METHODS AND | NSTRUMVENTS FOR | MPROVI NG REFRACTI VE OPHTHALM C SURCGERY Fi el d
of the Invention The invention relates generally to the field of vision
correction and nore particularly 5 to nmethods and apparatus invol ving

bi odynam cs/ bi omechanics of the eye to ultimately provide inproved vision
to patients through refractive correction. Background of the Invention The
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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 comea] response to' laser ablation is mot 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 popularity
of refractive surgery is considered. It is crucial that the nunber of
patients who achieve their targeted vision be increased in order to inprove
the overall quality of vision in thrs vast group of people. 5 I'n the quest
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whether wavefront analysis alone is sufficient to fully predict visual outcomes. Will it
25  replace comeal topography in the quest for the perfect "aberration-free"guided procedure?
Or, on the other hand, is there a piece of the puzzle still missing? If so, can cormeal

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

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

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

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

a kmown 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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2 Figure 1. A sinple geonetric fornula resulted, which assuned the targeted.
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t hought of as the "shape-subtraction” paradigm based on a geonetric
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population to date. However, a substantial number of individuals do not achieve 20/20 vision

(only 50 - 85% do achieve 20/20, depending on who is reporting), despite greater than 90%
3 being satisfied. In addition, significant post-operative optical aberrations are produced using
conventional algorithms, hence the move toward developing aberration-reducing ablation

25  profiles.

After acceptance of PRI, laser in-situ keratomileusis (LASIK) was proposed as an
alternative procedure. LASIK involves cutting a thin cormeal flap of tissue, ablating within
the stromal bed, and returning the flap. LASIK has become increasingly popular since it is
assoclated with less pain and faster visual recovery, In addition, it was thought that the

30 preservation of the corneal epithelium in LASIK would minimize regression. Ultimately,

however, both procedures produce similar visnal outcomes.
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factors, making systematic interpretation of results difficult. Thus, the fundamental challenge -

to the futwre of custom comeal ablation is to develop deterministic models that can be

N—

successfully applied to the individual patient, rather than relying heavily on empirical
25  modification. Important biomechanical determinants of corneal response to excimer laser
ablation and a rationale for inclusion in customized comeal ablation models, presented

herein, was previously unrecognized in ablative procedures.

The cornea has been modeled as a biomechanical structure for refractive procedures

30 that do not rely on excimer laser ablation, such as radial keratbtomy. (Roy et al., 1996; Hanna
| et al., 1992;Vito et al. 1989; Bryant et al., 2000; Pinsky and Datye; 1991a,b) In these existing
numerical models for refractive surgery, the comea is assumed to be a solid material and fhe

effect of the surgically-induced structural change on comeal deformation, produced by an
4 | |



i nci sional or other procedure, is investigated. The only mechani cal | oading
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refractive surgery. An aspect of this general goal is to obtain the highest
| evel of sulsfeses Deassd Ot 3284 S5t Ta6H climate, years of contact lens wear, eic. Thus, there are-

\ significant differences in 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. Knowledge of individual biomechanical prépertics, 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  successrates of these refractive surgeries.

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

surgery. An aspect of this general goal is to obtain the highest level of s'ﬁbj ective satisfaction
’ 5



5 of visual quality as neasured objectively. The gist of the invention
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N dlagnostlc measurement of the eye, determmmc an adjusted ablation spec1ﬁcat10n based at
v

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
comea 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
comea] flattening and greater or lesser degree of peripheral comeal steepening and
.30  thickening. These structural and physiological changes are manifestations of the magnifude
of the biodynamic response of the comea to the pertubation. The magnitude of the
biod}d;amic response can then be used to adjust the ablation speeiﬁcations, e.g., less central

pulses and more peripheral pulses.



pul ses and nore peripheral pulses. 6 Another enbodinent is directed to a
nmet hod for establishing a. photoablative specification by obtaining a
pre-operative (e.g. pre-flap cut) diagnostic neasurenent data of the
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known results of LASIK or PRK 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  external to the cornea such as the intraocular preésure is consiaerei 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 internal 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 actual clinical physical

phenomenon.



7 O her advantages and benefits of this invention wll be apparent fromthe
followng detailed description. Drawings Figure 1 is a schematic of the

si npl e "shape-substraction" paradigmfor correction of 5 nyopia. Figure 2
is a schematic di agram of shape-subtraction nodel of refractive surgery for
myopi c ablati'on (left) and hyperopic ablation (right). Figure 3 presents
post - oper at i ve Rthsusdymntagepaddienelets ¢f ﬂﬂ%mm@nmbgﬂ a@p@rv@tﬁr@mthe(tgb@wgl eft),
pachynetri r left), - tangential curvature (upper right) and axi al

(1 ower 1oﬁ?t%%%vﬁ?°1??1§ﬁ‘re 4 is a tangential curvature difference nmap
(post-op minus pre-op) after a LASIK procedure. Figure 5 is a pachynetry

di fference map (post-op mnus pre-op) abrewimgsmyopic LASIK procedure. 15
Figure 6 has post-op mnus pre-op difference maps froma LASIK correction.
Figure 7 has erFgiurdéBpss Shedaicudkhddings “BHapeisgisesttibeShar ofigh IRQBHagivy ofor t he
sanme subject as Figure 6. Figures 8 and 9 present nmaps of A) pre-operative
el evati on PYEPiE) and tangential curvature (right); B) post-operative

el evation (left) and tangential curvature (right); and C) 20 elevation
en-or (left) anBignehema sdrmeatip diagrame! shapgrsulptraction odgtiod iefeacti® Jyrgesefer s
regression  yS eri . = St . athi ckness of the superior region
(upper pl o@gglﬁéafﬁ?%{l?fgoaﬁﬁggé%%ﬁc %l%\%eﬂﬁﬁﬁk?tgt) agai nst curvature. Figure 11
i s a conceptual piodels £hat . predicts.bi omechani cal .central flatten ‘I;l% as a

di rect consequelSB HF BTECROUSPHEAC FHIHS| PaePoranyer gﬁreé" 929P% §°%%8mati ¢
di agr am of (dpper fe@t),ceRhaastet i(loadr Daft)AJanpdigial biresthra@ppearrightoh@dsina (Fdweengt h
and B) @he‘.i ngerlamel | ar shear strength. Figure 13 illustrates the inpact

of Bi oneBhaf#s on LASIK nonograns for primary and secondary hyperopi a. ,
Figure 14 shows_a sanp] e abl atjion depth profile calculated at 6 nths after
PRK. 8 Fi gure Yigurs 4a15c?oFF’B&?IiU§]QﬁBB@P€R/e‘B ersRenar (RAs-aR MERUHPGIIP &g
measured t @PEGE JRILAure.€l evation difference maps.

Figure 5 is a pachymetry difference map (post-op munus pre-op). after a myopic
LASIK procedure.

15 Figure 6 has post-op minus pre-op difference maps from a LASIK correction.

Figure 7 has error maps of actual minus predicted post-op topography for the same

subject as Figure 6.

Fignres 8 and 9 present maps of: A) pre-operative elevation (left) and tangential
curvature (right); B) post-operative elevation (left) and tangential curvature (right); and C)

20  elevation error (left) and tangential curvature error (right).

R

Figure 10 presents regression analysis of peripheral stromal thickness of the superior

region (upper plot) and inferior region (lower plot) against curvature.

Figure 11 is a conceptual model that predicts biomechanical central flattening as a

direct consequence of severed corneal lamellae.

[N
h

Figure 12 is a schematic diagram of the forces described by A) the interlamellar

cohesive strength and B) the interlamellar shear strength.

Figure 13 illustrates the impact of biomechanics on LASIK nomograms for primary

and secondary hyperopia.

Figure 14 shows a sample ablation depth profile calculated at 6 months after PRK.
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Figure 16 has average difference maps between repeated neasures of 20 eyes
of 10 normal subjects. 5 Figure 17 has average difference maps between 1
day post-op LASIR-and pre-op state. Figure 18 has average difference maps
between | nonth post-op LASIK and pre-op state.. . Figure 19 presents
conposite difference maps of peripheral increases in curvature (upper
right), el evatiBigufeifper comeparipon atweeniplarkerbasatioh pvdies| and tyeafurnd tppatgraphics who
underwent _10.LA syrger and had Orbscan corneal topography

PRI B

pr e- oper at ?l%ﬂt nths post- operatively. Figure 20 presents

optical inmage views the central region (A and the inferior (B). superior
(O) regions of bﬁg'-ecglﬁéé‘.'erﬁcafﬁeémﬁ%P%%@c%émeﬁﬁh n}gmtoékge)écgphg VS.
regi onal” pggrhambakisst romal thickness 15 changes. Figure.22 shows a

pre-operative (upper left) and (lower left) curvature topography taken

whi l e the pati eﬁitégu}eslﬁ%%%‘?agfe%ffegen'céﬁaﬁsf W@e}?@kﬁaﬁﬁoﬁ%ﬂ‘ﬂﬁ%lﬁ?@& pR-gpukyat ur e

di fference map bétween pre-op and post-fla e patient in° Figure 22,
cal cul ated and gisnl | NY: ]2 t JNEn § UK di.fference
map 20 bet neer BuRt TS Mg Bk OB R Rl o B AN I e L e 24
i s a nodel sthiter an intact cornea, presented as a portion of an axisyrmetric
| ayered sphéerical shell fixed at the ends. Figure 25 is a nodel for cut
cornea after -PRMgur19A&kKs samn@eity/diffeteges Rapd@f périphstal iateaset Inaduivanirelg of t he
nodel cornea after surgery based on . the fluyid- filled porous materi al
assunpt i on&BPer&ﬁiﬂe‘%‘?" P@(\ﬁ’?@e@?ﬂgi @BG@‘&F‘?@ 0 "ﬂégﬁ‘ﬁ pgfentsgh ’Iwe_t%r nea
after sqr gEAsn«baﬁgé}qu fRDOrBQkA orndMREPbEAbh A6 BPRARY B 26O MmBsRs FhGUr €
28:aud 29 conpare the overall corneal “deforned shapes for intact” and cut
corneal noeRar&ivelith two different assunptions. 9 Detailed Description In
order to inprove the percentage of patients who achieve post-operative

vi sual acuity Biguzed0agesents pritcaldmageeiewpf the genie] ggion {4 #nd 2ha ingAonEd)
aberrati on; eﬁ&r(.bfr. LFROE & critically exam ne our current conceptual
nmodel of |aser refractive surgery. There are three 5 assunptions inherent in

the shape-subt rggh o) ﬁ%ﬂ?&en%?&ur@’nﬁe B2k S PR RYer 4 BB oA A R RRG

15 changes.

-

Figure 22 shows a pre-operative (upper left) and (lower left) curvature topography
taken while the patient is supine for a LASIK procedure. '

Figure 23 the curvature difference map between pre-op and post-flap for the patient in
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 2 model for an intact comea, presented as a portion of an axisymmetric

layered spherical shell fixed at the ends.
Figure 25 1s amodel for cut comnea after PRK or LASIK surgery.

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

25  filled porous material assumption of cornea.

Figure 27 illustrates bulging of the model cornea 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. |



yet currently drive algorithm devel opnent. These fl awed assunptions are: 1)
the only portion of the cornea that is changed is within the ablation zone;
2) what you cut is what you get; and 3) even if there are changes outside
the abl ation zone, they don't affect central - vision. 10 Qur conprehensive,
i ntegrated nodel of corneal response to |laser refractive surgery takes into
account three proposed corrponents Detailpd Descriptior oneal shape whi ch determ nes’

vision: 1) ablat inb&dE’xr 8f oxaenﬁl;e e;ge%‘e%t gé" ?ggtrle%%swhg)acﬁg{/é &bl rat?J% 1§1}a¥ onal

. healing; and 3) Porechan cal ons ange 1 N Struct hird
conponent, béubtyect iz Oc ad betueeapormleas hidsy Mt mlivedon df Betatigng, mtcxsrmbaﬁnedo into
exi sting ablatl rofiles in exciner 5 refractive progedures.

| aser
Therefore, Cs'lﬂl/ﬁ NG W Bt %oygqp@fﬁém@drﬁﬁee TeAaPNG CFESRactReTs 250Alee t he

corneal ges Qé&&%ﬁuén%%?e?&@hxsﬂl@@h ry&%%@éduxﬁ BB BACHe b SBhIA Dyl 8atg GHP! €X
problem In addition, within the predictive nodel, an opti mzat| on approach

is used to M@v@h@ptbnémwe allgbxatlnnoﬂevalogmntt hitbese Uksined asptmphonataxeonl)r thstintes to

pr oduce the SSIb e . T sents_a i nnovat i ve
oproach toPraabPBERIReOd E0MEP S EPHERER 2nd o SR on
approach prgstj del ansveri§ thepe thecHahp@eodadditipt dblinisn ane;tm@t ﬂ@ﬂtsaﬁdcs cussed
above. Assunption #1 can be invalidated by anyone with access to a set of
post - oper at Myen- t opography from PRK or LASUC. CQutside the ablation zone,
curvature significantly increases wth the appearance of the characteristic
red ring®(high d%rpchnmehmwreynt%axaﬁe@amﬂrfgf eFRealcrepronE] toolsser reffaclvreBiTshe

after a nyophgs REPSEHMT Shred 88! Andp BRentRAGD EhAl oMl SRBL Whith didrdlned |1

addj tion, elevation an pacﬁ?%netry I'so 1 ncrease outside the ab tlon zone,
as ‘neasured Viagon d)&biact@n frofie gnddisgr pamauhelsisoen ewﬂleﬂnalamdemml élealmgﬁagijﬁ)a 3.
Simlar exa m._ anot her. prelimn tu r.e

which is a aﬁgenatnl legﬂoﬂ%tt%r egllﬁng? élf'lé élmr% gﬂe( Tt co:ﬂ“@r:%e%tuéno reﬁ%ﬂ) ! after
a -12.5 di dpetspacrnséAfah Kopbeen ditudily msa»rpgraadme hRBlas a‘tﬁﬁﬂmﬁ}ﬂoﬁl‘dﬂm e&mﬁdmﬂny)

with a 5 5mm_di ameter abl agjon. zo The topqgra r usi.ng an
CRESCANKR | TSR ESheaiies o Jherciotiioe e O Eron P Bt B o T S g REE.
recor der f G2l resRdsereR et RtihYovaiRROph R 1o DS ThayacsRidiRbileh Oln
anal ysis. Centrally, there.s a decrease.in curvature as expected,

i ndi cat ed bydditen, TERER theeProdirtiesmanel B GBIBIRENTS apPrpash 1wsgchm EEEIRPRBEYE hi n
white area Lgpigsq T Ogifld Bgone%&lﬁﬁﬁﬂx@%gn REcPhLE bER HoRRH o@BoRd At | N

the area outside the abl ation there is unexpected. i ncrease in
cur vat ur e vvk'ﬁpcdﬁelé&ﬂénﬁéy llmm’ﬁlvlehepmph Fxhlaarsgr refraadive steegnby Thisengsish iand (s

val ues 304 bELEOAN S0 GhRNARRA D GRIPR! e e%a&s%@mgfcgﬁﬁe&@%wd&%skd

beyond Ion engli ng assunption
above.

Assumption #1 can be invalidated by anyone with access to a set of post-operative

v topography from PRK or LASIK. Outside the ablation zone, curvature significantly increases
with the appearance of the characteristic red ring (high dioptric value) surrounding the central

25  flattened zone after a myopic procedure. (Shown in the tangential map, not the axial.) In
addition, elevation and pachymetry also increase outside the ablation zone, as measured by
Orbscan topography, and shown with an example in Figure 3. Similar examples from
another preliminary study are shown in Figure 4, which is a taﬁgential curvature difference

map (post-op minus pre-op) after a -12.5 diopter LASIK procedure using a Technolas 217

30 (Mumich, Germany) with a 5.5mm diameter ablation zone: The topography was acquired
using an ORBSCAN I (Salt Lake City, Utah). The data were exported using the recorder
fuhction, and subsequently imported into custom software for analysis.’ Centra}ly, there is a

decrease in curvature, as expected, indicated by the negative values and blue colors. The
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5 is a pachynetry difference map fromthe sanme patient. Inside the ablation
zone, the thickness has decreased, as expected. However, outside the

abl ati on zone, the thickness has unexpectedly increased. In addition,
regression anal ysis between the central and peripheral curvature changes
showed a significant negative con-elation (p<0.0053), indicating that

great er cenwrandingdhinevitigrogrentesseld zgnoehifmncpé)pwme ﬂalpr@ @@ezmhomqateﬂhe
peripheral rva conse f se
refractive tféeuarrg er §Sldebt%f3 alﬁanonnzeoeéé:{ﬁeﬁees e ?n % dmcﬁease gﬁsﬁﬁ]% ht"ﬁ] Fﬁ‘teé]ds
"knee" at tifte ﬂa@I @en}ﬂferyf, helicdddaby e mmfwelx@.lueé fand Ii\eds coiBrse @ien@eChir edrieal
description, the change woul d be confined near _ the edge of .the ‘abl ation

zone, and BIVaiufe cleathyensey vwéhhes'%vbﬁablﬂmp&tzoa@gﬁiéknwafwh% #abgured the
form of sel Ay t on,
al so s homegél%stB?? ?%g%lf&@%}é%r}% eﬁrloé H?%%?%%é%? |I?1§ %%@%ttﬁgﬂa :
pachynetry hautdgczda‘seﬂ hes a:la;bcatddon Hoorewer, cotsides pimndblmtg)m eotehehé ribiclemse han

curvature. These par.ado i n. el evat.i n and_ pa ve, been
o eedor o | JROGEr R G s dRP D R e T PR e e S e o o
the responsiubbfre Bhages Banieaal sivaEami sgbtivert@tlfiof (FROVSSI),oudiceid enence
maps froma sanple Patlent in this population with a 6nm abl ation zone,

i ncl udi ng FBieaceEk! tetmperrodiced geate) perphfgal Zteepdng, nEiotneyPRrlBFeMHe ds. The
expect d | r t I Wi t hin
Tho ablat | ob Sare® & hnbul (hfonel oF Ak R0 RESRY Bl e BT et

i ncr eases iemplained athemthan qzsaac fyeetat he elgelotthe vblnnnmproﬁhs ilfithist wege amlaa:turabm zone.

Therefore, the u haI l.en idit of t
Taatett o defGptitel M ool e hed bt B ) el iy bl Yorlt sl Gt
zone. The pxiepdseel Bephartias fegicar A(ﬂfétlcpﬁr 0¥ tha lforedh ehéleatibm an(?_ﬁacﬁmma_ytl on

and pachymetré e _the subj ect o[ :5‘@‘ vent i on The rg ullts of t

anal ysi s of"® s%‘f?bf}ie&ﬁmﬁﬁat BhRARLHAR élfo FRoYe LG EFENR ot beyond
the abliat i GRvaie and\pacHyReh P buthideC B Qﬂatﬁiiafﬂnlaedorﬂ&f)@d@lor ef ey ildyeabOMPAr i Ng
ablation profiles to actual ,corneal surface changes: In a prelim nar st udy,
10 LASI K [HEPER s Thise Reatoxical Copmaes SralsiaBomans BarRetry ba"ﬁthes@ PRAgdRfat er ns,
pre and poskHORES Al iReadBerhQROYEARNY MRS %ﬁ?&x@ﬁtn%qpiéﬁinﬂﬂ 8f Qéb§éé§5hs ble LASI K
was performed using a Technolas 217 exc¢i ner [ aser. | ation algorithms were
appr oxi mat é@mhmgcawmd@msm Figuwe Mmshews fomh@lffel@adzecmhm@q:n alsaplepatipit of i | e
WaS bl T AGH® hoblA YDk G ARAAAKC oD AIARNY 088N BEALRAR BliCdhe! o
post - operat1ve topograp operati ve topograpRy was conpared to

| 1 pre@dct edchyostry cﬂnﬁwralcwe The @m&dk@pc&m&s en rcowaw!aqogleg'emm atdepachRMVBIIET I Or S
wer e cal cul at.e e. centra 4r’qnd net er one de t he dhtral ‘
a

zone, and over(ﬂ?"n‘é'1 f abqatlon “ORed il ?’Wedgr %ﬁ% BP%‘@FS are
gi ven in Takdressds meﬁmdzadmpms@mafrg alnarcgmu@rdfzmdm& &bldﬁon zone. Thelefore the

results of this study challenge the validity of the assumption that corneal curvature changes
are confined to the ablation zone. The proposed mechanism for the paradoxical changes in

25  elevation and pachymetry are the subject of this invention.

The results of the analysis of assumption #1 demonstrated that shape changes occur well
beyond the ablation zone. Assumption #2 can be examined more directly by comparing
ablation profiles to actual corneal surface changes. In a preliminary study, 10 LASIK
patients without astigmatism who had symmetric ablation pattemns, pre and post-operative

.30  topography was obtained using an Orbscan I. LASIK was performed using a Technolas 217
excimer laser. Ablation algorithms were approximated using Munnerlyn's formulas. The
calculated ablation profile was subtracted from the pre-operaﬁvé topography to generate a

predicted post-operative topography. Actual post-operative topography. was -compared to

11



the 4mm central zone than inside. 5 TABLE 1: RMS Error between Predicted and
Measur ed Topography after LASIK elevation curvature nean (n=10) RMS error
mean (n = 10) RMS error central 4nmdi aneter 18 + 14 microns 4.92 _+ 1.89
diopters 10 4-9mm di aneter zone 23 11 microns 8.06 + 1.76 dlopters

overall 22 + 11 nmicrons 6.85 1.50 diopters The sanple error ‘trap in Figure
7 shows a paticedmostoppsiv topegrapliyoindprerot PRy gdnksatddn RMIS emogwedre Qflculated
pachynetry, . gﬁq curvature with negative,error centrally_ in elevation,

pachynet r y ViERJhE SiRh 4 Hl%ﬁ%p% utside the Gerak awﬁafiac} aver dhe, gptire mép.

consi st ent R¥suﬂ§9@érééé§ fOPLAN otsﬁﬁe&@gﬂ gweﬁﬁf‘ﬂtﬁé 1/ £ ldeRon TR IS RAUL bRSiaOf

error cannot sinply be attri bute 0 using an esti mated gt her than known
abl at i on pthefinime centrelvoae theynsiadee bot h nonrandom and nonlinear. ‘Ideally, the,
actual ablation algorithms should be used in a study of this type, rather
than Mifiner | YABLE2Q RMS Bit@ahetwetn Rrbdiytedane Meisuedal dpapptaphtl ufiet DASIEI r
proprietary nature. However, despite using estimted ablation profiles, the
evi dence presented chall engeSclebaonal idity of assunptéwvet#t2. These patterns:
of error are not consi st @ithn WM=100) RVShafpe- subt r aciean(zUBIRMS eadd at i on, but
they . are consistent with the bionechani cal nodel to be proposed bel ow.

Assunpt i OncdfZaCafmbiGmicather | '1‘8’31|1|4%&r€f?s by exam ni ng 4 be+nrzedidpted

toPOgr?(Ph'@-Qnm?éiafn@t%PiotneWth 33 KneWhceRl ation profil ego@nd 76Qmpand ng that to
t he neasur ggd,. Fsu t. I'n anothes prelim nary study, Sypaif sh ogi es :
agreed to supply their proprletary abl"ation algorithns for several LASIK

patients being treated with a Summt Apex Plus using a Kruneich- Barraquer
m cr oker at one. he actu abl at i n algarithm ?#Jbt naCt ed fro He.
bt d- oper af Lve. tUBoEPRI G desrot Badh T e "B NOE F Rl
" predi t3 edelepfish, ;&Gh@wyahwmrbﬂm@gm&pﬁagaumopm@tmmed eIe@ﬂQ@[ parhymems
subtracted fromthe neasured post- operative topqQ generate "error"

maps, whi cPGIBGeER IRvaRIE A OIS FRtRige fso?OttC\RBs“g‘B‘H A/ léeﬁfl%vc (&1@53& Whih t he
measur ed rgsubt fegione VRIS phtiRQ’ bB& orf@Ridd sBSp1$ e Uheibhied AOLaHs afickihated t he
red area in the center of the t angential curvature error maps corresgond to
the cent r afather 81ap keown ddatienprofilyisinge fhey arertoth nanrrpdPpend geplingery Jdestlydie r a
pul ses in , '
PVt teni ng ! EPRLG aRbadilf HOUBTE uetbi D8y BPHE o P MRl Mok s
phenonghonformtlag bgemexswsreaiot wilehle dge todbeiymbprigtdy neioo CHOVWeWar, déspite psinhe

curvature sqllin%{ g cs, te%d&%\é %tr%ént a{ailange% ﬁ:e%ﬂglt}? % aSSIEIJIEl] 3 o%q#&t he

pOSt oper at | ve es ar e econ Re red -areas e the.
abl ati on z®hze pﬁttdnh;mf bﬁﬁg&a hblaionmsténtahthra&hqxd’ @ibtraction model of ablation, but they

are consistent with the biomechanical model to be proposed below.

Assumption #2 can be further invalidated by examining the predicted topographic .
) 25  result with a known ablation profile, and comparing that to the measured result. In another
/ preliminary study, Summit Technologies agreed to supply their proprietary ablation
algorithms for several LASIK patients being treated with a Summit'Apex Plus using a
Krumeich-Barraquer microkeratome. The actual ablation algorithm was subtracted from the
pre-operative topography (measured with an Orbscan II) to generate a “predicted” post-
30 operative topography. The predicted topography was subtracted ﬂom the measured post-
operative topography to generate “error” maps, which are given in Figures 8 and 9 for two
patients, along with the measured results. Several important features should be noted. First,
the red area in the center of the tangential curvature error maps correspond to the central
1sland treatment. This treatiment involves delivery of extra pulses‘in ﬁe center of the cornea,

35 - which would canse excessive ﬂattem'ng IF they were not compcnsating for the central 1sland
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maps correspond to the unexpected increases in curvature, which are not
predi cted by the 5 shape-subtraction nodel, and are predicted via the

bi onechani cal nodel presented herein. Finally, how can docunented changes
outside the ablation zone affect central curvature (assurrpti on #3)7? The
answer to this question lies in.the Dbi orre::m?m CS rneal response to

| aser ref r RCFIOTENSYF BT PRI LRV 15 R9L 48 URAEE s fTﬂl?fe i B TR

al gori t hnms mgpt aﬁpe%lsb@,emérwmnmmg@n@meﬁ MERRE it %-opﬁaﬁ\aec{oﬁayﬁap‘}ws%é y that
altering the 10 corneal structure will alter “the s ape of the entire cornea,
whet her usismgothn Seaedsitead ageas owhéz’uerthﬂ alrietishonene on thwadawt gy apureigfror he
cornea were_a |ece o} astic d| al kerat oLar ul d gule kedI
Vet wi th oHg BeEPubhish PRI ekl Hellprt FUQAERY sal9of el bl VAN T i
bet ween 5t hehpertitadctianthofel] dandhes mtdiaed vie the\wesn dcarida thodel tpeesemedwmlmas

t hought of quite sinply as a honbgeneous structure to be "scul pted” into a

new shape. HoweyRklly,thdw ki &nneeRéddhingad i0aMide aRP OdblAGHEOLbAE ffkt atdtraDf the
cornea] shape- changes that occur after an  abl ative procedure, An inportant

conponent SRVEHE (FEERied ) orEenmaTealo hisdwiestion Liesop e bigeashapescoftlee | aser
refractive §x1'1<{5§% née toPR s G SHLLPE Lk t@ﬁw{%%fma%‘é‘&&héa“for'zﬁ. gﬁédt %Eﬁ@:} ati on

stromal thickenin an increase |n c rnéa evatl on outside the
zone. Evi delgoethntshit hashbandmwnssumskhq)mq:emned refradtive sargatyy that a](tffnngsthmnptl on

Sor i By chmbal StERLRL ot ohE FEbD 37 B e OSipcn, e Riing af 1ESToR e T on

statisti calﬂkeymsmﬁécﬁh:ﬂhﬁd Fufde@@Rfall Alif B8 bhatavere QARG S pladtic, diidial tkeRjbtomy
mdependent unr el at ed o%gurrences? Regresm on anal ysi s between central

curvat ure CfeaKgeot haveauerkedl ¥ phwith fae e eahofclﬁsgﬁgeéraﬁmmufa?@' H s&uepstt s who
under went LAShHKAamEStARl %?enpﬁérﬂ@bxtn'egﬁ'gst igRGSA t TNEcERPlsahdudht dfRRdite 0. 56,

p < 0.0001), indicating that the greater thé increase 25 in el evatlon
out si de t heley &s | ohomegracous hruginesatoebe {isalptad! valp ur oo ehepfe  Howavere Hihg)

centrally. c{gférga;l%fa{?%( L%ﬁmo{?‘é&c@ﬁﬂ%r Lingk ﬂ}eh(%nFeg.L El&ggrcﬁhlgg? PR Uned OF

cor nea |s X e centra response, oes not account for
al | the varblaince profévhrd. oIAmmm;‘tanasmmmdyoﬂ thletpreposed birstechieel twwebeﬁt raI

curvat ure changes _can track petripher. eSS cha af :
bl ation PRACHSCPERE haHaHh L HERG 6, R s N R SR 9B 20 e
error of - Straxﬁal-lthﬁke?fmg(oﬁﬁi indtebie Jﬂcbmeﬂmldvam@pmgfzépﬂm abtaﬁoﬂl‘zdne Evidence
post-operatlv Both su a feri cor neal ckness S wer.e

Dol cul ot e 15 Tk parat Py BT i BrebByor SgeemaPhor H deHORRcS: ARG ong
the venbi cabma®y hdtcdthe 1fkidgh6f the Qe @hd derfpherlNceindsledvehitsCi Ik Ghe pefyhtRr ed on
t he abl ation zone. Central “curvature was. 13 cal cul ated b averaglenxg t he

curvature iHfrepRinomeal gpvaten stgislyr corrclaiedite penbl cygating Bl ABE  The
val ues as g depabiltOfhrhteh JiBurfehtedt | HegrdsQors MiBRIYVbeRk&n Hed @l dufvatl@dbifinge .

and peripheral elevation change from the 30 subjects who underwent LASIK demonstrated a

significant positive correlation (R* = 0.56, p <0.0001), indicating that the greater the increase -
25  in elevation outside the ablation zone, the greatér the curvature change (flattening) centrally.
This provides evidence that the peripheral response of the comea 1is linked to the central

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 topogréphy 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 2blation zone. Central curvature was
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TABLE 2: Case Study of Curvature and Thi ckness Changes after 6 nmm D aneter
PRK 5 Superior Inferior Central Central Thickness Thi ckness Thi ckness
Curvature (mcrons) (mcrons) (mcrons) 10 preop 715 682 605. 41.55
diopters 30 mnutes 770 729 710 3620 diopters . day 4 727 691 589 39. 39

di t 744 701 568 38..81.di,opt th 7122 6 70 39.32
SR s R A A O e g e e R MR B NG

denmonst r at endp0The QRBEAHs IaVighctibh UEftel 8 tokuRRPOSE bR eflin BAYIE DNS. Regr essi on
anal ysis of central curvature vs peripheral thickness was perforned, and

the plots argAWiyen: iChsEbaln Qs trvAERRHRITIRIMG Chfob8ina GhoPEmEsOat i ve

correl ation with peripheral “thickness, p inferior and superior, neaning
the greater 20 the peripheral thi ckness the fI atter the central curvature.
This provides further su ort that ﬁ§Q§ cen 2 and p rﬁp eral changes are
l'i nked and assunption #3 va 5 has b 5 resent ed

chal | engi ng t he ‘i nherent Fﬁgtl o Sthe élft %SS su Ftvé % on nodel of
refractive surgery. dini E’é TO%Fat a @Hﬂﬁ"E%tte (i rﬂubstantl al changes occur

out side the abl ation zone that are structurally linked to _central curvature,
and mayQaf PEEP 25 central’lVision. e propo$d nechanfkd figbteishe measur ed

i ncreases iBAmEn@emti on, tHPckness, 72%nd cur VaPure whi 3h2bdieptersout si de the
abl ati on zdagdwi | | be pre7§ént ed befBw. A codé8pt ual ndAY dibstersr esent ed i n
FI GURE 11 Shedfekpr edi cts Widdnechani @&l centr @68 fl att ebd.Bydiaptem. direct
consequence mdntlsever ed cor@eal | anmgdd ae. Ratshier than 29.p2 éogtensf pl asti c,
the conpsea nay be conceived as a series of stacked rubber bands (| anell ae)
wi'th 'sponges 30 between each layer (interlanellar spaces filled with ground
substance or matrix). The rubber bands are in tension, since there is a

force pushi ng onoteh@an Hottpeanuadan-neat ind petipha@l thickiess [HeR9AR) posBdisbrdthe ends
are held tightly by the |inpbus. The anount of water that each sponﬁﬁ can
hold is detFHBHILGPIREY LEasPSs- « Reersssion epalysin @l cgrteal FUreREE VI RETRHSFEL t hey

are pul | ed thiclkda8s Wds§RtHBFmddNSdtBOSIbRAredRA i Figuh€80. CHRralBh AN hE a dtfong -
squeezed out of the |nterleaV|ng 35 sp onges and the smaller the

i nt er | amel 1nggatiyp serigionritheperipheas dhidgstssbath Htfﬁ@rﬁpéswﬁpramee«@ng s EReT on i n
Fi gur e oh1A 4 Al d-©herTy BRiGesh A8 Hat @ e Alhic SuSMRAET Yhis Provedes e5uRf sl poRlhAe are

the central and peripheral changes are linked and assumption #3 1s not valid.

Evidence has been presented challenging the inherent assumptions of the shape-
subtraction mode] of refractive surgery. Clinical data indicate that substantial changes ocour
outside the ablation zone that are structurally linked to central curvature, and may affect

25 central vision. The proposed mechanism for the measured increases in elevation, thickness, *

3 and curvature which occur outside the ablation zone will be presented below.

A conceptual model is presented in FIGURE 11 that predicts biomechanical central

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

the cormea may be conceived as a series of stacked rubber bands (lamellae) with sponges

30  between each layer (interlamellar spaces filled with ground subst.ancer 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 interleavin&

35  sponges, and the smaller the mnterlamellar spaciixttT This is analogous to the pre-operative
cond1t1o11 m Figare 11A. ‘After myopxc laser refractive surgery, a series of lamellae are
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14 severed centrally and renoved, as shown in Figure 11B. The renmi ning

peri pheral segnents relax, just |like the taut rubber bands.would relax once
cut. Wth the reduction of tension in the |anellae, the squeezing force on
the matrix is reduced and the di stance between |anellae expands (negative
intra-stromal fluid pressure), anal ogous to the sponges.taking up water if 5
t he rubber sp&rdsccaralycnd remuyied asishonwsinthignrp dHB pRbe semgining reriphereagments

t hi cken. r.Qssl.hnki [ ) . ; _ 18] On

For ce. pul 1 218k T 0% REAARS LB bags RELBRAR, LR S WP TR RIRENE, 0
poi nti ng r algh lamkYaepthit wquedzinAforeeudnihe chafrixrie eeducedt dnd thepéiste deyveptildnsellae

| aterally on the center and fl?%ﬁens it. Thys, the_ cornea w/ll flatte
central |y SWERAS Hisgatpe detrtiiogiel fIRsoressireh Atoqeont 1oalhe yPangeising #heTaiddl The
bi or nechaniuAlybdialsh &iA il OTRONANG LR DeAMRA 6f BEALEMHE MLk DAGRIAST 2
hyper opi ¢ procedure, and wll cause flatteni'ng 1n a "non-refractive" PTK
Thi s i ncl udmsslinkoygi etpeenf latelar laygrertbpicspapsiot ifbres pullo st tha tndelying- inRFK

files, 11, as.. i npl ing of .a LASIK flgp. | LASI K
o ocedur e, B Bay BbIR B St pohededRe Pt n Bicnedaffel 518

appr oxi mat kyphkSOmiNis Q4teraly oBitereaetiamdcdteys it.t Mhiks, tise dogiey well ater @ngalko0
m cron depth_ 15 abl ation, and according to the progosed npdel , should

i nduce cor A% @ BOFen i TREVRRFIRLY OV dieiten g hp Dirrcha sh fare e
i ndi cagpve eRfanth& ﬂ?&c%?@ﬁgé’édm'e,cﬁbrkﬁ @éa%%f‘i ﬁﬁé&gﬁ IR0 &RARREEINAN chRE TaRLiye

surgery. quograph f this epithelTal s e 'of the cornea, before and
just afterin @thn'rrnéaothh@” PTpThiprchidesmpdpiceprafiies mypdropib prafiiesrroastediderthns i n

real tinme t { hdi. ual.. bi ics, and inproves surgical
ou?cones. 53R§§ |g%%%&%%ﬁ%@ghﬁgggﬁhgggkggggggpgﬁy-Induced Curvature Change
the cornea ao. B Biv Stk GRawt » dib S il i RSO RIRR 10 § GRUBLACHET! 21 N0
rregllsu[1 enentéppgbi;ihm;elymg(e hiierbns. p Bigaeecharil t Iy, Uttty iaswzenge}oﬂmhjhuﬁg Qﬁic&haﬁe;pﬂcit t é t
and s r ul us, . and .nuner,ous conpu i onal. .nbdel s ve .been generate 0
D" ot GBlEEt B0 RIS e SRR Rl PG e G S e iear HEEEt oy
Wi | e t heser abfi@ideSprbénced dRielibd il dtiwdfane Bidnieliemtvabiegpodeier Gt ab@iene of
cornea] behavi Qr under certain sgegiflc ponditiomi "l ess _has been ‘dagne

relative tGeRSHYR furgsry-t hepographix pLiiba crathelinherators o ibp qomga. PaEy dgPsadet ony,
and the pregiigg mé@a%«f,ﬁ:leﬂﬁitsoaﬁte%bﬁbf AfhtioR MIBBHth&8 kn FRARhS0l a8cduhiof Bdivitat hei r
implicit sinplifications (e.g. nodeling the cornea as a solid substance).
30 Mechani Gmedbaes, s IRproxesSarmeR) ovierdigsed Corneal Fl atteni ng The basis for
t he proposed bi omechani cal theory of corneal response lies in the [lanellar

ﬂ J Iugt goe of the g@ingadnanicMMoadihl Kierdisicihf-Bidifted CubdfureHingand LASIIIC.

In recent decades, a great deal of effort has been devoted to characterizing the cormea
as a biomechanical entity. This work has included in vitro measurement of key matenal
properties such as the modulus of elasticity and shear modulus, and numerous computational
models have been generated to approximate the structural response to simulated incisional

25  keratectomy. While these efforts have undoubtedly advanced the basic mnderstanding of
corneal behavior under certain specific conditions, less has been done relative to modeling
the structural changes induced by laser keratectomy, and the predictive value of existing

- numerical models is limited by their implicit simplifications (e.g. modeling the comea as a

solid substance).

30 ' Mechanical Model of Keratectomy-Induced Corneal Flattening
The basis for the proposed biomechanical theory of comeal response lies in the

Jamellar structure of the corneal stoma, which is altered in PTK, PRK, and LASIK. It is
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15 known the stroma dom nates the nmechani cal response of the cornea to
injury. The stromal I|anellae, by virtue of their extension across the
corneal width and continuity with.the comeo- scleral |inbus, bear a tensile
| oad arising fromintraocul ar pr essure and extraocul ar nmuscl e -tension. The
propensity tro t0|ﬁn§? kh whi JF at dto
the 5 hydro]&hwltnhfeg {’ﬁo ng%ta %%x??néq‘(g:\e\? Slcglrma lﬂjﬁ,y |Flts1 rggﬁgaglt ed by
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and peri phetyacegssiblfeindiceional chanserai corsal meelwaieal squalibripm nItes grepesedithatand
| f |
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strength an terl amel I'ar cohesi ve engt e nodel
is the Ifr osqognentsfm catsing Ilca;abddcanpxsssncessf the ereraatlmthr mti>h ené = pamph:nsgo:gt r onal

i ph d h this La f |
Eﬁk:ofi o ho T HoRteaE R e & Pieaits dn s iar eaihe B petptival SOPHE car e
ansi on dhcrtfies par tidiees! a5t inied Wihbicly bye afdatiaik)iart @roaﬂinac&l idhnewced.

Xp
Iaf?el | ar. rel axatiqn. Peripheral thickening . is prqoposed_to exert 20 an
ant or ol at erBiftRBIRNASHIEH S e 128 eriemoRfabgH 7nd Rariierhed e Stewar psafepicted

flatteni ng. sk QuRAND P fFigRe 11 P RGd %}e eaﬁulﬁe@ttaadon&ea@ loerdeRAMIS aifferdiBali @t ed by
interlanel | ar cohesive forces ("x") preferentially distributed in the

ant eri o- pelﬁmplﬁ“ﬁe slgaring lovnath(ai adetpnellarabherenttsngh Adgrrealagpect pbthgimoddt i on

f h her al
ot ebpent ng. S EhRHEL Rl R0 el BRNE, chpBibENIG.PagRRE RNer
i mredi at e monmmnﬁcetedrﬂxroaﬂgh ﬂseﬂr@men@f Ubsschokm;alanieﬂmeeMmismgjém Itoetopcrem/e with

a subsequent tiop of t cor era ar, seggent s.
This cadsecribdaliaie,Ardte i ishlE L BRAGH Pben bOBE PP <o 35880 o0
i ncrease | rneshdayad ablbiiakinéssd Dmieﬁmdelamitldnhé’eap&aﬂltm&enmges probodes td exetther

hypot he; |zed at th S res se _.has inportan fect centr curvature
e bl 7 g ieRale! PSR RS Brier R BIES B S s TP R i R
predon nat ggripherilnNgndaBéfal @nsit @oatidiis Ghedidded lB?théf]QﬁMlancoh&@veSEdr@&?a(“ﬁ’f)d has
been associated with si gnl ficant | anellar sheari ng strength

i nt er | amel |Risferenally; digtribytedsin dhganterior-ppyihesy! Fapma (shaded). |§°’§EQ¥’§§£1°§5°T‘FWt he

expandi Ng  the direction of peripheral expansion result in central comeal flattening and peripheral

W, steepening.

25 During PRX, PTK and LASIK, central ablation causes 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
meatrix and an increase in stromal thickness outside of the ablation zone. It is further
hypothesized that this response has important effects on central curvature due partly to the

30  presence of interlamellar cresslinkjng, 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. Interlamellar stress is generated in the expanding

stromal periphery and may be transferred through this network of crosslinks to the underlying
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stromal periphery and may be transferred through this network of crosslinks
to the underlying 16 |anellae, whose central portions conprise the
postoperative anterior surface (Figure 11). The outward expansive force in
the periphery causes the central cornea to flatten, independent of the
ablation profile. Thus, even in the absence of a nyopic. (centrally
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in situ human cornea, the stromal stress-strain curve is quite steep, corresponding to a high

p—

Young's modulus, while Descemet's layer is highly extensible. Superimposing the stress-
strain curves for the two layers demonstrated that Descemet's layer is essentially unstrained
25  over a large range of intraocular pressures for which the stroma is simultaneously fully
strained. This leads to the conclusion that, like the epithelium, 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 commeal 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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b

) interlamellar resistance to separation in the transverse direction and is expressed as a function
of distance from the corneal center. Aliernatively, the shear stremgth manifests as a

25  resistance to shearing or sliding of one lamellae over another in the plane parallel to the
lamellar axes (the longitudinal direction); as such, it is an integrated function of the

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 comneal response to laser ablation.

30 Though the interlamellar cohesive strehg’chs 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 diffe;'ences between the strengths of the

superior and inferior regions. These differences were confirmed in a study which revealed a
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its contribution to lamellar tension. The intrastromal pressure, often called the "swelling"

O
wn

pressure because of its tendency to draw water into the stromal ground substance, has been

measured as -50 to -60 mmHg through a variety of in vizro and in vive techniques.

In the normal physiologic state, this swelling tendency is resisted and relative
dehydration is maintained by a combination of lamellar tension, anterior evaporation of the
tear film, low permeability of the epithelial and endothelial layers to water, and active

30  endothelial transport of bicarbonate. During the act of central ablation, however, a number of
_lamellae proportional to the depth of ablation are obliterated centrally and tension is lost in
their unablated peripheral segments. The re‘sultingv loss of compression .introduces a
hydrostatic disequilibriumn, and the peripheral stroma thickens as it ralcéé up fluid. While
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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 éccounted for by the model was explained by

peripheral thickening. Although the impact of ablatior pattern on actite cui_vahne change is
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correction. This is consiStent with the proposed npdel predicting _
bi omechanil®ggropic patients were undercorrected (biomechanical flattening in opposition to

‘ w,) ’ programmed ablative steepening).

In a comparison of primary vs secondary hyperopic ireatments (overcorrected post-

25  myopic procedures), primary hyp.eropic procedures require a treatment of up o 35% greater
- than the spherical equivalent, meaning greater 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 Tevel of correction as the primary hyperopia group. Thi,sAis also completely
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neasur er’ren{;vgclgg rRorfth 6dd ORokths post-operatively. Ablation depth was defined as preop - post-
op, and epithelial depth was defined as Sx - post-op, recognizing that edema may have been a -

) factor in the immediate post-op map. Munger reported epithelial thickening at the ablation
edge. However, an increase in the caloulatéd epithelial measurement outside the ablation

25  zone may be due to stromal thickening rather than epithelial, since the PAR CTS measures

~ surface elevation and cannot distinguish between epithelial and stromal thickening. In

addition, more convincing evidence lay in the ablation depth measurements as a function of

distance from the apex at 6 months, an example of which is shown in Figure 14. Ablation

depth is 2 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 ablahon ‘depth, or increased elevation compared to the pre-operative state. This

provides indirect evidence of peripheral thickening, an 1mportant feature of the proposed

biomechanical model, with a different laser/topo grapher combination. -
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di stance fromthe apex at 6 nonths, an exanple of which is shown in Figure
14. Ablation depth is a nore robust neasurenent than the nuch smaller
epithelial thiclness, and by 6 30 nonths the cornea should be relatively
stable. Note that outside the ablation zone, - there is negative ablation
depth, or increased el evation conpared to the pre-operative state. This
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separate the réasulti ng. refractive effect fromthat produced by the ablation
profile, gPraRRsed ypmachepinalanadel have been enrolled and anal yzed. LASIK is
performed with a Summt Apex Plus using a Kruneich-Barraquer m crokeratone

to make the flap. Corne measur ement e uired 20 pre and

post - o%erati vely with o%&‘?‘@ﬁﬁargﬁw&(ﬁﬁ@%ﬁ{%ﬁgﬁgﬂﬁﬂ?‘e odlsé)he fol | owi ng corneal
t ogogr aphers faf aymby ﬁﬁé]jafagtcﬁie e Bbﬁie'ch;ﬁp&l&‘abmeal-hmmlﬁsm IMITHS ande@patte on,
Orbscan 11, PAR,. Techno -Scan, a TMS- 1. Ayera pre-operat]ve
refracti ve?h%FquRlP“%‘fegtaﬁg'e?ﬁfﬁ‘ftI%O ﬁ?‘étl Hr?dq“ﬁ%ﬁrv @F&BQU?%?Iggl.eS%ﬁ?%@rﬁuhﬁf%r s
sphere + 0n2%d BochOnrolicd 0@t ShF-&Y | LASIERT is peFtbinddneith OSkesanAse! PRaksih@pogr aphy
data will be presented here. A conparison control group of 20 25 eyes of 10

subj ect s hagmespdaragnenrygeksatpme dhgkapnylarc fufrped meesurReis 3P 28Rt r om 1- 2
days 4 estahh ;ﬁ)@t—%ﬁﬁkél?e\ﬁﬂ?robﬁéa! QBerentl GoRBLSHNP End 3D EMokdg caRELr i Or

el evati on 'and pachy
topographers for validation of effect: EyeSys, Humphrey Atlas, Keratron, Orbscan II, PAR,

Technomed C-Scan, and TMS-1. Average pre-operative refractive error of the small
preliminary group is —6.875+2.03 diopters sphere + 0.8125+0.51 diopters cylinder. Orly the
Orbscan corneal topography data will be presented here. A comparison control group of 20

25  eyes of 10 subjects had repeated Orbscan I topography acquired at intervals of from 1-2 days
to establish bascline variations. The anterior tangential, anterior elevation and pachymetry

data were exported to a customized topography tool for analysis and the cornea was divided

into three regions: central 2.75 mm radius (5.5mm diameter), transition zone from a radius of

2.75 — 3.25mm (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 post-
operative topography for the surgical patients, and the repeated measurements were
subtracted for the normal subjects. For the elevétion maps, the two surfaces were fit within

the 0.5mm transition zone. For all maps, average regional differences were calculated over
' 23 '



data were exported to a custom zed topography tool for analysis and the
cornea was divided into three regions: central 2.75 mmradius (5.5mm

di aneter), transition zone froma radius of 2.75 - 3 25nun (5.5-6.5 mm

di anmeter), and outside the ablation zone froma radius of 3.25 30 4.5mm
(6.5-9.0nm di aneter). The pre-operative topography was subtracted fromthe
post - oper e verntabpogrsargsel fropuletenss amc@staalsthahtandyms Wag np.ierfoneed apisatthd

e o TSR AR AT AR B B SR B hnafr i ST BB 0

maps, aver aggeneCirpnet).di fferences were cal culated over 23 the nor mal - and
surgi cal popul ations, and statistical analysis was performed using the
ANOVA ("Anal ysi Floﬁf-es\i%rah@ﬁ'? ghow D QERHMLIE diferddd€ ne9f MBS bREEHET8e normal
(Statistical Anal’ysi s System Cary, NC). Figures 16 and 17 show the
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recei vadl LESuKe 18 ng a Technol as 217 | aser, who had O bscan Corneal

Topogr aphy pre-operatively and at 6 nonths post-operatively. Figure 19
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dehonstrat | r h 15
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difference in regression anal ys 76 , consistent with
the pr opos & DrRsrRS: Aalfi degpo “ﬁ%‘?"é’é ‘53? Sé‘B? rH?QFmr %%B%H’g‘@al Ilﬁcr?igs?sr ¥ SEYHFEs Two
in vitne studitRs, aarEcdeeadvet £HrgelpdpllRnf ith sddisdn) Shirallédurdeepidithedicalvez ed eye
bank 20 gl obes from 7 donors were subjected in pai red-control, fashion to

ei ther br o&ighbewrriptrd with-rophaish Rypiar, differepteos R dREFaHio; BatyFis ERCAATGDS or

sham phot oghhat)i QRsisehaNdaEe pidposi bBfoeanfcHl HEdel bR Erediasdlr ed by
aut oker at onet ry Changes 1 n st romal thickness in the vertical neridian were
nmeasured using corneal optical sectiqg v;gRARuaea! ysis. This is a  technique

using a nodified endothelial canera to obtain cross-sectional corneal
i mages, an 25 eXuengt wrroftudics iere condustsdn In thefingustedy2 04 degpathelinlipechgye bank

Cross- ggct 'g%@ey\@gmdf H&l%?sdwlﬂ%t s?th%cted in paired-control fashion to either broad-beam PTK

(-100-um depth, no programmed dioptric change) or sham photoablation. Changes in

anterior curvature were measured by autokeratometry. Changes in stromal 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 Figm'e 28. The comeal cross-section was divided into 5
regions for amalysis, far sﬁpen'or, 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 photc;ablaﬁon caused signiﬁcant

 reductions in keratometric curvature (-6.28.£3.23 D, P = .002) relative to untreated paired
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regions for analysis, far superior, near superior, central, near inferior,
and far inferior. Analysis included evaluating peripheral thickness changes
and geonetric bias as predictors of curvature change. CGeonetric bias was
defined as either a nyopic or hyperopic bias-in the pattern of - ablation
zone thickness loss in order to investigate current shape-subtraction 30
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i n abl at ed coneas an paire ontro Were ot S|gn| |cantIy different from
zero (P = 0.66 and 0.52, respectively) or fromeach other (P=0.74). In

sharp @8ntrast ©bthershes by eattulatﬁcegeameews]wpfaﬁew@éwmmaerr ed¥PAY Oéé?ﬁ%her al
stromal t hi;ckRegs ;Amdigess tﬁgnyﬂglsﬁﬁﬂﬁ FpedCldmEat. “fnetdﬁﬂﬁﬁ MREL feohb@t

denonst rate an absence of near at| onship w anterio _
biases in ablated comeas and paired controls were not significantly different from zero (P =

) 0.66 and 0.52, respectively) or from each other (P=0.74). In sharp contrast to the apparent

relationship between increasing peripheral stromal thickness and decreasing central

[
n

curvature, geometric bias demonstrated an absence of any linear relationship with anterior
comeal flattening (r = 0.06, P = .85). Multiple transformations 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 2 poof lone predictor of
anterior comeal flattening. The results of this study demonstrate unequivocally that epithelial
"30  hyperplasia and stromal remodeling are not absolute requirements for the produt:ﬁon of

clinical magnitudes of 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 paited;control human
| 25 |



corneal flattening (r = 0.06, P = .85). Miltiple transformations of the data
were investigated and yielded no denonstrable correlations, challenging
current shape-subtraction theories of hyperopic shift in PTK The bottom
line was that geonmetric bias was a poor |one predictor of anterior corneal
flattening. The results of this study denonstrate unequivocally that
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changes. This mechanism of curvature change is not accounted for in current surglcal_

algorithms, and potentially plays a role in the variability in outcomes.

) Optical Coherence Tomography:

25 Optical coherence tomography (OCT), is an imaging technology which has only
appeared in the literature since the 1990s. OCT images are analogous to ultrasound images,

‘in that they are two dimensional cross sectional images depicting tissue reflectivity.
However, in the case of OCT, the images show infrared rcﬂccﬁvi‘cy and demonstrate a 10
micron longitudinal resolution, as compared to the 50 micron iongitudinal resolution

30  associated with traditional ultrasound. While high frequency ultrasound does allow a 20
micron longitudinal resolution, it cannot penetrate more than 4 mm beyond the comea. The

OCT also 15 also Limited to 3 mm penetration. Ho~wevcr, the optically clear nature of the eye

allows the refina to be imaged to a depth-of 3mm. For comeal imaging, the OCT offers
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25 Optical coherence tonography (OCT), is an imaging technol ogy which has
only appeared in the literature since the 1990s. OCT i nages are anal ogous
to ultrasound images, in that they are two dinmensional cross sectional

i mages depicting tissue reflectivity. . However, in the case of OCT, the
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definite clraigegs] whiches gaerat@aimple §flcitiag sheoflapd ynds kBSRRU BiVestigatitéatre Of
tissue. The redjstribution of strain caused by the keratom c incision
causes t he ‘WgFYAPdeBRHea to flatten and the peripheral stromal matrix to

Corneal measurements following the cutting of the comeal flap (or other

20  perturbation), but before ablation, are a key factor in embodiements of this invention. As
demonstrated above, the microkeratomic incision for the flap produces definite changes in the -

)R cornea, regardless of any subsequent removal of tissue. The 1'edisﬁ'ibution of strain caused by

the keratomic incision causes the central cornea to flatten and the peripheral stromal matrix to

thicken and become steeper. This reshaping assists with a myopic correction, ie., a

25  correction where increased corneal curvature is prescribed, and works against a hyperopic

correction.

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

30 from a statistically sufficient number of subjects who may be surgical patients, and the
differences compared to expected and ac]ueved post-operatlve results (undercorrected or
overcorrected). Once developed, comparison of the measurements before and after the
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t hi cken and beconme steeper. This reshaping assists with a myopic correction,
i.e., a 25 correction where increased corneal curvature is prescribed, and
wor ks agai nst a hyperopic correction. In one enbodi dnent of practicing this
i nvention, corneal topography, optical coherence tonography, .ultrasound,
refractlon and/ or wave front analysis is used both before and after the

m cr oker at txisoni wol silow 6wy ta laéjugiothn edblative apyoqedire oohegcowrr feeathe predicted
perturbation from a_ statij tIC who nmay
be surgica lo%lg?h%%ﬁ?hesljgﬁaﬁ %‘ﬁ fer}}eér?ggnsgfegconp&egg‘%n}(;g%&% thisﬁ% éﬁlgchl eved
post - oper atdriRl pefiibdtidn). uaﬁﬁrmy rtm& edusthentoate [mﬁélb)‘élhts&d:)anumrﬂte\ﬂednop(Ed
conpari son, of the neasurenents before and after the 27 inpcision wll allow

one to adj#s¥ ageathans. aHovever Saedareng éasalcelserﬁamﬁép nof fiakeFht hiogeghpmical

bi omechani t f utting
The 11 Bo. (S D e e e R B e
are made bfor k:vassent lermmyﬁtams,ml eb|y$mtceons heing suo[ha;décps a&b@aﬁmtﬁmﬁe afjostmems cansi nce
exi sting I ser orlt e the gl onechani cal 5 han es |

S count B Bk b e 3% ks G g Dot sor SRR B ve

t abl es f06 pefdiivE @distindSe b Yisd RAGbatioh, bAYb&Tore @R0MStiBSEI Ng such tabl es.
Abl ati on proflle adj ustnents can be nade in advance of the ablation in a

separ at e. pr ocedilf gren@inell bbRAloplinABsufScal PrdcBlides AREFANINY QotlicHsbiRAtne af ter
t he pertubatl on, but before the abl ation. As nentioned above, optinal

surgi cHl phicwechanics] rajuits of theabletvequeesiitte itsalf: Jhiss beshperformedbymechani cal
results of the ablative procedure itself. This is best perfornmed by: (1)

t aki ng preoper di) ve trwaspreenreative megRyemealsting post - per t ubati on measurenents
after the m.crokeratone cut (or other corneal perturbation), but before'the
abl ative proced@)e; @)z poshpertitation measticifesiseafice tsemisedratdnee prtdoopberat i ve
and post-perturbation pe%‘?FH%‘S1r‘?EBC%%°%% b aélil'%ﬁr%lééd@% appropriate

adj ustnments in the abigt ase Aagni tude and pattern of

the post-pertu ion res takl addi ti gnal ts after
the abl ative pt)(giedlﬁo%‘p glé’u?@?i emgeh etheé‘su tBEPH? Veséléor% é’n%“”%qﬁoélnt of

practiting this invemaesmeniQaaéal topography, optical 20 coherence

t onography, ultrasound, refraction, and/or wave front analysis are acquired
bot h pre- oper at@yel ynzamg pp;&bpmeraajhsmhty inafleesblitive hlgsethmr Bisedcdn Vi
procedure, froma statl st cally ICI en upber of subjects who are

u
surgical patients. 3658?%&“? Qr‘re“?:l%(’tsﬁp aTtPé‘éHSPPBSS tially define the

speci ficati ons of i ndl Vi d onechani cal themati cal nodel s of
P ) taking aé]dltlonaf measurements aft ern%e ablgt?ve procedure to dsocument the

results. In a second embodiment of practicing this invention, corneal topography, optjcél
20  coherence tomography, ultrasound, fefraction, and/or wave front analysis are acquired both
pre-operatively and post-operatively, after the laser refractive procedure, from a statistically .
sufficient number of subjects who are surgical patients. The pre-operative data are used to
partially define the specifications of individual biomechanical mathematical models of
individual corneas (thiclmess 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.
PRK, LASIK, and LASEK would each require distinct mathematical nlodelé, since the tissue
removed is distinctly located within the corneal 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 to match the final predicted post-operative state achieved by
the model with the actual measured post-operative state; in an iterative process. The material
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i ndi vi dual corneas (thiclnness profile, curvature profile, corneal size).

The abl ation profile 25 with which an individual was treated, is then used
to mathematically "renove" layers from the nodel, and the post-operative
data are used to define the final condition of the nodel. PRK, LASIK, and

LASEK woul d each require distinct mathemati cal nodel s, since the tissue
removed i s RIPRFHGEusylefepaiaehlor ofl eomass eneellcaedsbaritidn the gabieqt aoxgﬂatmwﬂéh@ LASEK

are surfac #@ﬁg@ 0 he
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e act el i B SpB e b AL SrRL arciprotog) BrmEDe Hhe
materi als 2840 QBRHEHRS aﬁd‘tﬁr’is f&%o%&em Tlﬁe&% Jo?rrelaﬁbﬂs xﬁﬂirﬁ'éﬁfﬁéd ANGnRlit 2 PRE{IES

Wi thin the subject population vil correlated with the pre- operative
popul ati.on th@tﬂaﬂl(mo@lce a;gaéenals e»@pentlas:es anyedpy, oith prmenecative deis aS\Amlt) Caprl
measur ed pr Ly K C rf

size), to %e%e}r(; r‘%iat&lle Lploﬁ&lgsp%oé%ﬁ o av}’léhrrle ﬁ?éu%{ ﬁ@\ﬁﬁ‘gﬁ ac gllllf:g c and
nmeasur ed) hesd tphAYi &etﬁnte haepﬁdmitzeebioﬁlechameﬂembdlee&:faﬂdivﬁhmres;&s@omsmmeihese

correlatlon V\A|| used to c Iea that will produce eri al
propert i es Latigh, %ﬁﬁﬂﬂe@%@%w Ogﬁélfeé‘{p ?c\]/’g‘t %ﬁta}élaté‘se FAGRdRTe tbﬁ‘&?@‘mtéﬂ? oped,
the matgy i qiredaéte@%wﬂ]&ﬁa@&a@%%seal OpgerMBIl kst ifbBlenRRl 2 OREIAL) efat @,
will be used to fully define a predictive bi omechani cal nodel of" individual

response- t gugwifashizars toatbeinteses il sonthaesl Homesrirctinareaisting laserlalsowtbmsalomet wkl ust
th bl at i
Fosponse.  Fis PAERE G RE AN Ml i BeRbad BoR) AR e

t hei r | aserofabgertiv¢ tabkes fdriowears tasersysiemas, mmgmgndusgrsueﬂtgbilesthrrs do not take
t he bi omechani cal changes into account, this invention may al so be practiced
by devel opér s ofs nﬁexrtmgeﬁ hboee,tabﬂnmtsnﬂrgicalqnmedmtes bls eequlﬁysdoas'rd;e,rat?m diythe |

sur geo u uch.tabl e nenti one ve,. timal. sur qical "proce ures
56 el raS e R o SR bR B B PR e abat 1 ve
procedure itself Th%’%ml s _best .perforned by (1) taking preoperative

measur enent s; . chfeioﬁﬁfaP BFYREENANi cal properties based on
pre-operative d a; defining a predictive bi omechanical nodel
based on pre- opz Jat | %@Alﬁgﬁ‘ 3}?816&?38&?1&‘%% k’ éﬁ?pﬁro@ WYy e and 20 (4)
maki ng appropri us nts in.the abl ve al garit based on

redt ot Lons: T andoLs) LUNEFRGE SAIP DR o HEAAL R S B PerEe TR e
procedure to dOCUm3nhnct}i}aiicté@ﬁluiehﬂ-propemes, and

20 (4)  making appropriate adjustments in the ablative algorithm based on model

predicﬁons; and

o (5) taking additional measurements after the ablative procedure to document the

results,

In a third embodiment of practicing this invention, comeal topography, optical

25  coherence tomography, ultrasound, refraction, and/or wave front analysis are acquired pre-
operatively, both before and after the microkeratomic incision for the corneal flap (or other
comeal perturbation), and post-operatively, after the laser refractive procedure, from a
statistically sufficient number of subjects who are surgical patients. The pre-operative data

and are used to partially define the specifications of hadividﬁal biomechanical mathematical

30 models of individual comeas (thickness profile, curvature profile, corneal size). The ablation
profile with which an individual was treated, is then used to mathematically “remove” layers

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



In a third enbodi nent of practicing this invention, corneal topography,
optical 25 coherence tonography, ultrasound, refraction, and/or wave front
anal ysis are acquired pre- operatively, both before and after the

m crokeratom c incision for the corneal flap (or other conceal
perturbation), and post-operatively, after the |laser refractive procedure,
froma statedst.i ERK| LASIK fandiIARER woblgread reguiby éistirst whatheanaticad miogels,adince
patients. The.pre-operatiyve. dat and. are used artially defi he

Ppeci i oat KRGS RGeS e Brafthishh S Cohieh at Loof T35 el S 08

i ndi vi dual sggadeedtatioh bsk DASEK BE @fdebfer aBMAMES UL vAEQM! dfehe GRIGRAIVE a08) . The
ablation profile with which an individual was treated, is then used to
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match the final predicted post- ative state achi eve the nodel with

the actual “hets meetirgdoye-cppretive ate (sgathisindss cuvahrerwtvefienproved sizelTe
materigly RroPeL ttheie %o&tbp\lfﬁsrpﬁa%tggrﬂtge% f&%nengxlmel W Ocrh{'ﬁ%% r%rga%vgg;raéatr{?ege% gbé%t hin

t he subject populatiton COrrela Wt op i Ve~ popul ati on
data (e.g. chgectessix,andaneasugépbsd/af paopdradhitidnepesameter@rest pedist the dmaterial

preroperative data .g. thickpess, cyrvatur wavefront, corneal_ size), as
0Tl T as AR aed faf resben o hhcts Cap R B LR B IS RO BB e ML |

par amet er s prhlkh mathar ?fo%@l&i@ tab Gn ANGulTBATHpRDpeANH ahd E@ﬁipeﬂlﬂfaﬁé}bﬂﬁth Qe
paraneters best predict the material properties and thus response. These

correl ati ofaPuhi Cpepdeveloper thy wampilpeopattiss pigetm eleag willy individpg pueerstiver i al
DT oper e B A piiHingith bR A RRELALI AR, e RANERRE DAL A oAb 25

i nput. Once devel e material properties program along wt

i ndi vi dual ofredivigenl atspomse 116 cdeical bietiopoModelepredibtiansomilldalow, ong toladivet theed t o
fully defi predietive hi hapi cal .. . j:ndi V] | .resp g to
cor neal ablrllg{a??)éri .prq({j:/ﬁ(gller% \{%ragépﬁjg‘??%nngﬁ F?lgg(?lentll)%l%{ﬁ%h{% ré%ﬂ%ﬁ%t bf?l %g c())ﬂ<';11§1eat-i ve
procedur e topeatieoamt pbapettitentipn eldtact eBrefdranie cthesei adibstmesp ars ejadddyeldseon pr e-

_operative and post-pertubation data. Preferably, .these adjustnents are nmade
by | aser ﬁ]é%?aﬁﬁlf‘iﬁg rtée %Setl opg?%fs ggwgyao?p%%ehém RRE\err mnégo' Oé%ﬁ*gti ng
| aser abgorihd hishechanidgtchindde® ird atdoantbilBedhdoh aal 0dbrGRscticed By asebpst, this

invention may al so be_practiced by devel opers of correctjve tables for
current | aSEroRsRIVe tables dpr pireat las@ongiensi 0 §Y SRS SUCARSS 0DIgiPRf i | e

adj ust ment $, A8 afGsABAE cdnbe AR Sivaficel FeeaBlaAbh R dcPardte T BRAMGE &y B REEUr €,
or inreal- tine'as an antra-operative adjustnment, after the pertubation,
but\) bef or e tilfeas &b iHtarqparative 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-pertubation 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) ﬁlﬁ}f defining a predictive biomechanical model based on predicted material

properties, pre-operative data; and‘post-pertubatibn data . -

30



As mentioned above, optimal surgical procedures also require consideration
of the 25 bionechanical results of the ablative procedure itself. This is
best performed by: (1) taking preoperative neasurenents; (2) taking

post - pertubati on neasurenents after the m crokeratonme cut (or .other corneal
perturbation), but before the ablatjve procedure; (3) pr,?di cting the

bi onechani cal pBper Firkisg FREWENFA Adrsmspisr &t by eblative 2lgAabEpbtsed 20 model
pertubation data, (S%IGEH{{&)(S. gdefining a predictive biomechani cal nodel based
on predicted.materia propérties, pre-operative data; and post-pertubation
data 30 (4) mal ting r - I i . ! [ based
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abl ative procedure tfesgacunment the results. 5 These processes may be
performed nost effectively with | aser manufacturers. They have al ready nade
enpirica adj ustiERSodedset BRy e GeffbinttAinRE ebdiatll withnaposeehiiuddnmaef yn et
al, and .shaoul d be eager to make further adjustnents that would produce
superi or r ¥y #zeady 19pde qmpinical adipEmens tp the algprifipe opgratlyronesed Hyumcdes s

shoul d be cgnsi LS e t ' ' ﬁigﬁrﬁd ]&?j renments
i mredi ately ? gla‘ﬁ%\%\lnﬁglgd g%é%gfetr%éf}?%nﬂ%% ag @g%%g&g?tgﬁl I n%cglr(s l]a S t e#éafter
t o det er m rembarpprdichanilisalf thodirhéat ataling procasst theuld de mvessidendd. oWhings amwtieger y.

This is al sp applicable.to custonized ahl ati based on..topography-gqui ded
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epithelial,. stromal, and flap_thiclnmess. Fqr each exam nation, five I nages
are acqui r 48R t A 11 3lspeapplicdhie ipepustarurrdatiietiony Baseh Of HePqwsPny BHidE! or

mer'i di an,  upkvetrori gk 8 PRIEISdstar B0 TR 16 88 thd WS RbNBHBnR® Scan the comes in
a radial spoke pattern covering the central cornea wthin an 8nm di aneter.

The CCT exam natmhON3rles] REME" AEInd i RRarSAHEzl | f¥BgPOCTH Sndinol RE measure

t opogr aphi ¢ measurements for “conparison purposes: pre-operatively and
post - oper atdpitedlipl, srom@randdfiy thidmesswatek cachreaampation, fvdnmegenwpedairedidhesi x

mont hs, M t Lt G I 2 pnt i i I ery in
or der tlgw vi\;s%lrjt%?f?e cg%iltia m?CP §gg |nsr£1)t[91 ger #%r{czgl.ltal'l'%g{i%ﬁ% rrleu%lggﬁjljg% Er %%S%%\ﬂgiee@gﬁ &
bel i eved t cofigaicrvredinahe comed . arcedial ispdt ipatierh vooagp the canhrel dveshiwithipiase.
Therefore, §he behavi or, of e nodel. is. defined, based on gne da 0 week,
one nont h, %‘%‘ﬁﬁ%?l' a#&e GO%n?‘ﬁ?%h%qsfSp%? e @ esfﬁngrrgﬂ]tes}?? § taﬁqﬁt‘he
exception topographic measurements for comparison purposes: pre-operatively and post-operatively at

one day, one week, one month, three months, and six months, with the addition of one time

20  point immediately after surgery in order to visualize the flap interface.

The biomechaniéal response is believed to be immediate, with modification through .
the healing phase. Therefore, the behavior of the model is defined based on one day, one
week, one month, 3 months, and 6 months post-operative. measuremc:nté> 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 comeal response, optimization criteria is used
as input to produce the necessary ablation profile to meet the criteia. Examples may be to
maxjrhize ablation zone diameter, while minimizing ablation depth to reach a target central

30  curvature with minimal aberrations.

Post-operative corneal shape, and thus visnal performance, 1s the function of at least

three factors: the ablation profile, the healing process, and the biomechanical :eéponse of the
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of the OCT neasurenents that will be taken imedi ately after the surgery in
order to 25 visualize the flap. Once the nodel is fully characterized, and
performance is satisfactory, an optim zation approach is used to design new
abl ation algorithms. Rather than providing an .ablation profile to the nodel

and predicting the corneal response, optimzation criteria is used as input
t o produce “PHE: WerdwBga ip sHpitere] 63(1\11}’6?*}’01113116@51&&53%35@@1?% o the igteragtionsddhbgst es may

be to naxi ni hto
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cylinders. Safple®FilitdElemel a0@a8 déRasbatee PRNEdige! dtBgbdthcof e Buentdht 1i but es
of the invention Mjor advantages of this invention are obtained by

di rectly introdwgdtthdidigagee gethisv@ventiof afw&vtdﬂ]édl BNdirechy ﬁﬂﬁ)ﬂﬁ(ﬁng e Qe tdiive
simul ations W th sinple mdels as shown in Fieures 24 ia f | n_Fi gure 24
a nodel f ol " TRbFIN LEFsEE mig thy sepltiey with Snpismedsls agshop ip lgwﬁ%?vf?c

| ayered sphsr itggigiheld fnhaa%ﬁfc@tmtﬁa%ﬁﬁﬁl%s EEn?eanClaef)orﬁQﬁ‘%f 8t SxiSfmmetric
alternately placedfour thin hard | ayers , 7) and three thick

sof t | @fer sayeredyeherieal shelpfixed # thhipnglss ﬂ“h;ﬂmdeiaonsrﬁsdé jaltempigly pbaced & tHiR ber s
are sc henatllbﬁa ayers r(ﬁg&' ??1?3,?,5) hﬁ@%é?ﬂx?ék%é%@fa‘}eﬂs a(Ya?EIS#_,ﬂc-’;@it In this simplified

model, the collagen fibers are schematically modeled as impermseable hard layers. Soft
) layers, which are assumed to be highly porous and fully saturated with water, representing the

matrix or ground substance containing proteoglycans.

e
wn

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 unifonm. The model is simplified
not only becanse 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 shel] layers instead of maintaining
individual Jong 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 hig}ﬂy.;-)orbus, is directly
‘ 32 '



| ayers,
wat er,

pr ot eogl ycans.
cornea (stroma) consists of over

Fﬁ%qm %lﬁéeqbﬁ

and each |

same di r ecPPYROT2PA dnigit

di ffer Iegt Scl%?rnpéarafchfgbeona@e]pﬁ@éa@aﬁaegrmrs%mg

nodel

representing the
25 As di scussed before,

ced
s

ayer 1s rm

ok

not only

| ong.

T
because the nug%er

pocfiR- biscHBstiy
gtegﬁ

O?@an

Fant Q% fer YR QY
gjgrs I'S ré%uced from

a

g%‘é(l%‘ﬁ h mgly

whi ch are assunmed to be highly porous and fully saturated with
matrix or ground substance containing
the maj or portion of the actual

300 - - 500 Iayers t hr oughout the thickness
en fibers with the
epp fhe

Qg The

300- 500 toseiialbuty dh@‘mgtbeaamnplhm@el footd Zdmed donire e erauegenotelszat to/BRY.

assuned to_be t
cyl i ndri caf PSRED

di fferent coide@mnadel, exi sting cornea
the cornea as a | ayered or

t he basic

i Hid &'

m crostructure of

| ayer |ns ead, of nt ai ni n ivid
1 CHE Tyl LSRR o PO PPyl fromhfe S
f|n|te el enent nodel in the sen

| anel | ar str

%al | ong

se that
uct ure,

al ong wi th bei ngaBy AR VL HOF QGmettPaft Masdial Prerticor porated into the finite

el enent nodel .

I n additi On,

basi ¢ substances whi ch

mak

e up the corn

as col |l ag
nodel ed ¢

A 11 bers and ground

kﬁ%ﬂ@méky I'n Figur

#340sT ance (proteogt
§§) a S|nple nDdeI

YLPAES)
sb8y

and water ar
an ablated cor

after surg

+ +. PR
I UI cvarm U rnl

’Biridcr#é%)[zn’m] r emmoved

5 q

nlll’

i

%%%@

t TI'E two—otut

nodel . TABLE

(layer #1
Layer GEOJ
(Soft) Thi
nmodul us *

LRV gn /bfnrlal D
Il

SIQHHE *0. 02 ea

ElPals 4v104 E Pa Po

2 I CDCIIL CU
ﬁnew‘f
Lgynr

e intact
gﬂuﬂ 15 each " (4l ayg

) es
sson's.ratio ** (3

3 0.3

4;@))4 3la ers

QE7++’L/I
)

Young'
* J. 0O Hinrr

Regi onal E
(1996) 29,
The Distri

above sinpl e nodel s,
| ayers are assunmed to be |linearly elastic and isotropic.

are taken Trbf tiiertdds Regiogelathisstc Pefatingrags sédhoeflopan Eorpeas oforrnahyady
assuned t oBiomeghanicg 19625, Blis 4@t eri al .

fluid- le

15

20

25

Poisson’s ratier T or nance
©31-942. 10 **T.J.

@ t he Human Cor nea,
Rin, RP. Vito, L.\

gour
N Joh

bution of Strain in

t he Human Cornea

1997)

nal of Bi onec

nson and BE.

30, 497-503. .1

ed
#*T

orous materials

t he overal |

mat eri al

Kat sube,

503.

propertles for

The el astic

ea, such

e

nea

r |ayers

3:
(Har d)

S

I,

hani cs

Car ey,

n the

both hard and soft

nodul i
is

Based on the existing theories for

1985; Kat sube and o
. Shin, R.P. Vito, L.W. Johnson and B.E. McCarey, The Distribution of Strain in the

Huma.u Comea (1997) 30, 497-

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

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, 1987ab), this porous material assumption requires additional elastic materal

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)

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

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

extremely Jow in the comea, 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

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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the surgery. This flattening due to the surgery denonstrates the_sane
surface B flattens after the surgery. This flattening due fo the surgery demonstrates the same

trend as the conceptual model, supported by clinically observed results described earlier in

L

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. Imstead, the comea is treated as a solid

material. Therefore, the ﬁegative ("imbibition") pressure applied through the internal pbre
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

A negative "imbibition" pressure in soft layers #2, #4, and #6 equal to zero. As shown clearly

30 in Figure 27, the spherical surface B bulgcé 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.

34



trend as the conceptual nodel, supported by clinically observed results
described earlier in this application. As discussed previously, in all the
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In addition, current age nomograms for myopic procedures generally tend to require

less ablation with increasing age, to achieve the same level of correction. Ii is also known

25  that the comeas 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 mcorporation of the negative ("imbibition") pressure inside the
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Ker at ot ony i " Ref c jve rne u o} , 92, p.
152- 163. iﬁ%é&e\/\&% ﬁiﬁp{ﬁefy v f%, d9\é &16?)1 L] ak 1§ f—I ayF ﬁ }ouve G. qu
20  Waring, and P. H. Ciariet, “Computer Simulation of Arcuate Keratotomy for Asugmatlsm
Refractive & Corneal Surgery, vol. 8, 1992, p. 152-163. P. Roy, W. M. Peiroll, 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. >255-25 8. M. R. Bryant, V. Marchim T, Juhasz,
25  “Mathematical Models of Picosecond Laser Keratomileusis for High Myopia,” Journal of

( Refractive Surgery, vol, 16, 2000, p, 155-162). As discussed before, in existing simulations,
i the cornea is treated as a homogeneous “hydré.ted” 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 1s actually highly heterogeneous in the sense that it contains pores and pores are

filled with water. .
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significantly inmprove the existing sinulations for all] ot her refractive
surgeri es. fluid-filled porous materials into the ex1stmcr simulations, we can significantly improve the
existing simulations for all other refr: active surgeries.
) In the simplified example models, the hard layer representing the collagen fibers and
the soft layer representing the matrix or ground substance and water are modeled separately.
25  However, this layered structure can be modeled as an “equivalent” homdgeneous anisotropic
matenal 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 commea can
be separated within the framework of a single, contmuwum model. This homogenizaﬁon

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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factor as.tine_de verren f|UI and eletroc em cal

oot Vi3 S EE e g P hB IR PAOMPLE b Shpis Airgly Tqepg T BE added
to the nDdehesi UdtAh@MSalSPaldtatast RE tak NBn ERBHHE REn NRL udd%doefo fhermead 15
def ormati on can be nodeled. In addition to the above pur el mechani cal

consi der afPSHRtOR.  Ehe HBaandeflaidt tFanenrEnpheaPmend AmcuPsd and| h°¥%§1ﬂ“6%33t hansport
can be addeghBidng sREe! b%ihrﬂdl;ei‘tthé’ﬁhecﬂ' ﬁ%ox?@ﬁné’r[‘gf elohtindd (tFRHRRY Lteﬂﬁ‘ enonena

are coupl ed and both 1 nfluence t def ormati on of cornea. |n both cases,
t he di r ectbejonies rvso Epostaniof q@b/gm Insw@l boundpiybyahieopropleme rsifice e emospheas y

or pant heric
20" pr &2ou P RE L Bl e B e B A P T oa s
boundary condi 'rﬂlé) ] ﬁ'lg{e fﬂi:@ e?e!mrgB rﬁgcﬁe@smag ? o%l tﬁﬂ%&nﬁ&d&h%r%% c%preétmeﬁd
i nvention can predi e correc
in comeal response to laser refractive surgery, as opposed to-existing models in the literature, -

/‘f ‘With minor adjustments in geometry and mjcrostructure; the simple models used to describe
this invention are immediately useful in predicting the general trend in outcomes of refractive

25  procedures.

In a LASIK procedure, a flap 1s first created by a microkeratome and then corneal

ablation is performed. After ablation, the hinged flap will be replaced in its oniginal 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 comea

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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in corneal response to |laser refractive surgery, as opposed to existing
nodels in the literature, } Wth mnor adjustnents in geonetry and

m crostructure, the sinple nodels used to describe this invention are

i medi ately useful in predicting the general trend in outcomes of refractive
25 procedures. In a LASIK procedure, a flap is first created by a

m cr oker at beferezasahat ﬁ:é«mocoffﬁgal]ore &b yensdian jcgn prevdrp nseddl in Aforessingbilestdosss, t he

hi nged fla replaced in its original position. Upon further
refinement pate\f/\&lrﬁﬂg%“vesﬁ efaI?ons based on this invention, material properties

rel evant to the nodel can be_ back [ om t he bi onechani cal response
of a cornea 30 due to the fIé’BeléPEe@a#’f)tr‘?n’(a]bﬁg %é‘ftﬁreéué%‘?létl on). The

mechani cal respgnse due to ablatio then he s | at ed. and. t he

post - operative g@ﬁﬁf’% o@éﬁlzﬁféonp@gc?&%“flgan B%i?éﬂo%?#tpugreﬁﬁ’a&vemg’inrﬂﬂyﬁl ons.
Thi's i nfor gakdenns InitRe %Méﬁlaﬁoﬁl% l%)ﬁ%b]éin@ﬂtﬁh&zomﬁfﬂ'%@mﬂﬁgi SlseRs BReikiidae
operation 38 before actual ablation. Therefore, this invention can be very

useful in imcheeasi crfgntaﬂvemswé@g@putmatr@dghng; eformpoter \eogemyangy and riatsesat ed
System for R | rﬁg %ﬂ \égd 2 1%161§t¥at12>r h%\uﬁor%gdﬂyn gpplgc%te rﬁla%atth% etﬁg 5. %{dg%;s{egnqm

correction O present I nventi on achreve

cal cul at i oﬂe_mﬁbdalmeidﬂmﬂneﬁwsoammrbayddanampmﬂap&rﬁﬁms&sy em)mﬁmasgastaﬁ.al led in
the art of mat hematical "conputer nodeling, conputer progranm ng, and

dat ﬁbgse mani pmraéxlaﬂlgleaﬂdzoﬁ@gﬂeﬂ t&hpritngos c%nulal p]gc@a@inlgyxbmap m(rj ma%et @echﬁtg.t t he
et ho systens escri] ne erern m e software sed and m e
per f or &yc%a%émﬁw @9‘%8 Y ?@Fpl&g??é?ee(su@ W@F’é?r?@%ﬁ‘? P&’Pﬁ@e"&ecent ral

processi ng(slaem bs a@ceﬁ&dﬁfda&%/d?‘?‘a%&me) Hy b8 Ut RSpfoiBIREhctholahHid il @
di splay device (such as a nonitor) and an input device (such as a keyboard

and/ or a niwseyjonnelretperadvedandoposiepaiahiioniacarserioes atst inphiéedpip dbe ppmputer

i nvention P b e dto
the_ conput Sk Bt YRS 30 ol Qs RERAEDELHER, e R B el e
direct dat anebsuzensnés inpitted masauotbcrecVWEPuten pu sinekdr nmlunanﬂmsmo dgwtphmeforor
simla Exi.sti ng 15 .abl ati ve roce ur.es

Chput cei T G e Ak 5 SRMORROR s Rosn orlle ERbE 2
det er m ni stinpiriesl, Gétb@tinictiat & dthyt dae hapbid irpditddotot the coaptet BY albdy appiipriate
appropriate F@gt hod. Data inputted into the conmputer is stored by any

appr opri at #fhod, including read- only menory (RAM or ot her storage

devi ces, such a har i sk drive. .20 Anal ysis and. conp son of utted
and/ or stored d ?tél?pcugﬁjsquséaé‘l’fp@%}@ds f}gleg%ﬁﬁpgﬁgﬁ?ﬁl %P%ﬁ?‘il‘%ﬂ”é’ St war e

al gori t hims oy rieMore GUAMS 6f othed stoFh g6 QERRE, ButA aHRtPdii@ive.

20 Analysis and comparison of imputted 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 .re.adily appreciate that multiple types of data structures are .appropx"iate under the present

invention.
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} values of stored data. Adjustnent of existing algorithns for ablative
procedures is achieved by retrieving a ablative procedure from data storage
and nodifying it. The nodified algorithmis restored or inplenented during
surgery. 25 Data derived or created by the present invention is -stored in a
conputer by any appropriate nmethod, including storage .on an appropriate
conput er -r eadabMededlegi smechigyved éxyantpplancrﬁmanap@mnobrsmmcﬁmuﬂms oedabl e
medi um i s  RAM net nat e of the

Gatathe ARTRTHERBE s R 4 e RaeiR R S ShsiRER hORRE Gl Lot ur e

on such a qaseukilkdheadad] & ddadutéMmoddgavis Kbddﬂ?dppf@mhihQhaﬁlhian?fapﬁé‘ﬂrﬁl&as es
will 30 readily appreciate that rrultl | e types of data structures are

appr opr i at Eofiiraemodtias spplianiens aniveirbicomd pgronede pdsythePraeH isveipnby

i npl ementing appropriate software algorithns on the conputer which use
stored @data in Howmphist |smﬁemnmhlemntmnmmetbad chthlemeﬁ@t algphion mep be Wdose
skilled in.,the art of cQ ell regi. that nany
appropri at eImn Ware. rTlePll ng %t\(éﬁr?‘sm%% géa uté{lsggge dgln%é g’ﬁﬁr%ﬁrﬂi ate
under the pj‘oesss,l’ﬁndltllilakﬁ)lﬁipum sygﬁenﬁomprmnb;mnsisysitemmhemgéry nﬁoﬁkmlbad of
t he ‘present invention nma f used during cornea sur may be

i nputt ed t 68T PRED Hfﬁ':ig]é‘lﬁ &l T eeRy HE? PFEIEE, R ’g‘l"bsr "s°° Tt he

conput er sy %B%BMEPlﬂhﬁleﬁﬁﬁtE%nﬁb\i@esﬁﬁt1ﬁvéﬁ'ﬂ6:'1 NGbtdrfihed %&ﬁﬁaﬁuoxﬁ%r awana e, a
surgeon or other personnel at” surgery inputs pre-operative neasurenments into

t he coRPut épsed Uphe ohpuraswremERip| ehdert ¢utgna pe ipadgeer qtlmrem‘ﬁubﬁlomdeesér m nes
fi
Spec! 1 Cal LaNBaf 8l naARLALLON AODARAY, U S IRISHLATERL St bEfcalt {1 N0

an, i nci si of"0 n rrea s are
acquired byn:ﬂyzag ropstal ccohiﬁmoee&négapm,eﬁltrammgwhp}hwe mra:gaftedamﬂh t‘rmr]aieymer
optical coh e torm ul trasound rate th.th

oser o BTt a Siep Y BHBES COTRAr 510t BiroRDoeb L GHe B A S0 Hecce
data are i Rpwpit@dvik MeDintdbeated Of¥RRAL €The/ banfilie ddf&ﬁgfeataejdsts&ep@rﬁcaﬂdﬁe feonput er
det er m_pes ad{bousted specifications for 15 ablation, and outp Ut% such

adj ust rent gblelPmy Al QiR Sich tiaent (e ts Slllr%ﬁ%n’étlﬁ%uﬁeﬁ%ﬂalblf?%fﬂ}"% e 2ja49p t he

adj ust ed spgitid £Riste@RBeciftaiMEPUt €r System i npl ementing a nethod of the
present invention may al so be used prior to cornea surgery to create a

bi omechani cal nRAghpPRS8LicHPRRIdRL £HethddbPine &es&@meﬁern ﬁé&sﬁs‘%"ﬂa used
i npl enenting a net hod of' the present invention may al so be used 20.

subsequent IPS}OIttS’ e@nmalrgwgerc;eaﬁ@a&wm@bm@émode} Ased HepoBLiEpfEted. dets. b& used
in Di orrech@ gr OC 'ﬁetfx&fe ok W@%&esgﬁt ﬁQéxﬂ'ﬁ)ﬁl m%l Oaﬁ‘%cﬁ@%éas on

Cust om zed atl res
20 subsequenﬂy to cornea surgery to collect data from the surgery to be used in biomechanical

modeling.

What is the Impact of Corneal Biomechanics on Customized Ablative Procedures?

;\\'/,’

The studies described above clearly show that corneal biomechanics, inchding the
reshaping of the cornea that results from a microkeratome i11ci§i011, the reshaj)ing of both the
25  central area of the comea and the surrounding peripheral area that results from ablative
surgery, and the reformation produced by post-operative healing must be accounted for to
establish truly customized ablative procedures for individual patients. Current ablative
algorithms do not adequately reflect these biomechanical factors. Thus, surgical results to
date have. frequently fallen short of achievable optimum goals. Fortunately, however,
30  manufacturers of diagnostic and surgical equipment, such as corneal topographers, optical
coherence tomographers, wave front analyzers and lasers, and surgeons, can account for these

factors using the procedures and instruments described herein. 20/40 visual ac'ﬁity with plus-

40



The studi es descri bed above clearly show that cornea] bionechanics,

i ncluding the reshaping of the cornea that results froma m crokeratone
i nci sion, the reshaping of both the 25 central area of the cornea and the
surroundi ng peripheral area that results from.ablative surgery, and the
reformati on produced by post-operative healing nust be accounted for to
est abl i sh ©F alguscanst Gaptered! E5idnel; lquaqim@éonhp@g roolongen dhievacepiablepegsulte rfess .
Current ab i )ridzh d%{ﬂ e . ] ONE i cal
factors, T %‘??ngﬁug%rgbglﬁﬁg‘égg u&g Sp%glyga'fe élrvéé¥Pr2§élh§§%l1a§/Q§§?’l glﬁﬁ) gﬁg&?pof
achi evabl e abgtation) sh@ddbsachievebla mathehost pdiemever, 30 manuf act urers of

di agnostic and surgical equipnent, such as corneal topographers, optical
coher ence t onogwapthieiiss bot@ieliderfonthe &itak VZ Bisfordndd hRS ffSct@nRdrgsy? JRAR%G Ccan
account for these, factors using the procedures and instrunents descri bed
her ei n. 520/bgiter wreslich  pogiceperafivishapefind svisuabpasformpnfgs 6 Wi Bpttelewad 2084 dual
refractive al Ldwng: l.onger p o S| K ar or
PRI 1 egul A, FORY HeDR;R0R8 R ROETDIRY: & ARy Phicuab (i

aberr at i onmshd dhecdnerotafic endddyl peedictiliic nostes izt icaritisute Whitte fmsl ¢oealsbbpeom | i ne

for the fut t onj | efracti Y2, 5 t
bredi ot podi Bt AP RS oNAGE BAGTFPE Gl Op ariEReR B Gl ect AR e d
20/ 10 Vi stgdhlyaBkH]Y ¥haM Both RiaRERE RalgRe Rh@lcbRBE ?topbesshyawt] BOSedethB] 30

achi evabl e goals if  we wunravel the controllable and/or predictable sources
that cdfit r PBEFE? {5 Jesre Profran ewien aronsifisply advrye\AnspamisdeBie. Weyrien!

I NSt rument $pdid v eb JTBOME $iland Rcedhty 8medsife dnd $akinAR MebRfs.| Foporapty 9hl y

| i'kel'y that both wavefront analysis and corneal topography wll "bé hécessary
t 0710 pr ogrehhelhes|ragasire gné pradist the Wemdeohaticl comsil gespandeyin el hakhasen not

optim zed r, |5 - f,| rant IS, WM I ONI : ry to
measure an (gfrsrlédar#l r?‘}u\zé\gi\ég érﬁlgt fugﬁés]glr }I(%gpt)oobl%é%pirﬁg I\g/)\# 4@%%}&%@9%@ S}fgég}g'd

predi ct t h&hbseoskiEdainubea lartodft soeddal Bwes@onaetht nievwelytsndnhaf drauestinot surgetl been

el uci dated. The f f tom zed |. f i is ¢ inl
oo 15 bRl U PR AE b et L B B R Bl
di agnost i ¢ decribedrt@eia bantfro @@ HRARAEL irh@6venltaG en PirB@esiIE@s. OF bdurdepBeli il

appreci ate that the methods_and instrunments _described herein can produce
dramat i c i BPEPEFeRE Rt preHpusIRReyade oy thEW%‘@SiuTF%‘}PlW‘Wm%I“g’(BChr eali ze
that many nRAideletatiRRaiwRY THEe REQratifnst RSt RhRERAUIE Sm@tNle | Bl MMBEK S,
which are nerely illustrative. These illustrations are not intended to
limt the dewpeonghichisdefingd e §nlowg d#me.s defined by the fol | ow ng
clainms. 41 What is claimed is: 1. A nethod for predicting an individual
bi-onechani cal response of a cornea of an eye to a '
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| aser abl ation specification of the cornea, the nmethod conprising: obtaining
a first, pre-operative diagnostic neasurenent of the eye; determ ning an
operative corneal |aser ablation specification based on the first, pre-

oper at i wehfAigQaartdiie neasurenent; perturbing the cornea to obtain a

- pre-operative, bi od m.c .fesponse,.datg.of the .carnea: obtaining.a second,
 bost - pertt ur be FisHodIOEbredleRne AY Tidiyidyd slomectuisal iPuiohsg Stk Sories GaD e Ing
provi di NgeRallaimEpecifidatidiodf the corie, € m¥hod tomprisingi vi dual bi odynani c
response of the _cornea by conparing the first, pre-operative diagnostic
neasur ement QhW@inikga figdqyawpeigtive disenastic meapwamenfraf thpeyeat i ve di agnostic
freasur e@nt ' dgtien;{%é@nﬁ S&gatﬂfe c%l'n%laﬁ]fager.amﬁ&? 5 cffﬂ:%ti?ﬁ gzpseﬁfongﬁé hi’%bﬂr 9
conpri ses creating dp on an anterior surface of a cornea, aplfating a
portion of a corneperatpecdingipstibtmeagiréhedtj al |1 ayer froma cornea,

mechani cal |y def gr m ng the cornea, ultrasgnically deform ng the cornea, or
conbi nat i ons PER@PEEthe gorned o RIFIAGPePPIRAYRIQAyriaREE EsSRORSS dgtar ofithe cornea;

pre-operati ve,di j 5 apd_sai.g: . - iLon

Dt o opor at | veU AR 8Stofd IRRARHERNERont B AR1diive SRR MOk BEREYE
total corneal thiakdess, curvature or wave front data, or comnbinations
thereof. 4. The nethod of .clajm.1, whereip: the.step. of perturbing e
cornea conpr PEXAJIRg 8 gomparisprythatis H’rﬁh%‘ﬁv%lﬂf%pr ngfwill?rglé’g@%?wtr@m%?éfg%; and
s@i d second, post zHRLs By Bahbahdthe itR Sirelopuatith AAPARE f Rt

cgrrpri ses a flap c?’ﬁﬁ cE%essbrrefgtBr elrre’ﬁér. g 'Il'he rrglt?(ﬁsc}d 0 clgllem 1, tP?thher
conpri si ng: obt ai sedogd gaistipériurbation; preeqperaitve diagdostignoetsinemenasur emrent  and
said second, post perturbation pre-operative diagnostic neasurenent by a
di agnostic device conprising one of a corneal topographer, an optical
coher enge t OMRR ARG of AaiRY SwhERinEE) ¥ Rirturfiflg binhASAN Catind Al A
autorefractor and conbinations thereof. 42 6. The nmethod of claim1l, further
conpr i siangrianswieee af b vernak) abldting a portioihef aerieagpesing It epithelialrlayesfrom a

Cel bot cdoReonayBRARIY BolorRBE A taries olamen fy 4Rk B amed of . | ©° O

i ndi cat icymbatisnd@dtebfd pProcess in the cornea. 8. The nmethod of claim?7,
wherein said post operative increnents conprise at | east one of L

3. The method of claim 1, wherein said first pre-operative diagnostic measurement and said
second, post-perturbation pre-operative diagnostic measurement comprises a measurement of

elevation, total corneal thickness, curvature or wave front data, or combinations thereof.

< ‘ | 4, The method of claim 1, wherein:
the step of perturbing the cornea comprises creating a flap on an anterior surface of the
cornea; and
said second, post-perturbation pre-operative diagnostic measurement comprises a flap

thickness measurement.

5. The.method of claim 1, further comprising:

obtaining said first pre-operative diagnostic measurement and said second, post-
perturbation pre-operative diagnostic measurement by a diagnostic device comprising one of a
corneal topographer, an optical coherence tomographer, a wave front analyzer, an ultrasonic

device, an autorefractor and combinations thereof.
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about one day, about one week, about one nonth, about six nonths, and about
nine nonths followng said ablation. 9. The nethod of claim11, wherein the
step of perturbing the cornea does not renove corneal tissue. 10. A nethod
for determ ning an individual custom zed | aser ablation specification for a
cornea, the method conprising: obtaining a first, pre-operative diagnostic
measurenment of an eye; determning a first operative corneal ablation

speci fiat i oThbagsiibdut ddi T, ifiishier coprisingen apérivairagnmst i ¢ measur enent ;-
perturbing the cornea to obtain a pre-operative biodynam c response data of
the cornea; obtaining a second, post-perturbation, pre-operative diagnostic
measur eaent o L di ng. ri.son 11 Sk

pre- ope?rgt i vgil(ej Haég‘ho?gﬁ cclzan?flergfslﬁhg#eﬁﬂ}g }1@ (?ﬁéemﬂlgg? gﬂ%&fr%ys%ﬁl%ro ?tlﬁfr bati on,

pr e- opemaisuvemelit agadedst ongredactodepBtibpdritiste tirse intelvalatvheein the neapuresipacti ve

bi odynam ¢ r.esponse to the corpea to an individual custom zed | aser

abl at i oldEaH¥s gﬁo%];‘ﬁl@ﬁpé‘?fﬁssd&jt PGt he first operative corneal ablation
specification based on the conparison. 11. A nethod for determ ning an

| mpr oveg. al 09 LRt i, eldi €i@ Bl BALLiGe AIAIIS cditise M IdAbne of
conprising: obtaining a plurality o Irst, pre-operative diagnostic

measur eatenvt ouaday, ebow one yeek rabouteonesnatth, sthoutadix mamthgnarfd abant nine meathsof i ve
corneas, .43.obtaini.ng a plurality of second, post-perturbation,

r e- opefalioing ?ﬁ‘%@ﬂﬁ@?‘fc data fromthe statistically significant nunber of-
orneas, which is indicative of a pre-operative bionmechanical response;

est abl i ghi ng The MRKRIGH Al 1, RRAREdIn fHe stdpofiPeRiBARINE €Bineh B6EABI Bem&RE @i Ni ng a
plurality of third, post-operative diagnostic nmeasurenent data for the

st at i st ¢araedlisgiegni fi cant nunber of corneas; and providing a conparison of
said first, pre-operative diagnostic neasurenents, said second,

post - ey ur baf tn8fhol %&'c?e?e%&a%hhgﬁn tHand aﬁ%hﬁgﬁﬁgﬁ‘fés%f‘mmonas@%ciﬁ%%@o& £} rgd’ .
- post- opé€rative diagnostic neasurenents and adjusting an opéerative abl ation
al gori t fagtned) dselethbd be@piising: part on the conparison. 12. The nethod of claim

11, wherein the process for establishing said mathematical nodel
obtaining a first, pre-operative diagnostic measurement of an eye;

determining a first operative corneal ablation specification based on the first, pre-
operative diagnostic measurement;

perturbing the cornea to obtain a pre-operative biodynamic response data of the cornea;

obtaining a second, post-perturbation, pre-operative diagnostic measurement of the eye;

¢ and
providing a comparison of the first, pre-operative diagnostic measurement and the

second, post-perturbation, pre-operative diagnostic measurement that is indicative
of a prospective biodynamic response to the cornea to an individual customized
laser ablation specification and adjusting the first operative corneal ablation

specification based on the comparison.

11, A method for‘determining an improved algorithm for a refractive ophthalmic surgery, the
method comprising:
obtaining a plurality of first, pre-operative diagnostic measurement data of an eye from a

statistically significant number of live corneas;
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conprises nodeling at | east a portion of said corneas as a hydrated porous
structure. 13. The nethod of claim 12, wherein said structure conprises a
plurality of hard |ayers separated by at |east one soft, porous |ayer; and
coll agen fibers are nodel ed as inperneable hard |ayers. 14. The method of
claim 13, wh i i I I in
hard snol | |1 Syari€ §pfirty bEARRNd IOEE SorRbiacbl) MR BRI Ll dhe
nodel ed as a Iayestaiittioally sagrfitart numbghdficoryeas,ontscls tsrindicative, of agnpoipeiatige a
plurality of sai th| q}?@{ E shel | layers separated by at |east one soft
porous | ayer. C SBIOSEY ai m 15, wherein sai d porous materi al
conprises a Hﬁ&ﬁlis}ﬁm%fa mhﬁ@ﬁﬁ@éﬁ%ﬁd@i&tﬁé‘%ﬁé@ﬁeﬁné’&ﬁé& Pyees i nside said
matrix, at |east sorme of salid pores being at |east partlally filled with
fluid. 17. Aobteirimgla phuralpy efithed; pgﬁt@pmw@agmhc mespwamentafatd fovéhecor neas to

abl ation, conpri si n a f om a statistically significant
nunber of coneas;s %Ia“é?lrynsdglﬁﬁﬁrﬂ' %{ 3 of a cornea from said

data, said Hﬁhdlﬁ@%é Ehﬁ%n of%deﬁrﬁoisfetdmrﬁfve AidpedtRtRchsRRRRAE, §did YsdoHa e
conprising a serieS of hard shell layers separated by at |east one

partially fluid qust-ewtpbatmm@rb@yenatw dbag@b%dg@@suramsntbgnémldéhw pasti f or m
i ntraocul ar pressure of abo t an i

surface of said hé}caatls\/ﬁélfa[gnpgi;:erpgasuae%ngs @&ﬁg{“ﬁgﬁ%ﬁ%?ﬁ%ﬁtﬂ)‘% ]roél a\;\ﬁrﬂﬁlﬂr sai d

hard shel |l | ayer %as@&@kle&stfﬂ{ﬁa@iérﬂﬂw@oh@ﬁﬁédnzed change in the fluid content
of said hard shell | ayers; and providing a predicted biomechanical response

of said hard shell layers follow ng said change. 18. A conputer inplenented
met hod rc n h hot I )

Corpr i 51 ig: 406 BRI Pty LSS feBrSish el Srat ol SFlopBHERER oce

non-t i sedilpriseieodeling Mdedsua baﬂioﬁl‘bffsﬁidfcoﬁﬁuﬁﬁsia leydegted padous stiidthr@; obt ai ning a
first, pre-operative diagnostic neasurenent of an eye; determ ning an
operatl ve corneal ablatign specification based on the first, pre-operative

di agnostd-c mihsmedindiat ol kn@hatsitadistEuse SpmBrisitacHEib: b1 haed layerse -
obt ai ni 4, AP easPOR! SOREpSILE Blyb2And BOIBiRR Bbals YEmI AN IS inhferMEA L haTENT |

layers.

14, The method of claim 13, wherein said collagen fibers are collectively assumed to be thin

hard shell layers.

15. The method of claim 12, wherein said cornea is modeled as a layered or lamellar, highly
porous structure, comprising a plurality of said thin hard shell layers separated by at least one

soft porous layer.

16. The method of claim 15, wherein said porous material comprises a matrix of
incompressible substance with pores inside said matrix, at least some of said pores being at least
partially filled with fluid.

17. A method for predicting biomechanical response of live corneas to ablation, comprising:
obtaining data from a statistically significant number of corneas;

creating a finite element model of a cornea from said data, said model comprising:

44



el ectronically conputing an adjusted individual custom zed corneal ablation
specification fromthe first, pre-operative diagnostic neasurenent, the
operative corneal ablation specification, and the second, post-perturbation
di agnosti c nmeasurenent; and controlling one or nore aspects of the

opht hal m ¢ phot oa ' , ' jUst ed

i lr[:di vi dual (F:) ust om'g)? glf:ldogl(;%rf %ﬁl‘iﬁ;@g@? ?%nsngggtfﬁ%r%sﬁl})gnz@é{%s .0 P@ﬂ%@ﬁgl? %{gg&of
claim 18, where the opsapatatedebycasicastidnesirtatiydinid filed pomas layar;conpri ses an
abl ation patter n;Tgan abl ation location, an ablation size or conbinations
thereof 20. The mit¥d§I8FS clai m 18, where the first, pre-operative

di agnosti ¢ neasur e/ @BktanARNiRAR ihterRAhARRESrdat AHouP RO ABE 1S Matd He
el evation data, total cornéal thickness data, corneal curvature data, wave

front data, intraocul araggmssaningercatfaceef seuhiirdshelldayersiteadeof . 45 21. The
met hod of claim 18, where the second,..nost.-per rg?ti on, &ﬁrae-operative

di agnostic measur® ﬂ?noéB]%fﬂﬁfggsé}l{eo P59 8“%5;? JASEeAY et ric data,

el evati on datsgnulb@h@h I6calinRdhandinGkd\88id et ofald1RRd skl Mdrs pddat a, wave
front data, intraocular pressure data or conbinations thereof. 22. A nethod

for i nprovi nPreddingatpredicied hidmgchinical responseraf saidrhard shelldayeshfodiomingysaad f i r st |
pre-operative diagnosti c neasurenent of an individual cornea of an eye;
determning a fir arlgﬁ‘erati ve corneal ablation specification based on the
first, pre- operative diagnostic nmeasurenent; obtaining non-tissue renoving:

pert ur bagj on Aladmpihteoiimplé@entsd inethdddbr controlmglafophthalmiel phbioablative Blémi N a
bi odynam ¢ response data fromthat individual cornea; obtaining a second,
post - pe FYEBAYNISI e- oper ati ve di agnostic neasurement of the individual

cornea, corr %'c@éskiﬂg aﬁﬁz%c%lé&é%{nlﬁqé r gfgﬁ}ekﬁdﬂ?ééh F&g&’fs@%‘ﬁﬁ?{ét@&e@% vitlt ' t he

bi odynam c respons e roma statistrcally signiti c&nt number
of corneas; and esperturbasiontigat 3evernalcothetldmellast om zed | aser abl ation
specification for, corheal ablatjon, for , that individual cornea, based at

| east in par tobEMBERJIH; PigyIRSHRtye diagpaTicdnepsyrgmeneot an eye;

determining an operative corneal ablation specification based on the first, pre-operative
diagnostic measurement and the modeled corneal biomechanical response;

obtaining a second, post-perturbation, pre-operative diagnostic measurement;

electronically computing an adjusted individual customized corneal ablation specification
from the first, pre-operative diagnostic measurement, the operative corneal
ablation specification, and the second, post-perturbation diagnostic measurement;
and

controlling one or more aspects of the ophthalmic photoablative system based, at least in

part, on the adjusted individual customized corneal ablation specification.

19.  The method of claim 18, where the operative corneal ablation specification comprises an

ablation pattern, an ablation location, an ablation size or combinations thereof.

20. The method of claim 18, where the first, pre-operative diagnostic measurement
comprises topographic data, pachymetric data, elevation data, total corneal thickness data,

corneal curvature data, wave front data, intraocular pressure data or combinations thereof.
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21. The method of claim 18, where the second, post-perturbation, pre-operative diagnostic
measurement comprises topographic data, pachymetric data, elevation data, total corneal

thickness data, corneal curvature data, wave front data, intraocular pressure data or combinations

thereof.

22. A method for improving refractive ophthalmic treatment comprising:

obtaining a first, pre-operative diagnostic measurement of an individual cornea of an eye;

determining a first operative corneal ablation specification based on the first, pre-
operative diagnostic measurement;

obtaining non-tissue removing perturbation data from the individual cornea before
ablation to obtain a biodynamic response data from that individual cornea;

obtaining a second, post-perturbation, pre-operative diagnostic measurement of the
individlial cornea,

correlating said non-tissue removing perturbation data with the biodynamic response data
gathered from a statistically significant number of corneas; and

establishing an individual customized laser ablation specification for corneal ablation for

that individual cornea, based at least in part on said biodynamic response data.
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