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Enbodi ments of the present disclosure relate generally to intraocul ar
| enses 10and, nore particularly, to intraocul ar | enses conbining

asphericity and tori&$FREREA RAGCULAR LE3%ul ar | enses (1 OLs) are

routinely inplanted in patients' eyes during cataract surgery to replace
the natural crystalline lens or to congensate for the |ost optical power.

The terms "intraocul ar | eRELAZHRP APELAGATEONSt i on 1 OL are used 15

i nt erschangeably herein to describe |l enses that are inplanted into the

i nteri orTipf aicps cla@nebidigy el ﬁl@@isiolﬂﬂ applicatiah SERMSI0061/050, Ditther wi se
augnent vi sion regardl ess of whether or not the natural lens is renoved.

Tr adi t i dHed on ey 64008 stap epntenty Whigh aigipreTRORECHERIB PY BTCT8RGf ace is curved.
However, aspheric 10Ls have an aspheric surface to correct coneal spherical
20aberration. Tonic | O.s havegepthgtiAg, swifirce to correct or mtigate
corneal astigmatismover a range of diopters. SUMVARY

Embodiments of the present disclosure relate generally to intraocular lenses

10 and, more particularly, to intraccular lenses combining asphericity and foricity.
BACKGROUND

Intraocular lenses (IOLs) are routinely implanted in patients’ eyes during
cataract surgery to replace the natural crystalline lens or to compensate for the lost
optical power. The terms "intraocular lens" and its abbreviation IOL are used

15 interchangeably herein to describe lenses that are implanted into the interior of an eye
to either replace the natural lens or to otherwise augment vision regardless of whether

or not the natural lens is removed.

Traditional I0Ls are spherical, meaning the posterior surface is curved.
However, aspheric IOLs have an aspheric surface to correct corneal spherical
20  aberration. Toric IOLs have a toric surface to correct or mitigate corneal astigmatism

over a range of diopters.
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Hence, there is a need for enhanced net hods and ophthal mc | enses for
correcting vision, and nore particularly, for such nethods and | enses that
can be enployed to conpensate forgifigrAR§t optical power of a renoved
natural lens. Thus, a need exists to Inprove the ability to restore vision
across a range of object distances with out sacrificing any part of that
range. Hdtve, therents a'hasp frerehbalced asthads mueé bpkthalmia sqphey fot adrrgtiofi | e" are
used herein in erchangea@h&, and gre |1 knqmm %g those%skil edd%n t he
art. To'IPiRB 8% BHEC PREICUGRY ok B0 mEXRruARY i BRSPS 'Rese
terns afenRARlOYSAnE &IsebPtidad poRELHT & ferfove@alralPleRd. | TBuLh RegUkikaae t hat
exhi bits deviations froma spherical surface. Such deviations can be

char actisrirgedthe abilitetoanyibrs, vision seroest hifapgy of ghjedy diiténices witb oyt wwetilieiag t he
aspherica“ﬁﬁgﬁﬂ'le and a putative spherical profile that substantially

coi nci d&% H&*WEpherical profile at the small radial distances from
the apex of the profile. Further, the terns "substantially identical |1QO."
or "substantTid tytmisdenph@ial lRRS cirnas aisletasphértiah prefilel dre wed Ideibhat is
fow ed of the same material as an aspherical 10L to which it is conpared.

Each suimfsigunggabiheand aupsicdimonm tp thaahekiled in e arh o theexdantdhd iy r al
radi us £j i i . €

ot er st hnoqi LT R deSaBRE e Ionfs S LERE, CPAGERARRUICEE, | k!

cor r espmodiagf siirfaac haobxliihies dspdtemns didin & Ghherical saditlcd. iSooh dehetions can
"substantially identical 10" has the sane ceptral thickness as th

aspher i Rarharegterzsdniir grapple, @s sBipsH ey _ary%él‘f onces QRNCEH RS PRI Nt i cal
IOL" h i f : i [ ot £ drped : ek

exchi bi B9 By T ThLRE PAGIAY BrIEthat ety o A Bl

pr esent priofilke at thensmalheadiali disfancosi e tha apphtdiathei mollev Fosherc dmptdrgisng: an

ophthal m ¢ | ens havin Aanterior surf.ace. a,posterjor. surface; and one
o ror ¢ HEBETELY dRRAAls ha bR RE I ahEr o ae Ferh e TG thah

post er i @ @fat M ERMIAOF I EALE hatFiad RARE AsgRrLRAON hewaRRtpA Bigpdr€NS 1S
configured as an aspheric |lens and one of the posterior or anterior

sur f ac eBadhssughap efithed'sulintantiphie idspheH dOh" diab dressaims ceabyplf iagive dde.axdiist or i ¢

| ens, c acterized in.that an edge thickness.is ual .at, 45 degrge

ror ai afiebgmpengt i, PEREE R aRgRIRE L AhETREREE M nBh B LSS degr ee
meri di afgfdcs) he st tdfane QoA¥Ponding surfdee VTChe GispieerRRIOIBE [1R9Q&6Ebn,0fhet he
present invention, there is provided an ophthal mc [ens conprising: an

ant er i orsubsipitipdly; idgnfirah 1963 thep ithe same fogeieal Birknep ashide arpkerical 1@ tBost eri or
surface ing.a Lici 0, . . LRI +0 i rface
havi ng g?%c#??,éc g%%ﬁt%%??ﬁ%’i%ﬁ?%é?£§ﬁu%@g§ﬁtgﬁfkﬁgggggfkgg%ﬁ%%ﬁ degree
mer i di aprofifest e, it bicketheanshdrisite griabitahsly thhesgdgealtiblckness at each of the

45 degree neridians is | ess than 0.3mm Enbodi mnents of the present
di scl osure provige systens and net hods. of Provédin ex%FIIent i Si.on across
a range of oBFERENGSERACRS! ChHC WETH HYFRIOT heiE 1Y Rextded GBOPRIAIEF) v

reduce, - . 1 i thAQ i I N S .
Vo | ous e R B R B G F LR R
aspheri aid ynd o worerlepticocouplad tyahe oplwhaleat last whenaini o clirtbe pptiendrgal

aberrations. The torigity a herj.city . ,may. be on t separ.at.e.surf aces
o e pesiraessan sGan BT BaCRRREMESY 4RV aSuBined Pe RE BHREE 48
present geli &4 ofadhd ]?&Yéﬂo@@%nt_@ﬁéﬂ S ABS 19Ehaped 86 Hﬁbih%_o?ﬁ@@@ﬁiic@érkys my be
presented for different meridians. For exanples, different degrees of

asphericity may be used for the two primary neridians of the astigmatism
Enbodi nents di scl osed herein may be usef-ul for correcting or mtigating

ot her aberrations, such as coma, trefoil, tetrafoil, and the |ike, Hi gher
order aberrations may al so be possible. Lenses that provided toricity and
asphericity either on separate surfaces or on 5 conbined surfaces had
excellent toricity and spherical aberration, and the lens quality and
resolution efficiency exceeded 4/ 6. Pdgetiodi nents di scl osed herein may al so
be manufactured using existing processes. One enbodi nent of an
aspheric tone lens can be included in an ophthal m c device, conprising an
ophthal mc | ens having an anterior surface and a posterior 10 surface and
one or nore haptics coupled to the ophthalmc |lens. One of the posterior or
anterior surfaces is shaped so that the ophthalmc lens is configured as an
aspheric Il ens and one of the posterior or anterior surfaces is shaped so
that the ophthalmc lens is configured as a toric |lens. For exanple, the
posterior surface can be shaped so that the ophthalmc lens is configured
as an aspheric lens and the anterior surface shaped 15 so that the
ophthalmc lens is configured as a toric lens. O, the anterior surface can



20sag, =toric(r,O sag2 = asph(r) ter*: (r, 4)- (c.ccs2 + e ;in? .,)r2

-( +.1lcg)elL"r 2 cos2 0- (1+ c,c, zph&)- |+, -(1+ )e 25where, r, 9 are the
axi al distance fromlens center and the neridian angle. The cx, cy and kx,
ky are the curvatures and conic constants for two tonic principal
meridians. In this enbodinent, kx and ky are preferably equal to zero. In

t he above exanpl es, separate surfaces are shaped to provide asphericity and
configured as a toric lens, characterized in that an edge thickness is equal at 45 degree

meridians of the toric lens and the edge thickness at each of the 45 degree meridians is

less than 0.3mm,

According to another aspect of the present invention, there is provided an
ophthalmic lens comprising: an anterior surface; and a posterior surface; one of the
anterior or posterior surface having asphericity and one of the anterior or posterior
surface having toricity, characterized in that an edge thickness at each 45 degree meridian
of the toric lens is equal and the edge thickness at each of the 45 degree meridians is less

than 0.3mm.

Embodiments of the present disclosure provide systems and methods of providing
excellent vision across a range of object distances that eliminate, or at least substantially

reduce, the shortcomings of prior art methods for improving vision.

Various embodiments provide IOLs which include both toricity and asphericity to
correct or mitigate corneal astigmatism and spherical aberrations. The toricity and
asphericity may be on two separate surfaces or may be present on a single surface. A
single asphericity may be presented for all cylinder meridians or a variable asphericity
may be presented for different meridians. For examples, different degrees of asphericity

may be used for the two primary meridians of the astigmatism.
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5 toricity. In other enbodi nents, a single surface may be shaped to provide
t hese features For exanple, the posterior surface can be shaped so that the
ophthalmc lens is configured as the aspheric lens and the toric |ens. That
is the po%Pefds’8lUrface is shaped to provide both aspREMUSEI00A4285%d
toricity. According to another enbodinent, the anterior surface can be
shaped sBmbpdimentsedigshisehabwincmaprs isfidofef i gueetigas titezadifasieeri ¢ | ens and
the tori I SWLER . ti.cul ar .surface shaped to provided
tori of ¢y esrardiepeh pesepyp S5t Gol BT s, et i EaR B HRRE e ° 8

Pr ef er abhlyg bogdstibiel m ¢ devi ces di scl osed herein have an optical power of
6D-34D. In a related enbodinents, Ris in a range of about 12 mmto about

120 rum (magnj t ud nly..sign.could be.hoth positive and negative). |In sone
embodi ment s, ESEEARTREN AR GBY GrPhereit BTOTBIRIE FHAEBE00R 0. OB - 1
(magns t uetentsitddysurfideg Ra2ékceitiat Briiey Dot Hho0s] ien@) Bhd 1Y Hnk Bty CY can be in
a range of abqut 0.008m'-1 to about 0.08mi-1 (nmagnitude onlﬁ, sign coul d
be bot h P¥sieswngiiorneysrsesdsd #/Rx Emhodpeentsndiselossd §ereisr mabalse be 3000 to
about - 1Ram@RGurky v§Adled8n}; Prodek@nge of about -3000 to about -12. Further,
in sone enbodi nents, the aspheric conic constant (k) can be in a range of

about -3000 to about -12. Additionally c can be in a range of about

250. 008 - 1 ©%F apkndiment o8 Anpspheriqrigisi lensaandsipcludsdgn ap swhiédaldc bot h

posi ti vesand, B&aatdiMeIn ophthaimic REEREALDGn R KRS dj , the
ophthalmc |ens asﬁég sg? ec_atlg}jc gggeaﬁh?cﬁnesesagts t g%%qudié%?%téﬁneri di an.
The Hel etwrigge anfgmetonimokabapticcenplsd tathy apbtialned lanki @ienesBs pdstrriot s pr ef er abl y

| i i Ly, 21 he 45 i di an.
Rt s T e i,

lens and one of the posterior or anterior surfaces is shaped so that the ophthalmic lens

is configured as a toric lens. For example, the posterior surface can be shaped so that
the ophthalmic lens is configured as an aspheric lens and the anterior surface shaped
15 so that the ophthalmic lens is configured as a toric lens. Or, the anterior surface can be
shaped so that the ophthalmic lens is configured as an aspheric lens and the posterior

surface shaped so that the ophthalmic lens is configured as a toric lens.

In one embodiment, an aspheric toric intraocular lens with toricity and

asphericity on separate surfaces may be described analytically as:
20 sag, = toric(r,8)

sag, = asph(r)

z i 1
sewinte, &) = (e, er.:$ Btz sin® ) e -~1--m, _1
1+ﬁfl ~(1+i bl cos? é‘—il-!—i:,:ci?gsingﬁ B, R
1
P S e =1
1+,q|'§—~(1+§:}:"'r"' 2
25 where, 7, 8 are the axial distance from lens center and the meridian angle.

The ¢y, ¢, and k,, k, are the curvatures and conic constants for two toric
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5 For exanple, the edge thickness can vary periodically, such as
sinusoidally. The center thickness of the |lens can al so be sel ected.
Because the edge and center thickness of the | ens can be selected, the |ens
can be shipe#®sd’*that it can fit in and be inplanted RETNSERPEBHg sur gi cal
equi pnent, such as that used to inplant the AcrySof |QTh(AcrySof and
AcrySof | Q are triaeipsapaidians. K hisrembagioreat &x inglsk, afe fEefetablegudi to 10Tx) .
According to on%ﬁ%nbodinent of the ophthal m c device, the aspheric surface
is shaped with the sanme asphericity for all neridians. Alternatively, the

| ens can be shaped with different asphericities for different neridians.

For exanple, the lens can be shaped with .a first asphericity for a first
meri di an and 0 ericity f a_15secqnd ner,j di an.. .The .first and
second neridigﬂﬁg%§%98%§ﬂg?’W§§m5¥m§%§ﬁgﬁé,a ﬁ#“ﬂ%?ﬂﬁﬁ ??ﬁ?ﬂﬁﬁ@ t he
princhpl eriwlyi dhaotker afnbadinegtptistipe surface nivebOphbbRlohevilehee can incl ude

haptics configyred to m.nimze novenent of the ophthal m c device in the
eye. The%ﬁﬂﬁ?%g%rﬁgﬁmﬁéﬂﬁéﬁgmﬁFSﬁﬁﬁﬁdﬁ%gﬁﬂﬁ?@iWﬁggﬁb%%ﬁgﬁkwcégmAcrySoft

(Acr y Sof TMdnfigi@ed hagRnNBEHere fenflah® theliafOIal OThASs fe folktiord@rMey h, TX. ). The

haptics can be roughened to pronote adherence with biological material.

The | ens skapad fupioNiEp bpiicaspiersicitn enbforigiy- e AsegTRisg o raothdr eowodingmt,geon t o

|l ocat e the L&RS: kERALINE bt AndRE D4R GlPL RulBhLI AL AN i.gmati sm The
mar kers can be gﬁ%%% ots, r%ﬁsgd porff&ﬁ% ork§%%£§($%%%%%%§$ St sur geon
can see dwhemglesiangdhatoriblens. 25pref erably, the patient cannot discern after
the procedure is conplete. Enbodi nents can further include ophthal mc
nmet hods. One qu&Q@ggﬁg f i 1 . i.ngGl | ecting an
opht hal m ¢ devi ce as é?%?#%ggﬁﬁggggﬁﬁgﬁ%“ﬁﬁ%ﬂgﬂ?ﬁﬁédﬁﬁgmgg-t al m c device
in the epedotrizediati ent. The ophthal mic device can be inplanted using

surgi cal procedures known to those of ordinary skill in the art 30and
preferably usingagéu5&kp@ surgical tools. The ophthal m c device can be

sel ected based on”a varﬁegy of factors, including to mnimze residual
astigmatismin the eye as a whole, maintain a preoperative cylinder axis
or to reduce residual astigmatism gt ;5€leect egh pgpa di ans. BRI EF DESCRI PTI ON
OF THE FlI GURES toric(R,,,,r,0) = y

avg ?

1+\/1-(1 +k,Jeirt cos” 6~ (1+k,)cir’sin® 6 ,

1 1
€, =0, =
R’ R

¥

i5

Preferably, ophthalmic devices disclosed herein have an optical power of 6D-

34D. In a related embodiments, R is in a range of about 12 mm to about 120 mm
(magnitude only, sign could be both positive and negative). In some embodiments, ¢,

can be in a range of about 0.008mm~"-1 to about 0.08mm~"-1 (magnitude only, sign

20 could be both positive and negative), ¢, can be in a range of about 0.008mm"-1 to
about 0.08mm"-1 (magnitude only, sign could be both positive and negative), k, can

be in a range of about -3000 to about -12, and ky can be in a range of about -3000 to
about -12. Further, in some embodiments, the aspheric conic constant (k) can be in a
range of about -3000 to about -12.  Additionally ¢ can be in a range of about

25  0.008mm"-1 to about 0.08mm”-1 (magmtude only, sign could be both positive and

negative).
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A nore conpl ete understanding of the disclosure and the advantages t hereof
may be acquired by referring to the foll ow ng description, taken in
conjunction with the acconpanying drawi ngs in which |like reference nunbers
gener al | yWPAHPAEHR | | ke 5f eat ures and wherein: ECOURBOY04GE et i cal | y
illustrates one enbodi nrent of an aspheric toric intraocular |ens 10

accor di ng t o 4nserdihgstp graripesvgmkpdinmits itheyophtidhimis brsr liag iat sglegted sdpar at ed

Surfacesth’ckness at the 454 erFE{ SPRL .e &keldyed “hlijécgu RLg, g0 egggg‘ | ment of an
ocul ar 58 eVS|

aspheric toric 10 intr ens according to one gn havi ng
t ori ci t ythzhaksa dSpharmrefetaylydn a aage péoatte d.smndf adgseferably .21 mhGiREe 3

schemat i |y illustrates,one. enbodi nent of an aspheric toric intraocul ar
| ens 10 %g‘ie(g?e&i“ﬁ%‘%fa&‘ g[h’g eé%%‘ﬁ&%‘%éﬁ%r% OGPty at”i)maﬁ}éf’ B8 HeRP PPy on a singl e
sur f axe; FokkhibRENE digpithitimets ShaRRY ¢aliodi@vEHRAtAHi0Roi0dllt henspheri cal

aberrati on negsurenents for aspheric toric 10Ls 10 using a separated

desi gn; center thipinepsppd theqleps ok alio dreatstictedl  Pegsnes Bt wgp oid oeniehe spheri cal
aberr at 'tﬁﬁkﬂe’%é‘é%@ﬁ%%ﬁm $e0§e1e€1%£{hﬁé fefis LAt GhafliSo Hﬁt#%@ﬁ@iﬁ%ﬂ& ped design;
FIGURE 6 depicts a graphical representation of the Iens toricity

measur enplantcd0ofity exaginb evigtyak apipment sschussithay vaedste parhanteitic desiSgh;

FI GURE 7, i r i r i f lens~toLicity
reasur ery Cror Bud AR Nef o fTRUERER, 3 wilta bl 0BRGP st

8 depl ctBx)a graphical representation of the back focal |ength (BFL)
measurenents for aspheric toric 1OLs using a separated design; 25FI GURE 9

depi cts a graphical represent.ati.o f the.back focal |ength (BFL)
reasur ement s o e aRe EPRIRE A ot il Reanhld et
FI GURE 16 shped vhthahh badd aspheriaity ifecddl @bridie. | AeSndiioelly Ciht Yen®fcad 80 Separ at ed

ign lenses 10 and ten conbined design | enses for correction of a Z20
ggts i gn'atsi%@ wit dl?igrent asphen%%s ?or d1f(fiercnt%1enjd?ans. %or example, the lens can

FI GURE

be shaped with a first asphericity for a first meridian and a second asphericity for a
15 second meridian. The first and second meridians can be, by way of example, but not

limitation, the principle meridians of astigmatism.

The ophthalmic device can include haptics configured to minimize movement
of the ophthalmic device in the eye. The haptics can be made of biocompatible
material such as AcrySof® (AcrySof™ is a trademark of Alcon Laboratories of Fort

20 Worth, TX.). The haptics can be roughened to promote adherence with biological

material.

The lens can further include one or more markers to allow a surgeon to locate
the lens relative to the principle meridians of the astigmatism. The markers can be
small dots, raised portions or other feature that surgeon can see during surgery, but,

25  preferably, the patient cannot discern after the procedure is complete.

Embodiments can further include ophthalmic methods. One embodiment of
the ophthalmic method can include selecting an ophthalmic device as described herein
and implanting the ophthalmic device in the eye of a patient. The ophthalmic device
can be implanted using surgical procedures known to those of ordinary skill in the art

30  and preferably using existing surgical tools. The ophthalmic device can be selected

based on a variety of factors, including to minimize residual astigmatism in the eye as
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FIGURE 11 is a graphical conparison of the spherical aberration of ten
separated design |l enses 10 and ten conbi ned design |enses 10 for correction
of a Z42 5spherical aberration; FIGURE 12 is a graphical conparison of the
| ens tori¥P2YP?3¢74t%en separated design | enses and ten EERISHEYOGEY gn | enses
for correction of an astigmatism FIGURE 13 is a graphical conparison of

t he | ensatvoleintanion atpeeorsepiae ayledededs gntd edsa@sresidahl tagiipneatingi ahed desi gn

| enses fg&mg rre%ﬁion of an astigmatism 10FI GURE 14 is a graphical

conpari son o THE 1"&ns Back Focal Length (BFL) of ten separated design

| enses and ten conbi ned design | enses; FIGURE 15 is a graphica
conpari son of the |lens Back Focal Length (BFL) of ten separated design
| enses and ten conbi ned design | enses.; FI GURE 16 depicts a

gr aphi cal conparison of the |ens spherical aberration 15(SA) of ten
separated design |l enses and ten conbi ned design | enses according to one
enbodi nent ; FI GURE 17 depicts a graphical conparison of the |ens
toricity of ten separated design | enses and ten conbi ned design | enses
according to one enbodi ment; 20FI GURE 18 depicts a graphical conparison of
| ens power of ten separated design | enses and ten conbi ned design | enses

according to one enbodi nent; FI GURE 19 depicts a graphica
representation of |ens power at a steep neridian according to one
enbodi nent; and FI GURE 20 depicts a graphical representation of

t he edge thickness accordi ng 25to0 one enbodi nent.
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DETAI LED DESCRI PTI ON As used herein, the ternms "conprises,"”
"conprising,"” "includes," "including," "has," "having" or any other
variation thereof, are intended to cover a non-exclusive inclusion. For
exanmpl e, ¥HHPHEELL! process, article, or apparatus t hRCTASAPLOLBY a |ist 5
of elenments is not necessarily limted only those el ements but may include
ot her el ements not ex%R&EWSﬂ@?gmH@FﬁHYQMUEESsuch process, process,
article, or apparatus. Further, unless expressly stated to the contrary,
"or" refers tQ Rbrel dEIHUSE QA% ; exal si xanmpl e, a
condition Aor Bis sg%giéféfi ed agsﬁgndgq%en&e&é%&feh%%f%‘?lr‘acl)‘vﬁinn{r%%{?s tﬁg}%osfet rue (or
present ) mavcbeBcpirgdysisiering eahe frllewingt deserintivs, thieense cogrndionotthpr esent ) and

act § onaf 1§ BRIV dray BB Ohitn AR RARle kBT HEREE st 1o e

r egar ded featuranandweheraars restrictions on, linmts to, or express definitions
of, any termor terns with which they are utilized. Instead these exanples

or illustrati . arded. as bei described with respect to one
particul ar enggtzx{lgrﬁeﬁt E(glr? %tégsa%%ﬁlﬁ a8t Pt 71{;120‘1837 .Of'?ar?ogsé’ gt B¥Gi nary skil |
in the anttraschlhr &ppriéceabaliihiad caaydesigh MaOgt BFBBy Whi hsphiirieity tohese exanpl es
or illustrat it%gs gr e utilized wll enconpass ot her enbodi nents which may or
may not BEGTHH tH&rewith or el sewhere in the specification and all such
enbodi nents are intended to be included within the scope of that termor
terms. LanguagEGUREiDReichageayciiluiend iofb tdMedencarples apderOtdricust rati ons

i ncl ﬂgs,. but 1i s1 not limted to: "for exapple,” "for instance", "e.g.", "in
one oditHAeRyar lens 10 acgprding fo snrsieheif walodcity pres efPREERILY o1 Bhe FI GURES,

| i ke nunegalBedniBgsused to refer to like and corresponding parts of the
vari ous draw ngs. Enbodi ments di scl osed herein provide systens
and net hods f}?ff&ﬁ%m natin 50r mtigating corneal asti I(gmati sm and cor neal
spherical abe . schematicatyjpstypes t ahe gemakadiaey ofemepsphgricotaride opht hal i ¢
I enses t hiafaobled 14646 0alccdr@@8 ko ARGILBARaRHE loRERy DAV %Q@%Ffec' ty
selected tg correct or mtigate spherical aberrations contrast and at |east
one | ensS¢i#face havi ng a toricity selected to correct or mtigate
astigmati sm Enbodi nents di scl osed herein provide ophthal mi c | enses 30t hat

i ncl yde at | eagiuppe; | I hayi a riGLL d to inprove
i mage contrast relati \(}glﬂftgs%ﬁga?ﬁ%?]oﬁ%ég%tﬁgbnaéﬂgu s%pglﬁ %/aél%l%%ﬁlﬁ%gnti cal lens
i n whi chmepgremesyfetasphaictons Kie li0asingheeparaitd designt he enbodi ments bel ow,

t he enbodi nents are illustrated primarily in connection with intraocul ar

| enses. It sh , e a e .eachin apply
equally to a gﬁﬁ%?\ggﬂi%h%%%ggﬁ?hg@%nég%g?%ﬁsé%ws%%ﬁ&%g aggrﬁ%%gt | enses.

5F1 GURE megapirens far pphgirdetié Wi swiswagbmbined desdgngi ment of aspheric toric

FIGURE 6 depicts a graphical representation of the lens toricity measurements

20 for aspheric toric IOLs using a separated design;

FIGURE 7 depicts a graphical representation of the lens toricity measurements

for aspheric toric JOLs using a combined design;

FIGURE 8 depicts a graphical representation of the back focal length (BFL)

measurements for aspheric toric IOLs using a separated design;

25 FIGURE 9 depicts a graphical representation of the back focal length (BFL)

measurements for aspheric toric IOLs using a combined design;
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intraocular lens (I1OL) 10. In sone enbodi nents, |ens 10 may incl ude
anterior surface 14, posterior surface 16 on the obverse side and marki ngs
22. Aspheric toric 1OL 10 may further include radially extending fixation
menbers oWVOAPYIELI 20 for its placement in a patient' PCHNES200004285910 can be
formed of a bioconpatible polyneric 10 material, such as soft acrylic,
silicone or hy#rBRE|10mateegrpticl compaone of nisobheentcty oingh separated

bi oconpatj - pr r abl oft--material. that exhi.bi .requisite index of
refracti gﬁ’g%}g;m%s ggrg%‘f‘%?%“?b%%dp‘}eﬁléaﬁ%ﬁ fgrcopReignet e Z?iﬁa@mg%i oyed. In
sonme enbodi nents, a material manufactured under the trademark AcrySof Tm
(AcrySof is aFiGaREndrls ofgradhienchmpoisat of ites siiferibOr dbeMbifdahof ) My be
used to formtlcg]@E 10. 15 Further, .the fixation menbers 20 can be al so be
formed of RAREEEFER JBrsid e t??a‘toé‘m“éq%&e“% Seéégg%rl PRSI of det¥Racr yI at e
(PMVAY, peherieniopytfing;, and the |ike. Fabrication of intraocular |enses my
i ncl ude known fabrication processes such as pin cutting, wafer nolding and
| ens casti ng. 2 depi ¢t s, one epbodiment of an aspheric tonic

i ntraocul ar | Eﬁ‘lﬁi@ﬁzz‘é aa%ﬁ@ﬁ“ﬁ’il FEPPHIseR &F dssienh lamely 9 tehseatasdi or surf ace
14 and a degigt Rhded hndidh EasBindicsifs 1GA6RI6L @tted it FVRE ghatidt SONE

enbodi nents, the toricity and asphericity of lens 10 nay be present on

di fferent sur%fé@% (i.e., a_ separated aspheric tone I1CL 10, also referred
to as a separ Rdditya grapiicay 6ympaion ghdheelepb éirisitnod tenseparetsded desi gn
lens 10 m@yzARNRs 2R 1BS SehiAddartsiA R R orreSibalbe @ﬁas%i#mai%t ers (D), a
cylinder, such 25 as 1.50 D., a spherical aberration correction, such as
0.2 Hbcrons, nd nagﬁhave a.conic on the anterior surface and the cylinder

on tH8 post er f 6FURKI+# estanhicab enpppasintiodithiclsrsBack Hiecdl deagth 6BFis\ff ace” may

have an 3g5e6i abegdesiBIblSs and ¥G bofdinkd d { .and a conic, such as -36.211.
In sone enbogi ments,gﬁt he pagsteriﬂorlsur?%%e%n%sy have a first radius (Rad X)

and a second radius (Rad Y). As depicted in FIGURE 2, Rad X 30 may be
-23. 808 mm an8RAE ¥ isyergbicabepmpprisepatithaisnsiBrokdipc dweeth (BBt adr  of

Lhi cknesSon St esthn enbed Uil 1ErABRIR design lepdel, ONE embodi ment . an aspheric

fork intraocular lens wth toricity an sphericity on separate surfaces
may be described analytically as: 5 sag, = toric(r,0)Equation 1 sag 2 =
asph(r) Equat i BIFURE d& depists 2 graphies] pompyrisop of dhe leps spt@yicat aberration

15 (SA) of ten separated design lenses and ten combined design lenses according to one

embodiment;

FIGURE 17 depicts a graphical comparison of the lens toricity of ten
separated design lenses and ten combined design lenses according to one

embodiment;

20 FIGURE 18 depicts a graphical comparison of lens power of ten separated

design lenses and ten combined design lenses according to one embodiment;

FIGURE 19 depicts a graphical representation of lens power at a steep

meridian according to one embodiment; and

FIGURE 20 depicts a graphical representation of the edge thickness according

25  to one embodiment.
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1+ .11- (1+ kxx)ex2r 2 cos2 n bi (1+ ky)cy2 r 2 sin' 0 1 Equation 3

Cr21 asph(r) ,c = 1+ - (1+ k)c2 r2R2 Equation 4 In sonme enbodi nents,
| ens 10 can provide an optical power in a range of about 6 D to about 30 D,
and an asPRePPd38dtface of | ens 10 can be charact eri z@FTWISEH8428%Ngi ng from
about 0.0152 mm 1 to about 0.0659 nm sup, "1, k ranging from about - 10

1162 to about -19, a.sub. DEIAGEYDESCRIEBHON - 0. 00032 nm sup: 1 to about
-0.00020 M1, a2 ranging from about -0.0000003 (- 3 x 104) mm 3 to about

< 10-6) i < Fo S o B0 s R POy R e ot s, s
10 can piheyl Geveng" optmcetherpavieton theraof; arrgatended to cover a non-exclusive
inclusion. For example, a process, process, article, or apparatus that comprises a lst
5 of elements is not necessarily limited only those elements but may include other
elements not expressly listed or inherent to such process, process, article, or
apparatus. Further, unless expressly stated to the contrary, "or" refers to an inclusive
or and not to an exclusive or. For example, a condition A or B is satisfied by any one
of the following: A is true (or present) and B is false {or not present), A is false (or
10 not present) and B is true {or present), and both A and B are true (or present).

Additionally, 'any examples or illustrations given herein are not to be regarded
in any way as restrictions on, limits to, or express definitions of, any term or terms
with which they are utilized. Instead these examples or illustrations are to be
regarded as being described with respect to one particular embodiment and as

15 illustrative only, Those of ordinary skill in the art will appreciate that any term or
terms with which these examples or illustrations are utilized will encompass other
embodiments which may or may not be given therewith or elsewhere in the
specification and all such embodiments are intended to be included within the scope

of that term or terms. Language designating such nonlimiting examples and

* LI 1 EE I~

20  illustrations includes, but is not limited to: “for example,” “for instance”, “e.g.”, “in

one embodiment”.

Various embodiments are illustrated in the FIGURES, like numerals being

used to refer to like and corresponding parts of the various drawings.

Embodiments disclosed herein provide systems and methods for eliminating

25  ormitigating corneal astigmatism and corneal spherical aberration.

Embodiments disclosed herein provide ophthalmic lenses that include at least
one lens surface having an asphericity selected to correct or mitigate spherical
aberrations contrast and at least one lens surface having a toricity selected to correct
or mitigate astigmatism. Embodiments disclosed herein provide ophthalmic lenses

30 that include at least one lens surface having an asphericity selected to improve image

contrast relative to that provided by a substantially identical lens in which the

Page 9



15 about 16 D to about 25 D, and an aspheric surface of the |ens can be
characterized with ¢ ranging fromabout 0.0369 ( 1/27.1) mit to about
0.0541 ( 1/18.5) mmsup.1, k ranging fromabout -73 to about -27, al
rangi ng fV¥ERPRPS# - 0. 000209 min-' to about -0.000264 PFMUS2WY0428%gi ng from
about -0.0000297 m nl3 to about -0.0000131 nm 3, and a3 rangi ng from about
0. 000009 EPEHVE Stidrca i® iPhancd 0 00 B4 Gmhedingent2 Bdlew ot ermtedivaaitsnent s, Ris in
a range 12 qm t .20. ni nly,. sign could be both
positiveﬂgﬁggﬁg 2#%3@?%%ﬁﬁggﬁé‘éﬁbg@?ﬁ%ﬁ?g?k%gqggﬁ“%%]FWW m??ﬁge of about
0. 008=1" uddergomitbaitthée OBohmigslapplyegnaltyude vankly,of sthgnoginkdlgicdiendsqt h posi ti ve
and negati%%%, cy ?an be in a range of about 0.008nm‘-1 to about 0 08nun”-1
(nagnituﬁg: FV?igdaﬁmtould be both positive and negative), k", can 25be in
a range of about -3000 to about -12, and ky can be in a range of about

- 30005t 0 PageFIGIJREW Gihictslperbpectiveeview of chersmbetiedi 68 Mpserid fagicaspheri c

coni c constant (k be in a ran f about -3000 to _about -12.
Addi t i onaﬁﬁaﬁc “c‘ﬁ%ﬁ gigﬂ-l) nl%a ?“aﬁ‘@}@e &%‘%aglal?f‘fso?%éﬁn@ﬂl pduden#ligrian. 08mm- 1
(magni t ugafRBhY, poSieBr GOt s MOLByRASHdd #A APLNREHAL AMBLc RHR Many

enbodi nents, the aspheric profile of the anterior surface can be designed
to provi el tAagyfurtesidncijdemadkiglly; srtgpdingdiretiensmemhers arhanticy 84 fdsytsa nodul at i on
transfer ,f e QN ; GMIE) s oRS hosgahavy -nar ‘?’ﬁj” in the
art, a rrggsu_r ed o?%calncsufa%tseﬂgﬁﬂrgro\qgucltagtb{eon tflgﬁsafggceg{&%{é@?@# F) associ at ed
wi t h1@ | eateriglasugbras\sotl @cratieqsdisona art ivdeogebmsigrials.ofin somgenioeitherast provi ded
by t hat v 1 al 1Q. contrask or npdul ation.assqciated wth an
opti cal é‘ﬁgﬁ"é‘f“’&@%gﬁg pée%r\%@y d ?(%te r%%%"ﬁ% Eh%tatef( {éEBﬁS df TTIUGHE inﬁ?’% ity

di st ri butdfientienfinat gertfonm applicadbn ed't fad lbys ai 0bj @eiloyed. bén isomged or

associ ated. wi.th the inmage of .such an opject, can be fined in accordance
with t hee]FBﬁ% gt TP%tF‘é%iHB‘H?fa?tPWQ “PQ“’r,tEé Eﬁ%gﬁf%ﬁc@sqﬂﬁﬁﬁyﬁmér ein ' max
and Int irfgbneat 61 Al[déﬁ[lféﬁ@xhﬁéﬁb@’mfl%rﬂ%r@iyw&na@ BE Rk TRt elsidy associated
with the_signal. Such a contrast can be calculated or neasured for each

spat fal Frdgoeheyiptiendanemiers efeapphty alsp bei Gimpd oArsunatlE pefymmrici nagi ng

opti cal ; Fodyrh RO I 4 hen be
defined g%%%??a?‘?’gc‘%f a cé(g%tlrast _Cgsgggéggt%‘gﬂﬁto pﬁr@ﬁfe?gnga‘éq%%]h%@ﬁ obj ect

f orned b¥alrisetiapiiiezdocdysieesss mey atclude knovn ROrieativoptacasts sskacpiat ed with the

obj ect. téﬁgfrlg uﬁ@e?%idiﬁ%%d% Cg&&gci ated with an optical systemis not only

dependen ‘the spat’ frequencies of the intensity distribution of the
light illumnating the system but it can also be affected by other
factors, suchfigd/Rhé depies af embodimenhiofan ksphedgpericunegocalsr ek 110as by t he

wavekeng - Ll ] ing . light. 251N, so enbodi nent uch as the
enbo%‘?rre%{&lgifgﬁ[ Jéif[% é% d%%%@ﬂ g0 {eg ﬁ%suaréaﬁ%gz} P%‘ﬂa?o%?wf N aciZG' J provide an
MIF of atiedigtedsin EIGORE 0.i8 sahe tbodiments, theasilte dndisphaicitylofiled 194 t h
nmonochromati.c |ight having a wavel.ength of about 550 nm.at a spati al
fr equen_c?agfbeéﬁeﬁ%%%n ggfefeg‘t P prei"nibﬁ"é’rmé%dasali’ﬁnéipt@?‘f ﬁ?g 1le 250 pupi |
si ze) of referfbdtas lasepiied @eedichR1d)S , Int Rt caRMREMIGL YopafaddnsRAt eri or
sur face is sel ected so )
ens 10 may have an associated base power, such as 21 Diopters (D), a cylinder, such
25 as 1.50 D., a spherical aberration correction, such as 0.2 microns, and may have a
conic on the anterior surface and the cylinder on the posterior surface. In some
embodiments, the anterior surface may have an associated radius, such as 19.613 mm,
and a conic, such as -36.211. In some embodiments, the posterior surface may have a
first radius (Rad X) and a second radius (Rad Y). As depicted in FIGURE 2, Rad X
30 may be -23.808 mm and Rad Y may be -20.447 mm. Lens 10 may have a center of

thickness, such as 0.611 mm,
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30as to provide a patient in which aspheric toric IOL 10 is inplanted with
an i mage Page 12 WD 2009/ 137491PCTI US2009/ 042859 contrast characteri zed
by a nodul ation transfer function (MIF) that is around 0.9, while

mai nt ai ni WE 280%déPPh of field that is within an accept ZEF&spMKgEs59The MIF
can be, for exanple, in a range of about 0.85 to about 0.93 for an aperture
of about 5.0 lpmynes cwbedipentren sagplemis niosic optradeplar dens pithi terieits aee can be

conpl i cagsﬁgefi ;tggn AR S%Ff*g%?%g?@gaestc ge(# ﬁ?ﬁ’%ﬁ&%@ncemm provi ded by an

asphcric , e eva by cal cu n MIF theoretically in a
nodel eye exhibiting selected coneal and/or natural |ens aberrations
correspondi ng t o aagjAdiricixdéal ap@nt! s eye or the eyes of a sel ected
group of patients. The information needed to nodel a patient's cornea
and/ or natural |ens can he obtained from neasurenents of waveform
aberrations of theys A Perf oriwetian? enpl oyi ng known t opogr aphi cal

nmet hods. For the enbodi nent depicted in FIGURE 2, a residual

aberration for the x and y axes y be .appreximately 0.0012 mcrons along a
first neridiag. @)-&MMMMH dian, and A (delta)
may be approxi mately 0y 0048 15 gr0riges’ 0L (13 4 Pretigal eval uation of one
embodi ment fabricated ffom PMVA in 15CrystalWve, | ensE@®tioray have a | ens
power of 14. 73372[3;(5):a_hd 15.883 D (y), with a cylinder of 1.096 D. The
spherical aberragjon nay, be -0.3223132 microns. FI GURE 3
schematically illustrates an aspheric toric intraocular |ens 10 accordi ng
to one enbodinment. As depicted in FIGURE 3, in sone enbodi nents, the
toricity and aswﬂ?r_i cityeef an aspharic tgne | 10 may be conbi ned on the

same 20 surfat® %@ﬁ;@ﬁeﬁ%ﬁ’to aSI%"CBfthi ned aspheric toric IO
10). As depicted in Fi é the tofi city and asphericity may be conbi ned
on posterior surface 16'. In sone enbodi nents, |lens 10 nay have a base

power, such ag séheRntBlRits Bhs 18 &¥ Q& an %Htgéalnggwér- w0 Bingd o8pheri cal

aberration correction, such as 0.2 mcrons, an y conbi ne the conic and
t he cyl i #hget6 Brio gbaut 8P b ends yr gswiongriace of les e cambeslsensteneet with ant eri or

f e f I ki I
surrace é—f}mgx Bﬁ'oﬁp%%uwoﬁ%ﬁgxgg%lg&uﬁgghﬁbsmnﬁéﬁﬁ ,ﬁ?ﬁl{%&gﬁ?ﬁg %- n some

enbodi ment's; posterior surf ave a firs d X), a first
coni B0 ( CoRdo Xpqut al % esond rangitiz fon( Radt ¥).00032 seuewd ' coaicst (EHRE Y), an

average radi us vr a ey agesconic i )= 4N FI GURE 4,
Rad X is“‘%’sppg%rﬁﬁ(‘%g gﬁ%‘ %&t.“g%ﬂmm%g CORg S tg%’g&‘ﬁiﬁ'ﬂ@@&'sﬁa’é. 571, Rad Y
i s 30 apprioximiteel y,; raRfing Fbmramut@Qoot0008e (82 apph exhred sowt 6.4R1368, Rad avrg
is appr Oéir.ﬁatﬁ)lﬂ -22.005, and Conic avrg is approximately -51.953. Lens 10
may havel'a“cerit M t hi ckness, such as 0.612 nm and an edge thi ckness,
such as 0.21 mm

In some embodiments, lens 10 can provide an optical power in a range of

15 about 16 D to about 25 D, and an aspheric surface of the lens can be characterized
with ¢ ranging from about 0.0369 { 1/27.1) mm’" to about 0.0541 ( 1/18.5) mm.sup.”,
k ranging from about -73 to about -27, a; ranging from about -0.000209 mm™ to about
-0.000264 mm™, a, ranging from about -0.0000297 mm™ to about -0.0000131 mm”,
and a3 ranging from about 0.00000978 mm™ to about 0.00000846 mm".

20 In other embodiments, R is in a range of about 12 mm to about 120 mm
{magnitude only, sign could be both positive and negative). In some embodiments, ¢,
can be in a range of about 0.008mm"-1 to about 0.08mm~"-1 (magnitude only, sign
could be both positive and negative), cy can be in a range of about 0.008mm”"-1 to
about (.08mm"-1 (magnitude only, sign could be both positive and negative), k, can

25  bein a range of about -3000 to about -12, and k, can be in a range of about -3000 to
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In one enbodi nent, a single surface wth conbined tonicity and asphericity
may be described analytically as sag = toric(r,6)Equation 6 (c cos2 9+c
sin2 0)?-2 toric(Ray& , r, 0) = 1+ .11- 0 kx)ca2r2 cos2 0- (1+ ky)c72 sin2
0 11 - RBEGMtPBH 7 wherein for toric surfaces, k" aBRETH§2HOUE not be
zero. O21 asph(Ra"g,r) = ¢ = 1+ - (1+ k)c2 r2Ravg Equation 8 I'n
many enbebiiutrel? surthbre irepivemibodiprenfsi the agfhepiosdrir tostast(k) amtbeifa in a
ggg{)'rggfm%%%' ToSAN3060 APSHANSH O RGALIE £ NS, RAYL SN LD B, | TRge
0.008mm"-1 to about 0.08mm"-1 (magnitude only, sign could be both positive and

negative).

5 In many embodiments, the aspheric profile of the anterior surface can be
designed to provide the patient with an image contrast characterized by a modulation
transfer function (MTF). As known to those having ordinary skill in the art, a
measured or calculated modulation transfer function (MTF) associated with a lens can
provide a quantitative measure of image contrast provided by that lens. In general, a

10 contrast or modulation associated with an optical signal, e.g., a two-dimensional
pattern of light intensity distribution emanated from or reflected by an object to be
imaged or associated with the image of such an object, can be defined in accordance
with the following relation:

INEX

"t Equation 5
I +1

max min

15 wherein Ima and In, indicate, respectively, a maximum or a minimum
intensity associated with the signal. Such a contrast can be calculated or measured for
each spatial frequency present in the optical signal. An MTF of an imaging optical
system, such as the combined IOL and the cornea, can then be defined as a ratio of a
contrast associated with an image of an object formed by the optical system relative to

20  acontrast associated with the object. As is known, the MTF associated with an optical
system is not only dependent on the spatial frequencies of the intensity distribution of
the light illuminating the system, but it can also be affected by other factors, such as
the size of an illumination aperture, as well as by the wavelength of the illuminating

light.

25 In some embodiments, such as the embodiment depicted in FIGURE 2, the
asphericity of lens 10 may provide an MTF of at ieast about 0.9 at the focus measured
or calculated with monochromatic light having a wavelength of about 550 mm at a
spatial frequency of 50 line pairs per millimeter and an aperture (e.g., pupil size) of
5.0 mm. In some embodiments, the asphericity of the anterior surface is selected so

30 as to provide a patient in which aspheric toric JOL 10 is implanted with an image
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10 characterized by a nodulation transfer function (MIF) of at |east about
0.9 at the focus neasured or calculated with nonochromatic |ight having a
wavel engt h of about 550 nmat a spatial frequency of 50 line pairs per

m | 1inet eWOIMY 1% aperture (e.g., pupil size). The MIPCEAR20%042858r exanpl e,
in a range of about 0.85 to about .93 for an aperture of about 5.0 nm 15For
t he enbowintrechaepérizeddyi nmpi@uRE Bnskr fiestidudMTEDéwrt &t romd 6P, the x and y
axes nmay appr.oxi mat el 9.mcrons along.a firs ridian and -0.0050
mor one i S RREG Rt oL ad pike B GR Be BrRoR st TR E PR o1y 0. 008
m cr ons.be-€r caathpieoinef taGgd ofabaliu@i anatelit @R fendnogenmvtof bdaisdat ed from
PMVA, lens 10 Cgay have a Ien§ wer of 14.787 [%G(Xi)f?ﬁ nd 15.883 D (y), with
a cyl i ndBP g}s SI5Y BEEUEmeRR e JPitdRPe b EYG S RSO 3036‘3153@?’@@99855

M Cr ONS. embodimentsths @ARzcMRALENBA heoviRethyah QpfdicI0MaYn e caghitgved by
considering the amounts of |ens tonicity and asphericity as functions of
pupi | ditneelcalegng apMiE thengticalty mUuRBode! geqixbibiting sgleglsh icerapal padiplesent at i on of
t he sphet.i.cal I i d ol 1 i 0 using a
separ at gﬁ glslfrgsﬁ@e{r%§deg&%ﬁ%@ﬁ@'&%&%&gﬁﬁgpé{&k %K%IQ {1{(}){% %gst?fvaél ent (in

m cr ons)sefeoted fratupiof attedts) Ehsimforh@tommepddigo Paglel 4 gaticotparcedndigai nst t he

ar ous BB b Shoe apatif s hebutREaR S e g % T8 Gre 5
depi oI s perragltyodipls el esemnttagdgaphiol] thdiodspheri cal aberration neasurenents
for aspheric toric ICOLs 10 using a conbined design. In FIGURE 5, the 5

b6 compar ed dgarirsrroRaea e R E ot Sk froRreRdo (R By ons) for
desi gn | ens&smiPbe abproaina@dls OOP2 ImidoadTelogs S fiddngierigiabeinweeno®z 0 nm and 5.0

nm . FIGURE 6 depicts a_graphjcal representation of the lens toricity
measur enSHEQSt dpnea & pieende MeEfing 2\ (ﬁ@ft@smﬁ@ b parwely 8884%9n. 1n FI GURE

6, the ZgmkR riPa aReidibaicoNhatfoRlorand bARREMSAD il kafdl GoaBMMA iof abri cat ed
| enses 10a r;lx% be con{*}par ed against the Zem ke coefficient for design | enses

1 Oblat Vestebliaveplapt 10 mpahereddenspariep (id 4687 We@hal 1§ §#hihtid voitoe nm
FI GURE 786046t $.085 ﬁr%@Q's&%hﬁlgﬂéfgﬁgﬁ%%b%,%gi%ﬂ{)&}g toricity

measurenents for aspheric to usi ng a conbi ned design. In FlI GURE
7, the Zem ke 15 coefficient for astigmatism (in mcrons) of fabricated
| enses 10a ndEJCHRECnshemeficalnililusiratehen Zsphatis woefifireicelar lensr1lesi gn | enses

Il oURE. o SRRl BUR L SR P JeDR) RPN Ein e BRI T ot (erL)
nmeasur enentisy ek asabgriogyiod ahanphefiO kericliDIu 0 mgrybesmpiietico Hesign and a
Conb-h(? edsurface (i.e., also referred to as a combined aspheric toric IOL 10). As depicted in
FIGURE 3, the toricity and asphericity may be combined on posterior surface 16°. In
some embodiments, lens 10 may have a base power, such as 21 Diopters (D), a
cylinder, such as 1.50 D, a spherical aberration correction, such as 0.2 microns, and
may combine the conic and the cylinder on posterior surface 16°. In some
25  embodiments, anterior surface 14’ may have an associated radius, such as 19.609 mm.
In some embodiments, posterior surface 16’ may have a first radivs (Rad X), a first
conic {(Conic X), a second radius (Rad Y), a second conic {Conic Y), an average
radius (Rad avrg) and an average conic (Conic avrg). In FIGURE 4, Rad X is
approximately -23.814 mm, Conic X is approximately -65.571, Rad Y is
30  approximately -20.451 mm, Conic Y is approximately -42.168, Rad avrg is
" approximately -22.005, and Conic avrg is approximately -51.953. Lens 10 may have

a center of thickness, such as 0,612 mm and an edge thickness, such as 0.21 mm.
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20 design. In FIGURE 8, the back focal length (in nm) my be conpared
bet ween design | enses 10a and fabricated | enses 10b at BFL-X and BFL-Y. As
depicted in FIGURE 8, the BFL-X for the design | ens 10a nay be
appr oxi maV&I %0874 rm and the BFL- X for the separat ed PCBAS20D9/6428%y be
approximately 20.60 mm FIGURE 9 depicts a graphical representation of the
back focal | ehgete ¢BRdimeS aningesefmntvatll cmbasgherivicy tmhasph@lcity 10 using a
conbi ned i . Fl.G t he back focal length (in mm nay be conpared
bet ween gggﬁégathgggbgggﬁgﬁ% fabricated | enses 10b at BFL-X and BFL-Y. As
depicted in FIGURE 9, the BFL-X for the design | ens 10a nay be
approxi mat el y 20. 7saam fand(rithe BFEgquXiiéof t he separated | ens 10b may be
approximately 20.10 mm Page 15 Exanpl es nay be beneficial for
pointing out advantages and features of thezdi§closure. Aspheric tone | Qs
10 may be fabricg&;d B{Qﬁ]ﬁ&terﬂélgms@¢hyas #xnf ySof (r) utilizing known

es

fabrication ngg 3 F?3érg&FIP@TpFUC€§§§?—n§y?EnCEEpe, but are not
limted to, pin cutting, #e nU1&fn8mana' éﬁscdééFﬁ g. Atoricity and 5
asphericity may be provi ded on separate surfaces such as anterior surface
14 and posterfor gurfage 16, or may be conbined on a single surface, such
as posterior surféace 16". FIGURE 10 is a graphical conparison of the
spherjcal aberratigpa@fyten separated design | enses 10 and ten conbined
design lenses 10 for correction of a Z42 10 spherical aberration at a 5.0
mm | OL aperture. FIGJRE 10 depicts the results of ten aspheric toric |IQO.s
10 havi ng t heVEgFiP &grcsvfacsghépd ki thouldmothamsrat e surfaces (i.e., anterior
surface 14 and posterior surface 16) and ten aspheric toric 10Ls 10 havi ng
the toricity and asphericity,eonbined on a single surface (i.e., posterior
surface 16').auéhﬁggﬂEO—jﬁﬁeztakeﬁmtﬁeﬁ+ﬁopuIaEwmﬁSnef product sets of
approxi mately 100 | ensektyi5(Itdng’es 10 ere tested against a spheri cal
aberration Z42 at 5.0 mm I CL aperture. The results of the test provided a
nom nal correction of . approxipately 1.16.mcrons, with a mnjnmumcorrection
of approxinatglvmﬁfS%bﬂﬁgﬁgﬁs%gﬁﬁﬁémﬁd%Pﬁﬁn?é8?*%5?Pﬁ gt 18 piSr dxi mat el y
1.28. | nedrhbified esign tdnebes epagnal ad Heaigmehpdhied GRET ACIhAR &hirRk bel ow the
noniﬂ?I thickneéf and(&ive of the sanples had a correction at or near the
23 apefer fungtie

20m hi nufREEsHriged Pb A, medylatinp &r QERD; ¢fetl lenst popit Odsefithed in a

cor r ect i RuPRLAWt REAUNMRAYiLE Bh&Hdrc 1RRCHARS t re at or
above 1.10 rricror?s._C FIEURETll i's a gpaﬁhf%apg%gkg Pfﬁg%%%f t he
spher i caf5hp@rat atsoafinl drayeapy ebphiiae eairsdiesinghimeersed abOaparteret(ep.. conbi ned
design | Or ' i.eal ation n _sone

enbodi mﬁ@@?einsﬂ%Tﬁgy%gwﬁggﬁgélgﬁg%?Jr}lg%:to ngr?ug(ggg OegFUP‘étt‘ig%lFﬁ)fa%uch as a Z42
aberr at i epertuteerigbd® S fmymhave an associ ated aperture, such as a 4.5 nm | QL
aperture. As depicted in FIGURE 11, a Z42 aberration may be between about
. 74 pdcrons : £ 0NS, @hﬁ a_nom nal, spherical aberration of
about™ . 83 ni??gﬁggggﬁgb |%é%%%ggﬁfgepaggf%3%gégﬁgﬁmﬁgﬁﬁé?$ﬁx58 ic I0OLs 10
di scl osed ahey miap bemproeimady 00024 2nispherlonala dlve miaidianadr omoabout . 74

m crons yp_to 30 about .81 m.crons, ,b on sanpl e popul ation of ten

| enses iﬁ‘%%ﬁpé%ﬁgfﬁﬁﬁﬂg'Bﬁﬁﬁ@%t?5%Abggggoﬁﬁyﬁﬁbaqgﬁ§nﬁﬁﬂ’@%@%%inents of
conbi nedmétesisgrFoasphesretal ofltiddbs odd eflbsdiheseEbitatal forfPHAAr r ect a 742

sphericaﬂ aPerraBion fromabout .79
ens [0 may have a lens power of 14.787 D (x) and 15.883 D (y), with a cylinder of

20 1.096 D. The spherical aberration may be -0.3099855 microns.

In some embodiments, better optics may be achieved by considering the
amounts of lens toricity and asphericity as functions of pupil diameters (apertures).
FIGURE 4 depicts a graphical representation of the spherical aberration
measurements for aspheric toric I0Ls 10 using a separated design. In FIGURE 4, the

25 spherical aberration equivalent (in microns) for fabricated lenses 10a may be
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Page 16 -microns up to about .85 m crons, based on a sanple popul ati on of
ten | enses sanpled froma popul ati on of about 100 10Ls. Enbodi nent s
di scl osed herein may be useful for correcting or mtigating corneal

asti gmat i ¥H2OBEFERIRE. 12 depicts a graphi cal conpari soRCBUSINE042889s toricity
of ten separated design | enses 10 and ten conbi ned design | enses 10 for
correct i sAMpRred agdgst gt ipherical sharration s@rwrletifodiireoms)s for ale@20 lasdsi gmat | sm may

be 250015t el b/} 8y I Ok FRELLUI R0 oA, dep cted I n FIGLRE 12, a 220

astigmatism nay et ween a mEr ons and” abobut 6.5 microns, with a
nom nal astigmati smof about 5.9 10 m crons. Enbodi nents of separated
desi gn aspher FEGWRE | T deiitts 4 @raphisall opedettgioni of try spherica cbedatda0

astignmati out,5, 1 mero up to about 6.5 m sed on a
sarmre. i BERIARe dbnchatall KINR Whesafb ariet, dpTIAPRE BEabout 100
10Ls 10. shndbiodi sienbtonleqaiodtbitngs ©REingN fas Blieichied tiedses 15QL%ayl Gedi scl osed
herein may correct a  Z20 ast{ mati.sm from about 5.1 mcrons up to about 5.9
m crons, © 2@8‘5 geringt hecsphegica Hop p@Hvebint {i@rmicergk T fgsignigsbsd from a
popul at i Qb @f vaAb@Uuph ARmbSrad8ng between Tt FHdRd130 A&P1 cts a graphi cal

conparison of the lens toricity of ten separated design | enses 10 and ten
conbi ned desi an | enses 10 for_correction of a Z20 astigmatismat a 4.5 mm
| OL aperture. %U%%Bidewaawphﬂcmﬁﬁeﬁéaﬂ%z@be tese fogietY ImseAUFRAYEnSe et ween

about 4. 3,MiHhORSHARMOAP QB yshp3s REfbRRS destin NHAFRATREN MRl zashl.gmat i sm of

about 4.8 nicrons Enbodi nents of separated design asphéric toric ICOLs 10
di scliBsegoHBrientronasigametisne ¢in mickee) of fabyered lonseh rl6ametychet cotnptiredi crons up to

about 5.4,m&ron . | at] . ten lLenses 10 sanpl ed
froma po%%%at?o%koé a%%ﬁ%ﬁ?%dﬁfggégﬁgggénﬁggggg%%§$dFmQOWﬁpﬁ@ﬁ desi gn
aspheri c rangmigdetvdes 2.00nmdiss¢ 5.03ed. herein may correct a Z20 astigmati sm from
about 4.1 25microns up to about 4.8 mcrons, based on a sanple popul ation

of ten | ensesyH r a_popul at i.on bout. 100 10Ls 10. FI GURE 14
depicts a gragﬁﬁgiﬁagéﬁgggﬁgghwgferﬁgmﬁéﬁ%“%%%%n%%%%ﬁyE@WﬁFﬂﬁTﬁFL) of ten
separ at edordesphgiv toend@bs 10 wing 4 emmioabdeeh. das FYFURB 5 eke Z6miker a 3.0 mm
Ibg_v\ggﬁr %ggﬁ%éierﬁ i{)rl aris%i%xn%fis!sn';: I(infn%{cro%s)zg'f %bl?ca?esdpggge!s ClOfEL %{]a(; lrleuczhm]j)gregay be

against the Zernike coefficient for design lenses 10b at various pupil diameters

ranging between 2.0 mm and 5.0 mum.

FIGURE 8 depicts a graphical representation of the back focal length (BFL)
measurements for aspheric toric JOLs 10 using a separated design and a combined
20 design. In FIGURE 8, the back focal length (in mm) may be compared between
design lenses 10a and fabricated lenses 10b at BFL-X and BFL-Y. - As depicted in
FIGURE 8, the BFL-X for the design lens 10a may be approximately 20.7 mm and

the BFL-X for the separated lens 1-b may be approximately 20.60 mm.

FIGURE 9 depicts a graphical representation of the back focal length (BFL)
25  measurements for aspheric toric JOLs 10 using a combined design. In FIGURE 9, the
back focal length (in mm) may be compared between design lenses 10a and fabricated
lenses 10b at BFL-X and BFL-Y. As depicted in FIGURE 9, the BFL-X for the
design lens 10a may be approximately 20.7 mm and the BFL-X for the separated lens

10b may be approximately 20.10 mm.
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30 about 19.30 nmm and about 19.82 nm wth a nom nal y-BFL of about 19.59
m crons. As depicted in FIGURE 14, the y-BFL for several aspheric toric
10Ls 10 havin% a Page 17 separated design may result in |l ens 10 havi ng an
optical pBRefEi¥&e to 21.0 D. As depicted in Fl GURE PEI/UF2P0BEESY or a 21,5
D may be between about 18 90 mm and about 19.30 mm w th a nom nal y-BFL of
about 19.10 rxewples maxdedwpeiiciaddoi poiFinEURE alldantaghe and BErdsof thever al
aspheri cy; e 1 i a i j esul t .in lens 10
naving aivishfe, Jhsinckd DAY 108016 9, BPTustRald Yot AR ghot B %7

gr aphi cahcrgboipartiizog kobdwt fibribaine pBacksekoEddrichitmgirbcet B aydiichiden separ at ed
desi gn Ibertlses ‘i}g agag ten conbi ned. design | enses 1Q for, a 3.0 | OL
aper t ur 0 AT RYLS{mIEa gy Pip Spitine walgr foldihg, and feny gisfige. é_tofﬁﬁhﬁ’g}}nbe bet ween
abouts 18&sPkkrdny ang ropratiddd of Qepamate Whithed shiThd altedor Bukia@f 14Ut 18. 20

m crons. 10 As d?pi cted in FIGURE 15, the x-BFL for several aspheric toric
10Ls 10 DOSWHAGSHiase d4r 8t 88y desFUrPiRRsly OF @stinale iswfacenguchoasnansierig” an opt i cal
power cl@sg.d@’21.0 D. As depicted in FIGURE 15, a x-BFL for a 21.5 D may
be between about 17.60 nm and about 18.00 mm w th a nom nal x-BFL of about
18. 00 mcrons, As depicted in FIGURE 15, the x-BFL for several aspheric
toric |COLs 1§IﬁWnb(?aS GoFBIel cavpg T 18nay spheriset aberafiem$f ten havi ng an
opti cal : [ i : j cal

conpari ssgﬁéé%tf%d tg %sgg%ﬁg%gs g%ﬁ@rt%:g?m}gﬁ‘ee% @as %@%‘ S%sg%jﬁgk &%%ﬁg‘ég%%?g% ed design

| enslds 1spherrrg] aberratondsiarfetimaegapertores SYGURE WY depicks, Be nasultGhf tapert ure. As
depi cted i, FI.G 6 1 ke spheri.cal.-aberration, (C4 have a

i pi mum sbeie O TorT10 B T RRY St anefRR G oRBut BT "0m23 20

m cr ons,anwiribhswafaneid aald poatossrsatfhar 60 hnd @n 2heficoan $OLT Nehdavapghe of

correction .provjded by 10Ls. 10 utiljzin separ at ed design npy |ie between
0 17° e R bty i i buEeay B SO MG PR EtTOR 18ovi ded by

I OLs 10 1bnbdsi @ e ake ohNRPuRASAIT fFBMct s bRippRRINAAPN0X ¢GB! y - 0. 18 and
-0.19 mcrons, FIGJURE 17 depicts a graphical conparison of the |ens

torilei t y-agpes Ehwors ieupanasingta derigh shepgéan 462 ahalmem I8nticrEd: desi gn

| enses 1@k P} B pldHdeA RS ol -coé@c}tigij?_Bg %ﬁ%&im e§J Ahickdns, @ €Y1 i nder

(Di opter) may have a mnimum cylinder o an (

: N ! , ‘ maxi mum ¢yl i nder of
1. 65 D, with hmanimgm eegectioplof appeeximhtely, 50DmicTéns and agexpfiune ovrrastos on provi ded

by I OLs e ' Y L en 1,25 D to about
V75 D AP AP zs, SEARE A, SARLAN I el 5 SSLARRT s 3N 2 conbi nec
desi gn rnhy doimgnab ehivieess, apprioeel ofatlel yanipl® Bdandofre@ioB. at or near the

20 minimum correction. In this test, the combined design resulted in a correction below

the nominal correction, and nine of the ten were at or above 1.10 microns.

FIGURE 11 is a graphical comparison of the spherical aberration of ten

separated design lenses 10 and ten combined design lenses 10 for correction of a
spherical aberration. In some embodiments, lens 10 may be used to correct an

25  aberration, such as a Z42 aberration. Lens 10 may have an associated aperture, such
as a 4.5 mm IOL aperture. As depicted in FIGURE 11, a Z42 aberration may be
between about .74 microns and about .92 microns, with a nominal spherical aberration

of about .83 microns. Embodiments of separated design aspheric toric IOLs 10
disclosed herein may correct a Z42 spherical aberration from about .74 microns up to

30 about .81 microns, based on a sample population of ten lenses 10 sampled from a
population of about 100 IOLs 10. Embodiments of combined design aspheric toric

IOLs 10 disclosed herein may correct a Z42 spherical aberration from about .79
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Page 18 FI GURE 18 depicts a graphical comparison of |ens power of
ten separated design |l enses 10 and ten conbi ned design lenses 10 for a 3.0
nm | OL aperture. As depicted in FIGURE 18, |ens power &flat mer i di an)

bet ween 2898%3#d°L0. 50 D may provi de SE of 21.0 D an8CTEAYIYOEY (fl at
meridi an) between 20.6 D and 21 O D may 5 provide SE of 21.5 D. A range of
correct i BYCTpRSO td @boy8 S micsons thasad ¢ni & sampleapenapdipapeign dresisgammied | i e bet ween

appr oxi \'19135"%0%9139&%0%%6909 For exanple, lens 10 identified as '18'

nay provi S power of approxi mately 20.25 D. A range of correction
provided by IO.s 10 utilizing a conbined design may |ie between

appr oxi mat eI yEizboddmelahdiiSZE).S@i)h@?inFmﬂY éxarpiué fol emsctife bdentigdtingd as '1' may
provi de %0 g&%ﬁg{l of approximately 20.90 D. FI GURE 19 depicts a
gr aphi cal " represe ion of |lens power at a steep neridian for a 3.0 mMm
aperture with tonic bench. As depicted in FIGURE 21, |ens power (steep

meri dfan) bet HERRE 11250¢aetdl aZgra@ﬁ)icﬂ) paypapsay iof ehSHersf to2itit dD @mnd | ens power

d b 21.5 D. 15 A
53%33"0??@3%%& BerigR 18560580 B o B T oM T SRSt Bt a2l on ey
li e bet wesignappi.oXi statealnbodiachb, am() aﬁugaﬁnan 3 Tbe@¥RRled withes.0 10

identified 18 pravi de |l ens power of approximtely 20.25 D. A range
of corref g@“ﬁ W‘aeé s Jgpigiet & E@%‘?Il?szq 44 astigBpbym Ewy dediehteefmy | e

bet ween gnik 8% ARk Yand 2b00 ENGidhsIQit.a f(ﬁﬁmﬁxff% Risml NHon0s bdentified as
‘1" may provide_ | ens power of approxi mately 20 0 D. TABLE 1

AsphéPi crigpmor Eebedimensh af sapargied wesigp sspherfia tals I@lyﬁ il dlisclpgsdehergiay T3 (1. 5D
cyl) Ant ﬁ{a& 951‘1'43@9 Vs grs%gﬁﬁaﬁsrﬁ@o%b&t Sspm?c}ansl?l%% %du%.s (ngcrons, based

on a sample population of ten lenses 10 sampled from a population of about 100 [OLs
10. Embodiments of combined design aspheric toric IOLs 10 disclosed herein may
correct a Z20 astigmatism from about 5.1 microns up to about 5.9 microns, based on a

15  sample population of ten lenses 10 sampled from a population of about 100 I0Ls 10.

FIGURE 13 depicts a graphical compartson of the lens toricity of ten
separated design lenses 10 and ten combined design lenses 10 for correction of 2 Z20
astigmatism at a 4.5 mm [OL aperture. As depicted in FIGURE 13, a Z20
astigmatism may be between about 4.3 microns and about 5.3 microns, with a

20 nominal astigmatism of about 4.8 microns. Embodiments of separated design
aspheric toric IOLs 10 disclosed herein may correct a Z20 astigmatism from about 4.1
microns up to about 5.4 microns, based on a sample population of ten lenses 10
sampled from a population of about 100 IOLs 10. Embodiments of combined design
aspheric toric IOLs 10 disclosed herein may correct a Z20 astigmatism from about 4.1

25 microns up to about 4.8 microns, based on a sample population of ten lenses 10

sampled from a population of about 100 IOLs 10,

FIGURE 14 depicts a graphical comparison of the lens Back Focal Length

(BFL) of ten separated design lenses 10 and ten combined design lenses 10 for a 3.0

mm IOL aperture. A first y-BFL for a 21.0 D aspheric toric JOL 10 may be between

30 about 19.30 mm and about 19.82 mm, with a nominal y-BFL of about 19.59 microns.
As depicted in FIGURE 14, the y-BFL for several aspheric toric IOLs 10 having a
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conic) Radius X-23.808 nm Asphericity/ Toricity conbined on sane surface
21D/ T3 (1.5D cyl) 19.609 -23.814 nrn Page 19 WO

2009/ 137491PCT/ US2009/ 042859 Coni ¢ X-65.571 Radi us Y-20.446 nm 20. 451 nm
Coni ¢ Y- A¥0##8/13¢8&ht er 0. 611 nm0. 612 mMm PCT/US2009/042859

separated design may result in ens 10 having an optical power close to 21.0 D. As
depicted in FIGURE 14, a y-BEL for a 21.5 D may be between about 18,90 mm and
about 19.30 mm, with a nominal y-BFL of about 19.10 microns. As depicted in
FIGURE 14, the x-BFL for several aspheric toric IOLs 10 having a combined design

5  may result in lens 10 having an optical power close to 21.5 D.

FIGURE 15 depicts a graphical comparison of the lens Back Focal Length

(BFL) of ten separated design lenses 10 and ten combined design lenses 10 for a 3.0

mm JOL aperture. A first x-BFL for a 21.0 D aspheric toric [OL 10 may be between
about 18.00 mm and about 18.40 mm, with a nominal x-BFL of about 18.20 microns.

10 As depicted in FIGURE 15, the x-BFL for several aspheric toric I0Ls 10 having a
separated design may result in lens 10 having an optical power close to 21.0 D. As
depicted in FIGURE 15, a x-BFL for a 21.5 D may be between about 17.60 mm and
about 18.G0 mm, with a nominal x-BFL of about 18.00 microns. As depicted in
FIGURE 15, the x-BFL for several aspheric toric IOLs 10 having a combined design

15 mayresultin lens 10 having an optical power close to 21.5 D.

FIGURE 16 depicts a graphical comparison of the lens spherical aberration

(SA) of ten separated design lenses 10 and ten combined design lenses 10 for a 5.0

mm 0L aperture. As depicted in FIGURE 16, a Zernike spherical aberration (C40)

may have a minimum aberration of -0.17 microns and a maximum aberration of -0.23

20  microns, with a nominal aberration of -0.19 microns. The range of correction
provided by 10Ls 10 utilizing a separated design may lie between -0.17 microns to
about -0.18 microns. A range of correction provided by IOLs 10 utilizing a

combined design may lie between approximately -0.18 and -0.19 microns,

FIGURE 17 depicts a graphical comparison of the lens toricity of ten
25  separated design lenses 10 and ten combined design lenses 10 for a 5.0 mm IOL
aperture. As depicted in FIGURE 17, a cylinder (Diopter) may have a minimum
cylinder of 1.30 D and & maximum cylinder of 1.65 D, with a nominal cylinder of 1.5
D. The range of correction provided by IOLs 10 utilizing a separated design may lie
between 1.25 D to about 1.75D. A range of correction provided by I0Ls 10 utilizing

30 acombined design may lie between approximately 1.2 D and 1.6 D.
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Thi ckness Edge Thi ckness 0.21 nmm0 21 mn (@5 degrees) Table 1
depicts various sanple results of two enbodi nents of aspheric/toric |enses
10. For the enbodi ments depicted in Table 1, the optical power and edge

t hi cknessWBRMPHRE4¥epar at ed design , enbodi ments equal BETRREIYHRBI’ned desi gn
5enbodi ments, _and the center thickness was nearly the sane. In sone

embodi ment s, HARERENiSHpids 2 grapival edeperism plelens poweregl igasgRaratel some

enmbodi megpy k t off TEN pefj odically. In

some enbod %%é%?%]mgg§|§f§§ﬁﬂ%ﬁiﬁ%§ﬁ@%§§ Pﬁ%ﬁgééiglna éﬁﬁéFnJ%%ldal In

sone enbégictedrit FIGYRE 18hieakpayss (Bt mmﬁila@&igmm PO alici)Z@r@@Dbeasequal at 45

degree di Al advant eq I d ckness at the 45

degree H%Dwggg%skggér%eﬁéﬁm f@ﬁi nﬁmﬁémg§Fs#§né§ &F 0 |nplant | ens

10 i it o jaovidy 8E &1l HURD. 2QAdﬁ:pgecb&cmagﬁ@pbt@aiedrt@pl(es@mna;ttih@mgoaf t he edge

t hi ckness for.qne enbodi pent of aspherjc,t ocular lens 10. As

depi ct ed°P3aiey &W ﬂ?ﬁg“{?ﬁl} PR ate %%&i %@'% EPAPEoi dal . I n

some embegl nﬁaéxﬁlﬁe@aﬁmulﬁ@y Srdlridy adnk @gwe}rbfraﬁymmfaw d§ 2045DI  {he | ens

t hi ckness  bei ng equal at a neridian. In sone enbodi nents, the | ens

t h| cknes® geEpctive gvided Ay [Ohe Woutizim ﬁé@‘ﬁb’é‘ewﬁ%? aHY BhBCTESP be a maxi num
m ni t 0 & icted in

Pl GURE %&&Eﬁ&%gggﬁg ¢ %neslg Feodh ngg?i’ %ﬁ{n @{de@éd%%p?%’ ‘t"g y 0.225 )

at tHe fkmﬂpwmnOQMwmmammﬂa2%9®Dnun1(|. e., approximately 0.195 nm) and equa

(i.e., approximately 0.21 nmm) at 20the four 45-degree neridians. In

accordance wi e1d QL p r..pr ing toricity

and aspheri C|F¥I§Ui(§§ }515 % ﬁgﬁg %rar?gﬁ & gc\?grﬂ ]eegln&ﬁ?%%/lu%ufgp pd Qt\éé articularly,

|nprovednmﬁkalhaué(bmenmumgﬂimﬁbdﬁmﬁumdachséw@ma&@eFKEﬁREalsknmce and near

Vi si on mﬁtho t the sual cor

spectacl%ﬁ%mf §nﬂﬁﬁ@9P gab?ﬁgsa@ﬁ%%&?h%ﬁ?gpgpw%hﬁéﬂgahgﬁh%§1 crystalline
lens to lbgs posl aeep matitianpietdéh 2zatD MMSIHSMQ%VEMP yiBi.pp. over a range
of ob'ec di st ances. QE a sur . gal proc@mg varlous enbodi nment s
of | JERE YetPTEBERME PIOKie &ynﬁ?&r Satit S04 AGCRABRA %StEYIma 1t ool s and
teChn'QUﬁﬁwmﬁ@@@ﬁﬂmﬂﬂﬁf91V&%h&9§9@rﬁnﬁﬁdkﬁﬁﬁkskné@@%ﬁ%ﬁﬁ&ﬁm@ﬂsused to
support Astigmatic correction strategies for enhancing vision such as, but
not |i mimedrpwde kphpae |0ﬁ@opr@%maaléa20§§tl? ofvaitigs @ efrrectien pvRwided ey e,

mai nt ai nigig 1BLEARG atcbaaansa/hésggq%aﬂ@ S @h Bk AALNT2 DE TSR0 asti gmati sm
at preferable neri |ans procedure e surgeon can use markings on
t he | ensD( %tmaamimlkllﬁgéenzﬁmbas B gquyerdvide lenppoperdf ypabikigntdhe toric

shapg, of |l ens with the 10neridians of the astigmatism Al t hough
enmbodl nent’s have been described in detail herein, it should be understood
that the description is by way of exanple only and is not to be construed
inalimting sense. It is to be further understood, therefore, that
nunerous changes in the details of the enbodi nents and additi onal

enbodi ments will be apparent, angd,ppy

Asphericity/Toricity  Asphericity/Toricity

separated on two combined on same
surfaces surface
Optical Power  21D/T3 (1.5D cyl) 21D/T3 (1.5D cyl)
Anterior
Radius 19.613 mm 19.609
Conic -36.211
Posterior (bi-
conic)
Radius X -23.808 mm -23.814 mm
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15 be nmade by, persons of ordinary skill in the art having reference to
this description. It is contenplated that all such changes and additi onal
enbodi ments arc within scope of the clains below Page 21 CLAIMS What is
cl ai med i¥929%1374%/n opht hal mi ¢ devi ce, conprising: anPEPHBIAI 4RI ens

havi ng an anterior surface and a posterior surface; and one or nore haptics
coupl ed to the ophth&lopiceX | ens; wherein one of63.HE posterior or anterior
surfaces is shaped sg,4 the,gpht hgl mc 10 I_ﬁpz%lirﬁmconfi gured as an
aspheric | ens and one of the posterior or anteri'or surfaces is shaped so
that the ophthalmc ICensY s configured as a te4id.m:8 ens, characterized in
that an edge thickness is equ t 45 degree irdians of the toric |ens
and the edge thi cknes@enéffr eacﬁd‘@fq THe 45 degrg‘é?1 ians is less than
0.3mm 152. The ophtTiatksess device of Caim 1, wherein the posterior surface
is shaped so that the gphthalmic lens is configured as the aspheric |ens
and the toric | ensEdgeé[%lckﬁ%gsoéh%lh@F‘m c devi ceﬂgﬂ m@aim 1, wherein the
anterior surface i@@sﬂg@gggego that the ophthalmc lens is configured as the
aspheric lens and_the toric'lens. 20 4. The ophthalm c device of Claima1l,
wherein the posterior surface is shaped so that the ophthalmc lens is
configured as an aspheric lens and the anterior surface is shaped so that

the opht hal m gt £NSehists SAMUs WHER B8 oF RFd Emb&Fients of aspheric/toric

lenses 10. For the embodiments depicted in Table 1, the optical power and edge

thickness of the separated design embodiments equaled the combined design

5 embodiments, and the center thickness was nearly the same.

In some embodiments, the thickness of the edge of lens 10 may vary. In some
embodiments, the thickness of the edge of lens 10 may vary periodically. In some
embodiments, variation in the edge thickness may be sinusoidal. In some
embodiments, the thickness of the edge of lens 10 may be equal at 45 degree

10 meridians. An advantage to having equal edge thickness at the 45 degree meridians
may be the ability o use existing tools to implant lens 10 into an eve. FIGURE 20
depicts a graphical representation of the edge thickness for one embodiment of
aspheric toric intraccular lens 10. As depicted in FIGURE 20, the variation in
thickness may be sinusoidal. In some embodiments, a sinusoidal variation may result

15 in the lens thickness being equal at a meridian. In some embodiments, the lens
thickness may be equal at the four 45-degree meridians and may be a maximum or
minimum thickness at the steep and/or flat meridians. As depicted in FIGURE 20, the
lens thickness is a maximum (i.e., approximately 0.225 mm) at the flat meridian and a
minimum (i.e., approximately 0.195 mm) and equal (i.e., approximately 0.21 mm) at

20 the four 45-degree meridians,

In accordance with the foregoing, methods and apparatus for providing toricity
and asphericity on a single lens 10 have been provided. More particularly, improved
IOLs have been disclosed that achieve excellent distance and near vision without the

need for additional visual correction (e.g., spectacles). Thus, the foregoing
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255. The ophthal m c device of Claim1, wherein the anterior surface is
shaped so that the ophthalmc lens is configured as an aspheric | ens and
the posterior surface is shaped so that the ophthalmc lens is configured
as a tori¥oPRgRg7i 6. The ophthal mic device of CP&IFAISEIMI%ei n t he
edge thickness varies periodically 30around the toric |ens. 7. The

opht hal mewmboéwinte aibwChainaiugyl wherlbin ldnhdo Sel splaed! eddeadt KD khass i s

bet ween 0'02'c%99x 013 mm 8. The o h%ha,[lgtc device of Claim®6, wherein the
edge t hi BIGTEES SrRPTE IS0 QU 5 14249 ) O0Cl SRS oot hal i ¢ devi ce of Ol aim 1,
wherein the aspheric surface is shaped wth a single asphericity for all
cylinder neriDudmsa surgical proceifire, Thgous phtbbaintens de0Le ale@fibed abdel, Wherein

t he aspheric surface i.s shaped with 10f i rst asphericity for a first

meri di an_cg’nge ?@%?ﬁ‘éﬁl%%}?&% LIRE 1‘??33 andglg it efre FCEITARE 10 Y410UFhe

opht hgl ne@betemess, Rhsetl cah Melied Whesufhd WREzhitStorRRfos ecaR.TRY;i di ans are
the principal, neridians. 1512. The ophthal mc device of Claim1l, wherein

t he hapt PREDERS ViSkwraeh &% bpcmydoyted ta, aninppiging seridval satiemadsm ebthef O aim 1,
wher ei n : t - : t g]ghﬁg j .ol ogi cal

mat eri al Rﬂglg%ﬁiﬁ &%}g{%gﬁ?ﬁ%&%&%&g&gﬁr%gb 0‘éflal m %B%%\@@et%gﬂﬂa? ng ophthal m c
devi ce cafrpeiexbls neerigiéans.oPunmeg kprosedutctbe surgenaiac usd mghimgnbdn tie léhe opht hal ni ¢

| ens rel atj n ridi ans,.of .an asti r’r%t'sm 2515. An
opht hal m%%bg%né&g%ﬁ%%?éﬁEnlgl:ilg S ﬂrgpe%y 110 thTorftshin OF the Idhs &t thie
10 meridians of the astigmatism.,

Although embodiments have been described in detail herein, it should be
understood that the deseription is by way of example only and is not to be construed
in a limiting sense. It is to be further understood, therefore, that numerous changes in
the details of the embodiments and additional embodiments will be apparent, and may

15 be made by, persons of ordinary skill in the art having reference to this description. It
is contemplated that all such changes and additional embodiments are within scope of

the claims below
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an anterior surface; and a posterior surface one of the anterior or
posterior surface having asphericity and one of the anterior or posterior
surface having toricity, characterized in that an edge thickness at each 45
Page23 degree neridian of the toric lens is equal and the edge t hi ckness
at each of the 45 degree neridian %ﬁhhgss than 0. 3mm 16. The
ophthalmc lens of O aim 15, mheréph a single surface is shaped Qﬁth
Sasphericity and toricity. 17. The ophthalmc lens of Caim 16, wherein the

single surface is definéd by: sag = toric(r 8) wherein (c, cos2 8 +
. - - " . ! ! ! ! C
sin2 OWRatiOtleimied(iRa"g, r, 0)=, wherein 1+ \11- (1+ k ")c2,r 2(COSZ - (1+ k Y
y)c y2 r2 sin2 11,n Cx=-,C = Kx and K> V. Rx YR 18. The ophthalmc

| en® of O aim 15, wherein separated surface have the toricity and

aspheri Ci §Ya; ophthalmid Qevidd)@o@phitiag) m ¢ 1 ens of C ai m 18, wher e -
surface andAgggond surfacé é?g 15%efined by: ’ erein the first

an ophthalmic lens having an antenor surface%hd a posterior surface; and

one or more haptics coupled to the ophthalmic lens;

wherein one of the posterior or anterior surfaces is shaped so that the ophthalmic

10 lens is configured as an aspheric lens and one of the posterior or anterior surfaces is
shaped so that the ophthalmic Jens is configured as a toric lens, characterized in that
an edge thickness is equal at 45 degree meridians of the toric lens and the edge

thickness at each of the 45 degree merdians is less than 0.3mm.

15 2. The ophthalmic device of Claim 1, wherein the posterior surface is shaped so that

the ophthalmic lens is configured as the aspheric lens and the toric lens.

3. The ophthalmic device of Claim 1, wherein the anterior surface is shaped so that
the ophthalmic lens is configured as the aspheric lens and the toric lens.

20 '
4. The ophthalmic device of Claim 1, wherein the posterior surface is shaped so that
the ophthalmic lens is configured as an aspheric lens and the anterior surface is

shaped so that the ophthalmic lens is configured as a toric lens.
25 5. The ophthalmic device of Claim 1, whezein the anterior surface is shaped so that
the ophthalmic lens is configured as an aspheric lens and the posterior surface is

shaped so that the ophthalmic lens is configured as a toric lens.

6. The ophthalmic device of Claim 1, wherein the edge thickness varies periodically

30 around the toric lens.
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sag, = toric(r, 0) and sag2 = asph(r), wherein: toric(f, 0) = (c x cos éu+
cy sin2 0)r2 1+ .\11- (1+ lc x)cr 2 cos2 O (1 )52r2 sin2and 11 = -,c =-

Rix Y and ky > 0 and Cr21 asph(r)=,,c=-,k> O 1+ V1- (1+ k)c2 r2R2
7. The ophthalmic device of Claim 6, wherein the selected edge thickness s between
0.2 and 0.3 mm.

8. The ophthalmic device of Claim 6, wherein the edge thickness varies sinusoidally.

9. The ophthalmic device of Claim 1, wherein the aspheric surface is shaped with a

single asphericity for all cylinder mendians.

10. The ophthalmic device of Claim I, wherein the aspheric surface is shaped with a

10 first asphericity for a first meridian and a second asphericity for a second meridian.

11. The ophthalmic device of Claim 10, wherein the first and second meridians are

the principal meridians.

15 12. The ophthalmic device of Claim 1, wherein the haptics are formed of
ACRYSOF.

13. The ophthalmic device of Claim 1, wherein the haptics are roughened to promote
adherence with biological material.

20
14. The ophthalmic device of Claim 1, wherein the ophthalmic device comprises a
set of markers placed to aid alignment of the ophthalmic lens relative to one or more

meridians of an astigmatism.

25 15. An ophthalmic lens comprising:
an anterior surface; and
a posterior surface
one of the anterior or posterior surface having asphericity and one of the anterior or

posterior surface having toricity, characterized in that an edge thickness at each 43
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degree meridian of the toric lens is equal and the edge thickness at each of the 45

degree meridians is less than 0.3mm.

16. The ophthalmic lens of Claim 15, wherein a single surface is shaped with

5 asphericity and toricity.

17. The ophthalmic lens of Claim 16, wherein the single surface is defined by:

sag = toric(r,6), wherein

2 P 2 2
(¢, cos” @ +c, sin” B)r

10 toric(R,,,,r,0) =
1+ \[lm (+k,)cir® cos’ 8-(1+ ky)cf,rz sin® 8

, wherein

c=b o=t & andk >0.
R, d

1
x Py
R, y
18. The ophthalmic lens of Claim 15, wherein separated surface have the toricity and

asphericity.

19. The ophthalmic lens of Claim 18, wherein the first surface and second surface are
15  defined by:

sag, = toric(r,0) and sag, = asph(r), wherein:

P2 gy 2
(c,cos2 +c, sin” O)r

torie(r,@) = s ——
1+J1—(1+kxx)cxr cos’ @=(1+k,)cir’sin®@ and

=—~—1-~,k and k£, >0 and
R * g

1y

—I C
C -_
X Ty
R,

2
il czi,k>0.

asph(r) = ;
1+l =1+ k) r? R,
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