; e3e 46PT%! METHODS AND | NSTRUMENTS FOR | MPROVI NG REFRAGH-VE OPHTHALM C
SURGERY Field of the Invention The invention relates generally to the field
of vision correction and nore particularly 5 to net hom mmﬂlmmmmmmﬁt us

i nvol vi ng bi odynami cs/ bi onechanics of the eye to ulti H“ e

i nproved vision to patients through refractive correction..Bagkground of

the Invention The future of |aser refractive surgery is trenendously
exciting as we nove i NMETHEDSANDMNIERGMENTS FORUINEPROVERGi al f or

ever - unproved post-operati i | . he past, the
operative goal has been 23@#@?@%@&#@@&#?#%@ esidual refractive
error. Criteria for a "successful? .eﬁ)%oictﬁdgrve re operationally broadened
to 20/40 or better with. +1 di o_ptgf ?_ & lf_(‘fﬂé? refractive error. However,
e ron TR vl bSO, W bt Aty B 8001 SUL S DB
bei ng devottednéthodieatd afparabisSnosiving biodhaarsbioggcaaics @dche iepd e/ nithmedtely
patient. The new . 15 ulti nate,oFe{Eati ve_goal is 20/10 visual acuity with
aber r at i on-PFYREe HEEeved yEIoRtp patispisdhrgngh roEECUVR 6RFCU  t hese | ofty goals be
acconplished? First, |asers have been inproved with the devel opnent of

scanning, small spot systens, IacRPRARAQS{H Inb@tibhr St generation
br oad- beans systens. The scanni ng systens have brought, custom zed

procedur es i nt o HRdUNEPIIATE TeERRRYL ISRy 1s Taspeadepsly i cing sapieanessiiteeband

sophi sti catig hiRHiutA:R B8 PoRBtidl $80EvEQimPiNed PostePetattR VidBLherRABSE0M
i ndi vi dual Iﬁgtl ent data, as opposed to the sinple sphere and cylinder of

t he pasiO pasj,ibe opdratiisrgoalleds dsera? ¥2G visyad neyity widi zrjo pasidelagfractive error.
wavefTont - al " i k I
v Q4 ?ﬁ:&’foﬁ‘g stcR ROl ﬁ%&%ﬁﬁ%&%ﬁ@?ﬁ%ﬁ gg;ﬁdexﬁa_té iwﬁ@ﬁ:;ﬂeh& WHiF+1

prom si ng, yet neither appr consi st ent superi1or
resul ts to diepierpfirebidhaprefrectihareger. i oweayat, meithee sirgeons sont fufurepatients wels likdly a
pi ece of the t...Vi Si aQn Still-nmssing? |s n_ addi tjopnal ,
D conpl | Ay LSt aEh BRaPUAE of bl bR Hend S SURERPE B bBTL
we | eapi ng ik being tdeotéd touden elap eadtoafized Vi prodedbessShnerth mylivitud) @atienh eThe new .

proceduyes be i npl ement 0. be optimal lly successful ? Apgpraxi mately 60
e cont o UmBreCRRERTRRE ' 2D iRy eSBbl Bt erpRe e ot BB e o o
myopi ¢ wor |1 dan e YorlyNgiasalhd sccofnplih8@r  Figdh M laghd MereShiked GhpRSe@irn@h the
performed every 30 year for the correction of opj a,. These procedures wl|l
ultimately depelgppeny Oﬁﬁ@aémﬁérfﬂ%é‘ﬁ SBPt PHEPYI2Y 83?%%5061]?1@'5{ ﬁ%“afflt’g‘bé’,°ag'gi”d“ yet
the cornealsys@®PONBR tQkAS @Ysta@i BiveObtohght NAktoBEd prate@irsd @@ theTeakh@f many

i ndi vidual s treated, about 15-50% of them do NOT achieve 20/20_1 .
feasibility. Second, more comprehensive and sophisticated input data can be used to "guide"

ot

20 the laser based on individual patient data, as opposed to the simple sphere and cylinder of the
past. Two types of approaches are currently being pursued - wavefront-guided and
topography-guided procedures. Early results are promising, yet neither approach has
demonstrated consistently superior results to non-guided procedures in controlled, scientific
studies. Is a piece of the perfect vision puzzle still missing? Is there an additional,

25  complimentary approach to "customization" that has yet to emerge? Are we leaping into the
future ahead of our understanding of how these procedures may be implemented to be

optimally successful?

Approximately 60 percent of Americans have refractive errors, and millions of people

are myopic worldwide. Many thousands of laser refractive surgeries are performed every

30  year for the correction of myopia. These procedures will ultimately affect a huge number of
individuals around the globe, and yet the comnea] response to laser ablation is not well

understood. Of the many individuals treated, about 15-50% of them do NOT achieve 20/20
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vision, which translates into very |arge nunbers when the extrene

popul arity of refractive surgery is considered. It is crucial that the
nunber of patients who achieve their targeted vision be increased in order
to inmprove the overall quality of vision in this vast group of people. 5
111 the quest for the ideal corneal ablation, a major obstacle yet to be
overcone i e t I h

response tg %21 gjtl“l{bglﬁt? \g\ﬁ%ﬁ‘?‘{) V%%l{me& ug%gﬁsc@é%g&%? Jg‘gq’k‘n}g% opoé’rgfpr%rgcggfded
and wavefr smgergus deukidemst olriiz eﬁhcint dmedmr:ersnbeii of pit&n‘@ urlicesthiesd eiel, tatgbied

process of abl ation design relies on a "black box" approach, vc~herein
enor nous el FHRt ‘é‘F’é"a r‘gcotr‘i‘?i t&tunpioﬁklt%ovﬁrﬂlpﬂﬁa fBﬂ/%ﬁ'Ylﬁ!B’P é%ﬂ’ést Yast gorRf on
al gorithm pk le. C:~itput” 10 variables (refractive error, visual acuity,

gl are, aberr t|on pati ent satisfaction, etc.), while the physi cal

interfage bet We?xnthle a?&& AL fﬁ‘éﬁl%&ne&lrh%laﬁfif Uplg eﬁf&&%’a@lfﬁg}f& vaxfc&‘hé‘gst 4N

betyveen all releva nponents 1S ecte l'ation an
sur gi cal outadmmacsaoﬁclmeni mradedd for bredicéidg dm ctomal mminse tocabthditig rwhich isdpiacts

cause-effegt rel atl at e R | tatlstlca
rel ations h:ﬁlﬁ SUFGSt 8 ?SEP %’05%8 ?ﬁf}jé‘fqd‘ %&Eﬁoﬁt l‘fﬁ %%’4“&%@818% SRSy Biessi on
1g ianal ysesluga‘nt tstuee, Stlammcaﬁs abhlﬁ&txc}nndésighgﬁiﬁfaha Cilidki B dppioatls dvxﬁlélﬁ@n |
ability to objectiyely neasure performnce of the eye, ed to S|np e
corneal sh OP%ef%‘?qstqr‘?; ected at Hpidpg) rﬁlﬁ"rtnﬁma&lﬁ Z‘PF g‘tﬂatgqngaigqnﬁqxirgg

gener atp ngvﬁ{hbfé‘é ?fe@a&tn‘e%? WATE eu®y, g‘l’zﬁé WBLrrAidh ;d%g?ﬁtsgtt(sﬂcﬁ&f etrcgf ﬁfﬁ@&t hye

surgery. Anterior corneal surface tdpography ca e 1nto account
cont ri but i phigsice} inggyface Abtimpen ot ardrutmitrithe antuel meelwinigas (off ntergation detweems t he

posteri or iR LI 50% v\‘ﬁih’{tgc ﬁlglly nt'é‘c?le&éé’ Shﬁgahléﬂa‘l?;éi sifbleal o btcdind 2% 28 Wl

programmed Stric nt'eri®or "t 8pogra correctron wo
at best i nlm]mpdl @t Ewo kemelsiad detemstistid, wpbsyg- esﬁﬁearnglaud'ﬂshxpedlaated by@lredicad m¢a11ty,

analysis is ort rtlc t ultimate.goal is to
correct hi al?ffe;? Soar)c %crall ABEHS alf“?o Ogggl%ﬁ’éo ﬁyta?lg de’%h%r‘% TP TS Frepyesion
Howeveid5 t bmlyzpaesﬂﬂae) panma rsriables mdkreel soateadlingral mhsefl‘heﬁmh@mabt;jmnselglmmé S
sufficient t edi ct visual, outcomes. W 25. re pl ace corneal

* opogr aphy PrTRe ehBE esEops PR SIS Sisae abprist REL, GRHHeBEbdur o2
O, on theaglbtfiey alpfithnd and RE@atthgPae CRrefl] TrhgroPdidsht EfStikhal dﬁto‘é)ﬁieﬁlga'ftcff so,

can corneal topography conplenent the wavefront data to help conplete the
pi cture of TEBF @als"‘?gé%onéé‘*ﬁnl"hl qoragel SuFfachttepogtaphy, ot HRYf F%Etln@}‘é account

ker at ect orruor(tﬁﬁit@m W8 ekl T§ 'nf\% br&ri%&@@'fﬂ%dey@}’sdcﬁ' at 8B eridBgIRLl YN et
al . (Munerl CR, boons r shal

. Photorefractive 30 keratectorny: a
t echni gfe fl&facr aadihe coptelineiiens éfmlg@r ylereapreﬁﬂlamaéﬁmrééx Wik eoigiar opopDely 14: 46

52) The Coﬁﬁ@athmélrgaﬂﬁlﬁdﬂ@%etameéi %gcroﬂi?}ét@@hnﬁ% ARG i 1%! kbxﬁlgbu'lﬂle?efgﬁt erial
in between wi'sh a known index of refraction. In the tr ment” of nyopl a,

t he goal wagveltont pealysissis cﬂqadyampmalnbmamadliads iipthe alimede poad is tpmg*e@éml@asu ng
t he curvat r I
urvat yf fer Qgerr%lﬁgns 11% xlzl?r[ “h?g%l 2 | C 1nhér e@% éﬂ’t ac{}‘ﬁcstxton

sinpl e geonetric tornu resu assune onceaf shape
V\as a funcwhetherowayefint Eimdy%lalane amsqiﬁmémtl B. ﬁﬂlylpsed:tammml bﬁtmxgést Wil as t he

h btract di 4 t
rovaP® antrrigt sasry RN e S el BPEREH IR RRE R PR |
t hought t OOb,eoxdaieebmmBﬂldSG)d eleye b)pld&@VMf Nnte pukils SUR thiSsing? If so, can comeal

topography complement the wavefront data to help complete the picture of corneal response?

Initial attempts at photorefractive keratectomy (PRK) used a simple model presented

by in 1988 by Munnerlyn et al. (Mumnerlyn CR, Koons SJ, Marshall J. Photorefractive

30  Xkeratectomy: a technique for laser refractive surgery, J Cataract Refract Surg. 1988;14:46-
52) The cornea was modeled as two refracting surfaces with a bulk material in between with

a known index of refraction. In the treatment of myopia, the goal was to increase the anterior

radius of curvature, thus decreasing the curvature of the anterior surface, as illustrated in
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5 "subtracted' by the laser. Essentially, the cornea is a piece of plastic
to be sculpted into the "ideal" surface shape. The equati ons descri bed by
Munnerlyn et al still serve as a starting point for devel opi ng current
abl ation algoritluns. For a nyopic ablation, the pre-operative cornea is
nodel ed as a sphere of greater curvature than the desired post-operative
cornea, Whiighrd 5. & 8§@ipllsIRER]OInATa FesTIRAC WBich REmRRENe Afgelehodedishad
post -operative cornea is displaced fronythe reoperative cornea by the
maxi mal abWwag 3 Biciiaputy ofthe eblation ryefiler Fiiseen bathopght afasdhe ‘shepeonirastiond. The
i ntervenin I: e .l L opl . e r.suptracted" 3 fina
osal 1 i@ skEof s FRpleo R Wi B RS B8 sech bl ARG bl
hyper opi ¢ #h&tithe finkli €dindab sispBiis @foukint 16 BrCEMErminddt oWyt by dowlihidariete Bl anned
abl ation profile that produces increased post-operative 15 curvature. This
S e er. 1 , 1 i ic ) i
concept> wi [sHbifRstede bR fhedaser oEgsentialy, the Kerper wianiscsalivhstic fedsrulpied 8¢ fisct i ve
surgery anqd&@qgﬁﬁwigﬁvgornea as if it were a honogeneous structure, like a
pi ece of plastic. The Fnconplete shape-subtracti on paradi gm per neat es
current thinki I Boil: gdd S d. for. agi r
topography-guicrj}gl a%éﬁégeef$%ﬁ?-g%?§%%m% océ.gfgg.&gﬁegwuﬁ%g? yﬁggigﬁoach
conbi ned wiavkhlopingi quitest abiakipe algeritheys. évs alyawapic ilaticny the yproepestive esméalls i n
connecti ng_spherical . and lindrical .err,ors for the jorit f. .t he.patient
popul at | onmpRgisarpBRar B¥ATRE: uhh b et Rlpe Gk el B0,
achi eveo 20430elvd &l asphéronthe fi3x of B Yedded podtiopstetiveoR(ds iscitqptanet fagm ar padio i s

reporting), despite eater tha 0% bei ng satisfied., In additjgn,

si gni f i cantPF F-°8’_a’ég 59 oG S P B PO 1&#@%@5@{]%@6 &@la%}l zone
convent i ongbe, alrAO tdrieting MBAEC B &Sy NSy MakehtABE! BRirBdhce the final result,
aberration-reduci ng ablation 25 profiles. After acceptance_ of PRI G |aser
in-situ keFasenillpgiasdsn Figase jforgayonie 8o wel ag s hyperepie rrpfils twhich ipsigdlatigr e.
LASI K i nvo Cir i oy : o2l : f .54l . ' Wwhd-hin the
St romal | bed e B s B B Ll ar
since 1% i ewrsanGei B gongentwilldeesrefrmed toagl thieashape-subteaghon"rmaedel ef xpfragtrye
addition, | | . £ hel i um
" LaSI K v ind RO e coBth oL e VAt RARARAR et MR SR e
produce si Thd scomplsigahamstsibtoartign pBadigiipermdatee sarrent doddeg seffaativeshrgey,
produce th & [ tcaon | nsi i.L. becane cl ear
that the n%‘ggqégﬁégg%%so%ﬁoﬁ @f’%g%%‘ﬁ ﬁlg& gﬁl\p,:\lqri %Y%ﬁngﬁag%&%%%&%sénpl exity of
the corneal re I Ghth a.rapidly arow ng b f | phcal.
experience Iedsﬁ%ngﬁﬁgg éﬁéPﬁgﬁg?m%%%fgg%ﬁmﬁ%péﬂ§%$?gﬁﬁﬁ%%§§é%gﬁ%ﬁgpent
abl at i 86 abwgoessfuhnims cbrreating pbeicele tmd yylimdritdeerpas tforc the anajnsty udfatbe yragent and

it is not known how,sim.lar the re.to the orj.ai.nal ,formil a,. ver, it
S bel | ovelPuitie f st eviver, RheRhfa b O Rai A 0o 28 HitreDe 20RU IR, L0
on experi ety 50 + B5%akl achieve2®20, defpending AABITE 18 rdpartde), despity prehtenthas Dk e

i nput variahl es,, the ablation, algorithmis . .the nost exguisitel .

Contr ol | abPERE GRLEh JBALRYe MEEnY pra P PR G TR oot o Breieed e
control i neokiestamel SRbMEMS MRALS tHeCRAbRS tovFd @adelopd Al eRBtidnedicBRSatlaRgd on
topograghlc and/ or wavefront anal ysis. However, the nodel of corneal
respon% t Fgfeont ri buted to unpredictability in noncustom zed procedures

still influences_the refractive outcone and overall_ visual perfornmance.
Al t hough enpi ri ¢85 drcerbars peiRKplessr Bty kegtomilsnss deAEX) Matneesef @a$Bnabl e

resul ts i nypRiive 3tdcbdilrs  LABBY ifbRed Bllttirdped ¥hid CorREDViapl6F LifkEe, iaﬂlgiiﬁg gk
predictability that 15 physicians desire and patients increasingly denmand.

Mor eover, Blegopmehbes, etk ietumdng the fiap h d4E81T6 hehbdsiomie Sndrensinsly populgesinee disi ni zed
for the e A Aa WAk 188} 260 B Bie] DS redodan aéddﬁip t s Qﬁdu‘léhtdﬁk%' pe2Nd a
certain degree of predictiron error TS |nesc5pa e e’ Ut ren practica
appr oash t presexation®if thaseteal epiltatiinh\ie IARKewyuld asnipeeoreresivn. ofltindaedyt i on
between abl ati on recipe and syrgi.c response, W th nost surgical decisions
bei ng made %‘f’e‘ieﬁé’o%lgﬁ?ﬁ‘?rﬁflﬁ‘%fucgé‘%a“élﬁﬁ‘ YRBEnded by an i nconpl ete
wor ki ng knowl edge of the cornea' s physical behavior during and after

abl ation. Individual surgeons use their own "fudge" factors, malting
systematic interpretation of results difficult. Thus, the fundanental
challenge . to the future of custom corpgeal ablation is to devel op

detem nistic nodels that can be successfully applied to the individual
patient, rather than relying heavily on enpirical 25 nodification.

| nportant bi onechani cal determ nants of conceal response to exciner |aser
ablation and a rationale for inclusion in custom zed corneal ablation
nodel s, presented herein, was previously unrecognized in ablative
procedures. The cornea has been nodel ed as a bi omechani cal structure for
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et al., 1992, Vito et al. 19s9; Bryant et al., 2000; Pinsky and Datye, 1991
a,b) In these existing nunerical nodels for refractive surgery, the cornea
is assuned to be a solid material and the effect of the surgically-induced
structural change on congeal defornmation, produced by an 4 i nci si onal or
ot her procedure, is investigated. The oily nechanical |oading condition
used in these S'W%En%ﬁe%‘ﬁro'cédu?éaefa 16 rtc?‘gfdahéé 1 HE@ 1ﬁﬂ3£¥1b@%u{c9mlé i
posterior surface of the cornea. |V|n human co nea owever ghly
por ous and dondnttexd:ywttbhcmebﬂcﬂrd@t ¢zl mbdialuvda.s iheonfpdate. , G&Ovmg apwregéitoni fer the
considered to t he corne endot hel.i,um serve S o

bi ol ogi cal B™P “% é %&n%omeahﬁem?%en?c% °d %’{E]étaer%élyeﬂ’r&wn\gegﬁﬁ'hﬁrc%%n

Wi th a negadxbstenbdled & SibRIRpiitaPApEaEh (oﬁaﬂ’%)’rﬂh&h 685 &1, YCuent abiiof Bigerifls ow
the atnopspheric pressure) called the "inbibition pressure I'n additi on,

the m crost#uprPpRgayfio ts@agishiaempnufecerem ardinas not knoyrm haypsisnniieney Sty -

500 | anel | r tiy bt Eash I

col | agen f?@ér"?gﬁ‘ﬁgr %W%&Je{t %Sn%th%fggqg%ﬁ@?sa}gl ng Bﬁoﬁgrhg'?ée)g%n éngpnsé'augnd
wat er . Wherelteied bagd 00 ekprmenceoathred clisicildeiased or abl ated, the | ong col |l agen
fibers are severed in a series of layers. In addition to the |oss of the
tensile force i dmdug a langi amagepf cpotsht&gmpuise@hbm,sthe hhletiomalgmthm it tkes most

nei ghbor hood af, heggggagﬁ ortio caqrne an n i nt.ain
fhe oo | crafisyd e CBREeRly. i Pt el Gile 1000 08 eREREE PRt er
pressurg i nevélpihd Sohteged ccﬂﬁédllaBIinéﬁ 1d1HiflesC BAsBE dn bt FapBicCanidfor Syave®bde | N
corneal deformation. However, this factor has never been ‘15 considered in

any of the BV MPVETrithe Made! mbtonmesl sepoase et contribuied fo, anpsedieilitsdn The
bi omechani Cahcds&RARAS Procedes! 3410 1Hﬂﬁé?fc£§ A Gef L8 " RhBHREGRANYVERN visual
response,” sonetinmes used interchangeably wi th. "biodynam c response,

means a mediefpimeazre. o lthengbicawmiricaldy podidied pblatiopdgenihys hivsrproduced Frasongble mul us

- has not rec 0 I As a
esul t - prodias abyTp, Pl U0 SRR B BHOHET e UL paOA Ty 20
in cusltSomImdcxaneawm ond -pgutrr@edlcwsmgdpdgmamhy l\gmmw gPeoikeds degvedhagm been

i nadequat e., Ther i es
of Livini o hernaroeelh SO GR ohtmaifed kEIRAE dbulelity BERSES BB UgR, O3
| ens wear, tthe ildividyalt et e martﬂn d&gga&urfl Iﬁahttzcdn éﬁ(ﬁrﬁl’m&sapahlet he*hds espamnse of
vari ous |nd|V|d als t iml)ar ablative prof| The abi g redlct

t he bi onec Hﬁ?"‘PF HPPPEEHENEETST lalsﬁere BFIYE SUREETY; ahaﬁ%?%ao?%ﬁ ‘?flv1 Hieg B’Y.?F’é and

25 account dolkion tredipe akd atuigieal adsmrsetmm desst Girgivaulddeisib@EN béihg afddecitbfhe e
qual ity of visio i ndi vi dual bi opechani cal

duced. A Know _edge
proper t7%s, ® m@%ﬁ]&&gﬁn feoptppdsd ohya%“ r”é‘i?&ﬂi’%’é% workige i kngwleget £ dhe £8196%E ment
of generali lmgﬂcaatﬂenatw&nd@ihgfdnh Qﬁeﬂ\/@b!lhﬁhla' vt iswitodbtl use URED Ma‘tﬁl@a”
rat her than optim_ zing he mean, popul ati gn_ response. Therefore,

bi omechani cfaqtmﬁsda?éqm%Yfﬁmﬁvceaﬁeawveneébeébhtq difficult. Thyys, the fpnglamentalahel lange
enhance theoQye i 0cuSECERSeal 3bBEoPs {ohgé%lo'beciert&“%ﬂléﬁ% SHAGE Haf 3an BHMEIY
of the Invention The invention pertains nost generally to inproving visual
qual i ty thrgergesfpllyr apndied \te the ugcgwglual Antiedpeatherothan helging eheavidyl ogompitieal t o
obt ai n e I | f lity
as rreas;%f?edlﬂ6 ] ec%’rll vgl?{lg&m%bl%ﬂlgh}aﬁﬁ%l ‘%(ehéﬁiﬁna\l}%n ctgh%rg lelgSpc? nfl m E’%ﬁﬁ& I
predi ctive aapaiiahd tayraabnalhéorbmommmm @sstolﬁuztethe:omcel abllatmdmod!ds i presgnted

phot oabl at |1 enP(% foﬁsﬁ agc bene CL a {ah N s‘3 predictive ability, in a
nunber of ways exa (’I_%F 8 EF@?&Q% reat | zi ents can be i mproved by
tal ang pre-operative rreasur errents and predicting the 5 corneas's bi odynanuc
response to the ablative treatZnent. Tn anot her enbodi nent of the

i nvention, predi tiveuelsna e bi.odynamc_re or nea
due to laser or Lfﬁ%&?f&% aﬁlbeFrb’e]Pgeﬁ%C&‘so"n{’} ?P}msﬂ ‘ﬁ?néea@?mr%cgv ‘é’rl flap
charact®y i sthit@o @bt reWInlexcibRrRs: h&@ﬁ'b@ﬁucﬁragridliaﬂil@exﬁtﬁﬂmﬁﬂﬁio}f dt ap 1996 Hanna
(pre-abl ation) data of the cornea such as corneal thickness, fla

thi ckness, @883k Vite sl 18pHyBrasng elay2000; Bineky g Dagieatfifil ab) é%iﬁlevr%wlﬂ%
predlctlve i i un
before the fu%giégﬁg{soﬁgg ﬂgr}e B{ré %ﬁgérﬁ tﬁercog?%d% ¥g§ ec@%ﬁ%&%ﬁ%@)ﬁ té}{ E%[dl thé
devel oprenteffoft &f thodu@cal&ﬂanhéﬁaedgh-uctmraf clmngemlcemezdtde&amaﬁgas ipsodnredobin ex
mat hemati cal techniques, can also be used to predict post-operative

out cones based on a pre-operative (no flap cut or other surgical
intervention} data for the cornea that is input for an accurate eye nodel
that, in consideration of biod5~am c response >>a the nodel, 15 provides
predictive information for optim zing the success of the refractive
surgeiry and ultimtely patient satisfaction. LAS1K, P1ZI~ and ot her

phot oabl at| ve technl ques benef| t from t hese enbodl ments of the | nvent| on.
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the cornea of the eye such that there is a biodynainical response,
obt ai ni ng a post-pertubation . diagnostic neasurenent of the eye,
det eruni ng an adjusted abl ation specification based at | east in pact on a
conpari son of the pre-operative and post pertubation data wherein these 25
data are indicative of a biodynam cal response of the eye, and ablating a

ortion of r d ! il 1 be
BVl dent o SRR PR POl E BT 188 ot IR SRAE AR okt et
measur enent thesmpmelasions Artble trireoduian gyasaums epplies po t&saepostémor e éaop loé thet domea.

post - pertubation neasurenent may jndicate a ter of. ess e f
Centr a1 conbRtE PR REREhgORRIF o bRt posns Pl BR Gl HaloRalhe pher D
corneal st egppniyvBighieiR dordilictddit6 be Gien IA1sd NS Borfital Bﬁédﬂf@ﬁhnﬁd%ﬂfepbd ¥BbRLRa cal
changes are nanifestations of the magnltude of the bi odynanuc response of

t he cornéa t@uigpemps tnamaemﬁw a Stzﬁe ofagaiiteudehvdrationevigl gdsegative Euesypise

can then be gt 'I@ cant raI
pul ses and Pr%?sglgepg%p%ﬁﬂen#{ a y 3 Ab%(ﬁ;ﬁet%é eﬁ%b%ﬂg%%& g ( f‘%@%de L a
met hod for Esitdliitiors hreagure. phnhdzﬂahinathc\/qumemctmccaft ttmmohwabﬂmnamcmgwa of

ornen " det BRIPHIRGEANTT SR ik BB REResRER BRER. et ire? spbsP ot e
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t aki ng dat aobHihe aorstagtlaystai am:lidlyolsmgsphiehlcdammqmﬁ’rmwwér dmfaetashas never been

Bi on~. echani eal onse .has. not d| rec into _current

abl at i o‘ri?al 6(61}S|1dt rr‘fm&XP %the CXISP Smm% t% éo&éc/g] 8”I°fra° avanee Sreasur
enzents of indi Wﬂ%u lo e&%% tr% poﬁse' L3 B{!}gthe g thg ltéﬁ e%]&?neg?llal?:lgzﬁ %@oﬁse,”
response can be used 10 surgica tCo n Previ ous

bi onechani cadma&inmas | atet ant;:rohﬁng]:ﬂ:ly emt}ac‘bm&maﬁmr gespbm o hiamscermaﬂxamcﬂsor
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negatlve ("inzbibition") pressure due to the tissue renoval thorough

sur ger y2f nspdecveble SR ik acustoruzde ntarsliionierded AT dpogigphegpid %P’P&‘E"é‘“éff hagy

surgery is s&Masieqate. f”fh%ielﬁélmgﬁﬂ@ﬁ}eﬁﬂéreﬁcestlﬁEﬂéliﬁﬁ’ieﬂamﬁrdp&\ﬁeﬂbﬂ Wengdminhed, 20
whi ch includes the position-dependent negative "inbibition" 5xessure t he
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| u addi ti ongjghifBant hirferdndds!ilf the response of various individuals to similar ablative profiles. The

ability to predict the biomechanical response of the comea to a photoablative procedure, and

25 account for it in ablation algorithm design would significant enhance quality of vision
produced. XKnowledge of individual biomechanical preperties, prediction of individual
reponses, and individual adjustment of generalized ablation profiles would allow individual
customization. rather than optimizing to the mean population response. Therefore, a
biomechanical model with predictive capabilities would significantly enhance the overall

30 success rates of these refractive surgeries.

Summary of the Invention
The invention pertains most generally to improving visual quality through refractive

surgery. An aspect of this general goal is to obtain the highest level of subjective satisfaction
5



observed peripheral tluclcening after the LASII~ or PRKis also
denonstrated, through the . usage of sinplified nodels. v~ the existing
sinmulations for reftactive surgeries, only the nechanical |oading 25
external to the cornea such as the intraocular pressure is considered. In
the invented sinulations, the cornea is basically nodeled as a fluid-filled
por ous mat eg xaéuaﬁ@ia%pmﬁé&s&@d BujSale. Mk @l B bl Ik fiforbiRld iBlmcSiraibiak ! ons.
Therefore, the mechanical |oading inside e cornea such as the ‘negative
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predi ct actt@atmeltd Rt de RiySiedaby pileno fRAPRrative mdblieherds vvant ediatingnthe
beneflts of teas invention will be apparent fromthe follov~ing detailed
desci ~ptii onconmaawwgnmu@uﬁw@sq © féle [#8vgairpiime. {eangihes) qgbodmment of the

"shape- .SUb(Sjﬁl{'él%h o}g}Fdlaﬁ%pe 5 fa&r of ik rﬁ:})ﬁ) n%ﬂ(fe e gsp ?E?meacon@a%ié % %&s#rsor

schematic diagramo tractio active surgery
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Fi gure 6 hagy pQStrer® BpdFhtibaor BiedeBlofinbdt@F E%%el”&@&dehﬁ@ﬂ@ fiafelelenfed &Rk ON.
Figure 7 has error maps of actual mnus predicted post-op topography for

the same sutjosles meghemmagieal éecbmqlms@,'enne%w@ealﬁ@ t9 ppRdécd eAst-operafi¥e @tconyes based
pr e- oper at ' eaﬂe%é@xraﬁ nb ?1%@1)0? gﬁtiﬁtéjv?rﬁlld@\/@ar‘tyfo? thd éo%‘étﬁ)ﬂ?at @1}}}) tC) 20

post-operative el evat gent I a vature (r

el evation eforen gchwdte )eyambdbhﬂgt.\nnl @hmdﬂmithfdn@d}mwnm( ressgms@ vzaFihgunrmieILO
presentg r | nal er | ~oma| S

super i OI‘% e]glgvg%és( Ercdlgt\% ?ﬁ?c%r%ag onnd?or ? nang thegsucccs gxilr ﬁ)e %urécrﬁ atnd
cur vat <i r e.ultimately patient satisfaction. LASIK, PRK and other photoablatxve techmques beneﬁt from

these embodiments of the invention.

In accordance with the foregoing, an embodiment of the invention is directed to a
method for performing refractive corneal surgery. The steps include obtaining a pre-
20  operative (e.g.., pre-flap cut for LASIK) diagnostic measurement data of the eye, determining
ablation specifications based upon the pre-operative diagnostic measurement data, perturbing

the comea of the eye such that there is a biodynamical response, obtaining a post-pertubation
diagnostic measurement of the eye, determining an adjusted ablation speciﬁcation based at
least in part on a comparison of the pre-operative and post-pertubation data wherein these
25  data are indicative of a biodynamical response of the eye, and ablating a portion of the
corea using the adjusted ablation specification. As will be evident to one skilled in the art,
there will be a link between the measurement comparison and the biodynamic response. For
example, the post-pertubation measurement may indicate a greater or lesser degree of central
comeal flattening and greater or lesser degree of peripheral comeal steepening and
30  thickening. These structural and physiological changes are manifestations of the magnitude
of the biodynamic response of the comea to the pertubation. The magnitude of the
biodynamic response can then be used to adjust the ablation specifications, e.g., less central

pulses and more peripheral pulses.



Figure 11 is a conceptual nodel that predicts bionmechasucal centra
flatte~aing as a direct consequence of severed corneal |anellae. 25 Figure
12 is a schematic diagramof the forces described by A) the interlanellar
cohesive strength and B) the interlanellar shear strength. Figure 13

Il lustrates the inpact of bi omechai ucs on LASI K non aograns for primary acid

secondary h~Pergpitger EhBotiferk4isSARBRA a0 SATREBoBEbA tekbiablistiRpt  phbRiNAEe
calculated at 6 nonths after PRIG 8 Figure 15 is a conparison between
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eyes of 10 'noi ~hai as aver erence maps between
1 day postmeguteAfshi da’c@,@:dmprbmodhm @izt ef thEegusueh IhaStHereﬂs aémdyxmﬁc chspdmee.ence

maps bef <veen 1 nonth post-.0 AS| K and re 0 at e resents
o oo o SR Bech DetRponh At arar b Recofo i Somea, AL feip i ey
right), el é‘dj@sttéd%la(n%ﬁ %sémﬂcsﬁ&ﬁ basE Ml 1a L BNES S cdrhSadREn bBthe pr e-fo%raﬁ)@t dr@nt s

who undei - ~Uent surgery and had Orbscau corneal topograph
pr e- oper at p%pmﬁuma@ate whﬁmm%lew@ta ?é?)enfdsﬁar%w tnpgwenczbreﬁwg@ﬁ%/ the
optical i e views of the central region (A) and the inferior (B) superior
(C) regions of the cornea. Figure 21 graphs central curvature shifts vs.

regi onal per | Phekalih aithe LHCKAE ol ing BARIEREn L LR BNy

pre-operative {upper curva ure opogr aphy
whi |l e 1the =it pmférablg, sptiminig fegistiag hlASitkmp fac plduoablative giphibalhe tsﬂrgerglthlatat ur e
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di f f er encehdsmiot Bénhiicv@e ficpestinb! caperd ablatiasilgatitmat.i oWwiftox prlope teatiyRarpiat i ent .
model, advance measurements of individual characteristics that are related to biodynamic
response can be used to predict surgical outcomes. In previous biomechanical simulations of
15  refractive surgeries, the cornea was treated as a solid material. In this invention, the highly
porous nature of and the nommal negative pressure within the cornea is taken into
consideration. By considering the changes in the position-dependent negative ("imbibition")
pressure due to the tissue removal thorough surgery inside the comea, the central portion of
corneal surface after surgery is shown to flatten. Therefore, through the inventive method,
20  which includes the position-dependent negative "imbibition" préssurc, the basic clinically
known results of LASIK or PRX can be correctly modeled. In addition, the clinically
observed peripheral thickening after the LASIK or PRK is also demonstrated through the -

usage of simplified models.

In the existing simulations for refractive surgeries, only the mechanical loading

25  extemal to the commea such as the intraocular pressure is considered. In the invented
simulations, the cornea is basically modeled as a fluid-filled porous material as opposed to a

solid material in the existing simulations. Therefore, the mechanical loading inside the
comea such as the negative ("imbibition") pressure applied on the intemnal pore boundary is
directly incorporated into the simulations. Because of this major difference between the two

30 methods, the inventive methodologies can reproduce and predict actnal clinical physical

phenomenon.



Figure 24 is a nodel for au intact cornea, presented as a portion of an
axi syrrunetric |layered spherical shell f~:ed at the ends. )Higure 25 is a

nodel for cut cornea after 1JIZh or LASI I~ surgery. Figure 26 illustrates
flattening of the nodel cornea after surgery based on the fluid 25 filled
porous material assunption of cornea. Figure 27 illustrates bul ging of the

nsodel cornea afdgd: VLAY REESEHRNIHNE iRehdd WRlR %ﬁércﬁtsﬁéifﬁrmci RoPhg
cornea Figure 28 and 29 conpare the overall corneal defornmed shapes for

i ntact and detaile¢ despmptionnodel s, ~~~ith two different assunptions. Det ai | ed
Description In order to inprove the percentage of patients who achieve
post - operative visual acuity of 20/20 or ]j?’a,?&g?r as well as allow

m zum zation of aberrations, it is inportan o critically exam ne our
current conceptuyal mdel of |aser.refractive surgery, There are three 5
assunptions i zzllﬁgr"ég 1f ﬁs‘?“ﬁ‘&atg%%fﬁﬁ‘i Bt 5% F?ﬁ?ﬁbsﬁgﬁﬁ PHA lglgr@ REEHGEHor t ed
by the dat anwmeh.yet can ently drive algoritlnn devel opnent. These flawed
assunptions are: 1 ) the only portion of the coniea that is changed is

wi thin the abl atFjgi¥e 208 € sctnatb dlag@lof GHipel subitdedbn YR8el OF réfracindsusdereten i f
there are changes outside the ablatjon zone, they don't affect central

vi si on. 10 TeXAPIccRbsioB KRk mddyrerppie gblaiadrigidel of corneal response to |aser
refi~active surgery takes into account three propgosed conponents to the
fznal corneal sa"ﬁ}’é’ e\vhPEdSCRI PEFtrAPAREL Ve, NERUSHPre1peraiy  Eilisrenise Bhaphelgradicn aser
par anmeters; N j r { DGy d b 2

Fasponse ¢ &Upe A, BECHRler o 1R erBifll Qe @i (o A ey
responsd®, hwmbbnot been directly incozporated into existing ablation
profiles in excirner |laser 15 refractive procedures. Therefore, this three
pronged, systendigwenrbded tangedtiay colvaturecdifierencangpap Hpost-op neiahs pesypd rfter a
represents i.nnovative approach to solving tlus conplex problem hi

addi tion, dﬁ% I?%ﬁmgredictive nodel , an optim zati on approach is used to
devel op new abl gtion al gorithns,. i-ng optimzation.routines to produce the
best possible 03%%§ﬁ§9§Igé”%@%&%%éﬁﬁgagefﬂdnh§g%°u,%ggﬁFegghﬂ%?éggﬁoFg

| aser refrdASIKeprsaedgery. Tl us nodel and this 20 optinuzation approach
provi de answers to the tlaree assunptions or questions di scussed above.
Assunptlison #1 c&igure 6ihaypdsi-oatndiohs pye-@ndifierenasithdps omesiSASIK @nseionof

post - operative topography from PRK or LAS1K. CQutside the ablation zone,
curvat ure signi Fligrarat7ihgs eme meps eSacteakminins predicted pestiropniame gtephy foe the same
characteristﬁc re iying (hi gh dioptric value) surrounding the central 25
flattened ZBHEEF (8% opic procedure. (Shoumin the ta~zget~tial znap,

not the axial. n additipn, elevati and pach try al so i,~rc~-ease

Ut si de the bl ZiTE SarbSPesSH B e B RRERs evisbe BrREmy P S onn
with an exaoplatird @ight)g B) fost-op&htinel esvatona(iaf) end hafigritigRotvate @ight); andi Car y

n@ al curvature difference map

study are shown in Fiwe 4, which is a tang

(post-%‘ﬁ m® @t%%loaﬁl)%)a@ﬁéﬁngam@r%%a“&ie6’5%@% S| K procedure using a
Technol as 217 3Q. (Mizuch, GCermany) with a S.Smrz di aneter ablation, zone.
The T opogr aphy W SLEreseat THETRGh A PR Oy S i (o ies FhES FPBichr)
The data Weegorppdrtpdst) Al iffgri brtegibe A% EPlotf AAGE Rvanafld subsequent |y
inported into customsoftware for analysis. Centrally, there is a decrease
In cun~ature, ai‘i@*@@ﬂi?ﬁ;coﬁd@?ﬂuﬁﬁh@ﬂ:} hat braickesiaiboleniVal digifal Fagenthsigs 2
colors. The 10 suizow ding thin white area represents zero difference
bet ween t hdlirgsteonssauqnee o sspered epreeal lsmelage area out side the abl ation zone,
there is an unexpected increase in curvature which extends into the

peri ph@by, indi Fanae 1bis aschemrsisidiagem ofdherccs descriked bydt)dhesintedpmelipss in
coxneal curcgﬁés}brﬁ?g&{g%@@d?)%ecm%ﬁ&hnggp(égpgnhgﬁ abl ati on zone, chall enging

assunption ure i'S a pachynzetry erence map fi~omthe sane
patient. Inside i t he. C .

xpect ed.  rowevittrs iy RS ECERpclct okl RIBRT AR o AR B prify
unexpect edlayd sevondagkyherdpi. addi ti on, regression anal ysis between the
central and peripheral curvature changes showed a sigi>ificant negative
con-el ation (p<@id®b3) showsdisadple lablgtiérdpthaireflt eslowlged std mbited df@NPRY.
produced greater peripheral steepening. Tlie peripheral increase in 10
curvature is a lalown consequence of |asgr refractive surgery, but has
never been fully




expl ai ned other than as a "lanee" at the edge of the ablation profile. If
this were an accurate description, the change woul d be confined near the
edge of the ablation zone, and yet it extends well beyond that region.
Additional data in the formof elevation and pachynietry maps, fi-onl the
sanme patient popul ation, also showed significant peripheral iizcreases in
both 15 el evati i ng
to the increase gg?\f}}%ﬁrgﬁ %gé}g&%{aﬁgﬁ{gglg%]gg ?&%@gse@(a:}iﬁ ?ESIB\?J{Ogg%Q%Jrlﬁand
pachynetryehameaonhhﬂ'eremena;}mt ally attributed to neasurenent device errors,
wi t hout exploration of the responsi bl e bionechanical nechanisns. Figure 6
shows four diff Figne ¢6 mRpserbgadifferesrmpups betdetrempeatdd rdabigePei20lesssicdnowi th a
6m n abl ati on i ncludvig el evation, tangential, axial, and 20

pach5~et r y "% é\%?f‘é%s The expected decreases in curvatw e, elevation and
pachymetry centrally, wthin the ablation zone, are noted. However, the
maps al S0 show Wiaxpeehedaveragedifiasecs maps betwgen | &Y PopaPHi/mel 3rd paep state.
curvature outside the ablation zone. Therefore, the results of tlus study
chal | enge the vXigue 1§hutavernge &ifaarsunaya betiaen Loenbapstonrlviilead plearges we
confined tq Ehhe abl ati on zone. The proposed nechani snrz for the paradoxi cal
changes in Tf el evati on and pachynetry are the subject of this invention.
The results of h e
changes occur \/\Eﬁ%lgi@lﬂ%%hﬁhg&g%l H{Ege%éngglﬁéﬁs c%?é%ﬁr]r%hl%?g&és&%% %ﬁgxanWed
nor e di r ect(ippebsighty nhautlongup@bi laft), amltyhmhﬁask @swérdefgdoumtierto whe ahdeswerft ac e

rad S-aPundr T e PR R e st na g B PRyl 10 SoRebs i apny vas

obt ai ned uspagtiwdy, O bscan |. LASIh was perfor med using a Teclulolas 217
excimer |aser. Ablation algorithns ~x~ere approxi mated using Munnerlyn's

formlas. The cxigavé 20 pdsedidlopticadiindge dlowls@f e seBtiDicpio ¢APahd thofdriae (B)
pre-operative t o&sgrap y to generate a predicted post-operative topography.
Act ual posSURSHEF Ho)irsRonsHEBGIcaPRY was conpared to 11  predict ed

post - operative ography and ezTOr nmaps gener at d RVMS cn~or
calculated witl ﬁﬁl")‘fﬁ%l F&’Puaiﬁfﬁatﬂlieéﬁ’é‘f &F- To80e! P%’&?{I%rf‘losémf‘ﬁbtﬁl’?}é‘ﬁﬁsf al zone,

and oves thpxeLire map. Results averaged for all 10 subjects are given in
Table |'., and deznonsirate | arger error outside the 4n un central zone than

inside. 5 TABLEFilgurRﬁﬁsh%w&e réa?eme@(@p@demtagd(lawa 181 dubasi Bgogdanggr aph~~
after LASI K el evati on nea error central 4znm di aneter | O 4-9mm

di anet er zéqlfénWQFﬁ]elpaﬂ%mszPlﬂ?@FBﬁﬁ*sﬂﬁpmfi“ﬁ‘?crons 22 + 11 microns 4.92 +_
1.89 diopters 8,06 + 1. 76 di opt§rs 6.85 + 1.50 diopters The sanple error
map in Figure 7Fgsed dhesarprradiferepesapan hebvess Prronav ppsieianlpnbs patiestin

Figure 22, calculated and displayed using customized software. The curvature difference map

20  between post-flap and post-ablation for the same patient.

Figure 24 is amodel for an intact comea, presented as a portion of an axisymmetric

layered spherical shell fixed at the ends.
Figure 25 is a model for cut comea after PRK or LASIK surgery.

Figure 26 illustrates flattening of the model cornea after surgery based on the fluid-

25  filled porous material assumption of cornea.

Figure 27 illustraies bulging of the model comea after surgery based on the solid

material assumption of cornea

Figure 28 and 29 compare the overall corneal deformed shapes for intact and cut

corneal models, with two different assumptions.



el evation, pachynetry, and curvature with negative error centrally iil

el evati on, pachynetry and sonewhat in curvatiue, altliough cuivatiu~e is
not consistently negative over the whole central region. These patterns of
error cannot sinply be attributed to using an estimted rather than known
abl ation profile, since they are both nonrandom and noz>linear. |deally,
the actual ablation algoritluns sh ‘ﬁ in a study of this type,
rat her than Miunnerlyn's fornul as, gﬁ%ﬁf g’y"“\ﬂ@?‘g“ not avail able due to their
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Evi dence t | PRROF Rredimipsry, Fudy g %P‘@%é‘h?‘é’ﬂ"i YHE? Kiolpyaeniial SprvARLq ffeienss #1.
However, theiaflst-bPminé fre8p) &fter aS-12.9 didper| IAKNKNGo@futeRing @M dcBholdN 7
peri pheral corneal events. Is the peripheral, increase is~ cqrneal elevation
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| ndependent yghnege b@éﬁ%ﬁ:ﬁ@ § Fdéﬂxeﬁﬁ%sé’ﬁtﬁ@.ﬁ&tﬁs SR HaBNALrY ,%k%r&ﬁ Nisim Eifé'euf;ej%&%éra'

curvature change . peripheral e évat 'on change fiomthe 3 ects who
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outst do 1+ he SHETRR PoRTSENG, o4 Heegrb e S e ke oRERS RGEOIEF eibr fhtg)
centrally. This provides evidence that tme peri pheral response of the
cornea is linked to the central




response, although it does not account for all the variance. The foll ow ng
case study further illustrates how central curvature changes can actually
track peripheral thiclnless changes after ablation. The patient had 6mm
dianeter 30 PRIL (VISX Star) for a refractive error of -3.75 + 0.75 x 90,
with Orbscall | topography pre and post-operatively. Both superior and
inferior c I e i m apet er
rogi on | n ¢REBGE i offFP S8 T e St S a. BoRUELR R B bort AL SR Gy
a 7.Smm di mgomsxdecmeaIﬂamm@bm tm:re ishe nsdxbediéddncrzan én cubeatira wailchebiteudd ur e
vas 13 calcul ated_ by averael% ng t he cun~a\?ure. in the 3irnn dianeter

cenhal regi'dh tBY PEFRDCHa MR HEaRPsiyRdalps] s Tedscolorp.y & Breorsae
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weeps 7447010653883 ndireﬁpﬁde 11 3d fiviod, rsgh2sind AbalPSObdRedt tiptaitsl End\iﬁhtr@héﬂalat
both central curvature gnd periph, raI t hi ckness derronst&g%eég&‘ -operative
f1 uct uat i of™VARED BFEBECSMPE & 1§ REBUSE; SRR JRTE000¢), dRfiFsine that

curvat ure \sealecéfdREfiatenink %Edd%bﬁsg%e&%@rﬁneﬁﬂ{eiﬂ REGShnirdN drife Beripepd] SncéBe Bﬂ ven
in Figure I0. Oentral curvature has a stron negative correlation with

peri phéPal cemp@rarisss knpr korsaquenrcorf daer wipeiveoureenbdnt ias peier deeniddly 20
the peri ph%%;ﬁLmEJ‘htﬁéﬁ e hger ot et dp% e&ﬂﬁ%&lﬁﬁfc‘h rofS1H! Yrathidr EA%uﬂE OVi des

further support e central eri phera anges are

assunpt i on d#@ripgomdhe vlmhgajWOEdlhstecwﬁnWamabel@nngp e din édatimmohe,r@drmt tithe
i nherent as f Clak0 LI | Ve ery.
diiucal dat%tg%n‘ﬁlagg y%m% hqure?}%st a&? n?l é:ahafr%lgtggg%néqc%frd%ﬁrtlm %’ 1%{% ation
zone that afaps, sﬁdmthelsamé patieht m:belzltwm ale giowal srguiﬂcamttpeﬁplmeamzcﬂwesarhfbemt 25
central1 Vi Sl on. @55 sed rrggk[;a for t he nmeasured increases in.

el evat i'dn, “HFRF R e ﬂ BBEurOREGE PhbC ISR zone
will be presenfies blqﬁsswaradbxmnemguam elevelitdn R PceRediyeshve bedd Eﬂdaﬁutélﬂy t hat
predicts bi orrgthanl cal central d~~d111Jb as a Igl rect cfontﬁequence ?
severed cofffRufted alfe mpegarerpet hé? I6h aFTO5 prah it o expiptalen cof (the gk lenay be
concei ved asnfech@fidaBetHanishaC FRiiré 9RRGFs fbﬁruiﬁerélh@rmiﬂs@@}n Wednkpl6 panges 30
bet ween each | ayer ,(interlanmellar spaces filled with ground substance or

matrix). TRES ReBBaton Mds? frmmi 3hlations7oah, Deiudng ¢ipveien Engentighy @125 &K ng on
them fpg n%ﬂdm%ﬂ&@d‘fffér&ﬂ&sf aggy |eﬁ5eci%%§:’é£s%§ m adathire eﬁﬂﬁﬁn%ﬁ Jﬁ Fndtdyght Iy
by the Ii The amount. of water that each sponge cau-.

det er i ned CWTaHMWt@HttPWahlﬁ@nrﬁoﬂbeﬁ“ malsés Homevery theemapsTalgo %Weun%gﬂteér e

pul l ed, the, argal ﬁrelév%‘on g)e%ﬁg' cﬁ@ﬁtﬁ:‘e%tsz:ﬁehﬁe Qﬂﬁt nRh&" Th ei%ﬂsu%zed
out of the interleaving son és, and the smaller eilliterlanellar
spaci ng. Thesslis gf téuszald(vg:b@lbng@ﬂm h’ehcmyeofdlpfeasamnpx@ndbﬂctptnue@irvumuw glenges1 1A,
After nyopi r f 4

Sever ed oot STgPLiahd BEkiol Boak B popdled FENERSD 51 BITAAROR Srtes i

peri phésal elwg‘umrahépa@b'mmyi}ruﬁieshbjk@ofthi;inmuorr ubber bands woul d rel ax once
cut. Wth the reduction of tension in the |anellae, the squeezing force on
the matrix i sTlIeadsJuhs:df thadndlysés afi asstumpnien ﬁbdgmtmsmatb(hﬂm fhape chpgmascurvedat i ve

infra-stro Lessure) ana us tothes es..t vvater if
5"the. rubbdPBirit SUPAEORRE e ERRRR S HORRRGRARCHPAL B sPel®

t hi cken. Duglaién Ei‘bﬁldﬁrtesa%’culah kborhéexy sbﬂ‘aoae@iangeanl Bl 4 gFelindyLYy Studiyneo ammsn on
force pulls on the underlying intact |ane|l .as indicated by the arrows
poi nti ng r XaAHRAY Yitha \;ag],galaugm ‘Y;HtIWQrWF@eamWOP REETBY: ipph 8rd PPrtppEative

| aterakby Qghobhgnywad @Jtm@é&%fn%%t(ﬁﬂéaﬁi - LAS®Swad 18 foﬁﬁédl?sﬁugV! Téchﬁchi’stil@ n

centrally w tﬁ any procedure that circuniferential K//I severs |l anell ae. The
bi omechani ¢atimer dserenaliafion algorithms were approximated using

calculated ablation profile was subtracted from the pre-operative topography to generate a

unnerlyn's formulas. The

predicted post-operative topography. Actual post-operative topography was compared to
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10 enhances a nyopi c procedure, works agai nst a hyperopic procedure, and

w Il cause flattening in a "non-refractive" PTK This includes nyopic
profiles, hyperopic profiles, constant dept hPTK profiles, as well as the
sinmple cutting of a LASIK flap. , In every LASIK procedure, a flap is cut

with a mcrolceratone to a thiclrness of approximtely 160 n ucrons.

Bi oni ecl i apj. ly, this is ver |ose to a 160 m.c epth 15 abl ation,
2nd accor dPRERt ek s E L et AR kS e BT MBI Ve REAE e
amount of fulithid &8i degitrQ)r A CREm@Boibne, Atsidaghe eakitta @ofd, shb@ver herefial gl
response of the conlea to refractive sur,ger%/l.eéTopo raphy of this epithelial

surface of Repdts @8paees, fonal Ui wibiealg ajegivendn fabled yand; dggonstiate lpgpr erfpe pytside

al terationyfs alloalil 00 Rl@arksBs in real tizue to account for individual
bi onechani cs, and 1 nproves surgical outconmes. 20 A Bionechanical |flodel of

Ker at | . BOg A | of
o fort hao pIABTEERISMALLD EnEPARIAD MR ROy IRERLASER. O

entity. Tlus work has includedd,z# ~i ti o nmeasurenent of Kkey material

properties such as the nqg%lng%fbglléjl?%&cj city andn,&ggng_ﬂ? LﬂMgmg}nd nuner ous
conput ati onal nodel s have been generated to approXinate t’he structural

response to Si Iatcﬁd i.nei sio §I+ 5 heratectony. ~~rh +t1 S ?fforts have
undoubigdl “ G%H?}e PR basi% Pt i r1ing of cor?‘ E %g&?eﬁ? under
certai N spacrFy a5y PeR%ns, I,’é HEEBen done rel at Pyt % ng t he
struct ur al °%¥&hges i nduced by PaskESt ect ot ny, and®the & ve val ue
of existing nunerical nodels is limted by their inplicit sinplifications
(e.g. nodeling the coniea as a solid substance). 30 Mechanical  i\9odel of
Ker at ect ony- | ndGeesrugde gaen mep & Fighrad shoves paaticm poposite syiopperirhgrally in

bi onzeghani s D . | d [ ; L ar re of
the corhoal ot Shap Raymi: 108 RRSRERER S By BallB RETeo, pRbiehy
known the e1d emeevdehimareguehethosghanivauie is aspensistentty ndgetiveovvee shet whalnj ury.

The stronal . ae, Vi f ir e .0 | arr; wi dt h
and conti ndi h??r\%%l%'tﬁgélsg@ra {rtléerggggF%égﬁ?dnp?tn%g@?ﬁ%eégwig{e? 2?15“E 1Fl§ c?ﬁ%ﬁgt%? si ng
from i nt r acether #rankhews dbletiangofle] simechdyate il adreartdenmsind monliiear. Jdexignthe t y of

the stroma_to.inbibe fluid and |1, which.s_ attributed to the 5 |

nydr opl i | ETHEPIRER alssr i ORop A euies B aishigh o Bihetits it nlaidi'ty ¢ he
cor neako | i forinulag, Yud ey Syerd e anFElable @t € @6t probiistargmatufe Kondvenldepiteatihe! | um
and the conpressj effects qf | | lar tensjon. The thickness of .t

St roma i o PTGl P st e HeRsr R o canien 4 TRot oL SRutuagl

i ndi cat or Ghese hattgfsofi efiro€ Bre MBAtonBER Rt MCAshapélsiiblrb@ion b de] &f abkutips, ®ROGEE t hat
when tension-bearing. |anellae are disrupted by central heratectony, their
per i pher al TPEORBYFRE Rl thpignechanigalimpgle] 1905 Propaied A1°¥s si on of t he

extracel | ul ar rTRtri X,. ang a conpensatory influx of stromal fluid adding to
i ncreases in i nfEPIRAGH Farcas hs TARtpldERd SHeraminie bp pacdicted oppEARNS i n
thi cl cpess @i with™ kR enUniHiBRpRIANe, BYd cohPdnd ARk kithe Ghagdtd k@t Whinghhear ©
preferentially distributed in"'the anteri'or one-third and peri phe;é1 of the
stroma, asPEFiRAnectulyh it alohnqlogiey gaeed 1to, supply dredr popriglant ablation
contri but e_itQ- i Qr jy ff i g ! d
nter] amel P20 GaRet o0 Y eRR Pl b O & g PRE el
prospect tkaméieh-Bearagyet mioroketatess beenasival ddation algesithax pan eibirgeted fromrghe
periphery s u>i cated thro t > afti f sl il gs. Lo | anel | ae
conpri si ngb%hog’g%glg 5%);6%3??\/&1“8%# 'i%ga llthsﬁg fcglggec%}l Eﬁ rtgv\%e%!;r(r%%% g ‘ %%Tg ipﬂ%i cate
expansi®n oferitive tpgographer afhesiredicrad topapraply sec eutttactyd thonatheahsasired pottced

| amel | ar rel axation. Peripheral thigkening. ij 1slé.}%ro os.eciv,t 0 egeré Zig_an
ant er ol at e?%f’?at‘c‘@ﬁ%ﬁoﬁ?r’ Y 1g ﬁe_é‘e%?m FCH AR %iur‘? TS - At @ 2g it Qo
flatteni ng?atﬁﬁtdpilbﬁlg)wf?ﬁ 1HRGhdaBIe AdsulBN Beb@ALinRbrtdne Psahirs shodd e ndieleHirgt ed by
interlauzellar cohesive forces ("x'~ preferentially distributed in the

ant er i or - pBeirphereslin she emmier (of b e pentich RS AER teron Maph Fereespendt th ethel pendtel i on

of periphe i : i1 . e l; i
per | pher al 2pd SERAAR Fhil Stk ihionP Bhy SRRE Ry o e RR b homes,
causes3an whiwh dicaidcanser excessive dhtterahg Hethey wag mof cangrenssdihg farted tcamallisichat
tension, uith a subsequent relaxation of the correspondi ng
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peri pheral |amellar segnents. This causes a periphezal deconpression of the
extracellular n latrix and an increase in stromal tluchness outside of the
abl ation zone. It is further hypothesized that this response has inportant
effects on central curvature due partly to the 30 presence of interlanellar
crosslinlcing, wuch predon~lates in the anterior one-third and periphery
of the str agienatgohasthbeencsassfoshiet Bhov yetidndersioadi Theafote, ranehdtae egleari ng
strength and interlane] |l ar ¢ohesive st rengitah. Interlanel | ar stress is

gener at ed AP REPERHENE G steBAeilaper TSk ehspehtte ReyoRREat ealNBEERIEE At ough
this net~ord,g.gf ﬂcm!th&ke{dﬁa&ﬁ GG 4R 1A bnd B thd gﬁl}%ﬂtﬁﬁc O S or

central portions conprise the postoperative anteri or ace (Figure 11).
The out war dnapx pamsspvrd fotheemerpetiod ipesasgs e cyrvetates edidhhere mehpredicted dyrika t o
flatten absence of

o . of t | at | ofile Tli in.t

@ yop! & ( CHRERIT R moheeaR SorafRelhp ot ShaBi et aiEee 1 n
th | te 5 t | i f th |
cornea and A 1efiel: 08 CPUATTBHET doHFRe AOI%, Bt APEiPRcpBRSEIrs Hethaps
nost  cl ear lyirved@d RsiunditRd #3y? t ke &lsiviiUathisPRREIHERG Nn Ghe BitnRARL S {he

hyperopic shift in PTK but its contribution to refractive variability in
PRK and LASPRcflstegnoass todsesrt hective sweeryhYBish dh ARaceaimiedefor i cumenh @Plaierz | g

wi l | e“ha“%%?ﬁg%{cf?%ﬂw Fec%%{o%astincg%ﬁeﬁiieﬁ%l@gll &pﬁﬂﬁiv? éﬁfggﬁf{gﬁ{ Ritekg LheEat

hyper opi a. tional teature of t --an
dept h- dépervdewt] stmsponwel aliervihe Ishapk 96 threentirs curssp dvhelber tifing fi vecisiorat ani ¢

| ayers of the n~ea,. (t itheli.tun, Boum an's |aver. .the.stro

Doseenet” s BEpE Heiphe. FonaRan b2 ey Vel hiree Y Blave M kR &R om v
cont ai n colvaifmot haver woked! THes evith #heateselapntent bilasep refmutivecsurdery, fHeatthicteral he
majority of.the corpeas’' tensile strengtli.. Al though tension izr the,
Suberti o sl BFeeEH R ot RO herhgReRe pasienertd B st SRl AR sm
for mai nt aisiiglg 8 #HON6EnePls aktufdlfol BE Esculptddnéntpr £HeNCRasy Gl vdry tig
stronl ﬂl stuface fu~dul ations, re v&l of the ithe{i um causes little or
no change iAPtRB2LRGHER C&Pof 4roean ot B Whthfr emezhshaphiehaigrt Hil Pomy jager an
general Iy ablafild ptRedude.M At TRborkat @othporeft! HEale Is,g%@'ed BiovhdcBAsdal mobiBeor
mechani cs of Descenet's layer -- the 7-umthiclc %gert rophi ed basil |am na

of 20 the (fREERIrpIPRBSCSA desERRsipelive sureeiy te berdgerribe! infhe psdsectipmitperiersl abbi t
gl obes,  andyGAMMNAIRthihof b HH-AGSe bl corRil MBdT OMES fhe SBMBoS REE! &Svidence

Stress-strain investigations revealed that in the in situ human cornea, the
strornal stthadhis ocpup vas mresented inyitiet amalysie @ aswmptien fondioweven the Apegton
Young' $,omogihiss MY i ' ¢ ipSrifHefHN o€ L S0Rk D118 -meSHRiphbAPOST N
the stressstr a;ﬁ? fé,\,gjur veléﬁﬁlo&%‘remt3 hg t“:}\;\%‘iﬁgy«lg?nsﬁﬂ err[%rsnt%ﬁat g%kt hatth Egc'gs}@g!rer@? S

| ayer is edswense &l ¢opngaliplevatin statisteallyosenelated| ta cepibral empasungfchinges, @o etel they

pressures f.or ~=hic S |5 S0~ . | I ne hi s
L i R S s R
probabl y daeed pagthetabeaevaios ichaigt iffomrthe P spbEctsivdn vnfervest IcASIKeddnohsradddan over

" P! o % ARl BLESHRE- U8 Kb A DGRk Rt BB 2 "
i nt er pr2ét atih elevasag Buiskicnige di@tiohabi, theggeattr MedtRtvahudd clengd @atteni®y) hamtgal 30
gggﬁllu?;' L%&ﬁ@&%&&?%@%ﬁl{g yq’rIBEcC}a regfalogsezgp tgc Icgmlcé Est 1 cegotg (?chct Qc?i?ralan
response, although it does not account for all the variance.
The following case study further illustrates how central curvature changes can
actually track peripheral thickness changes after ablation. The patient had 6mm diameter
30 PRK (VISX Star) for a refractive error of -3.75 + 0.75 x 90, with Orbscan I topography pre
and post-operatively. Both superior and inferior corneal thicknesses were calculated by
averaging a lmm diameter region in the pachymetry map along the vertical meridian, at the

edges of a 7.5mm diameter circle centered on the ablation zone. Central corvature was
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stroma. Relative to the strorna, the individual collagen fibrils are
two-thirds smaller (20 to 25 nmin dianeter) and nore randonmly' oriented

t hroughout the 8 to 12-umthick sheet. 17 Ho~n~ever, it has | ong been

bel i eved that Bowran's zone contributes a structural rigidity to the conlea
that is distinct fromthat provided by the stZ-oma. But recent studies,
using a | i neRulaRYENSRFRERe t@'v@tﬁﬁl"fh g BmAUdiBaEteOenfBCRRioR of Bl tRBlcan@t er s
in deepithelialized cor neal stri obtained fiomfresh hvvnal i cadaver eyes
have i ndi cd®d s yelupesfnEpction OB ladiye do syrgeay ave el imGebletgni ficant 'y
alter the constitutive nechanical properties of the cornea. Finally, the
stroma, whi cFARLESs UgsedbwhitofgOnorature s Thickness Gharges aftbl cmmRiametdrs t he

| ayer thought to nost significantly i nfRREnce the nechani cal response of
the cordea to injury. The stroma is approxinmately 78% wat er by wei ght, 15%
col lagen, arid 7% ot her pHglefions, Mifefi®ogl yc@asal and $ahtrdd. Three hundred
to five hundred | anel | ae Thicitdesd t ermagdidgnd|l eshielineds0 p@uatzbed col | agen

fibrils -- run from i mbugnit@nd)i Mbysicdnkhoutmiifbey)r uption. hi the posterior
two-thirds of the stroma, the Iarrellae are successively stacked parallel to

the cong. e rfg;lrface such71t5hat eaclygh amel | agsgras an angukafpeff set fromits
anterior rior Aghbors. Apgeriorly;of he | amgkhagiogifs More

random y or often ppil i quel yﬁb%) the ¢ eal sur? loggc nor e

br anched, ce?c e si gni flﬁa‘,'nt ly i nt-g{ woven. Oﬁél ese re% %51@1 S ferences
con~el ate wecé w th obsgrvati ong é}hat she§7r0| ng of IEE deﬁft%ilae IS

gener al |y PPl t in thehuman st ? ma, but”particul arly SH anterlorly

Col | agelrl‘? i nt ervveaV| ng is also wore extensive in the corneal periphery than
inits center. is unportaut to distinguish between cohesive strength and
interlanel |l ar s r..st terns frequent.|

i nt er changeabl v %)ﬂlé‘%tg%g‘?{}tﬁgwﬁ% g”@@’éalll%fg‘% fﬁ‘oélﬁfrg ﬁ?epef%lrvge
requi red tohsepasmaie oﬁpcﬁité’ aﬁsdtaoﬁanmlegre@t@n@a@sal sfaseatsl piradiee papatiplelalt o

t he Iarrella xes b nadlrectlon ra~|ac | ar tothe cl eavage
pl ane, |i ketuﬁ SHY W’%ﬁﬂ%ﬁﬂ%‘{@g PLORHRREY 1I‘i*l QQE Diraf (RRature has $31008 ve

strength i spegatiRasuElgLEH witiSeripRbar thRiRdsd, @athrxﬁ&hs:t AAGEpdrior, SRRMLA e Qheaten t he
transverse direction and is expressed as a function of distatlce fromthe

cor neal?% erfheperivherab iickpessethy Tafierahe pragpl QryasipgtlRls RrYifesdutaer eppgrt iept

resi stail cept Qnsbean! @E;I:H%fal ShdndtdFe Rike@ BRI 4BEmPRIN4BSs AM8ELANOL her in the
pl ane p~rrallel tot anel | ax axes (the longitudinal direction); as such,

it is an integratfnfdngti bétﬂ Rbsehi’€ BONALGEItHE M&:@%sﬁﬁfpﬁ&n% st @fbgeL €

| anel lar interface and is therefore concelvably | ar in nltude (Figure
12B). Bot h sublfaséign model qf geffagtiyeosueesat. r Fliniead deta ipdieats ﬁt ﬁslh@m ¢hauges AEGUA|
transfer ofofidens diibhSoR! BR0SEABLAARE RS ] cdiHPbubint ORACELY LogpONSe
to | aser ablation. ough e interlamellar cohe5|ve strengt s of the

t enpor &5 armnmg@ﬁlomel’hemmqsgtmmhanm forothe measwaed mereRess amelmﬁl@n,é]qlglﬂvsﬁ, ent

in the study, c&fvgtg{e%wo {{\ﬁ%l tﬁé §8£t}6n%§9\'vﬂﬁbeﬂ§reswt% Wi cal neridian

reveal ed | arg consi S erences betwe he st rengt hs of the
Superi 0z and nfﬁg@%tpttﬁ%o%@ﬁs pFAERE S FrCReR 49 SN QGO RbhE kR Bl ST UTY
W uch reveal ed a

Sfluattening as a direct consequence of severed corneal lamellae. Rather than a piece of plastic,

the cornea may be conceived as a series of stacked rubber bands (lamellae) with sponges
30  between each layer (interlamellar spaces filled with ground substance or matrix). The rubber
bands are in tension, since there is a force pushing on them from undemeath (intraocular
pressure), and the ends are held tightly by the limbus. The amount of water that each sponge
can hold is determined by how tautly the rubber bands are pulled. The more they are pulled,
the greater the tension each carries, the more water is squeezed out of the interleaving
35  sponges, and the smaller the mterlamellar spacing. This is analogous to the pre-operative
condition in Figure 11A. After myopic laser refractive surgery, a series of lamellae are
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mean central strength of 0.165 t 0.008S Nhnm and nean peri pheral strengths
at 4-mn fromthe central cornea of 0.1 SS ~ U. 0088 Nmi and 0.234 ~
0.0137 Nniiii (p < .01) for the inferior and superior regions,
respectively. Again, interlaanellar cohesive strength in the human corneal
stroma was shoumto be greater in the periphery than in the center. 5
Tliese st udp@scddei¥iIfesdd2aaden] £ ahows IMBGRANBEC The Bl ABNCHrPherblisbgments
iiiterlamellar cohesion strength at 50% depth that is greater peripherally
than cent r aplpy jusidike thedewrulhgpands moyldirplan onasfeat | Bithythe rduction edisitiomiice of
iititerlanl ngdi I t?@% at es
that the ngiéénll & Aeesglog g‘t‘éﬁ %%?ox‘gc}%agl ?in%{gi }‘el\gg%&éd %&3‘9 ¥ 81|§¥§nc§tp]a'é aﬂﬂhg
What ever bﬂpemdﬁlgle'ghﬁ\QSﬁtra-ﬁfOﬂaﬂ fodd pressure e laﬁatlogmstu s sb@@cetahng mbmasdnaﬁoe of
t he 10 tructur .y intact c eir .inmportance is lik 0 i,ncrease
consi derabl the T4 g t%“g%PrﬁtC@H %@Fﬁ %\W%ﬂweapla %ﬁel%ﬁ‘wéﬁﬂ'&ﬁ‘ %{e 18 Wadi ng
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Hyperopic vs | flyopic Corrections The proposed bi omechani cal nzZCQdel
predicts additional flattening over and above whatever ablation profile is
progran~zned, whether myopic with an intent to flatten, hyperopic with an
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surgery hastdgp@ing eported, wuch is consistent with the proposed nodel of
bi onechani cal response. Monger, 15 et. al, presented clinical results using

a VI SXost ar  systeimg PRI Pratal IﬂSIK?c&MﬁBa]ﬂd’tibmoa&es an immediate circumferential

severing of comeal lamellae under tension, with a subsequent relaxation of the corresponding

peripheral lamellar segments. This causes a peripheral decompression of the extracellular
matrix and an increase in stromal thickness outside of the ablation zone. It is further
hypothesized that this response has imporiant effects on central curvature due partly to the
30 presence of interlamellar crosslinking, which predominates in the anterior one-third and
periphery of the stroma and has been associated with significant lamellar shearing strength
and interlamellar cohesive strength. Imterlamellar stress is generated in the expanding

stromal periphery and may be transferred through this network of crosslinks to the underlying
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patients with |ow astigmatism treated with myopic PRK. (Monger R Jaclcson
WB, Mntsioulis G Ablation Profile and Epithelial Regrowth after Mopic
PRK with the VISX Star. American Sociey of Cataract and Refractive Sul ge~y
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25  over a large range of intrancular pressures for which the stroma is simultaneously fully
strained. This leads to the conclusion that, like the epithelinm, Decemet's layer probably does
not bear a significant proportion of the corneal tension over a physiologic range of pressures.
Marked differences in the stress-strain relationships of rabbit and human stroma highlight the
need for critical interpretation when using. the rabbit as a model for comeal mechanical

30  behavior in humans.

Structurally, Bowman's zone is little more than an acellular extension of the anterior
stroma. Relative to the stroma, the individual collagen fibrils are two-thirds smaller (20 to 25

nm in diameter) and more randomly’ oriented throughout the 8 to 12-um-thick sheet.
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| ~unmei ch-Barraquer mcrolceratone to nmake the flap. Corieal measurenents
are acquired 20 pre and post-operatively with optical coherence tonography
and the foll ow ng corneal topographers for validation of effect: EyeSys,
Hunphrey Atlas, Keratron, Obscan Il, PAR Technonmed C-Scan, and TH S- 1.
Aver age pre-operative refractive error of the small prelizninaiy group is
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t he proposed bi ogechanj cal_ nodel  of corneal respopse. In Vitr t udi es Two
i ~a >>it ~~ot?1§ FM@&&%@%@&&%@WW@W%@ g blERy2ee Rlenfe Bl RETHIE &l i zed
eye bank 20pAhebes MHoemid HERR 12A)CrBusUbE QGEDE ktfenpdil 1ses néRire Qr thes! uon
to either bro ad-beam PTK (-100-um depth, no programmed dioptric change) or
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aut oker at Ot fi¥andeh3GI e |dBrrpl CUlRY:. | KHERARRSY, I Lhaw Ve b hallRil tlsap. War e
measured using corneal optical section image "analysis. Thfs I's a technique
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Cross-section was I VI de nto
connective forces across the entire lamellar interface and is therefore conceivably larger in
magnitude (Fignre 12B). Both forces are likely to contribute to the peripheral-to-central

transfer of stress in the proposed biomechanical model of corneal response to laser ablation.

30 Though the interlamellar cohesive strengths of the temporal and nasal peripheries of
the horizontal meridian were equivalent in the study referred to above, cursory studies of the
vertical meridian revealed large and consistent differences between the strengths of the

superior and inferior regions. These differences were confimed in a study which revealed a
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regions for analysis, far superior, near superior, central, near inferior,
and far inferior. Analysis included eval uating peripheral thiclaless
changes and geonetric bias as predictors of curvature change. Geonetric

bi as was defined as either a nyopic or hyperopic bias in the pattern of
abl ation zone thicla~ess loss in order to ilzvestigate current
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n Mnutes then trai ~sfen-ed to 4% GIA/ dextran for an additional 20 nvnutes;
the fellow control was exposed to 15% dextrau for 60 m nutes. Each eye was
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peripheral stromal response and its mechanical relationship to the central comea, as well as
the negative intrastromal pressure, is critical not only for correctly predicting the magnitude

25  ofrefractive correction, but in some cases, the direction.

Peripheral Thickening Affects Central Curvature
One of the important implications of this work is the notion that shape changes
measured outside of the ablation zone can have a significant impact on curvature changes
within the ablation zone. The ablation zone analysis demonstrated in a controlled fashion that
30  central curvature change in refractive surgery is not solely a product of the ablation pattern.
When peripheral thickness and ablation zone bias were both included in a regression model,
over 83% of the variance in curvature response accounted for by the model was explained by

peripheral thickening. Although the impact of ablation pattern on acute curvature change is
20



LAS1l ~ flap using a Keratron Scout, which is a portable, Placido-based
topographer. It can 10 be used in a vertical position intra-operatively to
acquire the topography of the flap iixunediately after it is cut, before it
is reflected, and thus prior to ablation. Flgure 22 denonstrates that the
characteristic "red ring” on tents patient is a bionechanical phenomenon,
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than the spherical equivalent, meanin g oreater than expected depth must be ablated to achieve
the desired correction. This is consistent with the proposed model predicting biomechanical
flattening, independent of the ablation profile. Greater depth must be ablated with a primary
hyperopic treatment to overcome the biomechanical flattening which creates a surface shape

30  effect opposing that of the ablation profile.

The secondary hyperopic group required substantially less dépth of ablation to

achieve the same level of correction as the primary hyperopia group. This is also completely
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(5) taking additional measurenents after the ablative procedure to docunent
the results. In a second enbodi nent of practicing tlus invention, corneal
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depth is a more robust measurement than the much smaller epithelial thickness, and by 6
30  months the cornea should be relatively stable. Note that outside the ablation zone, there is
negative ablation depth, or increased elevation compared to the pre-operative state. This
provides indirect evidence of peripheral thickening, an important feature of the proposed

biomechanical model, with a different laser/topographer combination.
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Orbscan comeal topography data will be presented here. A comparison control group of 20

25  eyes of 10 subjects had repeated Orbscan I topography acquired at iniervals of from 1-2 days
to establish baseline variations. The anterior tangential, anterior elevation and pachymetry
data were exported o a customized topography tool for analysis and the comea was divided
into three regions: central 2.75 mum radius (5.5mm diameter), transition zone from a radius of
2.75 - 3.25rm (5.5-6.5 mm diameter), and outside the ablation zone from a radius of 3.25 -

30  4.5mm (6.5-9.0mm diameter). The pre-operative topography was subtracted from the posi-
operative topography for the surgical patieﬁts, and the repeated measurements were
subtracted for the normal subjects. For the elevation maps, the two surfaces were fit within

the 0.5mm transition zone. For all maps, average regional differences were calculated over
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(3) fully defiivng a predictive biomechani cal nodel based on predicted

mat eri al properties, pre-operative data; and post-pertubation data 30 (4)
mal ti ng appropriate adjustnents in the ablative algoritlull based on nodel
predi ctions; and (5) taking additional neasurenments afl.er the ablative
procedure to docunaent the results. 5 These processes may be perforned nost

ef fectivel yywi a f niNEY: ave. ah- LI CAl

adj ust nment sth%vlo OP’ﬁLé] gﬁéﬁ%{&ﬁluﬁgﬁuzir@{dg n%nﬁl %X%‘J'rﬁgégogleﬁ}sﬁw ?&h ﬁ?l’ce}@?%gpﬁesgdgaﬁlf and
shoul d be eAYOVA ¢‘Amalgsib o¢ Varibdder proctduistinehd softwiad parlibgerl (Sluidtiogl eAmlygier i or
results. Si énypl arly, the results of the corneal healing process should be

consi der ed. >YfH% » HRdt her iterative process taking neasurenents

i ?nmedi ately foll ow ng@an operation and at specified 10 intervals
thereafter to ddH@PEF Heai bhiewdhe eamposibdiffereass wans of gll speedtoion &8 o1l owi ng

surgery.s Thig 1 ), jeCa ' _abl.akLoR D3 .
topograpshy-égn?i jdgﬁﬁs% vg‘#dreont?%b}ggbgggg%%(%ﬁﬁ esggﬁgkﬁgép ngt%gjrj(ca1 yea(S)eﬁ 1}tlhe
Munuer | yn f&evatibmspacimectiyprané ainiatiad im ther esrehgene etebear noimelsi aidswigealg OCT

imging to asure epithelial, strani.al, .and fl| t | cness. .For,_each
exant nat 1 oropESerpsilSiba, 3 OB o Bods s A U0 PO o B 11 ve

in the |iorpabyhdaty, aRd icivafre indel dutdrhint en@rt domid, @s pesatal B thepropedel War e
to scan the .corneg i.n a radial spoke pattern covering the ten ti-al cornea
within an shiffppchancalanedel Thgsecnireases ResEtedors! monBeRasheRrREdivaD, £heces die
tune pojgnt spiggrelfRe topograpl uc measurements for conparison purposes:
pre-operatively and post-operatively at one day, one week, one nonth, three

months, and si x AMpREdSsroWicbive 881AHEN Ldnaficted 0PP88H ipTRertOwROreivedmadinat el y
after surgery in order to visualize the flap int erface. The bi omechani cal
response i susb® 4 Esgheplese? I dasemyditad ©rbsgpn fomseli Topegreplyrpreepaaiiiely, and a6
heal i ng ph Tlie t I f g i LB on
one. day, " ond s RO FOREANEL: EVIIRRL o (el terkle Higy BRIl
measur enenttbe Qubschn tdats, elemenpstiatmg dfe sdne OTTermed peripheeait mctehst iwi dutvatmes, t aken

i nl rediately after e. sur in order. to.25.visualize the fl.ap. ce the
moder 15 1 T en b BRPHS B8k e R RiphlicRollo Bptd Publfy Bt
opti mi zat i diiglippsreadared with pedisheta cldesion diffeemicall atdgraasiah emilystshRE = (R, per

th i di i | at i fileg.t h del d di cting the corneal

r eggoﬁg gYI o%ﬁmlfyﬁs%gw?g’l?tﬁ g&%g’olises‘ﬁﬁ?g%fﬁlﬁlgcgo r‘FﬁﬁFl C?EC’IBE% g??:z?gnslf 'hg necessary

abl ation profile to neet the criteria l§>,<a I‘ﬁis may be to maxim ze abl ation
I i e

zone dianeter, while nuunlizing abl at o reach a target central 30
ctuvature with riwe mBiradiedieaeedsndubiest Tode fdtiskdy,Clar dbepithe5ilape eyctindk t hus

v sual g mce, apthe Junstion o s least ANee LaElarsi Lhe pplation

(-100-um depth, no programmed dioptric change) or sham photoablation. Changes in
anterior curvature were measured by autokeratometry. Changes in siromal thickness in the .
vertical meridian were measured using corneal optical section image analysis, This is a
technique using a modified endothelial camera to obtain cross-sectional corneal images, an

25  example of which is shown in Figure 20. The corneal cross-section was divided into 5
regions for analysis, far superior, near superior, central, near inferior, and far inferior.
Analysis included evaluating peripheral thickness changes and geometric bias as predictors of
curvature change. Geometric bias was defined as either a myopic or hyperopic bias in the
pattern of ablation zone thickness loss in order to investigate current shape-subtraction

30  theories of hyperopic shift in PTK.

Results of this first study demonstrated that photdablation caused significant

reductions in keratometric curvature (-6.28 £3.23 D, P = .002) relative to unireated paired
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cornea to a change in structure. Only by increasing otu~ |Irnow edge of the
interaction of these factors can predictability in PRK and LASIK be

i nproved. Tlus has inportant inplications in the devel opnent of new

abl ation al gorithnms and gui ded procedures. It poi nts to an optim zation
approach, rather than a priori defining an "ideal'' corneal shape that is

ul timately céntaﬂg ank tﬁ?e\éﬁlt?deﬁtoﬂéaﬁa ShifkI1Be Rty dﬁﬁz'ié |ath PYRPSS @t %%ﬁﬁa:trgri A

bi omechat ucal | y assunme. For exanple, the deeper the peripheral cut
myopi ¢ pr odéfdrens fram gene(ﬁ-aﬁb 086t ik FaB&)y te sdditiopl te qmsmco@ﬁéﬁemng wé the

the. bt onecRARTEAICREAEPET A iR ER FRERt Ry EO e N BrT Hooebpot

the abl ati ainghitete bEkaitadeitib eytidengizant.eabD) Hes Romess (08d 1.7 Dep &ab@o into
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El ement, nodel.s strating the uni attributes of th i nv t|o j or
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as shown in Figures 24 and 25. In Fiqure 24, a model for intacf cornea is

present ed 4B¢ &rpferiphsitsssiom Bt St rider for spprionyaeraal swbisaion caxhibdebile fi xed
at the end%UOﬂ-J'éhtst:o{:FQﬂ%nt‘B drohie sk (@Lt@@?t@dreélaﬂbﬁe&%&&wmem 1L

| ayers (Iayer 1,3,5, and three thick soft layers (layer #2 6). Inthis
si luplifi edndieatela, tencfcﬁec}cdbﬂ aeyaepsf jobBattenameres e)ttema@lywith ymmmgédpe&twe
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and fulTy , represen stance
cont ai ni ng t]nr:banargghsytaamschaﬂ]ﬁalAstnnlulsx: vsrs eehhtabfﬂnttenmg heTlMapmrelqﬂmntBabweemf t he
actual cor (%r toé EC SI sts (%f ov}gh _310 ~ cl %/elrs t reou?agogt t he

tl uckness L y%? A7 M %%rpé‘é ef:“)a Se{mﬁ‘ 151168 © aS%e cot A& ber s
with the saxm ﬁiIMembregmns)Th& sigmﬁmtnt @n= 04’0617h@ eo@ﬂ),agﬂnccjuu\hmns rdsmltseaeﬂa | ayer
is differen ane reinfor nore or |ess unifonn.

The nodel |i’se§1(%1t}|ef’ Iﬂ‘gmﬁ%tm e§wﬁr§8%§séecf?fe°eﬁﬁ?ﬂf§?ng5?' | ayers is reduced

from 300500 to 7 but al so because the 30 collagen fibers are collectively
assunme@0t o be t @nnhéathet hﬁk&lchlcﬁl&yég&nidhhﬁzeﬂﬂvm‘hd ﬁa’temj:ngimbnﬂg 50%dif vasds)al

Iongcyllnrlcal . This sinopli is significantly
it Per ont | FEEEA REREge A hipRisrhi i TS bospghe et RedherobEfle | ha
t Ihe basi c hrmasemtabucelutwmeastﬁndtﬁaﬁed:wmela wase fdotl siyiicestlyatifftrantetdndters (P ucr:] ture,
along wit gl ~I rous irect incorporated into the
fnliie el er?e%[m‘%ﬂ?d res}l’%tl ququ;n € gs"iﬂ??r Q%J‘E%%‘én@eéhw aﬁéﬁ%gle&ﬁpﬁrﬁg
cornea, SUGHaRsEp! baFEH ﬁlhob@rsﬁgag&pﬁélw NehomdD Yhiclees (aBE OdRRALNE dehea) ari d
wat er are nodel ed separ at el IE’Pé%]ure 25, a_ sinple npdel for, all abl ated

cor nea 2aft éFF‘T"éthéF%mfrﬁé? g\péﬁfm@gh gD absence of any lmear relationship with anterior
corneal flattening (r = 0.06, P = .85). Multiple iransformations of the data were investigated

and yielded no demonstrable correlations, challenging current shape-subtraction theories of
hyperopic shift in PTK. The bottom line was that geometric bias was a poor lone predictor of
anterior corneal flattening, The results of this study demonstrate unequivocally that epithelial
30  hyperplasia and stromal remodeling are not absolute requirements for the production of

clinical magnitudes cf anterior flattening in PTK.

A second in vitro study was performed to further examine the relationship between

peripheral stromal thickening and central flattening. Specifically, a paired-control human
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is presented. A part of the tv~~o0 outer |ayers (layer #1 and #2) is renoved
fi-omthe intact corneal nodel. TABLE 3: Layer Geonetry and Materi al
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micron longitudinal resolution, it cannot penetrate more than 4 mm beyond the comea. The
OCT also is also limited to 3 mm penetration. However, the optically clear nature of the eye

allows the retina to be imaged to a depth-of 3mm. For corneal imaging, the OCT offers
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As di scussed previously, in all the eaistirog nethodol ogies of refractive
surgeries, the 25 fact tliat the cornea is a porous material is is ored.

vl stead, the cornea is tz~eated as a solid material. Therefore, the
negative ("inbibition") pressure applied through the internal pore bow-dary
inside the cornea is not taken into account. In order to elucidate these

di f f erencesga; I f Ed ; : h.C f fione and
after the 33(%1{3%}&5) agglantst%%% ﬁllﬁgt&ﬁggg% ?éheégn;[atcngﬁ%ﬂa ?gﬁrgh glﬁ%u?ig%}r gﬁﬁsic%ngﬁ*@hl ayers
#3, #4, andegpfeeawater bah asitopicAsnssthetm clearly 30 in Figure 27, the
spherical surface B bulges after the surgery. This is not consistent with
clinical resultShohriatipgerny. wiike GCT grolg aeclics bftwdiferorhdiy. CEDO-OOT part of
the cornea has less rigjdit ue to the, xenmpval of .tissue an her ef ore
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di ff er egces;Relwms—€en existing sinulations and sinul ati ons based on the

i nvention, the overall cozneal defornmed shapes before and after the surgery
are conpared based on the t~vo different approaches. hl Figure 28, the
overal | congeal defornmed spadisioh@rl BiohfchiliaftResptils@fhat ed or cut corneal
model s are conpared based 5 on the fluid-filled porous material assunptions
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sol i o Hd: erP afeedde il P RO BRE SperiDy TondeGS o TR PN e BPAM
based on t hemktidiet- fftdr| i€tk pas befSrenBbierdfiatted saidniaiid prorsto cablation. FFigure 2228,
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exi s!to i ngpsidr"?ﬂF”éﬁrfialﬁﬁsJ‘%B'%lst 5| %‘FFa{’tﬁ%sl%'ﬁoIIIieg Hag erolnaflusaéasa%]ﬂ%t o é?og’eﬁll?fn"ﬂ
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in tlus application. An ablation depth dependent bi omechani cal response was
descri bed, @& strRghre B e seEe Ay AsBed FpheaBodeh presaniedy t iqﬂ%f.’l"ellﬁfsé‘{3 '% i'zi ary

cal cul aki OR%s &6 YUrhPBREE AR abRtcH VBt $8E bARUR PIRE! Ghilfdre; HRY Qi) @E theof the
| ayer #1,2,3,4 (instead of #1 and #2 as in Figne NK2) is ablated or cut.

Based on t fgeater theg-1f dippteidavsease aentihasreagn npasiang shownityrthe diferenes masin nor e
flattening F'igﬁu@%,e%l‘&@ﬁijis \éﬁve%rsgngﬁﬁ@ggg@giﬁhﬁbeﬂ@%' 15t TG Blvedsiibipbteon T OX

soft |ayers, nore glis o IS I ecause the structure
rigidity ofurérglycmdtrway. porti on of conzea is further 20 eroded due to
further tlunzung. Therefore, the clinical trend supported in this

application is Fepedduessshrirasdd foliowing &k noittieg orfs tsasemedn flane(or| othent i on,
wh ul e tz'ael ﬁ(@@g\g?t%oﬁg anlt bt SRIAAHCEE atiééé%d%{' i?ée?n%@&iegéﬁ?@f @s gﬁ@mﬁﬁ' ¥l ng

met hods. , current age nonograns nmyopi ¢ procedures generally
tend to redenpesthied sbels) tht nuerokeratémic iurisianidr thg flapproduass defiritievhangpsan ggrre

| evel of cqrrection, Lt i Lhin Jhatthe.. S of .
i ndi vi dual £° 8?1&%%6‘11?5%°1§%1’i§/fsﬁiésfeg‘teﬁgrﬁ%§ﬂ%égnéospgy%llgeag"&%ggﬁﬁ’ o S il vy
Prel i m nar yhejaraneic indsiat cases sherastel camned th dlagérnguid ehef periphealatremenatmode| s
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25 correction where increased corneal curvature is prescribed, and works against & hyperopic

correction.

In one embodidment of practicing this invention, cormeal topography, optical
coherence tomography, ultrasound, refraction and/or wave front analysis 1s used both before
and after the microkeratomic incision for the comeal flap (or other corneal perturbation),

30 from a statistically sufficient number of subjects who may be surgical patients, and the
differences compared to expected and achieved post-operative results (undercorrected or
overcorrected). Once developed, comparison of the measurements before and afier the
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10, less flattening in the central portion of the corneal surface is
observed. Therefore, the trend of basic age nonograns for nyopic procedures
are reproduced with this iiznovative 30 nodel. The inportance of this
invention is denonstrated tluough these sinple sanple n zodels. Wthout the
direct incorporation of the negative ("ilnbibition") pressure inside the 35
coznea int Qn&Hg SHTULRL QRe b NRwerde Raste ﬁ'obé&u&akd YcdouBOVR 8 ShbdiSted
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Surgery, vol, 16, 2000, p, 155-162). As discussed before, i1z existing
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N e ke e e et
(pore vol um’dﬁp@nt nuimber b bujeetsofhaarp curgies! wadientsl The prc-operatlvc data are used to
partially define the specifications of individual biomechanical mathematical models of
mdividual corneas (thickness profile, curvature profile, corneal size). The ablation profile
25  with which an individual was treated, is then used to mathematically “remove” layers from
the model, and the post-operative data are used to define the final condition of the model.
PRX, LASIK, and LASEK would each require distinct mathematical models, since the tissue
removed is distinctly located within the comeal stroma. (e.g. PRK and LASEK are surface
ablations and LASIK is a deeper ablation.) Knowledge of the pre-operative and post-
30  operative state, measured from the subject, allows the model properties (e.g. Young’s
modulus) to be adjusted in order 1o match the final predicted post-operative state achieved by

the model with the actual measured post-operative state, in an iterative process. The material
28



material) can be introduced at each point of tlus eqtuval ent honogeneous
material, and the deformation due to the internal pore pressure, which is
m ssing in the existing nethods, can be considered, Theoretically speaking)
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and are used to partially define the specifications of individual biomechanical mathematical
30  models of individual comeas (thickness profile, curvature profile, comeal size). The ablation
profile with which an individual was treated, is then used to mathematically “remove” layers

from the model, and the post-operative data are used to define the final condition of the
29



10 deformation. The e~;anple nodels are used sinply to denonstrate the key
ideas of this invention. The sane idea can be extended to include various
ot her factors such as tine dependent novenent of fluid and el ectrochem cal
considerations. Initial boundary value problens of fluid flow can be added
to the nodel sinulations so that the tine-dependent nature of corneal 15

def or mat i onpé@n PrRIMPASTE dind TASId ohi@batiPreh e EBEME nteRaNcAIBHAR GRE
consi deration of cornea, electrochem cal bal'ance as well as ion transport
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refractive surgery, as opposed exi st n? model s in e literature. %t
mrror adj usepasiaasshusieigauined foy alhpeimens endalt modduwidin thesubjesrpopulitivaatil based

to descri be .S 4 nventi . e sef Ly edicti ner al
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oSt £1 o~ CKSh 3 BF 1BF-REPEABRN e 61 ORHETE WA P eRSE B 4500
invention, dmafsefetidlc £IAOREAsticBP ahi@breyRnbert@afidiepiaabrs GRBt PRdioAHE Gmaterial

cal cul ated fromthe bionechanical response of a cornea 30 due to the flap

creation (JUePeasand thaprepense) Thepncomdetioanmihbe ved fo pyeritnarregeaihamilhn can
then be i ibaloethafith bRBeRRS s A Rl Wik ARblRVe AN phR pBiAlGH @ty Based
on the nodel sinmulations. This information can assist the physicians to
make deci siibrig- &lvoudeveloped e meterial pePertiep piograg, along aithandixidny pre-oneeatiss or e,
this inwentd k ; f Ut 10.Zdced ' .
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achi eved by,w.itte L cul ation .or by Laplen.~ ] i~ C ut er
Systom  Thobllich PRl 1B, LG 8 plp HBE S AR chohl, RagRIBLE
conput er prapgraéinerand) ,postrpertdisdtiat atnen. maBreferhidy, thescamustimlentsiagt pate dy ladet |

readily appreci.ate t .t he net hqds d syst.ens described herei _be
Cortway o DRGSR DEb HRa ATEITEE: Dy Cofipt s ias od A CoRar s e
conput €10 ConPbioKekinRalC@ahFed intp LODARS hidinkdhtion ny Ss6ragreadiieei yacdPlopgaich as

a magnetic hard drive), di spl devi ce (such as a nonitor) aci ui put
devi g e 0 correctlrve taeb)les i%r currégn ?a%er systems, ogiy surgeons using suclcl) tgblcs. %bﬁaou P

profile adjustments can be made in advance of the ablation in a separate procedure, or in real-

time as an intra-operative adjustment, after the pertubation, but before the ablation.

As mentioned above, optimal surgical procedures also require consideration of the

25  biomechanical results of the ablative procedure itself. This is best performed by:
(1)  taking preoperative measurements;

(2)  taking post-pertmbation measurements after the microkeratome cut (or other

corneal perturbation), but before the ablative procedure;

(3)  predicting the biomechanical properties based on pre-operative data and post-

30 pertubation data;

(3) fully defining a predictive biomechanical model based on predicted material

properties, pre-operative data; and post-pertubation data

30



(such as a | ceyboard and/or a nouse) may be used to perfonn the nethods of
the present invention. Pre-operative and post-pertubation nmeasurenents are
inputted to the conputer system by | ceysixolce or by other simlar nethods,
including direct data transfer of neasurenents inputted into another
conputer or simlar maclme. Existing algoritlnns for 15 abl ative
procedtu-es may (pe i pakhE efplopride Gifustinch@r i BY BRYvARREOBA Bised Fathewd)
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stored data. Adjushnent of exi stl uns .for.gbl ative procedures is
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After cutti ng an I ncl sl on or ot at i oi OSt peri ubat i'on
measur ement@eaen oae gigel eae mend &gfmgmtbs ded Fig @@D(J@owﬁ]@ﬂte addiven pAphRtime
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integrated wth th ser t ow a nmeasurenments to share a common

f t
reference axis. -EE'%%%‘ee ot aﬁ{egldng@ﬁ l:teﬁgleh L Be EH&&%W&I% ol clﬁethro]p%h 15

integrated system det enni nes adj uste speC| I catlons
abl ati on, dhelhealingphases (dtkrefr¢, Ukt hehavier oHthe hnodshrsgbﬁned based owiangyéaym one

| mpl enent s \%.Eft, %llﬁ%ﬂﬂ%% ﬁlt'i)ﬁtﬂs, ta{t'(? 6 %%11%% &)8&-0?)%1%8{75 ﬁ:%z?stnlc&%ﬁts, with the exception

of the OCT measurements that will be taken immediately after the surgery in order to

:

25  visualize the flap. Once the model is fully characterized, and performance is satisfactory, an
optimization approach is used to design new ablation algorithms. Rather than providing an
ablation profile to the model and predicting the corneal response, optimization criteria is used
as input to produce the necessary ablation profile to meet the criteria. Examples may be to
maxirhize ablation zone diameter, while minimizing ablation depth to reach a target central

30  curvature with ninimal aberrations.

Post-operative corneal shape, and thus visnal performance, is the function of at least

three factors: the ablation profile, the healing process, and the biomechanical response of the

31



A conputer systeminplenentizlg a nmethod of the present invention may al so
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matrix or ground substance containing proteoglycans.

25 As discussed before, the major portion of the actual comea (stroma) consists of over
300 ~ 500 layers throughout the thickness and each layer is reinforced by a number of long
collagen fibers with the same direction. The direction of the collagen fibers in each layer is
different so that the in-plane reinforcement is more or less uniform. The model is simplified
not only because the number of layers is reduced from 300~500 to 7 but also because the

30  collagen fibers are collectively assumed to be thin hard shell layers instead of maintaining
individual long cylindrical shape. This simplified model, however, is significantly different
from any existing corneal finite element model in the sense that the basic microstructure of

the cornea as a layered or lamellar structure, along with being highly porous, is directly
32



What is clainmed is: 1. A conmputer inplenented nethod for controlling an
opht hal m ¢ phot oabl ati ve | aser system conprising: 5 accessing a nodel ed
corneal biomechanical response to a perturbation that severs a corneal
| anel | a; receiving a pre-perturbation data; determ ning an abl ation
specification; receiving a post-perturbation data; |10 electronically
conput i ng agomdiasitian @b haid demapanidtll datiditord, base substames paichuifiatp g dat a,
the abl ation specification,_ and the post-perturbation data; and controlling
one or nor EBEhERAsSpllagsa fEE ARAFRIR MvsrersHPrisoslicaps T sEdmnodaled east
in part, o dj b i i.f.d i he., <l ai m
1 Bhere { AR R 3 bR oy SRS oy Ty R R
wher e t he peamrtsentsdt i opaitof shectwoneidr laeksafliyen #1 4nd ¥h)eis membred fofm Heaintactl
where the abl aatéi on ipeci fication is an ablation 20 pattern. 5. The nethod
of claim 1RFEFE%he abl ation specification is an ablation | ocation. 25 6.
The net hod of c] ai ere, the abl ation specification is an ablation
size. 7. The rreltr%%‘ g{'}%ﬁﬁ"leﬂfneﬂki@?@‘}l[%@"?s@’%@f‘?sve opht hal nmi ¢ abl ati on
speci f i cat j-en—+s—an—ablation—-depth—30-8—Fhenethodof—elalm-l—where the
pre-perturbajdratmbata is a torfglﬂfn%\%hi c data. 42 [*4%6The nethod of c|aim 1,
where the jpre-perturhbation darb%ardQ a pachynetric A 10__The netho of
claiml, whes e-perturtfhfdepbdata is an el|BVaeidn data. 5 11.| The
met hod of cl acﬁmésplm,ﬁere t he édeyewsyturbation dati®1p¥ers total corn
t hi ckness [Jatmg's m@duldgie net hodhlsx%s claim1, where %ﬁ%‘z pre-perturbation data
is a corne@l{Pd] o curvature dafa. 13. The nethod df "claim 1, where thge
pr e-pert ur|peisscns ratpd B i S a V\/a\(g3front data. 1s 140 The method of clajml,
where the [pre-perturbation daq is an intraocul ar 'Bressure data. 15.| The
met hod of [claim 1, where the post-perturbation data is a topographic| data.
20 16. The nethod of claim1l, where the post-perturbation data is a
pachynetric data. 17. The method of claim1l, where the post-perturbation
data i s an*el&vatj@al5Regbal Elastic Performance of the Human Cornea, Journal of
Biomechanics (1996) 29, 931-942. :

10 *¥T.J. Shin, R.P. Vito, L.W. Johnson and B.E. McCarey, The Distribution of Strain in the
Human Cornea (1997) 30, 497-503.

In the above simple models, the overall material properties for both hard and soft

layers are assumed to be linearly elastic and isotropic. The elastic moduli are taken from the

15  literature. As discussed before, the soft layer is assumed to be a highly porous material.
Based on the existing theories for fluid-filled porous materials (Katsube, 1985; Katsube and '

Carroll, 1987a,b), this porous material assumption requires additional elastic material

parameter such as the bulk modulus of the solid matrix material of the soft layer without

pores. The physical measurement of the bulk modulus of the matrix itself (without pores)

20  will be extremely difficult and has not been reported in literature. In the simple models, this

bulk modulus is assumed to be infinite, and the matrix itself (without pores) is assumed to be

incompressible. This assumption is reasonable because the volume fraction of the matrix is

extremely low in the comnea, and much of the volume compaction or expansion of the soft

layers can be attributed to the pore space compaction or expansion through the deformation

25  of the matrx.

The volumetric expansion of a porous solid material due to the internal pore pressure

is similar to volumetric thermal expansion due to temperature increase although the physical
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18. The nmethod of claim1l, where the post-perturbation data is a total
corneal thickness data. 30 19. The nethod of claim1l, where the
post-perturbation data is a corneal curvature data. 43 20. The net hod of
claim1l1, where the post-perturbation data is a wave front data. 21. The
met hod of claim1, where the post-perturbation data is an intraocular 5

pressure daf@hadsdns &b €oiBlelRBdiftrest AhBlefore, WK Slumb ehaRed Bhed thESRAMS ork S

related to a negative pressure change caused by renoving corneal tissue. 10
23. The netmearecacbeiepiaged hihide dharhd enpraabe termds ponskibe somuprgialy avalabla t he
effect of ri e, or '

- orneal | ayDE A BaPRRE pbREGs LB HerilpfBefes 8 AT PR AR Ghhou

post - oper atfiwd afld dgsost the saldiraitriadthbht pedseareikvedy. updati ng a cor neal

bi onechani cal response nodel based on the post-operative diagnostic data.

25. Thesnet hod ofs sabwih M Brdure s iR efgive 0hbibRRL B friteuwd bgagstie 6@ akhaHE S a
patient satisfaction data. 20 26. The_ .nethod of claim 24, where the |

post - oper atif apligd HpiFsBERy Brengheutithe porpbewdsl of ghbirposeps dayens#2, #handbHad of
cl ai m 24, : - ' | ti-cmg@?aa bBed® adidBR o]

ef fect dat ‘g&&’i lgl.lwl' g%%oﬁglgle%%é#gf?nﬁ 4, V\/nlgre t ep 1cE‘)esdt -ng)t|c'1§‘(3=zpaté]vetsm]%E

di agnost i ¢ dfétesoinsaaln apoipzaphibe sthajaiong the@muTdre aliytvhidableofinite| ebenrenPebde wher e

t he post-o j di agnostic.data,is.a chynefri . .

ot hog o PSRN Gh AIRIS i BRrcahBASTIRILE Bife Mo 1idheediE

3! evatiion C{gh’@ibiﬁ&l") Preesureeis pplti sif omgl} i pr]]j_l‘(ﬁlﬁ,la}Whéﬂ end HE, andxt?ﬁqmeﬁ mﬁkm is

i agnostic data..s_.a tot or neal thickne ta. 32. e nmethod o
oy 5a Rt e ssarally rRlei O SO p JORT 2 o AL Sreped. SERERIOnR POl ur o
data. 10 33n tiléRcrmitRinan el ahat Mmoo Lol R eulin He iR PRES HirdtHok BN Beh | C
data is a wave front data. 34. The nethod of claim 24, where the

post - oper atqurat-plragdrstion depiodhe devead paite A5 agiual cospeds Since tagaintpmad fuid is
suddenly exposed to the atmospheric pressure at the place where the layer is severed, the

15 internal pressure is set equal to zero in layer #2.
Results based on the sample finite element models

The contours of the spherical surface B (the interface between the soft layer #2 and
the hard layer #3) for the intact comea model (Figure 24) and ablated or cut cornea model
(Figure 25) are plotted in Figure 26. The displacements are magnified by a factor of 10 so

20  that the comparison before and after the surgery can be visually observed. The spherical
surface B flattens after the surgery. This flattening due to the surgery demonstrates the same
trend as the conceptual model, supported by clinically observed results described earlier in

this application.

As discussed previously, in all the existing methodologies of refractive surgeries, the

25  fact that the comea is a porous material is ignored. Instead, the comnea is treated as a solid
material. Therefore, the negative ("imbibition") pressure applied through the internal pore
boundary inside the cornea is not taken into account. In order to elucidate these differences,

we plot the deformation of the spherical surface B before and after the surgery by setting
negative "imbibition" pressure in soft layers #2, #4, and #6 equal to zero. As shown clearly

30  in Figure 27, the spherical surface B bulges after the surgery. This is not consistent with
clinical results of surgery. The bulging occurs because the central part of the comea has less

rigidity due to the removal of tissue and therefore deforms more after the surgery.
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3 5. A conmputer readabl e nedium storing conputer executable instructions
operable to performthe nethod of claiml1l. 36. A systemfor adjusting a
corneal abl ative specification, conprising: 20 a data receiver for
receiving a first corneal data associated with a cornea before one or nore
| anel | ae are severed and for receiving a second corneal data associ ated
with the cornealgfot®f tOemefistAlY Qutharmik| BfferdfiRs HRWREE bixistn® sRell £lohy Bnd
corneal biomnechanical response nodel that nodels corneal response based on
the first completdnsdased oanler PHEtoBCBNavVeEEBr onaidal deforaned 2Bansh befbreaand gfier the
specificati AoYe) i | ati peci £ _cat b on
the firer carRsELARGRRRkee Vs EPUEHL (3 BB BHARSECH, Hikhl oo Bnek!
speci fi cat | @mdabdefidmed slidpes fop telintdct aed grinseor @ c@real Todels ystcempatd bdsed m 36,

where the abl ati.o cificatjo rocessof _conputes,the ablation

epeci 11 cat | Bt A88cHIE ks FefelR BoRAGAR: fs60 FFe. ECORPOEArHEAT Wl and
the predi ctdoyi@a GREMBBLioP isAHRREANACE DeRSPANSRNMIUR! perififeral 188kenthBenaghied em of
claim 36, where the first corneal data is a topographic data. 39. The

system of charencgmval wprdelsupperted Pselinics yeswfs, deserabadsagionay Bis appheatigat & 5
40. The Sy_ﬁ:ligmeQSI {ﬁls%bé}hg?%rflxn%?géfgrnﬁé&ﬁhép%sﬂ oGP SRkct AR éo%téd@réu%%%ﬁph' c

data. 41. systemo ere the second corneal data iI's a wave
front dat a.madelsdRe colfyerasiytmsainonothe edlaimat@B)] asstweptiorts Her safillateiso ssqpecsed iccat i on

' t t . . t f claim36,. t he, abl af i

speat f e B T hiRkd on e alERTRSSioFtll herdied ot BTy 1 BieRF A e wher e

the abl ati operipheslitifitlening@fterd dlaion &lodbthserved | Pierefdre, thd Bstigsingulatdhs wised m 36,
' eci.ficati.on is an ablation 20 depth. 46, A s%st.em for

where the abl ati S p
conputing a @5!5‘3{%1 %ﬁe%%éﬁﬁuﬂl’%’? PS Mot erpsisi with dliuce! pespiteafior laspraetartve
procedur e, edERy, d&sk8sd in this application.

An ablation depth dependent biomechanical response was described, such that more

15  ablation implies more flattening. Preliminary calculations are performed for a two-set layer
ablation where a part of the layer #1,2,3,4 (instead of #1 and #2 as in Figure NK2) is ablated

or cut. Based on the fluid-filled porous material assumption for soft layers, more flattening is
observed. However, based on the solid material assumption for soft layers, more bulging is
observed. This is because the structure rigidity of the central portion of cornea is further

20  eroded due to further thinning. Therefore, the clinical trend supported in this application is
reproduced based on the simulations based on the invention, while the wrong trend is

reproduced by simulations based on the existing methods.

In addition, current age nomograms for myopic procedures generally tend to require
less ablation with increasing age, to achieve the same level of correction. It is also known
25  that the corneas of older individuals tend to be stiffer than those of younger individuals.
Preliminary parametric studies based on the simple finite element models presented here
demonstrate that when Young’s modulus (layer #1,3,5,7) of the fiber is reduced by a factor of
10, less flattening in the central portion of the corneal surface is observed. Therefore, the
trend of basic age nomograms for myopic procedures are reproduced with this innovative
30  model.

The importance of this invention is demonstrated through these simple sample

models. Without the direct incorporation of the negative ("imbibition") pressure inside the
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a data receiver for receiving a first corneal data associated with a cornea
25 before a corneal perturbation and for receiving a second corneal data
associated with the cornea after the corneal perturbation; a predictive
corneal bionechani cal response nodel that nodels corneal response to the
perturbation, where the predictive corneal bionechanical response nodel

conpri ses op@nQinBRAE:iRilatidh) Re REY bRRNBlcalRf KW redulls 6HORNNG TATA YZERE a
corneal elevation analyzer; a position dependent negative pressure

anal yzer; 46mnmdﬁ¢mnwéHMKM§héllae severing anal yzer; and an acute depth
response anal yzer; an ablation specification processor for conmputing the
adj ust ed specificati on badixdensiontd¢hef sample fimtersdearhend si@lelst he second cor neal
data, and the predictive corneal 5 bionechanical response nodel; and an
updater for upda]nisngxetdfahabkiaiﬁzig)esimp}adaneohfrrefrmgedurgm@héleaml\jeumgdde &bthat i on

speci fication. /St em of. m 46 ere al api ca
T Eaponse moBBEHE ST FRETEGH HEGHE & FONTA) AP RUrO i CErt b oupaio

conpri si ng Reyast axeswdg hegvebvERIRI cReab St Ghdyortda ik BBl Ko $OAdt dPestipus

| ayer, with collage i bers nodel ed as one or nore j nper meabl e_hard | ayers.

48. The sysPefsiest 9 BiedPusulatghe r Brereiaeclhprgdano E?Rﬂﬁé’é’ﬁé’m“f?&ll thecllip ﬁ%dethﬁodel
~ 5 nodel s tlg c%ﬁ)&rtl?lfeﬂts%Tlac hydpake ciné %He%fr}éﬁ?s Plated R ‘PJL}& 208 §fiiahaterfal €

structure conprising a plurality of yers separatéd by one or nore
soft por ousDirey einsorpavhtiere of ohdgaigen ("fhiybition'dr eressurte edl the posﬁpetr reebtimenar d

layers gnd @%}enﬁntxh%ng g tﬁ}s%gesgt% A to%a%&b?%}urée% ?m%‘ he'félal ‘u%ﬂ have g Tiever

i nconpr essi su ce W't ores 1 nsi
nor e pores bger rapprtbemditeparrd. i aI ly filled with a 20 fluid. 49. The syst em of
cl ai m 46, where the corneal biomechanical response nodel nodels the cornea
as a portion of 'ﬁﬁhyaidsattcedhqofncoumt stteckdy p;ampf ittss gyenfed xecicting es b&@ sasily

substanti ol L int Loty ocklor orecirs of el ucen, atou, 0 oo 1 s
Wi thin the sdies|E. SOCarySYS Mahdnital Y64 Qi M@nén TEO Earkity of PhiyeloRgidhleand
conpri SiSng Surgical Factors on Radial Keratotomy Surgery,” Refractive & Corneal Surgery, 1989, p. 82-
§8. P. Pinsky and D. V. Datye, “A Microstructrurally-Based Finite Element Model of the
Incised Human Cornea,” Journal of Biomechanics, vol. 24, 1991, p. 907-922. P. Pinsky and
D V. Datye, “Numerical Modeling of Radial Astigmatic, and Hexagonal Keratotomy,
Refractive & Corneal Surgery, vol. 8, 1992, p.'164-172. K. D. Hamna, F. E. Jouve, G. O.
20  Waring, and P. H. Ciariet, “Computer Sirnulation of Arcuate Keralolomy for Astigmatism,”
Refractive & Corneal Surgery, vol. 8, 1992, p. 152-163. P. Roy, W. M. Petroll, A.E.
McKinney an C.J. Chuong, “Computational Models of the Effects of Hydration on Corneal |
Biomechanics and the Results of Radial Keratotomy, Journal of Biomechanical Engineering,
Transactions of the ASME, vol. 118, 1996, p. 255-258. M. R. Bryant, V. Marchim T. Juhasz,
25  “Mathematical Models of Picosecond Laser Keratomileusis for High Mvyopia,” Journal of
Refractive Surgery, vol, 16, 2000, p, 155-162). As discussed before, in existing simulations,
the cornea is treated as a homogeneous “hydreted” solid material. All we need to do is to
make clear throughout the formulation that this homogeneous “hydrated” solid material is in
fact an "equivalent” homogeneous solid material, and this “equivalent” homogeneous solid

30  material is actually highly heterogeneous in the sense that it contains pores and pores are

filled with water.
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30 neans for acquiring a pre-perturbation data by neasuring a cornea pre
operatively; 47 means for acquiring a post-perturbation data by neasuring
the cornea after a perturbation that severs one or nore corneal |anellae
has been nade in the cornea; neans for acquiring a prediction data of the
bi onechani cal response of a 5 cornea to ablation based, at l|least in part,

on the perturbaid@feptld§ sPERMREDbERAIANvElakR RPdnk RBIRRSE: PRLIkE Ratd on
data; neans for conputing an ablation specification based, at 'least In

part, on t hmeatgmadéanttieontrothuced atzeach pasnired this requipelentiogogeneaiy matenad 3pd deredur e

part, on t e gz ced alzeneh p _ a8 _
met hod, - compreerig: Sk of PRRLOGE Pl ot £ pP AR nd Byhe KRpSH BT

one or nor é&ecohsitatd | Thedrttrellaspealdny eliceeslutic Bxmediae tha iantabporapressure
severin paraneters,ﬁtﬁgased_, allt I&ast in part, on the first set aof caqrneal

measur ement®@n teasiaplptad by maimgdkingsthermal expanpiop Shefq KEPHERES chagge. | SRR he,

part, on t hsﬁeéﬁé’ enhaer PRE FBRES DA BRTHIAGNR 1SR5RRENSEh v dokOb P BRkving
measurenents after severing one or nore 20 corneal |anellae; se€electing and

conf i gur i nghoeeerall matsria raepegics ohthe perois sadish ezl Keodié dnagix eardepofd) and theest  of
corneal Toas YR RS 1S+ AR Bod B tBagad o Bl ol
t he one or ishighlygldr@ls) mock&fl thpevrdll waimoctmngbein bEreeribetd adthe Ehaapainmokbel ,
wher e tl%e fsiperxcsetrat 1grt1ha(?nf 111g g}tprzllrels?cl)n oﬁ%%ﬁ&%ggg} T.She solid matrix (without pores). Therefore,
by employing the simplified assumption of incompressibility of the solid matrix (without
pores), the expansion due to the given pore pressure can be simulated through thermal
expansion terms. This leads to the direct incorporation of the negative ("imbibition") pressure
applied to the pore boundary of the highly porous comea. In this way, the existing
15 simulations can be modified to include the effect of the position-dependent negative
(“imbibition™) pressure inside the cornea on the comeal bi-omehanjcal response 1o the

surgery.

In the simple example models, linearly elastic and isotropic material assumption is

employed. However, the material response assumption can be extended to anisotropic and/or

20  nonlinear models. Therefore, by incorporating the basic idea of the existing theores for

fluid-filled porous materials into the existing simulations, we can significantly improve the
existing simulations for all other refractive surgeries.

In the simplified example models, the hard layer representing the collagen fibers and

the soft layer represeniing the matrix or ground substance and water are modeled separately.

25 However, this layered structure can be modeled as an ‘“equivalent” homogeneous anisotropic

material on the basis of the composite material models for layered structure by Katsube and

Wu (“A Constitutive Theory for Porous Composite Materials,” International Journal of Solids

and Structures, Vol. 35, pp. 4587-4596, 1998). By introducing the volume fraction of each

layer (thickness ratio) and the porosity at each point of an “equivalent” homogeneous

30  material, deformation of the fiber and the ground substance and water inside the cornea can

be separated within the framework of a single, continuum model. This homogenization

technique can again be used as a tool to introduce more detailed micro-structure to the

existing simulations. If the detailed information regarding the microstructure is introduced in
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conprises a topographic data, a pachynetric data, an elevation data, a
corneal thickness data, a corneal curvature data, a wave front data, an

i ntraocul ar pressure 30 data, a peripheral stroma thickness data, and a
prior surgical response data. 48 53. The nethod of claim52, where the
first set of corneal neasurenents are acquired by at |east one of corneal

t opogr aphy th&ﬂéde%%‘, :ﬁ&@@étﬁﬂ%&%ﬂoﬁﬁﬁ% RRWo oWBNA &R AR RhY Shddiabsito the
ultrasound. 5 he method of claimb5l, where the second set of corneal
measur errentabox@canﬁphfnsaéme&xotdapb@ﬁ amaasesdefwatrodacxpammqrosimd@mntoano@h@g/at i on
data, a corpe t.hi cknes a _corneal t,ur ve fron

data, an i il 5!?8&? ala&ﬂ‘?vgésla’r gm%t\f zﬁm}g}i’d 05‘5 ‘%h‘%"egﬁ gtl?%ﬁoam{\gﬁo 8&‘38%%‘ dat a.
10 55. Thespmildieds.of Fel akinfid, mVikd embiet Sdaﬁll@nlévéieﬂodif positined aribgsihenent s

are acqwred by at_ | east, _one of cqrneal topog %Ph% optical cqoherence
t omogr aphy © jop) of irdigidual yellagen Hbeys HeY Pousirer Beddiing heerpdtaen @i m

51, where "si?&cpé?co%gémfb%rsaa@v@h 00 BRE6H St 8PR.al RGP R GibRL ch RS one
of an ablation size, an ablation shape, an ablation |ocation, an ablation
dept h, andba separsiely wiodelbd. at These smBl-scale dm@nc@plsr@adhwl@commtmm@\ﬂmg

st or ed thegrﬁé}ﬂqe&a%a}c 3&%&’%} g&aegm ﬁ%b&lpﬁ%g'olm Sn%el%eaﬁ&céa@%“l&%
response of a cornea an abrative 20 procedure, co I'si ng: rrst field
t hat hol ds modéloganefurihed bedn@eporatad it the Qargerdtabe bmxﬂmyaaﬂmqabblmsmoemht S

t aken Eﬁf ore_one, or nore corneal |lanellae are severed; a second field that
hol ds ihf oFEERFHPconcer ni ng one or nore second corneal measur enents taken
after one or nore corneal | anellae are severed third field that

hol ds i nf or mat i &R EEFTPE: FPAds 6fﬁé18%sirsuﬁalwé°§sqnaleﬁhaw téepéesi %F%tf.ﬂahém%wgre t he

abl ati on sp@gishh6 38da008 B & i&lRed Y Ghchdb ValBS othBr Refots sdchO tBhe L§RBdenpnE Of
the one or nore first corneal neasurenents, the one or nore second corneal

nmeasur emenf¥Vernent of fblidemdcﬁﬁqtr\?éhw%ﬁ@ﬁ%r%@m r Bitipd hewndspigealue meblegs of
refracti veﬂquﬁcnakme aﬁbf&ft@'@ﬁc AP R laAGhs B th kAT d-4&ARRt DakbbEcdaer for

abl ati ng corneal tissue;
1 deformation can be modeled In addition to the above purely mechanical consideration of

comea, electrochemical balance as well as ion transport can be added to the model
simulation. The ion and fluid transport phenomena are coupled and both influence the
deformation of cornea. In both cases, the direct incorporation of negative ("imbibition") term
becomes very important in solving initial boundary value problems since the atmospheric

20  pressure that appears at the ablated or cut surface can be specified as boundary conditions.

The simple finite element models based on this invention can predict the correct trend
in corneal response to laser refractive surgery, as opposed to existing models in the literature. -
With minor adjustments in geometry and microstructure, the simple models used to describe
this invention are immediately nseful in predicting the general trend in outcomes of refractive

25  procedures.

In a LASIK procedure, a flap is first created by a microkeratome and then comeal

ablation is performed. After ablation, the hinged flap will be replaced in its original position.

Upon further refinement of the simulations based on this invention, material properties
relevant to the model can be back calculated from the biomechanical response of a cornea

30  due to the flap creation (but before ablation). The mechanical response due to ablation can
then be simulated and the post-operative condition can be predicted based on the model

simulations. This information can assist the physicians to make decisions about the operation
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a nenory that stores one or nore conputer executable corneal ablation
progranms; a nmenory that stores one or nore ophthal mc ablation
specifications associated with a refractive ophthal mc procedure to be
performed by the refractive 5 ophthalmc laser; a nenory that stores a
corneal biomechanical response nodel; a pre-perturbation data processing

conmponent  tifagdre Rit&E ABIRRSH. AT HefcforP ehis thiveati drOtin B8 barydRé IPmeHerPising fthd Redete
severing of a corneal |anellae duri ng the refractive ophthal mc procedure;

1 o a post -péf (AfBeltiesW28At a processi ng conponent that processes a post
perturbation data received after severing one or nore |anellae preparatory
to the refractive ophthal m c IptegraiediPysien forREfxestineduredut a processi ng
conponent that conputes an adjustment to a stored corneal ablation program
based on the pr &hpercieliryavitomzaahandadorithm qpuosdtioh®f erpreseitatventiondasiabeas

nodel ed .in the cqrneal bi hanical response nodel; and an updati.n ata
o oceasing ORI NT St G DA DG R YA o SF e, - A
corneal surigi @alaref heaheneBIBRlr béii@er BOdekgaU kdrhp@erap®gtan@hing OsHAUE Rbase
executabl e instructions for a corneal ablative procedure; takiqg a first
t opogr aphi chansEERpRetd; admigistrieneHb Atadie Apnteainnthab fhea MeBofe 490 S¥V&RS ng a
corneal | angbdfies hlichiiy GoLRPire Baed Ale) R RAGHI th QRAGHAAN Som.

g an update to

pachynmetric, or wavefront nmeasurenent of the cornea; conputl
an abl ation Zon%op%xalghé}u ea}n;nfértq%fugﬁaﬁg %Céeﬁ&fﬂﬁ-%e%ﬁn% lﬂﬁit,cé)FEBfétggliuedium
execut abl e i nstructions by anal yzing a cornea | onechani ca
10 (such as a magnetic hard drive), a display device (such as a monitor) and an input device
(such as a keyboard and/or a mouse) may be used to perform the methods of the present
invention. Pre-operative and post-pertubation measurements are inputted to the computer
system by keystroke or by other similar methods, including direct data transfer of
measurements inputted into another computer or similar machine. Existing algorithms for
15  ablative procedures may be inputted in digital form by any apﬁropriate method. Additional
empirical, deterministic or other data may be inputted to the computer by any appropriate

method.

Data inputted into the computer is stored by any appropriate method, including read-

only memory (RAM) or other storage devices, such as a hard disk drive.

20 Analysis and comparison of mputted and/or stored data items is achieved by
implementing appropriate software algorithms on the computer which compare the relative -
values of stored data. Adjustment of existing algorithms for ablative procedures is achieved
by retrieving a ablative procedure from data storage and modifying it. The modified

algorithm is restored or implemented during surgery.

25 Data derived or created by the present invention is stored in a computer by any
appropriate method, including storage on an appropriate computer readable medium. An
example of an appropriate computer readable medium is RAM or a magnetic hard drive.
Depending upon the nature of the data, the data may be stored in a table or other appropriate
data structure on such a computer readable medium. Those skilled in the art of databases will

30  readily appreciate that multiple types of data structures are appropﬁate under the present

invention.
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response nodel, the first nmeasurenment, and the second neasurenent; 30
updating the set of conputer executable instructions based on the update to
the abl ation zone or ablation pattern; and 50 abl ating corneal tissue
according to the updated conputer executable instructions. 51

CAT?2.AG. A@ L. As. A Af T % AUOL. AyA AS. A. AS. A, .. AyA&r. A9L. AyALL. AyW9L. A. % AA

Al MR AL IS GRS A 8150 o 2

s $:EW computer which use stored data in conjunction with mathematical modeling algorithms.

L PP LR e el o
" OBHE. $9| wecmeareY‘y{bihaak Qﬁﬂlﬁ@ﬁ&l@]ﬂf@d\ﬁﬂb&%ﬁ%&@ﬂuﬁ@& erilef Ak pAkGRIeadta V] ca] ca]

cal ca] ca] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal
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aV] ca] caj ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca] caV] caV] ca] ca] ca] ca] ca]

ca] ca] ca] cadirmgrggs sy gery: ;Data may be mputted to such a computel systcm during the surgical

S<<=>>>?Y?? C ajca
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\F/]FFFj] GH;—V J j] d&q@?MWW&WW%mlmmMM]smm coajpuitel. i:a] i:a
calJca]ca a ca]cal.ca] ca] ca] cal ca cajcalc
2] cal ORB RS Savy P EERIIR, QU DU XL P T W HRCAOTT (B EAfEA] cal
a] ca] calga] sabealea]wd GRdaGRbRahs a] Lok catiea) a@]lﬂqas]l&a]os:aitm R igd, Cpdsea] ca]
ca] ca] ca] cal gYY ZZ[Y[[[4\R\\\n_. abVcddddggi eiij ] %kkkl | {vgl gb] W/] ca] ca] ca]
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highly likely that both wavefront analysis and corneal topography will be necessary to

10 program the laser profile in order to consistently achieve an optimized result. Wavefront

analysis will provide the means necessary to measure and minimize aberrations. Topography

will help us measure and predict the biomechanical comeal response in ways that have not

yet been elucidated. The future of customized laser refractive surgery is certainly bright.

Those skilled in the art of comeal surgery, or the development of diagnostic or surgical

15  equipment for these procedures will readily appreciate that the methods and hmsmﬁnents
described herein can produce dramatic improvements in corneal surgery. Of course, they will

also realize that many modifications may be made in these procedures and instruments, which

are merely illustrative. These illustrations are not intended to limit the scope of this

invention, which is defined by the following claims.
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receiving a pre-perturbation data;
determining an ablation specification;
receiving a post-perturbation data;
10 electronically computing an adjusted ablation specification from the pre-
perturbation data, the ablation specification, and the post-perturbation data; and
controlling one or more aspects of the ophthalmic photoablative system

based, at least in part, on the adjusted ablation specification.

15 2. The method of claim 1, where the perturbation is a corneal incision.
3. The method of claim 1, where the perturbation is a corneal ablation.
4, The method of claim 1, where the ablation specification is an ablation
20 pattern.
5. The method of claim 1, where the ablation specification is an ablation
location.
25 6. The method of claim 1, where the ablation specification is an ablation size.
7. The method of claim 1, where the refractive ophthalmic ablation

specification is an ablation depth.

30 8. The method of claim 1, where the pre-perturbation data is a topographic
data.
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10.  The method of claim 1, where the pre-perturbation data is an elevation data.

11.  The method of claim 1, where the pre-perturbation data is a total corneal

thickness data.

12. The method of claim 1, where the pre-perturbation data is a corneal

10 curvature data.

13.  The method of claim 1, where the pre-perturbation data is a wave front

data.

15 14,  The method of claim 1, where the pre-perturbation data is an intraocular

pressure data.

15. The method of claim 1, where the post-perturbation data is a topographic

data.
20
16.  The method of claim 1, where the post-perturbation data is a pachymetric
data.
17.  The method of claim 1, where the post-perturbation data is an elevation
25 data.

18.  The method of claim 1, where the post-perturbation data is a total corneal

thickness data.

30 19. The method of claim 1, where the post-perturbation data is a corneal

curvature data.
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24.  The method of claim 1, comprising:
receiving a post-operative diagnostic data; and
15 selectively updating a corneal biomechanical response model based on the

post-operative diagnostic data.

25.  The method of claim 24, where the post-operative diagnostic data is a
patient satisfaction data.

20
26. The method of claim 24, where the post-operative diagnostic data is a

patient vision data.

27.  The method of claim 24, where the post-operative diagnostic data is a

25  patient halo effect data.

28. The method of claim 24, where the post-operative diagnostic data is a

topographic data. ;

30 29. The method of claim 24, where the post-operative diagnostic data is a

pachymetric data.
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operable to perform the method of claim 1.

36. A system for adjusting a corneal ablative specification, comprising:

20 a data receiver for receiving a first corneal data associated with a cornea
before one or more lamellae are severed and for receiving a second corneal data
associated with the cornea after one or more lamellae are severed;

a predictive corneal biomechanical response model that models corneal
response based on the first corneal data and the second corneal data;

25 an ablation specification processor for computing an ablation specification
based on the first corneal data; and

a component for adjusting the ablation specification based on the modeled

response.

30 37. The system of claim 36, where the ablation specification processor
computes the ablation specification based on the first corneal data, the second

corneal data and the predictive corneal biomechanical response model.
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43, The system of claim 36, where the ablation specification is an ablation

15 location.

44, The system of claim 36, where the ablation specification is an ablation size.
45.  The system of claim 36, where the ablation specification is an ablation
20 depth.

46. A system for computing an ablation specification for adjusting a corneal
ablative procedure, comprising:

a data receiver for receiving a first corneal data associated with a cornea

25  before a corneal perturbation and for receiving a second corneal data associated
with the cornea after the corneal perturbation;

a predictive corneal biomechanical response model that models corneal
response to the perturbation, where the predictive corneal biomechanical response
model comprises one or more of:

30 a peripheral stromal thickening analyzer;
a corneal elevation analyzer;

a position dependent negative pressure analyzer;
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48.  The system of claim 46, where the corneal biomechanical response model
15 models the cornea as a hydrated structure of a porous material, the structure
comprising a plurality of hard layers separated by one or more soft porous layers,
where collagen fibers are modeled as impermeable hard layers and where the
hydrated porous material is a matrix of an incompressible substance with pores
inside the matrix, and where one or more pores are at least partially filled with a

20 fluid.

49. The system of claim 46, where the corneal biomechanical response model
models the cornea as a portion of a hydrated porous shell comprising:
fixed edges;
25 a substantially uniform intraocular pressure of between about 10 mmHg to
15 mmHg against an inner surface of the shell; and

a subatmospheric pressure within the shell.
50. A system for customizing an ablative procedure, comprising:

30 means for acquiring a pre-perturbation data by measuring a cornea pre-

operatively;
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corneal measurements; and
ablating corneal tissue from a cornea based on the one or more ablation

25  specifications.

52. The method of claim 51, where the first set of corneal measurements
comprises a topographic data, a pachymetric data, an elevation data, a corneal
thickness data, a corneal curvature data, a wave front data, an intraocular pressure

30 data, a peripheral stroma thickness data, and a prior surgical response data.
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corneal measurements, and a predicative biomechanical response model.

Z

30 58. A refractive ophthalmic system, comprising:

a refractive ophthalmic laser for ablating corneal tissue;
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10 a post-perturbation data processing component that processes a post-
perturbation data received after severing one or more lamellae preparatory to the
refractive ophthalmic procedure;
an adjustment data processing component that computes an adjustment to a
stored corneal ablation program based on the pre-perturbation data and the post-
15  perturbation data as modeled in the corneal biomechanical response model; and
an updating data processing component that updates a stored corneal

ablation program.

59. A corneal surgical method, comprising:
20 acquiring a set of computer executable instructions for a corneal ablative
procedure;
taking a first topographic, pachymetric, or wavefront measurement of a
cornea;
severing a corneal lamellae in the cornea;
25 taking a second topographic, pachymetric, or wavefront measurement of
the cornea,
computing an update to an ablation zone or ablation pattern associated with
the computer executable instructions by analyzing a corneal biomechanical
response model, the first measurement, and the second measurement;
30 updating the set of computer executable instructions based on the update to

the ablation zone or ablation pattern; and
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