PMWR), pol ycarbonate, pol ysulk

Fig._1

angl e over tinme. Thuspgw
relatively stiff, physiold
fl exural nodul us of




epoxi es, or polyolefins such as pol yet hyl ene, pol ypropyl ene, pol ybutyl ene,
and their m xtures and interpolymers. Many of these polyners are
known in the art to be 25 appropriately used in hard contact |enses.

The polyneric material naking up the segnent may be a hybrid which includes
nore than oneWP&##?i c | ayer. The pol yneric |ayers may be JSRVIdaHILT

for exanple, one hi gh nodul us and one | ow nodul us pol yner, or tmo
hi gh nodul us pol ymers, or two | ow ul us pol yners. Low nodul us
pol ymers have a Young's nodul us of el asti 30 bel ow about 3.5 kpsi.

This class of polyners include physiologically conpatible
el.astoners and such crosslinked polyneric gels a
pol yhydr oxyet hyl net hyl acryl ate

A) or pol yvinyl pyrrolidone

(PVP), polyethyl ene oxide, or pol WO 97/ 28759
PCT/ US97/ 01411 21
polyacrylic acid and its derlvatlves el | : @5 s and i nterpol yners
and the like as wel | as biol 7 35 ch as crosslinked _
dextran, crosslinked heparin, or As
nentioned above, because a certagfn/m ry . egment rigidity is 5

necessary to maintain m snmatche
taken to ensure

care shoul d be




that the overall rigidity of hybrid segnents conprised of one or nore

| ayers of | ow nmodul us polyners is sufficient. The
segnents of the present invention nay al so be hydratable. Partially

hydr at ed or fully hydrated hydrophilic polyners are typical

sl i ppery and wonMgesysent|ly may 10 contribute to the ease vﬁ‘%,‘[‘)p 1the
insert may be introduced into the interlamaell ar tunnel .

Sui t abl e hydrophilic polyners include polégrgfyethylnethacylate (pHEMA), N
substituted acryl am des, polyvinyl pyrroli A (PVP), polyacryl am de,

pol ygl yceryl net hacryl at e, pol yet hyl eneoxi de, pol yvi nyl al cohol, polyacrylic
acid, 15 pol ynet hacrylic acid, poly (N, N-dinmethyl am no

propyl -N err]-acryl am de) and their copol ymers and their

conmbi nati ons wi th hydrophilic and hydrophobi c conononers,

~crosslinks, and other nodifiers. Thgpnopl astic hydrogels |nclude
hydropoly-acrylonitriIeﬁ< pol yvi,nyl al cohol derivatives, hydrophilic
pol yur et hanes, styrene-PVR bl ock ner s and the |ike. 20

The intrastromal corneal | ubricated with suitable ocul ar

| ubri cants su ni c ‘acid, nmethylethyl cellulose, dextran
sol utions, glycerine t  pol ysacchari des, or '

ol i gosacchari des upo§ tionh to help with the insertion
particularly if one w shes jgntrastromal segnents of hydrophilic
pol ynmers wi t hout prii +@¢n. If a hybrid segnent having a
hydrophilic polynmeric cover #ent 25 conprising a hydrophilic-
polymer is inserted into The e mnt ou?‘prlor hydratigﬁ,

subsequent to the insertion, t intrastromal segnent |1 swell to its

final size or thickness within the eye. This sméT ing often permts
the inclusion of |arger Ihl stréﬁ?& segnent s \h woul d normal |y
be acconmodat ed within noGr si zed intrastronal Chﬁﬂ~ -

Low nodul us pol yners used in this invention & en sor engs

: 2
particularly if 30 t hey are hydratabl e, sﬂPd be |nfusedhglt2,a-dvdd’
vice

or biologic agent which may be slowy rel eased fromt

after inplantation of the intrastromal seg For instance, ae

I\
e>< e

2




| ow nodul us pol yner nmay be | oaded with a drug such as dexanet hasone to
reduce acute WO 97/ 28759

PCT/ US97/ 01411

i nfl anmatory res onse ‘to inplanting the device. This drug he%&& 51 gvent
undesirabl e WO972878c4rring or .vascular ingrowth toward the romal
segnent. Simlarly, heparin, corticosteroids, antimtotics,
antifibrotics, antiinflammatories, anti -S(Lﬁ-iorm' ng, anti-

adhesi on, and -antiangi ogenesis factors (s ) S ni cotine adenine

di nucl eotide (NAD[err])) 5 may be included to reduce on prévent

angi ogenesis and inflamuation. Cearly, there are a 10~ ety of

ot her drugs suitable for inclusion in the i nt rast r onal nt. The chgi ce

will. depend upon the use to which the drugs ar .

Each of Figs. 18A-C, 19A-C, 20A-C, and 2R1A-C, sho espectlvely ront

Vi ew ("A" drawing) and a cross seetion (- drawi ng) and g
view ("C' draw ng) of various 10 narro 'nt i ntracorneal /nser L Qade-
according to the invention. Al though these .Eiéawi ngs show narrow
points on the inventive inserts, such p ts axe pbtYa critical aspect

of the invention. The ends of the in ts may be\z\aper n both wi dth and
t hi ckness, in one or the ot#er of those axes y be bl unt

O her variations of the ends w

e di scu el ow to the extent

necessary to understand the/i« ntion. These inseg




15 "pre-formed” or "pre-shaped.” By the use of these terns, it is neant
that the insert has sufficient structural integrity to approximate
t he shape of sone portion of the intrastromal channel into which it
is to be placed. Fi gure 18A shows a front vi

pre-shaped i WPAUHeal insert 400 having ends 402. %sﬁowu
intracorneal insert tapers both in width and in thickness to narrow points
402. 20 Viewed in cross section in Fisrig 18B, the generally snooth
convex front surface 404 and pl an ear surface 406 may be seen.
Fi gure 18C shows a side view of the segnent or i nsert.

Frgure 19A shows a front view of an intracorneal insert 500 having ends
502. : Again, the intracorneal insert tapers both in width and in

t hi ckness to narrow points 502. 25 Viewed in cross section in Figure
18B, the generally hexagonal shape may be seen. The surfaces nost
adj acent the anterior surface of the eye ang-the side just opposite are
generally the two | onger of the sides. Thosﬁ_gé%erally pl anar front surface
504 and pl anar rear surface 506 nay Hé\sg§§;2929ure 19C shows a

side view of the segnent or insert. Fi gure,  20A shows a
602. A 30
Rfless’t o narrow points

front view of an intracorneal insert 600
intracorneal insert tapers both in width &
602. Figure 20B shows the generalldy

Q section. The cross
section may al so be oval -shaped with A axis of the ova
either as the width or the thickness or,

\ng shows

it
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a side view of the segnent or insert which, because of the synmetry of the
device, is the same as the top view. Fi gure 21A

shows a frontwoisees?® a hybrid intraconeal insert 700 havi ngPGKESITRBR1
Again, the intracorneal insert tapers both in width and in thickness to
narrow points 702. 5 Viewed in cross section in Figure 19B, the
general |y hexagonal shape may be seen. ThiG/13 set of Figures is to
show t he concept of a multilayered insert made up of polyners of
different characteristics. In this exanple of a nultilayered insert, the

hybrid intrastromal segnent has inner 702 and outer faces 704 of
pol yners having | ow noduli of elasticity. Low nodul us pol yners are
t hose having a Young's nodulus of elasticity bel ow about 3.5 10 kpsi,
nore preferably between 1 psi and 1 kpsi, and nost preferably between 1 psi
and 500 psi. They must be physiologically conpatible with the eye.
This class of polyners i ncl udes nost polyneric materials used in
soft contact | enses. The inner portion or core 706 as shown
in Figure 21B may be a physiologically . conpati bl e pol yner having a
hi gh modul us of elasticity. As discussed above, high 15 Young' s nodul us
of elasticity is considered to be greatyer in value than about 3.5 kpsi,
preferably 5-10 kpsi, and nost pref&zfably 8-10 kpsi . | f
hydr at abl e pol yners are chosen for tggﬁ,ut5|de | ayers, the extent to which
t hose outer layers swell upqgn

yfration i dEpggffnﬁLU©on the type

- ol ynmer | abl e, upon the

of polymer chosen and, when

amount of cross-Ilinking foune i | aye R 28, and 706, and
- upon the thickness of the | ayej y spea { ore highly |inked

t he hydratabl e pol yner, 4% he anbunt of Na\ge upon
hydr ati on. Al t er nat , tialfly nons e pol yner
system may be fornmed of a hyd hysical l'y in\@ ﬁ@trated by
anot.her pol yner which does p ponHENA \

\ * C)Q i

l\ "‘ \ D



limt its degfee of swelling and water absorption. 25 The
t hi ckness of the outer |ayer depends in large function upon the intended

use of the intrastromal segnent. If t.he outer layer is used to
provi de a swel | abl e outer |ayer whi ch does not add significantly to
the size of tWO%RBAstronal segnent or is used func'f‘lg"l'aﬂ%’ﬂﬁhs a

| ubricant |ayer, the other |layer may be quite thin - even to the point of a
| ayer of m ni num coverage, perhaps as thin ﬁﬁBa si ngl e nol ecul ar layer. 30°
O " course, the inner and outer |ayers need? be, respectively, |ow

nodul us and hi gh nmodul us pol ynmers but nmay instead be multiple
| ayers of | ow nodul us pol yners ' O 97/ 28759
PCT/ US97/ 01411 24
i ncl udi ng an outer hydroth;’,/%“ obi ¢
: e
pol yner; a variety ///’Z:’:w:
7 t have a

Addi tional ly, the invey G4 Ce shown in Fi gs. RN
i nner 704 azégﬁég%?”oz | ayers over the entire ?\.

segment. For inst g% P al leviate 5 astigmati sm an '
segnent havi ng e bortion and a substantially thinn

portion may be #d. An intrastronmal segnent having an i N
hi gh nodul us pol y3wep and an qQuter covering of a sﬁﬁxgable‘\ R¥Yer

m ght be choser?/fhe surgeon Iplé;, 13




woul d renove a portion of the intrastromal segnent's exterior coating or
face prior to introducing the intrastromal segnment into the eye.
Further, and as will be discussed bel ow 10 in greater detai

hydrophlllc polyners are nore easily infused with therapeutlc and

di agnosti c mWOPW2878%t han are the high nodul us materials. | PEHESNMLL: | on

just noted, the insert may then be used to deIiver the i nfused

t herapeutic and diagnostic materials in a8 greatly delimted of
treatment or diagnostic area. /13 Fig. 22A shows a front view
of an wide end intracorneal insert 800 having ends 15 802. In this
variation, the insert tapers only in thickness to forma spade-shaped end
802. Viewed in cross section in Fig. 22B, the generic shape may be
seen. Fig. 22C shows the sanme shape but irer to the end of the
device. This set of figures is tq égf a

singl e-tapered end.

variation of the intrastronal
pol ymer system hydrat abl e ou ceahi-Rg-902—Fbt

inner cavity 904. This intrg ronné54seEnent may \o& |
intrastromal space ' /eated by the dissectd
simlar to the dissector which created the i nt acor eal channel .
Once in position the insertion tool is yotated out of tihe*Thtrast roma
segnent |eaving the shell within the styoma. 25 Fig. 23C shows
the inner cavity 904 which may be f|IIe with a biologifc, a drug or

ot her liquid, or biological active eyg treatnenj rial. These devices
may be tied or pi nched\ or 354 d or othg connected at their
poi nt of insertion by known teck The shell 906 may
be injected with a settabl3gsso ed to expand to
a desired thickness, and set. do not polynerize in

8 front‘quarter view of a
of a | ow npdul us
shows t he

serted into the

situ are 30 preferred. yriéfs are well known but
i ncl ude pol yHEMA hydr ogel , 369! | agen, cross-|inked
hyal uroni ¢ acid, siloxane gels, and organic-sil oxane gel s such as
cross-1linked nethyl vinyl sil oxand?ﬂedz; 16

332—/)f % §
FIG

38"‘1
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Fig. 24 shows a variation of the invention in which an assenbl age of the

i nventive intrastromal segnents 950 are forned into g I ric ring
or, at |east,WOATB8h assenbl age whi ch totals no noré ‘%ﬁ"ﬁ#’ of
corneal circunference when assenbled into the i ntracorneal space.
The two segnments 950 depicted in Fig. 24 §?£ be of any of the S '

i ndi vidual variations shown in the Figure aove and need not be connected
in any way. Fig. 25 shows a simlar assenblage in which the
i ntracorneal segnents 952 are held t oget her using open hol es 954
and a clip 956 which nay be a sinple wire or other suitable j Oi ni ng
device. An assenblage such as is seen in Fig. 25 nay be advantageously

i nserted froma single central opening, as will be described bel ow
10 Fig. 26 shows a varidtion, an assenbl age of segnents, in

whi ch the sections 960 are strung together on a filanent 962. The
segnents 960 have an open pat hway al ong their: | engt h (see cutaway)
which permts such stringing. 400 Figs. 27A and B show a
variation of the inventive intr?corneal inserts in which two or
nore inserts overlap to form an assggpl age. The top view shown in Fig. 27A
15 depicts th . JC_3= gund in the eye. The assenbl age need not
be fornmed of - 7S of the sane or sim4@@ width or thickness or

400

{9B

19B \GC : 506
Fig. 1%A Fig. 19B  Fig. 15C



assenbl age be limted to the semcircle shown in Fig. 27A. Al though a

front-to-back assenbl age is depicted in Fig. 27B, the junction

bet ween the sections (964 and 966) nmay be of any other design which

al l ovis contact between the adjoining sections and remains 20 relatlvely

i mobi | e af t EWOX@8%Pacenent in.the cornea. For instance, thECHES@MLLown

in Fi gures 27A and 27B invol ves the use of a snmooth interface. The

i ntrastromal channel ~ normal 'y exertﬁ1§bforce agai nst the assenbl age
epicted rel ational position

and will maintain the segnments in Q
wi thin the eye. f

assenbl ages have been J
are acceptable. The
confjgurations depg
rat her than over ng oy,
st acked one Eepg%n t dpy of

ouglpparticul ar enmbodi ments of segnent
5 t he Figures, other assenbl ages
of simlar or quite di fggy ent

The indication to be rejygﬁ ed. For exgnple

Iustrated

,..'ng posi tioned_end-to-en the segnentd may be
€orm a thi‘cker insert.

Additionally, the segnen{lff may Dg insert in separately produced
intrastromal channel s whi or . be i nmuni catj
within the cornea. Such i 'dual i nsertfon wll di scussed in nore

i nvention I ncludes methods for
segnents into the cornea of

are |nﬁpduced |% Flg ZOC

detail bel ow.
inserting the above- descr@gg
the eye in which partial arc se

WD 97/ 28759
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700
700
¢ 702
| 24B 2 ¢

Fig. z1A Fig. Z"B | Flg. 24C

80Q .
N

802 .

800 800

/ \
000, VY,

Fig.22. A Fig.22B Fig. 22C




26 | separate sections of the corneal circunference outside of the

optical zone of that cornea. In particul ar Figs. 28A-E depict a
met hod of inserting nore than one segnent through nore t han one
entry slit within the cornea. Figs. 29A-F, on the other hand, illustrate a
net hod of WO972§78%ert i ng one or nore segnents through onl§CUYRETAMLL
slit with the cornea. Specifics of 5 surgi cal devices which may be
used to make the initial corneal slits anﬁa' g%astronal channel s,
e.g., dissectors and supporting devi ces, 1/1 found in PCT Publication
No. PCT/ US93/ 03214, PCT Publication No. W9320763 entitl ed "Cornea
Vacuum Cent eri ng Qui de and Dissector,"” and PCT Publication No. :
W009403129 entitled "Hybrid Intrastromal Coneal Ring" the entirety
of which are incorporaf8dCby ref808nce. 10 Turning now to a

di scussion of one of gMe nethods, /Fig. 28A shows a frontal view of

“an iris 800 and a p{pil 802.—As was described above, ‘the cor388 is clear
and i s not Vi e in thess drawings. First808n entry Nit 80804s
made radially into T A di ssector Al ade LY |
i ntroduced into the it 80423 tu the direc
the arrow 806 to f LAt ras :
second entry 15 808 may t hen bt
intrastromal channel be nmade in the
shown in Fig. 28B. The first and second channel s have been
be formed by turning tiﬁ_disseﬁﬁgghblade j ,couhég£zilockmﬁs§ﬁgpd cl ockw se
directions, respectivelly ] £or ses ofHdegry i t he inve :
Alternatively, the entry g slits may bgtmade at other ra |g' 23C
| ocations around the cornea, with channels fornmed in 20 respectively
opposite directions formthose descri bed. Additionally, the channels may be
formed in the same direction, for exanple, where the entry slits are

rned in

QN

180[err] apart. Fig. 28C shows the introductigggoof a first
inventive segnent 812 i he firsgggntry ' slit 808. Fi g\ 28D sdgp\s
first segnent 804 ir / esyyi ng position and the introductNaon

econd entry slit 808 sg'
shows both first and Sse cHh sepent gl i
position within : ‘insllgz 4 952

. 964

966

Fig. 27 A Fig. 27B



positioned, neither segnents 804 and 814 are in contact with the two
initial incisions so as to facilitate healing of the incisions.
This method demonstrates the flexi bi lity of the procedure in that
ei ther clockw se or counter-clockw se insertion is appr oprl nd t he
intrastronmal WOMARI®Pneed not be a conplete circle about the ‘?Bﬁ??&@“‘éo
Figs. 29A-F schematically portray a nethod for the insertion of the

segnent s descri bed above in whi Ch1Q?‘|t3i al arc segnents are

i ntroduced into separate sections of the WO 97/ 28759
PCT/ US97/ 01411 _ 27
corneal circunference outside of the optical zone area of that cornea
through a single entry slit. Fig. 29A shows the

making of an initial entry slit 84080adially into thef rnea A

di ssector bl ade (not gggwn) is intfoduced into the erﬁ @ slit 840 agfla
turned in a counter- 5 et direction as |nd|k AL rjow 842
to forma parti al intras ’%‘F 2

angle, typically from afduy 6

channel s” are shown tq Jé
second i ntrasyy onmaN\-chAr

di ssector bl ade (not &hoy . N
a direction, as indicated f ' : Bmthe sane 1'(3 ";““'\
slit 842. Alternatlvel)aoz epr begi n vmthformng aonel in

t he

Fig. 28A Fig. 28D

I piaanat

Fig. 28E




cl ockwi se direction, however, for purposes of this discussion, a procedure
that begins with formng a channel in the counter-clockw se
direction is described. Wth either procedure, t he channels are
formed in opposite directions. The two channels may neet to

360 channel , WO8M2%P each other, or preferably form one cha#@%@ﬁ is

| ess than 360[err]. 15 Fig. 29C shows the introduction of the _
first segment 846 into the entry slit 8Aﬁ3/ Fig. 29D shows the first
ségnment 846 in its final resting position: 1I—q’g. 29E shows the

i ntroduction of the second segnent 848 into the entry slit 840. Finally
Fi.g. 29F shows - both first segnent 846 and second segnent 848 in
their final position within the cornea. Agai n, both segnents are
positioned away fromthe incisioggpoint to facilitate healing of 20 t he
i nci si on. 8 Al termatively, the pr eserﬁ“ﬁ nvention contenpl ates
form ng one channel ‘h a arc angle of 350 s

whi ch two or nore segngys SN, 4
the channel as desire A he gt L in of
the segnents of the @} '
adjustability is avs
i nst ance, I d B IAN : .
(particularly with ocut-ar hek arit.s) t hat the .[TTserts gy be
"pushed" nearly 180[err] Of ‘*moretaround a previously creat'éd intrastromnal
channel for insertion and then easily renoved, if so desired. This

b ti that . | | ow d b . Th
of & person havi ng_myof i @na LI astPgnat sm BBt neectiB to. ¢

determ ne the proper anou of correction needed. From this
information, the size and placenent of one or nore segnents may then be
chosen. After insertion in the appropriate channgI“g, tg%ovi si on of

the eye m ght again bemsured.

P
L

. '!"\ T
L4 . - AN
LI P N Y

Fig. 29E

L
‘s, .
FrusasyD

., -~
AR ET RN

Flg 29C Fig. 29F



WD 97/ 28759 RE?LACEMENI SFXEET

PCT/ US97/ 01411 28

| f i nsuf fivebentsworregt {orp 3f35p11¢93di ion is found, the i mreavdsomayspneed
to be rotated within t he channel] or be withdrawn (partially or
conpletely) and tri mgd prror—toconpl dte re- I nsertion.

Alternately, it may be_necessary to redl de the segnent with anot her
segnent , ' ' : ' , i re
angl e, or i éﬁ?g ss‘aaigﬁagzglcige\;rchmr’r'gﬁ%qgﬁwg §cclt%&gt &e&f%}gg?oggl? g? %&euegg’fr? i%cul ar
corneal prm@btemear poinlt sacli assdipdeitllyidnythe fetinal Foahdrpsdlectiondif ba bitéacorneal when

dealing with prior art inserts such as gel-based rings or with surgical
t echni quessegment havipg aspismatohgdcane aagleymay giigw for the eye to obtain a mre positivewi ng

two exanpl es, based Lini.cal .o I@S,, e intended to further
illustrate _“ﬁ%?&%ﬂaﬁ?c‘ s@%cf‘\%w?lﬁg%s@gc% % Fi gs. 29A-F but are not

i ntengled to |i myith #iR bdkground desehssish 6f Figs)1-4\idhand, it should be understood that
EXAMPLE 1 he eye at issue re?w red correction of nyopra. It

‘was det er ntheat¢videandmeshodrofithe present inventionds fordhe adjnstmentofaf deastaspdmtioneen
-2.0to -2.5 diqpters sed on the amouynt .of correction to be
neh eved, B i gord af fEFormeR to iRpPB i Hton of the ey AN @ the Rrssento
15 0.3 meppgn,%e ANore a?éuaiégolyaeﬁc Segnftnty IBRingeeriied af @r{%e%“mdﬁﬂ%lf' d

be symmetrica posi tiohed about™ the vertical axis. insertion
procedur e cumwature,dnatehing@ranismatchingsdone angles, thicknessasiandfor widthé,and skalubus n

Fig. ,29A, and formng a ¢punter-clogkw se ¢ghannel . hayi ng an, ar of

210, Wnen, OF FsiciHe oL HBDRAPYS Gereor 1of CRRBRG Mo RPN SFOBFESY a0 ey Baclur o

chonn | n' FPg tejggentiiptas BEihe dohifs SARRRILA il AR, oM 1ar Lo the
For purposes of discussing the arc length or arc angle of the segiments of the present

invention, and how variations in these parameter effect the shape of a cornea, Figure SA
shows a front view of a typical insert made according to the invention and Figure 5B
15 shows a cross section of that insert. As is shown in Figure 5A, the arcuate segment 100 is
a portion of the circle and subtends some specific amount of a circumference of the cornea
(at some chosen radius) equal to a value of “a” or “arc angle.” The particular arc angle
value is selected based upon the indication to be corrected and upon the particular
configuration of the segment (or segments) used. The arc émgle is related to the arc length
20 (L), the ratio of arc length to arc angle being defined by the expression
Lo = 2R X (0/360°), for a given radius of a segment
For definitional purposes, the opposite ends of a single segment do not meet and
subtend less than 360° when the segment is inserted into an intrastromal channel.
However, if two or more segments are joined or used in conjunction with each other, the
25 sum of the values of “a” may be any of a wide range of values up to and iﬁcluding 360°. It
should be noted that when a group of segments is used having a sum of arc ai;gles equal to
or greater than 360°, theaadvantage of not having the segment in contact with the corneal
entry incision is lost.
Another important parameter of the segments of the present invention is the radius
30 of curvature (R,.,). The radius or radius of curvature of a ség'mem is related to the rate of
change of its curve relative to a fixed axis, or in other words, is related to the radius of the

ring that can be configured from that particular segment. Selection of the radius of
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10 preferably between about 0.15 and 0.45.

o Although a particular segment configuration has been described above, segments of
othef cross-sectional shapes, including but not limited to ovaloid and rectangular shapes,
also may be used provided their respective maximum radial transverse cross-sectional
dimensions are within the allowable ranges defined above. Illustrative examples of other

15 suitable shapes are discussed in more detail below.

Returning to Fig. 5B, for purposes of describing the cone angle(s) of the segments
" of the present invention, reference is made to an imaginary or phantom ring 102 having
cross-sectional shape and thickness dimensions identical to those of the segment to be
inserted, and having a diameter configured from the segment having phantom ends which

20 extend to meet each other. The radial transverse cross-section of the segment is the cross-
section that would cut through the diameter of such an imaginary ring 102 superimposed
on the insertion site. As shown in Fig. 5B, the components of the radial transverse cross-
section of imaginary ring 102 are the cross-sectional area of segment 100 and phantom _
portion 104 (shown in phantom).

25 The cone angle 0 of imaginary ring 102, and thus segment 100, is defined, for
example, as the angle between the plane of the flat surface 50 that imaginary ring 102 rests
on and a line drawn betwegn points 52 of the cross-section that rests on the flat surface and
point 54 on the cross-secti;)n that is farthest from thé point where imaginary ring 102 rests
on the flat surface. In other words, cone angle 8 is the angle ficumed between the mejar axis

30 of a radial, transverse cross-section (e.g., axis 56 as shown in Fig. 5B) and Surface 50.
Alternatively, cone angle 0 can be defined with reference to the angle formed by the

intersection of major axes 56, angle ¢, where 0 = (180-$)/2.
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180ferr]. considered to be one that matches the angle defined by a particular line 62 that is tangent to
the anterior surface of the cornea 12. That tangent line 62 is obtained by radially
| projecting the line 66 that extends along the major axis 56’ of a radial, transverse cross-
section of imaginary ring 102 (e.g., along the line indicating dimension “w” in Fig. 5B) to |

10 the anterior corneal surface of the cornea. The major axis 56° of substantially any

transverse cross-section of imaginary ring 102 would be parallel to a line in the same plane
as that major axis and tangent to the anterior surface of the cornea 12 where the line 64
that bisects the major axis line 66, and is perpendicular thereto, intersects the anterior
surface of the cornea. The major axis line 66 is defined as the line which (1) extends along
15 the major axis 56’ and (2) is bounded by the outer surface of the segment. A matching

cone angle may vary according to changes in corneal shape and to the radial dimension of
the segment used.

Conversely, a mismatching cone angle of imaginary ring 102 is one in which the
~ major axes 56’ of substantially any radial, transverse cross-section of imaginary ring 102
20 would not be parallel to tangent line 62 at the point where bisecting line 64 is
perpendicular to major axis line 66 and intersects the anterior surface of cornea 12.

Referring now to Figs 7 and 8, the concept of a mismatching cone angle of a
segment will be described in detail with reference to imaginary ovaloid intracorneal rings
(102, 102") superimposed at the insertion site prior to insertion of the cornea. These
25 imaginary rings have dimensions equal to those of the respective segments to be inserted.
As shown in the drawings, the major axis (axes 150 and 152 in Figs. 7 and 8, ;espectively)
of substantially any radial,jtransverse cross-section of the ring (segment) are ﬁot parallel to
a line (lines 160 and 162 in Figs. 7 and 8, respectively), which is in the same plane as the
major axis and is tangent to the anterior surface of the cornea at the point where the line
30 (line 170 and 172 in Figs. 7 and 8, respectfully) that bisects the major axis line (defined as
the line extending along the major axis and bounded by the outer surface of the ring

(segment)) and is perpendicular thereto, intersects the anterior surface of the cornea.



10 3.

The insert of claim?2 wherein the cone angle varies in the

range of 0 and 60[err]. REPLACEMENT SHEEI |i nsert of claim1 wherein the
cone anghe \)é?i%@g"é&nti nuolisfy =

LIS

: 5. The insert of '4HY$i7pI4n
wherein the cone angle var{ep st | 5 6. The insert of
claim1 wherein the thicknpsg %ﬁ%@? %ﬁit—ﬂalrange of about 0.1 nmm and

about 0.5.mMm 7 . JThe inser!

f Jclaim 1l wherein said segnent

has an arc angle suitable for treating 20 . pure astigmatism

An intrastromal canREmkivER:

anteri or

(e T < 'd_Qﬂpé ﬂ:is@n&éﬂiﬂ@eodladhi 3, &h be
surface, said insert conprising an arc-shapeg segnent

havi ng a raddessrib¢d relativgttoap equation. In deriving such ap equationdd ealculateavatehing cone

surf ace,

t her eof , and

i ne

; S.
maj or axis a

N A RS YL ST I
coneal r%%igg gl‘é%{ggsyim%s, aBEeVdd By inlFintERlROHRS 8 fi%ofhehespect i ve

n

sal out ér ace of said

arc- shaped segnent, sai&hocmﬁg%rwlt,ql’m,im%%lyq,ﬁemt if an
of cu

i magi nary ring, having thé sane radi us

axes

rvature, nmmjor axes, and nmajor

| iRyesinitial caimgakradiusiof puryaswe (measuredatang she anteripoosorde t

an insertion site_in said.,30 cornea prior to actual insertion

of said arc-§‘l‘rg‘if§b(s§gg"r&nf}g'ﬁ)le maj or axi s of

10

15

20

25

30

0 = cone angle of the segment

t= segrr;ent thickness

d = depth of the segment in the cornea measured radially from the anterior
corneal surface to the midpoint of a radial line, extending across the thickest or largest
radial dimension (e.g., “t” in Fig. 5B) of the radial, transverse section referenced above
with respect to D (defined below) and shown, for example, in Fig. 6 where the depth is
indicated with reference character "q”. _

D = limbus diameter, where the limbus diameter is defimed as
the diameter of the limbus transition zone 37 (see Fig. 1).

R, = radius of curvature of the segment, where R, =D, /2 or one half of
the diameter of an imaginary intracorneal ring cbnﬁgured from the segment to be inserted
(measured center to center, where each center is at the midpoint of the major axis line of a
radial, transverse section of the imaginary intracorneal ring. Such centers are shown in
Fig. 6, for example, where they are indicated with reference character “c").

E, = Young's modulus for the segment

0, = segment cross-sectional area shape factor, which is a function of the
ration of LXA to CXA, or

LXA
= f —
; CXA

where LXA is the long axis of the radial, transverse cross-sectional area of
the segment and CXA is the circumference of the radial. transverse cross-sectional area of
the segment.

These variables are believed to be the dominant ones that will indicate how the

segment will perform in changing comeal curvature or shape.
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compatible, polymieric arcuatc scgment having an arc angle less than 360°,

the segment

having a cone angle which varies along the circumferential direction of said segment.

2. Theinsert of clainci 1 wherein the cone angle varies in the range of 0° and

180°.

3. The insert of claim 2 wherein the cone angle varies in the range of 0° and
160°.

4. The insert of claim 3 wherein the cone angle varies in the range of 0° and
80°.

5.  The insert of claim 4 wherein the cone angle varies in the range of 0° and
60°.

6. The insert of claim 1 wherein the cone angle varies continuously over at

least a region along the circumferential direction of said segment.

7.  The insert of claim 1 wherein the cone angle varies step wise along the

circumferential direction of said segment.

8. The insert of claim 1 wherein the segment has a thickness which varies in
the range of about 0.1 mm and about 0.5 mm along the circumferential direction of said

segment.
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Les are
%9' %%1e insert of claim | wherein said segment has an arc angle suitable for
treating puré astigmatism.
11. The insert of claim 1 wherein said segment has an arc angle less than 360°.

12. The insert of claim 11 wherein the arc angle of said segment is less than

340°,

13. The insert of claim 12 wherein the arc angle of said segment is less than
320°, '

14. The insert of claim 13 wherein the arc angle of said segment is less than
270°. '

15. An intrastromal corneal insert for implantation in a cornea having an
anterior surface, said insert comprising an arc-shaped segment having a radius of
curvature, a cone angle, an outer surface, a major axis for each radial, transverse cross-
section thereof ,and a major axis line for each said cross-section, each major axis linc
defined as the line that extends along a respective major axis and is bounded by said
outer surface of said arc-shaped segment, said cone angle being one that if an imaginary
ring, having the same radius of curvature, major axes, and major axes lines as said arc-
shaped segment, were sperimposed at an insertion site in said comea prior to actual
insertion of said a:o-shaﬁcd segment, the major axis of substantially any radial, |

transverse cross-section of said imaginary ring would not be parallel to a line in the
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same plane as that major axis and tangent to the anterior surface of the cornea at the

point where a line, that bisects the major axis line and is perpendicular thereto, intersects

said anterjor surface of the cornea, said cone angle varies along the circumferential
direction of said segment.

16. The arc-shaped segment of claim 15 wherein said segment has a first

circumferential region having a first cone angle and at least one other region having a
cone angle that differs from said first cone angle.

17. The arc-shaped scgment of claim 15 having multiple cone angles.

18. The arc-shapcd scgment of claim 17 wherein said cone angle is selected to
maintain the anterior surface in substantially an aspheric shape.

19. The intrastromal corneal insert of claim 15, further comprising another one
of said arc-shaped segment.

~ 20. The intrastromal corneal insert of claim 19 wherein the segments differ in

cone ahglc and their cone angles are in the range of 0° and 180°.

21. The intrastromal corneal insert of ¢laim 20 wherein the segments differ in
thickness and their thickness are in the range of about 0.1 and 0.5 mm. |

22. The intrastromal corneal insert of any of claims 19-21 wherein the
segments have different arc angles.
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