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PARAMETERS FOR CORNEAL ASTI GVATI SM ANALYSI S AND VECTOR PLANNI NG TREATMENT
Cr oss-refwoentes0i2e Rel ated Applications ThiPe TA[SPd 10084611 DN
clainms the benefit of U S. Provisional Application No. 61/260,556 filed on
November 12, 2009, which is incorporated herein by reference. Field O The
| nvention The invention relates to the determ nation of
astigmati sm paraneters to represent each sem -neridian of the cornea

derived from t ReSKSSMENTEOF TOPOGRAPHIC SPOgNIHIDIAD PARSMETBRSFOR anal ysi s
and pl anni n{,g: of treatnent. These two sem -neridian values (for the superior

and i nf eri oCORNEARSSTACNHSIISAAANASSIP sY e Y&C TR BEANNNG EREQITMENE neal

t opography val ue for nagnitude and neridian as an alternative to sinulated
keratometry as well as quantifying the irregularity of the cornea.

The invention further relates to a vector planning nodality to

si mul taneousl y reduce and regul arize naturally occurring irregular corneal

astigmati sm achi eved by apptispgfaedctenatdattdapplicatibati on profiles to each
of the two sem -neridians of the cornea. This treatnment plan comnbi nes both

t opographic and refractive (wavefront) paranmeters and can be used as an
al gorithm for exci merThisanpticativaiskoms gy bapgiitiof B3 Sreyitional Agatetige Doar

aberrati onsg A\t JSERTIOY 6n NbedtMer REMI006 RINER1s imibiEBRAYd (EreihbS rbfRMARL.T ON
Field Of The Invention

The invention relates to the determination of astigmatism parameters to
represent each semi-meridian of the cornea derived from the keratometric view of
topography for use in vector analysis and planning of treatment. These two semi-
meridian values (for the superior and inferior semi-meridians) can then together
determine a single corneal topography value for magnitude and meridian as an alternative

to simulated keratometry as well as quantifying the irregularity of the cornea.

The invention further relates to a vector planning modality to
simultaneously reduce and regularize naturally occurring irregular corneal astigmatism
achieved by applying different laser ablation profiles to each of the two semi-meridians
of the cornea. This treatment plan combines both topographic and refractive (wavefront)
parameters and can be used as an algorithm for excimer laser technology applications to

reduce ocular aberrations and improve visual performance.
Summary Of The Invention

According to the invention, a keratometric map is obtained by computer
assisted videokeratography and vector summation is employed to determine two semi-
meridian parameters to quantify astigmatism for the separate halves of the cornea. These
astigmatism magnitudes can be weighted for 3mm, Smm and 7mm concentric zones
subscribed from the central axis of the cornea so that corneal astigmatism and irregularity

can then be quantified. Namely, there are two factors which influence the weighting to



According to the invention, a keratonmetric map i s obtained by conputer

assi sted vi deoker at ography and vector sunmation is enployed to determ ne
two sem -wenrondimos2par anmeters to quantify astigmati sm f oPCrhis260p866a1 €

hal ves of the cornea. These astignmati sm magni tudes can be weighted for 3mm
Smm and 7mm concentric zones subscribed fromthe central axis of the cornea
so that corneal astigmatismand irregularity can then be quantifi ed.

Nanely, there are two factors which influence the weighting to WO
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wei ght ed valpRssopig lefigctiveR@geaphi c measurements to obtain a vector
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cornea of an eye, assigning weighting values to the topographic measurements in each of

a plurality of zones in each semi-meridian, and vectorially combining the weighted

values of the topographic measurements to obtain a vector parameter in each semi-
meridian representing magnitude and axis of topographic irregularity which is adapted

for use in diagnostic and surgical treatment.

In further accordance with the invention, the technique of vector planning
combines corneal (topography) and refractive (wavefront) parameters to both reduce and
regularize astigmatism in a single treatment step. The treatment is determined by first

employing ocular residual astigmatism (ORA) to optimally reduce the astigmatic



3 magnitude, followed by the regul arization of the now reduced corneal
astigmati smusing a common refractive target for the two separate

sem - ner is0anBL/060324 The cal cul ated treat nents ace/yscasendced as a
single asymetric treatnent application. In this way any astigmati smthat
cannot be elimnated fromthe opti cal system of the eye due to the
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carrying out the met nfghcoh it EALORith Yo AOLALR Mtk IR o ARARKE! o7 S
conprising: neans for obtaining target paraneters representing topography
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0 maximally reduce the topographic astigmatism values in each of the semi-meridians

based on minimizing ocular residual astigmatism in each semi-meridian and regularizing
the thus reduced topographic treatment parameters using a common refractive parameter
for the two separate semi-meridians to obtain in one step from said determining step to

said regularizing step, final treatment target values for the two semi-meridians.

In still further accordance with the invention, there is provided apparatus
for carrying out the method of the invention for obtaining surgical parameters
comprising: means for obtaining target parameters representing topography of an eye in
superior and inferior semi-meridians, means for obtaining a target parameter representing
a refractive parameter for each semi-meridian, and a computer means for carrying out the
steps of: determining target induced astigmatism vector parameters (TIA) for treating

each semi-meridian by vectorially combining the topographic target parameters with the



Brief Description OfF The Draw ng Figure 1 is a topographic
illustration of a cornea showing the flat and steep keratonetry paraneters

in the 3rwp26mmeeszd 7nmm zones of the sem -neridians. PCT/US2010/0546lQur e 2a
is a Polar diagram show ng the superior and inferior semn-neridian
astigmati sm val ues. Figure 2p is a double angle vector diagram

in which astigmati smneridian is doubl ed while magnitude remai ns the sane
and vectorial difference represents topographic disparity (TD).

Figure 2c ignaciRel Afanthi@db 3Bainntreath&il védiers TRA axing tho inctiiRnSwiich areequs]
divided in half to display the direction as it would appear on the eye.

Fi gure 3a iandaeggdpmgeddi agr am showi ng the astigmati sm paraneters for each of
the 3mm 5mm and 7mm sem -neridians in the correspondi ng superior half of

t he cornea. Fi gurg.. i S..8: P hadr show ng t he
astigmati sm paraneters for ea@ﬁg@ést%wgn Erénﬁ}g?r?nl%grrl\ 7mm sem -neridians in
the corresponding inferior half of the cornea. Figure 4a is a

doubl e angl e vector dfiggean §h@%ﬁghib@l&ﬁtrh@rt(ﬁidco&waﬁmwmgt}mfﬂdtlamd Seam  5mm
and 7mm astigmati sm paraneters ich are doubled in angle to calculate the
aver age supkaThimety PrIgmstersimthsaimmetam and 7mm zones of thesempRenians 5 doubl e

angl e vector diagram showi ng head to tail summation of the 3mm 5nm and 7mm

asti gmat i sm par amet erfsﬁgr ain‘%[]iesﬁg q’oﬁa@%&g‘?ﬁni sjﬁo@fﬁ%l fhet s‘ﬁp%rcwdafn?erwf'eseﬁ‘ﬁ’-er age

inferior astigmatismp
meridian astigmatism values.

Figure 2b is a double angle vector diagram in which astigmatism meridian
is doubled while magnitude remains the same and vectorial difference represents

topographic disparity (TD).

Figure 2¢ is a Polar diagram in which the TD axis for the 3mm zone is

divided in half to display the direction as it would appear on the eye.

Figure 3a is a Polar diagram showing the astigmatism parameters for each
of the 3mm, 5mm and 7mm semi-meridians in the corresponding superior half of the

cornea.

Figure 3b is a Polar diagram showing the astigmatism parameters for each
of the 3mm, Smm and 7mm semi-meridians in the corresponding inferior half of the

cornea.

Figure 4a is a double angle vector diagram showing head to tail
summation of the 3mm, Smm and 7mm astigmatism parameters which are doubled in

angle to calculate the average superior astigmatism parameter.

Figure 4b is a double angle vector diagram showing head to tail
summation of the 3mm, Smm and 7mm astigmatism parameters which are doubled in

angle to calculate the average inferior astigmatism parameter.



WO 2011/ 060324PCT/ US2010/ 056617 5 Figure 5a is a Pol ar diagram
showi ng the average superior and inferior sem-neridian astigmatism val ues.
Fi gure 5bwo=zom/dezbl e angl e vector diagram showi ng the acensgeoss@erior and
inferior astigmatismvalues being summated vectorially to a brain their own
aver age val ue which represents the CorTparaneter. Figure Sc is
a Pol ar di agram showi ng the superior ana inferior average sem -neridi an
astigmati smval ues together with CorT di splayed on both sem -neridi ans

ort hogonal l y. Figure SEHRIBAiASaR sHOWRLGhAM B apkas:r idogfaior
showi ng the vector difterence between the superior and inferior average
astigmati srsamahuesllam,fa,istmna’f@mr\@é@ﬁt s topographic disparity (TD).

Figure 6b is a Pol ar diagram showi ng the superior and inferior average

astigmati smvalues in.theLr.corr ondi ng. carn .- peri di ein TD
i s displayed at O. 56%‘%?6 #‘f ¥ aa%u?eg%ng%o BeGr g% stioithg e abg]a&%;i%aé\ér?g)%c is
a tabul ar idnli Gsitfiét ds8Bmatkah dlgest BethgCuimadiad veceriafly ect bofin theirgiwned crage

unadj usted astigmatisns for each zone of the superior and inferior

seni - mer i divahs, which represents the Coflyptamel§r-i s a tabul ar illustration showi ng
conpari son between CorT and SimK paraneters. Figure 7a is a

pol ar di agram show n@'i%u% 5RGE b .laqqgaér%ﬁ%%@ﬂgitﬁe RAFATE LRI $nfb:P8r ddfage
superi or and inferior em -neri d ans Ol an eye.
semi-meridian astigmatism values together with CorT displayed on both semi-meridians

orthogonally.

Figure 6a is a double angle vector diagram showing the vector difference
between the superior and inferior average astigmatism values which represents

topographic disparity (TD).

Figure 6b is a Polar diagram showing the superior and inferior average
astigmatism values in their corresponding corneal semi-meridians wherein TD is

displayed at 0.56D at its axis of 108 degrees.

Figure 6¢ is a tabular illustration showing the comparative effect of
weighted and unadjusted astigmatisms for each zone of the superior and inferior semi-

meridians.

Figure 6d is a tabular illustration showing comparison between CorT and

Sim K parameters.

Figure 7a is a polar diagram showing refractive and topographic

parameters for the superior and inferior semi-meridians of an eye.

Figure 7b is a double angle vector diagram showing the parameters of

Figure 7 as vectors.

Figure 8 is a polar diagram illustrating the treatment of astigmatism and

the values of various components.



Figure 7b is a double angle vector diagramshow ng the paranmeters of Figure
7 as vectors. WD 2011/ 060324PCT/ US2010/ 056617 6 Figure 9a is a
doubl e angbeouestize di agram showi ng the conponent in Fi @orasdomiosdsit hei r
nmagni t udes and axi s. Figure 9b is a double angle vector
diagram after treatnent of the conponents along wth respective magnitudes
and axes. Figure 10 is a double angle vector diagram show ng
treatment of the vectors together with nagnitudes and axes thereof

Figure 1 la is a vectgh,&ioaqs amdubleUsiglatédd diggidmaghonatd e @imponent in
non- ort hogonal astignmati smtogether with values of magnitude and axes.

Fi gure 12alﬁgwaSdﬁﬂumdraﬁ@n%mwé@mb@d%iagran1shomﬁng the refractive targets
after regularization together with magnitudes and axes of the conponents

therein. Figure 13 ig;a DAYD;SHOW M. Wbl b’ SALIRD AL Ghelffent drCthe

components along with respective magnitudes and axes.

Figure 10 is a double angle vector diagram showing treatment of the

vectors together with magnitudes and axes thereof.

Figure 1la is a vector diagram illustrating regularization of non-

orthogonal astigmatism together with values of magnitude and axes.

Figure 12a is a double angle vector diagram showing the refractive targets

after regularization together with magnitudes and axes of the components therein.

Figure 13 is a DAVD showing optimal treatment vectors after

regularization.

Figure 14 is a polar diagram showing refractive and topographic treatment

of astigmatism together with magnitude and axes of the components thereof.

Figure 15 is a DAVD showing the treatment of the preoperative

parameters to reduce magnitude and regularize corneal treatment in a single step.

Figure 16 is a polar diagram showing preoperative topography and with
refractive and topographical targets after maximum treatment of astigmatism and

regularization in a single surgical step.

Figure 17 is a diagrammatic illustration of vector planning apparatus for
evaluating and obtaining surgical parameters for treatment of astigmatism in an eye of a

patient.

Detailed Description of the Invention



regul ari zation. Figure 14 is a polar diagram show ng
refractive and topographic treatnment of astignmati smtogether w th nagnitude

and axes wD 2he@eexzAponent s t her eof Fi gur e PBTIUS2@1008067 showi ng
the treatment of the preoperative paraneters to reduce nmagnitude and
regul ari ze corneal treatment in a single step. Figure 16 is a

pol ar di agram show ng preoperative topography and with refractive and
t opographi cal targets after naxi numtreatnent of astignatism and

regul arization in a sAfi@h&sSHkEpatkr &sBRd videokeratography (FAYWD) @atlel adsBted
diagrammatic illustration of vector planning apparatus for_eval uati ng and
obt ai ni ng sthe gireeen papwivsing detdilse infprpation fecapding sANeAnibars nd M kaMoBEECor a
patient. ai - inL 1 ] j in
Conput e astr BV HREEh BpR et (Bt AR ind comenl povr and IR
provi di ng detraithredor differentatoncmtniegardefithe coneremld psivages. morh énfrisradivo theanr i ¢
vi ew provi ded by topographers (Figure 1) displa the corneal . power..and
radi us of c‘i}‘t”i?a%{% P%‘PCF ry rﬁ?séfsetﬁ?tg%r%’g% ﬁ¥IPW88§0r§§QCt8F P ﬂleeglct(r)?aﬁrg%m%ig L
provi des nDgatbMERIcRIW BB tidimaUY pRVIdeY a SaaaiasadKerdiOnethadmtadte thatovi de
symmetric refractive corneal treatnents. The keratonetric view also

cust omar i | yis grayentifatévedesyrinipraf cqrralrast gmaism atthy ARy zopg a5 an pHielpptitg gain

quanti tati ve, ARRGEL RthO{orf?éal %gé?&;ﬁétr S QRS BF Qe mﬁod%@%nzep%@p?ﬂlé

attenpt to galn equival ence of correal keratonetry at the tine o

i ntroduct i oclobldgyen ®aVK8®'echnol ogy in the 1980's. One
comonly encountered difficulty with the SimK value is that the algorithm

that selects the neridi an can on occasi be erratic.where . the bow,tie
denonstrates non-ort p‘r‘?é‘i‘mﬁrﬂééreaﬁclué’ r%‘faligc.u%‘h‘@lﬂ? &fb%%% VAl et sy be
i nconsi st enflgrithint that RAEAS RS niBRidiadl & bRNGLABNE eMeetichaheref the ievbaly ti e
meridian or Sonmewhere in between. The techni que herein provides rel evance
and consi stéamapsiraes mm-eigrogerd! chapdeisishyl hs denography devicamay be aspmsistenf
obt ai ning a_ vec S Do TRINEI & ib Gh @i da @aohhy i
ker at onmet r |61(r:1 1\% ‘gl\%fcgt&% ?ZQ‘( fgﬁ%eg, m g%ée%aw%ﬁﬁlghe?gll%n gggr?es%here "
between. The technique herein provides relevance and consistency in the corneal
topography astigmatism value (CorT) by obtaining a vector summated mean magnitude

and meridian from the keratometric view at three (inner, middle and peripheral) zones.

Currently no consistent values are offered by topographers that usefully
represent the two semi-meridians of the cornea. Nor is there one astigmatism value that
represents the whole cornea other than just the paracentral 3mm region utilized by the
Sim K magnitude and meridian value. These two vector semi-meridian values are
necessary and useful parameters to derive this single value quantifying the astigmatism of
the whole cornea. They are also essential for the vector planning of the asymmetric
treatment process, to gauge irregularity and quantify the success of astigmatic outcomes
by corneal parameters. The invention seeks to derive these values from the data currently

available from corneal topographer maps as seen in Figure 1.

Using the keratometric parameters from the 3mm, Smm and 7mm zones
circumscribed from the central axis of the cornea (i.¢., the area from 0-3mm, from 3-5mm

and from 5-7mm respectively), the semi-meridian values can be refined to more reliably



Currently no consistent values are offered by topographers that usefully
represent the two sem -neridians of the cornea. Nor is there one

ast i gnat iwon2oaloses2uhat represents the whol e cornea ot hecrhsroiowsdeit he
paracentral 3mmregion utilized by the Sim K magni tude and mneri di an val ue.
These two vector semi-meridian values arg necessary and useful paraneters
to derive this single value quantifying the astigmati sm of the whole
cornea. They are also essential for the vector planning of the asymetric
treat ment PiyeRESSthe hirddhOmd mhSAMUAIIF e 3btedlUBPSdriphidah astipatiemsbyothe
astigmatic outcones by corneal paraneters. The invention seeks to derive

t hese val ueprofgspaf vdstorgamanationr ent |y avail abl e from corneal topographer
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keratonmetric magnitudes together with their respective neridians for each
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flat/steep {oGehemmiten d8helfRohdicePMPRrés T, bBhdc) N magni tude to the ot her
conbination of flat/steep to find the mninumof the two choices (Figures

2a, b and c). Once the appropriate pairing is established for
the 3nm zone, the cor@esspthedppryomriatepairing i aviatlizhadhdos it Zewe Zo8¢, the
determned by calcul ating the s : 1 ffale e h of
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and three for e Irnferior sem-neridian o e cornea
zones) . BasasheoandtiBerishigtior isclan oEthoktetpest @emdialorm and 7nm zones in any
surgical treatnent paradigm a weighting can be given to each zone,

suitably increased for the jnner and reduced for the outer wth. m ddl e

th
unchanged: x1.2 for T}Pf‘ere%f(ﬂﬁﬁ%?s%ﬁﬁpfre&ﬂ]luéﬁ for fhe YPEIARr SRS aﬁr‘?gt@? 0.8
for the 7mmzongs(t eAsymaAPRINkS3Rl ®red Fr Iy Biferd@ s@Ridméddian of the cornea (3, S

and 7mm zones). Based on the significance of the 3mm, Smm and 7mm zones in any
surgical treatment paradigm, a weighting can be given to each zone, suitably increased
for the inner and reduced for the outer with the middle unchanged: x1.2 for the 3mm
(most applicable), x1.0 for the 5Smm and x 0.8 for the 7mm zone (least applicable)
(Figures 3a and 4a).

The polar diagram in Figure 5a displays the two summated vector means as

they would appear on an eye- one astigmatism in the superior semi-meridian and another



WO 2011/ 060324PCT/ US2010/ 056617 9 in the inferior sem -neridian. These

t opographic astignmati smvalues wll be used in vector planning as will be
descri bedwbabarec0324 To determ ne the irregul arcrysedionbasinhol e

cornea, factoring in the weightings for the 3, 5 and 7mm zones di scussed

above, the vectorial difference between ¢ hese two astigmatisns is

cal cul ated by again doubling the axis on to a DAVD (Figure 5b). The final
nmeridian of the TD is determ ned by joining the resultant vector

ori gi nati ng,ffonhfR6r SUREIEQIiaRVERaE foRstdpaitRistisMatditl viaRiefiwidt bengsedtint he
inferior average astigmati smon the DAVD and then being returned to the

ori gin and veatoretinniogdeweélt he desciibesl lalet ual direction. The corneal
irregularity quantified in this way is ternmed Topographic Disparity (TD)
and is expressed in diopters. and deqr [ navd he MahbEndgel t
woul d appear on an e;dllle0 ECHPE tg’%)l.r Lty I Rylhgyeldg?@re%ﬁ ﬁ‘g%th tot al
corneal t opQREILRMYE f@Stht 3B aAE TMMCENTS) dismsed abpvee denteaorialndiBtrendeebeheshe

cornea, a vector sunmmated nean i s cal cul ated, ysi the T su . | NF

wei ght ed va‘IhG@st“(OFﬁsgﬁmé%s%lséﬁiﬂu}éﬁf%yﬂgﬁ? @é’é@?g S %%F’é‘a‘;clgr(%’é‘éreas
quantified by BRI AEAMHARAGE ARMD WdelrRla 99?diﬁh$t}}@&bgﬂtﬁmﬂ@&ot origihging, 5
and 7mm zones such as presented in the exanple. This is preferential to the

si mul at ed k@omt dreetsnperioal aerqgsi astigmaiipinc ind stereingiingd agnihe r Bfriony BYfr#se 3mm
zone W th VAL abkin bY RSAVIERhS! 60 Rh@RePRTRL LER AP IROS folcRimidy { he

€ concentTic cornea nes provided by the
t opogr aphy m@gtdl deectidh. Bieworadaiiresgdladitynquaati fedisehis way ac teiresde Topagraphic

sem -neridi an val ues, each representing one half of .the cornea, .a o]
vel Gt ( he. PEPETAIAD) ohd dherPooHD TP R aesh Fat der e e voBSth It .
Thi s technigggdqgﬁé%ggngﬁe(ﬁ@p@g@aphi c disparity (TD) - a vectorial

measure of 1rregular astigmatism cal cul ated as the dioptric distance
bet ween the di spl ays of superior and inferior values on a_ 720 degree
doubl e- angl e vector diagletnm{nBAMD) totah apirreat topnesApby t 35§ aRRtisRe| &PrOnghidp

observod | STabes BaRes et 5 baHE R PRk RTGHRY BAT REER
quantifies HheTi Qf eeimtedabgiidsaFiguns 6f atchébey@hissdesaitesitht edokscortre as

vectorial difference between corneal and refracti.ve asti ti araneters,
and has a n@mti{igdBy é@é’ﬁ?%é@%’(ﬂrﬁphy éﬁ"&iﬁ?@ﬁogr'a&ﬁdve 8es t@rii‘%?’inga dsﬁmﬁezﬁrrleeses.

such as presented in the example. This is preferential to the simulated keratometry value
(Siva) which is derived entirely from the 3mm zone with Variability and inconsistent

bias sometimes demonstrated in the meridian selected.

The concentric corneal zones provided by the topography map (i.e. at 3mm,
Smm and 7mm) are used to achieve two semi-meridian values, each representing one half
of the cornea, and to weight the relevance of each zone and then determine corneal
irregularity. This technique assesses the topographic disparity (TD) - a vectorial measure
of irregular astigmatism, calculated as the dioptric distance between the displays of
superior and inferior values on a 720 degree double-angle vector diagram (DAVD). A
direct proportional relationship between increasing TD and ocular residual astigmatism

(ORA) has been observed.



The rel ati onship between TD and ORA has been shown to be significant in a
group of 100 healthy astigmatic corneas prior to surgery. ORA and TD

magni t udewoab11eTRD or | ess are considered to be nornal partus2:o/0s6epedi Nent
to achi eving good astigmati c outcones. \Wereas nmagni tudes above 1. 00D m ght
di splay a significant concern for the exgcess degree of internal aberrations
or corneal irregularity with potential adverse outcones, so that refractive
| aser or incisional surgery to correct astignatismmay be limted in the
out cone achi evabl e i Arye QYR GIHi NG Ast QRS infal BBrrdibhSof Bas@is chieulared geon
may decide not to treat or to use vector planning as a treatnent paradi gm
to optim zesahel veeoial alifferengectivecangorageband reffaciisy préigmatign ipgragtciedmand
remai ni ng i,n such cases. o Ei di s the inportance of
t he meighté@sgaﬁﬁﬁﬁ%%”vgg?%?lﬁgg ?ﬁdegbgﬁggmgﬁﬁqgégkéyav). The 7mm zone
unadj usted astigmati smmagnitude is conparatively large at 1.74D for the
inferior sem -neridi ame relli@tshipebetweeneD and ORIpbasdbaey sho W6 D bosighifieant

superior sem -neridian. In both the superior and infﬁﬁio?r%ifﬁl-neriéji an the

7nm ast i gneitiessiPumeLEY hgakhy astigaratic RIRCESHEIB T YURTY 5 gpagpijides

unadj ust ed dﬂad.‘?ﬂ%to‘?rl%s A0 QohdRLEL RNGE nGimA VitHTHR iR fedvyiitad CacHROIng good
hi ghli ghted by the 'danpening’ down of 0.06D for the inferior
seni - mer i di@tigmbtict ootebye. Wherehn maghisudss pbevaor! - 09Bmightr digplay, a significant

The sunmat ed vect.or. mean of thet j .- ek i di an: . SUP av
and T1NE i eth%l«%’f"éf’sréeﬁéeé of &“ﬁ%}rﬁﬁébg%’tﬁ’tqé%gg%%%’% uﬁ‘t}g%tgﬁ Eegtéa?t ot al
cor neal t opRERP Ytcasiks, gvathhisrafdeber laive dr Havigomsd sttperyCor Jorieal agigf@ionD @
91). Examining the relationship 0%.t SimK 0'85?[) %1021; to the r T

val ue revedndy B¢ Hinitsd ihigrvicomeachisygile Mecoureptng asgmatis (aris Lot i s
is likely agy %e'ghllﬁ’a( §diRChotastitedBbi ROudehect® Phedingt BPOGEaRRIt pEidigiBbi SM as
a result of the steyep meridian of the three zones not being inline. The
meri di an of optingzeCmnd Fedusk ths holevieamaant gfporreplrsERMAliST Feainiag ip Pe5CeYr ees)
and T INF (275 degrees) in a clockwi se direction and as a result is likely

nore representative qf the total corneal astd j Qi oring
in the influence of ﬁﬂ%ur?grﬁ\dfglﬁés tg‘F ent &t ?e&#tﬁé?ﬁ?%igﬁ%}i%%ng{ﬁggeggr 1]Eaﬂtl?‘%rrltést 10
degrees ( CofTs pRrandmage Of TR 7TmWo20 1ddHEARARGRANISL A OHE Glcdniphratiegyees
conpared to SimK neridian of 102 de ,rees%ﬁlwoul d be a sigg]i fil%%Btf agount to
factor in dargerigldAPJpe te misEpLeRy T idjanstelatiye i e ggrresporiding 1.06D forfhe

i mport ant tQ netedhateddish IRl tHeNGupkAGK afd ihfeRBALEhYmefidigAChe Ofmihe

i ndi vi dual cgnponents in the three zones, the less the effective regular
asti gmat i smstigprésertlacs dy lagiemhanshe Tpmpnd Tren gnugs fiersthe pnasipisged Paraaiedds-and
decrease fromunity for. the i . r ' Vol

exanpl e whi ¥ ‘Wogﬁ%ﬁer‘%féér“?‘{}‘ a{g’gt% :{/%r%gegvd&g%?{}ﬁé@@t@e ggb?gﬁgﬁtn%ﬁ{uﬁg bcg)“?r’tr)bdfi fied
in the futugesaeaardinfgior screixpetdianbdat a0, 00 dbrethe supesoutivesneriii@. sum of
the three weighted zone values of 3.0Dis equal to the sumof the three

unadj usted unity values so that no net increase o,rhdﬁcrease. f asltig tism
resul ts fromthis adjihstswyRaigs Gews gnean of the two weightpfl serp|-geHNBR Y3 HFS { he Sim

K magni t ude_and, yeyght eda oL J-@Rantd PR SHONAS bk AFRE e Biapabakalel
effect of thi& %ﬁgﬁtﬁwnaég? pie%orrenon,m%ﬁrgl hgw effectively the CorT

represent s tohegrapiyl astigoatissadesofibgslarere_authaCopk yalue (0.8 D @ O1).- iBxamiing Bey and

consistency in identifyid I r di I e
vectorial st t‘ﬁﬂg“%gwgﬁﬁt%@?%@@ ellpl%l) ﬁﬁﬁf&hggﬁi\{aﬁg?% ?%r?ﬁggéﬁpq%é BNt (téég
The t echni q@etPkaviheie headdirhétinatans afieisylikshes sintbir effadt epématingt the somed
included in the refractive treatgﬁnt | an usi n?.vecft r ﬁl{ganni nm%ect or
aver agi ng oPPPRIPEIYIEETAIYRSS Aeg ‘g%f STeEP Y d‘%‘foaﬁﬁt SLAPEMNORE ef act
or gz{/léa' Oftiihd efiR hiiflia BYHPEHHT vhile ABwak: QNBACEo ¥R &S teeTTRIY (85rdegRES Such
as .
and T wr (275 degrees) in a clockwise direction and as a result is likely more
representative of the total corneal astigmatism meridian by factoring in the influence of

the 7mm zone orientation. This difference of almost 10 degrees (CorT meridian of 91



This met hod of cal culating sem -neridian values to quantify corneal
astigmati smincorporates the keratonetric magnitudes and neridi an of each
of the 3mwp 26mmeeszd 7mm zones from both hal ves of the cecmas2010lsse7 t wo
sem -neridi an values can in turn undergo vector summation to provide a
corneal topography astigmatism val ue - We CorT that quantifies the overall
corneal astigmatism of the eye as determ ned by corneal topography. This
val ue may have benefits over Sim K values currently enpl oyed. The

sem - meri di ! BERYds A oMIMRCA QB hifibary alneand ©r
corneal ir r%ﬂﬁ\égf;?‘? ar?@k“ﬁgl“?gﬁgé‘??%??% spggr is%jy.0 Thi s t%gletahner vvirt]h t he

ORA val ue, faator bedwimgduigizat ineisivoms las¢riphgpngngi t e as fundamental preoperative
paranmeters to determ ne patient WO 2011/ 060324PCT/ US2010/ 056617 12

suitability and pot e(rﬁ %sgxlg)[p{ogfri{:ﬁgg glg%evthgt%ﬁel: g?e‘d%e?%’éels \A@ff Th }18/”&" eﬁ%qegF{h%aCt ive

surgery to correct f e technrque scribed

al so al | owsipfiRfduadctab&RnWeingit i thget Anbe th 1B the effadtliesreghlas astightion
further fromthe visual axis, by &;O\/i di n&@oa factor to appo;fti on gyrg(gter or
| esser rel excarseentedobyt Bt K oreloilt hiorexalugs of PAYnigieateaind fericateiFom +A rived

sem -nmeri di %Q él‘s(r?e% YES ouRACEndsGRLESRRE RAnOBEmPR fhih i Ql%{)fi??ﬁl'fse@stin?a@éa fe

i ncor porate reatnent paraneters to accurately quantify ‘the corneal
asti gmat i smhisegagerad donld bs alodidiediin the 8ftnracictardingdp sppereanse prd perulativst or

pl anni ng treat.ne process. ..Conbi ni cor neal efracti rsin
t he vector %Vél%ﬁlrt?ﬁ SB'F‘O%%E% thrgy Wte‘r%:?{%gozr?g%rv glg%s[ 8‘{?8&1‘%&@1 6%"’8%?% h:%c
irregul ar agideqmadjused Uity GalubleSetheend néteihdredsarr datross  of cstigrpoisenteswisl y

| ead to greater consistency in corneal astigmatism outcones, providing the
oppor t uni t yfrewthis adiupteent p¢ssanent of overal|l visual outcome quality in the
routine |laser vision correction process. Using the paraneters in Figure 1:

Step 1. Determ ne then%p%s%ﬂéés?otf%é)?h{;iI{‘%a%ixié&dea&ndaaéigﬁ{e&%rmﬁég#ﬁtaabs (i)To
determ ne the appropriate palring o l'at and steep paraneters cal cul ate
t he ni ni mumlIDdemgniratas thefpacaiiet ¢féecy af thessnanrinelept@nemenmneand how effectively
the CorT represents the whole cornea. Of particular benefit of CorT is accuracy and
consistency in identifying the most relevant meridian by employing the vectorial sum and

mean of the Tsyp and Tinr semi-meridian components.

The technique provides additional safety where corneal parameters are
included in the refractive treatment plan using vector planning. Vector averaging of
multiple values reduces the effect of any measurement artefact or actual outliers that may

occur in an automated measurement process such as CAVK.

This method of calculating semi-meridian values to quantify corneal
astigmatism incorporates the keratometric magnitudes and meridian of each of the 3mm,
Smm and 7mm zones from both halves of the cornea. These two semi-meridian values
can in turn undergo vector summation to provide a corneal topography astigmatism value
— the CorT that quantifies the overall corneal astigmatism of the eye as determined by
corneal topography. This value may have benefits over Sim K values currently employed.
The semi-meridian values calculated can also provide a vectorial value for corneal
irregularity — the topographic disparity. This together with the ORA value, can be used in

the consulting suite as fundamental preoperative parameters to determine patient



First pairing (Figures 2a, 2b and 2c) - 40.46/41.23 @90 (0.77D @ 90)
superior sem -neridian 40.68/41.54 @294 (0.86D @94) inferior

sem - ner iwDan 1fie03240. 67D Alternative pairing - 40. 68/ 41re3/U@0/066155D @
90) superior sem-neridian WD 2011/ 060324PCT/ US2010/ 056617 13 40. 46/ 41. 54
@294 (1.08D @94) inferior sem-neridigh TD = 0.82D The first
pairing has the lower irregularity value so is selected to provide adjusted
astigmati smval ues for zones.

suitability and potential for good visual outcomes when planning refractive surgery to

correct for astigmatism.

The technique described also allows for adjusted weighting to be given to
values closer to or further from the visual axis, by providing a factor to apportion greater
or lesser relevance to their magnitudes at the measured meridian. The derived semi-
meridian values, each representing one half of the cornea, can be incorporated as
treatment parameters to accurately quantify the corneal astigmatism required to resolve
with refractive parameters in the vector planning treatment process. Combining corneal
and refractive parameters in the vector planning process for the concurrent treatment of
idiopathic irregular astigmatism using these semi-meridian values, can potentially lead to
greater consistency in corneal astigmatism outcomes, providing the opportunity for
further refinement of overall visual outcome quality in the routine laser vision correction

process.
Using the parameters in Figure 1:
Step 1. Determine the appropriate pairing of flat and steep meridian.

) To determine the appropriate pairing of flat and steep parameters
calculate the minimum TD magnitude from the values in the 3mm

Zone.

First pairing (Figures 2a, 2b and 2c) -

40.46/41.23 @ 90 (0.77D @ 90) superior semi-meridian
40.68/41.54 @ 294 (0.86D @ 294) inferior semi-meridian
TD =0.67D

Alternative pairing —

40.68/41.23 @ 90 (0.55D @ 90) superior semi-meridian



Step 2. Apply the appropriate weightings to the flat/steep paraneters
selected from(i). (Figures 3a and 4a) 3mm zone: 0.77D @90 (superior
sem - mer ivwoan)1/e6042 (wei ghting for 3mm zone) 0.92D @ 9@COABLDEEIA
(inferior sem-neridian) x 1.2 (weighting for 3mm zone) = 1. 03D @94

3. Match up the corresponding steep and {lat keratonetry readings in the
5mm zone by sel ecting the ones cl osest E)y

3mm zone. 5nmm zone:

angul ar separation to that
41.13/41.87 @100 (0.74D @ 100) superior sem -ner

0.74D @100 x 1.0 (waiglatdina @Q@45MD%§94)%@ri3@m@rﬂe@ﬁiaﬁl- 17/ 42. 45

(1.28D @76) inferior sem-neridian 1.

D @276 x 1.0 (weighting for

Step

in the
i di an
@76
5mn

zone) = 1.28D @276 Step 4. Again match up the corresponding steep and fl at
kerat onetry readi ngs Hdbr 0t82® 7nm zone by sel ecting the ones cl osest by
angul ar separation to that in the 5mm zone.

The first pairing has the lower irregularity value so is selected to provide

adjusted astigmatism values for zones.

0.92D @ 90

1.03D @ 294

Step 2. Apply the appropriate weightings to the flat/steep parameters
selected from (i). (Figures 3a and 4a)

3mm zone:

0.77D @ 90 (superior semi-meridian) x 1.2 (weighting for 3mm zone) =

0.86D @ 294 (inferior semi-meridian) x 1.2 (weighting for 3mm zone) =

Step 3. Match up the corresponding steep and flat keratometry readings in
the Smm zone by selecting the ones closest by angular separation to that in

the 3mm zone.

5mm zone:

41.13/41.87 @ 100 (0.74D @ 100) superior semi-meridian
0.74D @ 100 x 1.0 (weighting for Smm zone) = 0.74D @ 100
41.17/42.45 @ 276 (1.28D @ 276) inferior semi-meridian
1.28D @ 276 x 1.0 (weighting for Smm zone) = 1.28D @ 276

Step 4. Again match up the corresponding steep and flat keratometry
readings for the 7mm zone by sélecting the ones closest by angular

separation to that in the Smm zone.



WO 2011/ 060324PCT/ US2010/ 056617 14 7mm zone: 42.18/43.24 @6 (1.06D @6)
superior sem-neridian 1.06D @66 x 0.80 (weighting for 7mm zone) = 0.85D @
66 42. 30/¥W0.2011/060260 (1. 74 @60) inferior sem -neridi anPCTAAD1ERSG1X 0. 80
(weighting for 7nm zone) = 1.39D @260 Step 5. Head-to-tail summation is
used to calcul ate the resultant superi 0114and inferior sem -neridian average
astigmatism (Figures 3b and 4b). Summated vector nean superior astigmatism
= 0.74D @85 T SUP av Summated vector nean inferior astigmatism= 1.10D @
275 T INF av (Figure @) zond€p 6. Vectorial difference T sup and T I NF.

42.18/43.24 @ 66 (1.06D @ 66) superior semi-meridian

1.06D @ 66 x 0.80 (weighting for 7mm zone) = 0.85D @ 66
42.30/44.04 @ 260 (1.74 @ 260) inferior semi-meridian

1.74D @ 260 x 0.80 (weighting for 7mm zone) = 1.39D @ 260

Step 5. Head-to-tail summation is used to calculate the resultant superior

and inferior semi-meridian average astigmatism (Figures 3b and 4b).
Summated vector mean superior astigmatism = 0.74D @ 85 T supav

Summated vector mean inferior astigmatism = 1.10D @ 275 T iNray

(Figure 5a).

Step 6. Vectorial difference T sypand T .

Doubling the meridian of the average superior and inferior vector mean
astigmatism (T syp v and T inr o and determining the vectorial difference on a DAVD

provide the corneal irregularity or TD in diopters and degrees.
TD = 0.48D Ax 111 (Figures 5b and 6).
Step 7. Vectorial addition T sypand T nr for CorT value.

Head to tail summation of superior and inferior astigmatism values to
derive a corneal topography astigmatism value (CorT) which is represented on both semi

meridian with equal magnitudes and 180 apart.
0.91D @91

0.91D @271



Doubling the neridian of the average superior and inferior vector nean
astigmatism (T sup av and T INF av and determ ning the vectorial difference
on a DAVDwpnouimdes2the corneal irregularity or TD in di opCeEns2@anmdsaeyr ees.
TD = 0.48D Ax 111 (Figures 5b and 6). Step 7. Vectorial addition T sup and
T INF for Con T val ue. Head ;tto tail summation of superior and
inferior astigmatismvalues to derive a Corneal topography astignmatism
value (CorT) which is represented on both sem neridian with equal

magni tudes and 180 ap@ghifictht S @blrrltidht Rari@ddce the quality and quantity oBiv@nf | cant
ocul ar aberrations can reduce the quality and quantity of vision resulting

i n synpt onsrastiltigg an symhieisesf, glgteahaloes star lyraing| afgight &t nighglend ancevarell
overal |l redycti.on . est re S i T, C . rin
caseo of v Fof et bR Gt " Bes by TRER A RARTAR gl
aber r onmet r yastidmadan uhdtcen haungeaswéd abquandfiedhg abaronadtgo Ae acalratelgatgedoiby

vectorial differences in corneal a refractive astigmatic values to
quantify t h%bquml%rf‘sn%ﬂ“ elie -ecffﬁ?r%?‘?%éb‘@rc?og?f Sﬁg’.rences ' Comeal andTWifaftéV(?hni que
of vector phaRRialdvalfesto usitBIBiclifeRal @ohgpmbdpibeeaabises the conbination of
corneal paraneters with refractive paraneters tor the optim zed treatnent

of astigmatism ~ Advanced vector planning allows for treatment
of naturally occurri nbhetechminue af vester pharainiesiire ggstergaticABradignm thenguiebles theeach

sem -neridi an_,of .the.cornea. Th r I OV] ial L npr.ovenent
Com i vont oS bl PP Do er [ SR RIOVAR AR WAL b Blim 08 ol R
wavefront refdasaghbtiken.val ues.

Advanced vector planning allows for treatment of naturally occurring
irregular astigmatism using LASIK or PARK for each semi-meridian of the cornea. The
process provides potential for improvement in visual outcomes over the exclusive use of

either topographic or wavefront refractive values.

There is commonly a difference between corneal and refractive
astigmatism magnitudes and/or axes. In such cases this is quantified by the ocular
residual astigmatism (ORA) The ORA is a calculated vectorial value that quantifies
intraocular aberrations due to differences between topographical and second order
aberrometry astigmatism. Higher amounts of ORA are directly proportional to larger
amounts of topographic disparity (TD) as previously shown as a calculated vectorial
value to quantify corneal irregularity. Reducing ocular aberrations by minimizing the

resultant ORA using vector planning can improve the visual performance of an eye.

The technique of applying vector planning independently to each semi-

meridian of the cornea is described hereafter.

To further improve current astigmatic and visual outcomes in excimer
laser surgery two treatment principles are paramount. Firstly, the total sum astigmatism
as examined both topographically and refractively is maximally reduced (which will be a

minimum value quantified by the ORA). Secondly, the minimum astigmatism remaining



There is commonly a difference between corneal and refractive astigmatism
magni t udes and/ or axes. In such cases this is quantified by the ocular

resi dual wetzngmabizem (ORA) The ORA is a cal cul at ed vect eciraiS2malos@11 hat
quantifies intraocul ar aberrations due to differences between topographi cal
and second order aberronetry astigmati smy Hi gher amounts of ORA are
directly proportional to |arger anounts of topographic disparity (TD) as
previously shown as a calculated vectorial value to quantify corneal

irregul ari t&rthF eEd RGraEihMIyabe I Aleb@ASstRY. Thédt v bifkiblbchdve huletodoe ORA
usi ng vector anning can I nprove the visual perfaormance of an eye.

The techni du:en @¢paaamiy yletaded for naspraly apavriing iegdanddangulsy shsraish-

sem -neridian of the cornea is described hereafter. To further
i mprove current asti i c.and vi outc e ry two
treat nent principl es%& MWSSH?D%S#“? Pl%rrg(ﬁ%luo? gf%klggétfénggltglm?rgw

exam ned bogh thopagbapb ir&althnt t@oddraphit raamafmeme asegrrrm@ tlalgletS)(l e ekrhﬁ)ﬁd) ( V\/m ch
will be a nininmmvalue uantlfled by the ORA). Sec gu

asti gmat i sriseexEIHTHE o1 Papi divifial@yersamique PRS2 N ‘%T ”}1 ?Stlrg'ﬁ]a P egul ar
state. ThesgLyg ﬁd' 1&%dmeﬁ§een%etowr£}h§gﬁfd‘?e@&ﬁﬂe ARBATRE & ¥ figinakdded for
natural |y occurrt g regular and irregular astigmatism Vect or
pl anni ng enabhres. ﬁb@(nmffwtemmd@avo@S@ﬁstwtlgﬁmm%ﬁmg ﬁnélﬂfcﬂﬁ’”ﬁ’a\%@ that the
sum of the r ant pogar.aphi fi.e

the ORA) i P g?ntflg l?ﬁr]aﬂ}l?ﬁ? r%q%g?lp \El 8&9 d‘[lgI/VE ﬁ?%du}fé%l 1@%% %ﬁ@ﬁ ﬁea é)?(ﬁae?fg)k)tzcras Thi s
remai ni Nng agdetr@i®@isi smi s best apportl oned between the topographl c and
refractive nodalities in an optim zed manner. The net effect is to |l eave

| ess astigmati smremaining on the cornea and potenti Chl eve a better
visual outcome with raweBy oruEe iReuls; ahgRatsyis v YP 4f e’gﬂﬁf}}eatl ons.

Naturall'y o (ﬁ)ld[alill()ﬂ résé%tﬁg‘f{nalﬁse@%rg&wm e4n Besqu%ﬂ?éd)ﬁ)sﬁfgq}{@m@'ﬂlalhé‘u&nhe

popul ati on esent aser surgery and can be quantified usi ngl the "ID
eval uat i on. TH‘lsnvsctmmedtvalm ais ymbgratudasndaximgnd iswdpressnd ipdipBtersaparavUslY pr essed

in diopters a revi,o L al ned. wi 4 Vil udy
having a va ‘f’i?ia 'gefd Vé‘lﬂéjgfoé)léf eghn 4 PO %tfl dy %14()1:19 K lgetoefl ea?ger{?l[ﬂ]g ls@gr Z%I on
bet ween t helstcw@ulataa@s tHe@epaionritvadh alie mtapgm|sanumbn¢an asegnmse mélueny each
hal f of the topograp on a 720 degree d tor di agram

( DAVD) ( Fi gigpeseniing ea%l}%g) fd e"OREﬁf%Pht‘/Wgapr%‘i %%ﬁ{e :&g‘dﬁe %Y‘?Cé‘ﬁs hip
obser ved th&i%r%r% m Ogd?& 114 beaU L ANy hé T@vaﬂfd@ecmuﬁ@ashﬁmos@rve@t er is
the ORA. To uce the astigmati sm one conmon val ue fo
refractive @Jstﬂlgh@bersih@ {rregniafissfT Do of paviats barycateais theORésol ved separ ately
with two differing topographic asti gmati sm val ues one for each

sem - meridi nof t he cornea as for exa rrent
modes of pr maélé“%‘w ‘8‘ eaf;tt’%ﬂ? 138}, ORRFITEY Vre froéf:?rac{“%ud’sﬁ%ggussg%]ertal n a
si ngl e ref ragdnifes of Waheran) daalbygesbbed bdparately itk rey diffenial thopgphibe cor nea.

The additional step of regularization aof th? resul tant reduced byt .still
irregul ar cetigeatismyelierans oreach spapperdig et ths cawR? aoNR: I9F £ fdl and

symetri cal %Qfer@@uﬂ@& &I %f E't'ic%‘ﬁ@x hewbes of ndHiRdst RN ly isQérteﬂlE‘ eye.

The treat ment” process, accord g to the 1 nvention, sequenti al I(ﬁ/ |nes
the two funmlannglntrakactweatlmémvahteépsthﬁ antge @y\@lnclpdmgtthgﬂomnaxThma dtion

? (F;:):)g‘rilalpﬁl Eﬁ%g Rﬁg\‘)éfp%e%ﬁl? E) Q?éshﬁant (’edhge% lr])cu[[ (s)trﬂ @‘retgglaﬁéorgegip Ls%éhﬂgsrg (?st h

beneficial to achieve an orthogonal and symmetrical cornea and hence achieve the best

visual potential for an eye.

The treatment process, according to the invention, sequentially combines
the two fundamental treatment steps into one. Firstly, maximally and optimally reducing

the astigmatism (step from A to B) employing both topographic and wavefront



17 paraneters in an optim zed manner, followed secondly by the

regul ari zation of the remaining corneal astigmatism (step fromBto O;

t hese twoweeparmbr4st eps can be nerged into a singl e stepTiuseah et 7
process, calculated at the final orthogonal symetrical targets C fromthe
preoperative astigmatismstate of A Treatment Paradi gm For Naturally
Cccurring Irregular Astigmatism 1. The optinmal reduction of astigmatism
(step Ato B). Figure 7a displays a 360 degree polar (not

vector) di agramek it bRk SRR, FIRSRIdSseashdVERSHE Bgubyizitkpagtiaphy and
refraction,” in which the two pre-operative neasurenents do not correspond

with each oehemingromeghpsigeetion (3 feom B Pén: thatedWe SERAEAF SERTF3PEL i sm i
| rregul ar aSeI:I[gQC? ini?g §h 1%rsteﬁgggtg{eﬁpﬁpogesi?ﬂcuﬁ?erd'aﬂk@?iﬁéﬁ%&%g&?ﬁUp) differs

fromthe inf&rror opographi c sem neridi an val ue oth in magnitude
and ori ent adyinonetdsal sdhigatn CifronFihg predpératieastigmnateda stgteiof Abot h asymmet ri cal and
non-orthogonal . The refractive astigmatism (R), using wavefront (second

order Zernike 3 and 5 cylindric ti IS r ni fest paraneters, is

di spl ayed as a conqﬁi?ﬁt“%e)‘?ﬁﬁ%rﬁﬁhg’&‘jilorg@f‘iﬁ%g’é@%ﬂumﬁqﬁfégﬁﬁrﬂ&?ﬁ@ tBeri or and

inferior corneal sem -neridians. Calculation O The ORA The

first paraneter that qu%gﬁﬁalggdugﬁg)@&iégﬁgl;]&isﬁpegieg?& {OyB){ educe the existing
a iffe

astigmatismis the ORA - Is is the vectori rence between the
refractive and corneal astigmatismat the corneal plane. _ ~ The
exi sting astigmati smRigure Ge diplayt a 360edbgleg pohe (st Nplter) diagtahmeftasdgmatisnof t he

refractive and topographic, conponents. This.quantifies the sumt.otal
astigmati sn?atr?fnﬁ%‘g@gmﬁ Tty tgﬁ%ﬁr%%ﬂ“é{ta“weglf%@]’ ghw}“sch PSP PECPREARS
quantified jRyastitheRAo ofcdri@pdrdesiengeh efhet@rmaaltudd sregich@tibn. yihet he ORA can
be cal cul ated separately for each of the two sem neridians as shown in

Figure 7a. CPieeahastigmalists i ireanlaastipfeSuprioriPROIAPAI e e MeHERD §AVE hsubor nea or
ot h . Tea _ . _
In the Specélﬁﬁismﬁ{e_lhﬂan&ﬂb@%@% %hﬁérlgﬁﬁg@yb Yﬂ@%ﬁﬂﬁt&fgﬁlt@d@md

optimzed, a co ation of I gure I spl'ays the correspondi ng
treat ment vethetion as Hoevndnphgusé 6 heheeseakilmeit dothasyrappioicel andinag-ogbegasek i on of
the 'S }Qe/f)efr\a/\clavg%i}érr(?a gr%z(ﬁ ,%E{ng%vza%%ﬁ??e@%r?d order Zernike 3 and 5

cylindrical astigmatism) or manifest parameters, is displayed as a common symmetrical

orthogonal value for the superior and inferior corneal semi-meridians.
Calculation Of The ORA

The first parameter that requires calculation to maximally reduce the
existing astigmatism is the ORA — this is the vectorial difference between the refractive

and corneal astigmatism at the corneal plane.

The existing astigmatism can be quantified by the simple arithmetic sum
of the refractive and topographic components. This quantifies the sum total astigmatism
to be corrected, and what proportion is uncorrected as quantified by the ORA. In the
presence of corneal irregularity, the ORA can be calculated separately for each of the two
semi meridians as shown in Figure 7a. The neutralization of the ORA must occur either
on the cornea or in the spectacles, or in this case where operative parameters are
optimized, a combination of the two (Figure 8 displays the corresponding treatment

vectors). The emphasis chosen here for apportioning correction of the ORA is 40%



18 topographic and 60% refractive - this has previously been cal cul ated as
an average and used in a vector planning study. The

apporti onwogoafoserzeh can vary fromcase to case and i s aeparsdanis@n’t he
proportional theoretical topographic and refractive targets the surgeon is
aimng to achi eve. \Were possible thesel§argets shoul d aim at reducing the
corneal astigmatismto 0.75D and the spectacle refraction cylinder to
0.50DC or less. In cases where this is not achievabl e because the ORA is
greater th H¥Edde & bevRREl) OBerfGl L3 BUS|ayeraByande
appropriatgsmé% ard%ess/gg%%ﬁgke&gﬁgg?g placzd on howto opti&g??y dea

Wi th t he ORAgd trhevastoriptammingrsbdiit of astigmatismis being treated in the
optical system of any eye when the sum of the topography and refractive

ti ti t t |t . | cul at i th i
1 ova tha maci pum angSAPPOTONGE ot b EhIRE SIERT B HbRAEETY o

on the cor ngapfipbitidhalaRedr&icabioBo@esHipiraik fadtiov edrgets Galsorgbat isaimi@k tolr eat ment
(TIA) To Optimally Reduce AstigmatismWth M g(%rmm ORA Reagai nin

The target dchisviedlhers ppisifie thesn oreets shoylapiny atprgducigtPeeAIRg a?%?ﬂ?fﬁﬁ? f or
each semi - hdh P! 13h G &fef RCS. AN oNREC En ésSesAh @O Bl Winbh t he
axi s that i@%%?%g&ﬁéé?cﬁﬁgﬁgﬁl at gclj eThe TIA ios t he veE(::thi al difference,
or the treaichiensble bepaiisectic D&ANS greateh ¢haprl 5pkthen inoghes smpbasist Ipsian ahd t he

target which it identifies. This,treat Vi g i

separ at el y, PEYORRE ﬁnaé'el?ﬁapﬁlé’lpf'%e;ﬁe Tﬁ%ggg%hﬂﬁggh%#%%fj%ﬁ hg\%;)[h Ogﬁrp?l«]ayri ng
both in magadal wHE tHRNOR ARt eiag i embonttol estiginfafien iinkeitipmerdap hecopriadlues T
representing each sem -neridian . 'Lgi s can, be egrr esent ed a(r)}g a DAVD - that
is, the TI AWEEYrREY 8reVBEUBF 841 PhtheieroetiPhh b ERERG &S 4N HEEHFEEde and

t hen appl i egd, Ot BRIA CRUIEIPARIIRE pPbLRREFRE MRWsAROGEARMIYL MaduAest (on the
DAVD at two tines their steep neridi %Frll_?. This results in topographic
targets (Taasgematsu by teaatbdRad ghetanunTiefjonghe qomreeaainingaed toanerg acrepPiebls f r om
A to B whi Clh till remain asymretrical and non-orthogonal (Figure 8a). The
sane proces§V %n be applied to the common refractive astigmati smusing the
treatnment vectors TlAsup AB and TIA INF AB to achieve two refractive
targets (Figure 8blulcan@oh OF Tea6hers €NiA)MerOstingdly-ReabitcAstigmatismpialct i ce onl y
one refractive target is utilized., 19 . To determ ne the
symmetric refractive cylinder tNHg8tuny PBARIMIRPESt he net overal | treat nent
effect (TIA NET AB x2) is calculated by summati ng the applied TIA | NF AB

and the TIA SUP AB i myia |16atn Red AllerBROASEON TRAPAYR bl tatben: The T1 A

NET AB x 1 (halving the nagnitude si"nce two paraneters are summated) is
t hen appl i eghch eereaateridfantihe stsqeningeffediaohhéncdiispigagd wisth thetpasisgphatdpesiag i ve

cylindrical refractjon, (Eigure 10a displ t he orthogonal rical
'superior' RAYME ﬁ]a%‘faﬁegr{;he?@ﬁrlégheiVgﬁtgrlglsﬁﬁgrﬁgﬁer Or-tﬁg\grle CWG%\;S(?LP%g%éﬁ{e@énot her

on a DAVD aﬁletph%éexﬁﬁ@s 260RamPRskd the @St Whit ii eitlfres OTtds Genmen veebr aot | ve
target (Target RB). This together wth the resultanﬁ refraﬁt'v.e gntg

t opogr aphi cbe anphjed seperstrdy. fie pachisei-merdian fHAserasgRd 1M menpb AITESEAS §P1 In
displ ayed 1 b GE Gnd Bridian due to the differtill SpOhIT FRG:AUeRITINg chay L he

m ni mum anmount of astigmatismto remain - I's is equal to the ocular

resi dual assdngmadridsan .(KbRAX)anrbe repatseyted dardBsY R g thahés, thatldAvaftom#ee r at i ons of

Sem —rmer | o Sy RdR AT U e Bl o ARG i P honding i ng

ORA. preoperative topography values (on the DAVD at two times their steep meridian). This
results in topographic targets (Target Tsyp g and Target Tinr 8) of the astigmatic reduction
from A to B which still remain asymmetrical and non-orthogonal (Figure 8a). The same
process can be applied to the common refractive astigmatism using the treatment vectors
TIAsup ap and TIA (nr g to achieve two refractive targets (Figure 8b) — one for each

semi-meridian - although in practice only one refractive target is utilized.



A second treatment (TIAsup BC and TIAINF BC) can then be applied to each
correspondi ng corneal target achieved fromthe optinmal reduction of

ast i gnat iwon2atioses2¢ Tar get TSUP B and Target TINF B) to &chiuse@omsee1?
symmetrical and orthogonal corneal astigmati smoutconme This is done by
targeting the refractive cylinder targetqg(Target RB) achieved fromthe
first step (step Ato B) as shown in Figure 12a. The resultant refractive
targets for the superior and inferior sem neridians are displayed in
Figure 12b. The fi nalTsyaamiifd tﬁ@kyﬁﬁéﬁi@G&ﬁmy@wlgna@ketarg%eqmﬂget Riahgadt RC)
fromthe second step (B to C) of regularization is calcul ated by again
aver agi ng t trerallipeatthent effaet (THE erriaere) T caloBlBtqdrbysupaiing gheapplic &F AFand
addi ng this_valu TIA I A b n 3b)
resul ting i%nd?thee%lc/gﬂf%ﬁNrﬁgpga?étéi)ca\}leﬂ%@%f %gaelr)a?n%@%&e%?zggg?é%ﬁ%%Bexlpng

al i gned as @haBplgatie chapnitdde gince tvialparameters are summaléy) $s thef apptitd toecackhaltge from

Bto Cby the treatnmen{. TI A NET BCxito each of t Target R B s effectively
quantifies ?&Ei‘i‘“%‘%‘%ﬁ&‘%& rogtﬁg Wra@@gﬁm%alggﬁcﬂgn _ﬁiﬁ%‘i‘rﬁﬁﬁ?é el%ﬁ)l e
defined in &Q%nﬁ%ﬁaﬁatrﬁ% Atnelr@@HsapdriorNed t ideeroT legactiohs Gd ail4jvhich WO

2011/ 060324PCT/ US2010/ 05%617 20 Maxi num Qptim zed Reduction And

Regul ar i zat ¢\saliq ene@nethst @pa DA ViRyaghey are 360° apart) reyyEing Byihe piasg URmEen
treatments [ Tg&tg el HeNEs i BRAROP LA gduction
of astigmat {egr%&%\%gglg%tgr {ﬁgﬁaﬂ%‘gﬁ‘%@tﬁf Ils%gﬁt orst oggnal 1cpr neé)%?#?% SUP AC
for superi ofargenbganearivdihahe supdridi ahd liNErigx@®R Araré dif@ayedrin Segure Hibr i di an) i s

cal cul ated by targeting the target refraction fromstep Ato B (Target RB)
achieved fromthe first process of maxi.mally.and optinally.reducing the

exi sting corneal irregtf SpuBEE Yfienpesisfor heeé‘ém’i“fl@a?fri%‘ﬁ?@l%?%m%ﬁghmappl i ed
to both the.RL.EPPREAL Y&l §PhE8aklaMasid@S adibmatin AORA] ndrnldllyfaddvessisg @ik spl ayed
in Figure 15 to achieve the goal in one surgical treatnment step of
reducti on aimtbrra gbdreatiopsief theywhede ghie endiip thib s¢5k a9leulpied senapdely &r capttseiif er i or
treatments &?g(%tdger with the refractive and topographic targets after

maxi mum treatnent of astigmati smand regul arization in a single surgical

st ep. The function of a transparent cornea can be conpared to
the properties of a clRagulwiatdomsSpa(Eep BUdtCawithaipagen RemaininggdRpane of

gl ass causes distortion of transmtted contours for the observer when

| ooking through it, so too does irregularity of the cornea reduce the
equal |y spaced arrangiesend geatpapiilIAqur b ik Tl aysck RALhIPeSPPIFIJAGHN t . The

di stortion &ﬁ%@ﬁdr@ﬁ%ﬁ.‘gﬁ{g@%@e QieRed FBMAHOBpARal kdRGbh 8f asﬁgffhaﬁs?‘n gRRebe

di spl ayed on an a meter "using a point spread function an i mage of

| i ght passi @prgehTawglnd RargeGFines tnadhieve risgmimstyicel andatrddgdriaherrasadier
astigmatisns_. AS}. .. In the nly practi ty kcal
treatnent ofs! Wﬁ%ﬁf’“‘&%‘?‘? Jhisd's dope b\)(ﬁ%rtg%énrg%ﬁ?q}eg?rgg \fegc%d{l(liesr ?na% est%?%gﬁlifp or
irregul ar, ghihidved aosase GEBOR{syepeX tcB) ehvwe in Eigtieaah. Bedesulthntactricriee
astigmati smval ues. Conventional treatnment by refractive val yes_al on

| eaves al | tepgstsfghthe SPRsaiar a‘&%‘ﬂ‘feﬁ‘ﬁﬁfqms‘rﬁ“’(r@ﬂ%’ﬁlafefqelwyﬁg 14 ur@éﬁ? ?}E?rﬁi)]aﬁi ng on

the cornea n%}%“ﬂ&ﬂ&{l At AGvd Eﬁinhwti@fﬁ&aﬁa@ﬁﬁgﬁwrﬁﬂ% sf@éonﬁ RepeReo Cj_gf S can

anount to e than one diopter in nore than 30% of eyes treated by |aser
vi si on cor r egtlagratipors eajorited namstvegsmeitenivaerdorrand énfetierm Tihe ipe Besder at i ve
exi sting corneal asti .smin 7% sin | 14 i
o o SoIE R TR AR G BPASLIE 20 AYGA R I 08K 5326nd B
resulting in the common refractive cylinder and the topography being aligned as

displayed in Figure 14.

This refractive change from B to C by the treatment TIA ngr Bexi to each
of the Target R p's effectively quantifies each of the separate ORAs (ORA ¢)to be the

minimum possible defined in the same step as regularizing the cornea (Figure 14).



WO 2011/ 060324PCT/ US2010/ 056617 21 undesirabl e effect of aberronetric
treatnent of HOAs is the necessity to create irregularities on the corneal
surface twoneutmwed2zdze those that |lie behind it on the | ipgmtussoiopsicaal
pathway to the retina without specifically attenpting to regularize the
cor nea. There is no question,that wavefront aberronetry is an
i nportant and useful diagnostic nodality to create an aspheric cornea and
i nprove the spherical visual outcone in patients with large pupils and

si gni fi cant HOA9\[axifOWEYSimiz&REdREEE AR RegasianbaieOond StepeAtieat)nol ogy is
that the aberrations neasured and permanently neutralized on the corneal
surface may be lenticular or perceptive, and so create a pernmanent change
based on vari abl es t Hae sememerdiars tredfinenty vegpired tggachieve in one step therhe

significance_ of these.higher .| di I : j l..1C nd/ or
occi pital pEFEEEH %Pi@%?dgfgglfclnaﬁéﬁSg%hlgﬁsrn?ﬁ)g&\}}%é géorégﬁc%lhglﬁﬁogﬁ??uence

t he mani f esdorfe@f(THC QR forssupetixs tsemt inadidiyn amifBlasyy gefoanderéxctmtmeridiaom
treatment using aberronetry al one. These nhon opti c%il st'g t'hc i nfluences
can have a isrgRylricd anfarestmgdhe grget iagtiondiamsier adp Grgtei) ?ﬁaé &%Fhea and

its resul t apl, shame: MHERs bMBaRAIY BRE ofiiafalaeddueigitse dxigin@X6baiineuii di ng
paradigm In conventional refractive treatnments these are not noderated by
any topogr agstigmatismp (thesettreafrhents are then applied tqhethdhepreonergtive comedvalupt el and
practical obstacles t % e ANAWV, : gkigheqsed

al one as a ?F‘é%’f&ngmp A?r%s(tjéa}FQI Baﬁ?%ﬁ%hgsjtggpg%@eggée%&dr?té%eggeln%dgﬁg by ot her

aut hors. Theegerehetief bid efulmézition. Figwanb dgplaps thheurteriengamieinferipr ocess is the

ability to conbi ne preoperative caorneal asti tis araneters with those
for refr acttf%n%%@ﬁ?tgﬂ'?w‘é}ﬁ é%?‘%erﬁq%ﬁo%o%?g’i%ﬁ@ﬁp&%%rﬂﬁ’gp}lml tﬁé%rﬁ‘?né vay,
the cornea GagihlgaRrPIRGEAIaBaRGMN Rl shflld gﬁ%wmpconsi dered to be
unfavorabl e (such as against-the-rule or oblique), and so avoi d excess
astigmati smrenmaining in such cases and its consequent hi gher order
aberrations such as clwdumstion pf4 tpnsparest qegnee lgan beediriagiso PPI5EeS ofany
unavoi dabl e t.hat does I r.ahl be left in
an ort hogonaa&i@y%ﬂ@ e %ne( rjggl%? gvrgspgg%%tag{ldt ?%%u%%ggﬁuggdgﬁﬁgggggi stortion of
par al | el | ightmitedsoawutsifeythpabsrtchmbagloking tlrougheg.so koo ddes gragalangrofan

optimal visual outcqnme js possible with both_.redyced, and requl ari ze

corneal ast E;ﬁ%rf’??s‘??g‘é‘f?&h‘bﬁf{)‘@ﬂi’ ?%ﬂc?‘ilarfaé’éﬁﬂ%r& OSB@FH‘gﬁligBtr@ys thaepass throug
Figures 8 apdrl dgét&%xﬁlk’xﬁeh@nd%a)@\}h_@ymokﬁ@i%h arPikreggibd @il c8fibe dRplgRId Ng

| ess corneal astigmatismtheoretically shifts a proportion of the renaining

asti gmat i snenan abssomefer ung ¥ eoinkespedad finstipn aten wge AT et aassedhrousibiii to be
| ess t han e@%@éﬁﬁa{@ﬁ%?@”% h&gﬁﬁcﬁ)gﬁ{ AV Es m‘f\%ﬁﬁﬂ refractions are

nmeasur ed an e vec ng te e enpl oyi ng
asynmetrical corneal astigmatismtreatnents (Figure 8) attenpts to mnimze
t he non-corneal asti grid ®@mMmdahlapdattisee dyrinyiettied, treaemme o f@irmahgptighetismxi mum
correspondence between corneal and r,efrgfqt .ve val ues ag]d go%gnti ally

) Y588

i nprove t heWhsthsrdbg aSHERPIY ISIFEYHO" fETE CIPRAEG EOTR BHED pi e
equi val ence, PRLYBRINHAGRE abif¥ndtiZm!vakRb. o dnQertioRhlHcafndp@ b rdfidv@ve vangs hi gher
order optical aberrations wthin the eye. . L
alone leaves all the non-corneal astigmatism (quantified by the ORA) remaining on the
cornea to neutralize the internal aberrations of the eye. This can amount to more than one
diopter in more than 30% of eyes treated by laser vision correction for myopia and
astigmatism and more than the preoperative existing corneal astigmatism in 7% causing

an overall increase in astigmatism as a result of the surgery.

Similarly the net effect of treatment by wavefront parameters alone is an

excess of astigmatism left on the corneal surface than is otherwise necessary. A second



It is envisaged that wavefront neasurenents are likely in future to nmake it
possible to better match two differing refractive val ues, one for each

sem - ner iDanil/osnizh t he two separate topographi ¢ val uespom/usb@onssnea,
hence enpl oying a separate refractive and topographi c nmeasurenent for each
corneal sem -neridian. This conbi ned tregt ment par adigm has a greater
potential for inproving the best corrected vector analysis (BCVA) than

usi ng wavefront or topography paraneters alone. The ideal ablation shape to

effectively ﬁc%girrﬁﬁé effdct SO AOmRS1ci AR dn BT MOWk iPEe Hedesvitfitoedatey an el lipse
t hat has rmal Ied dinensions for each sem -neridian. The ellipses. my be

angul ar |y dirssghladties arothacrineal urfars toetishenbownihet ligrighiad jianshe [1gis
treatnment requife nts. : . ry to
addr ess theg%lchgfgﬁﬁ%}?ﬁoé}éﬁ refinwithont § %Lrgcsg%ai &aplget(gt%;] f;}‘tﬁ ee@lggr&?llgﬁ are

achi eved by creating gradual and undul ating variations in contour between
the principal meridi anhedé istddgueaion et wanEfedr ab@rnenyad ar mpoetantandnsefolugh
abr upt chang_es have a greater prospect for being sustai Red a conbat the
natural f or @gnestic gidalH¥te gicath @8 RIIRGTE FRIPCAAREIM TONEaErSQ iR Y‘f/“a?o snmoot h

out any |oc é‘h{%&ﬁg ixﬁ%ﬁg}étg%ﬁm&‘r%@gﬁﬁ%%nd significant HOAs . FI6@ev¥BtdnQsheint vect or

pl anni ng can be ex upon~to refine outconmes in cases of irregular
asti gmat i smiiskdviahtiagé ofthe soghmaogyi is dlat the @boratiohamatsyrpding peanaseht at e

astigmati smtreatnent,plan for .each I l.- | di e cornea
woul d 1i kel §H% @Eéﬁfm tRQF%rggaISV/rgarcﬁlr?ay}%ﬁ %&%@f §[ené%10r$gﬁ gé’ %%‘?éb %gaé%tﬁar cor neal
profile at pheaaemRhaige®ascdfonaadhbiel tRatces meatabkuvgetiie.cor recti ng sphere and
irregular cylinder. Incorporation of these 23 algorithnms into future

exci mer | aser technol ogy would potentially inpr O\é% the outcones currently

achi eved by the treat Rihtiswficapherbesyimahablevelliossess may 85 BAUE 621t i on.
Cal cul ati Onalg/orgc%%}')t?ﬁ%éceﬁﬁc’insl\%)&t@ﬁ%igﬂ%‘ﬂﬁ{e'\ﬁ’s%agort@b?EHagﬁﬁhb&@tManifest

Regul ari zat 1 on The first step in the process is the
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treatment applied to the cornea and its resultant shape when the manifest refraction is the
exclusive guiding paradigm. In conventional refractive treatments these are not

moderated by any topographic input at all.

There are major theoretical and practical obstacles to the dependence upon
wavefront values being used alone as a treatment modality which has also been
recognized by other authors. The key benefit of vector planning in the treatment process
is the ability to combine preoperative corneal astigmatism parameters with those for
refractive wavefront astigmatism in a systematic manner. In this way, the cornea can be
protected against astigmatism considered to be unfavorable (such as against-the-rule or
oblique), and so avoid excess astigmatism remaining in such cases and its consequent
higher order aberrations such as coma or trefoil. Using the technique described, any
unavoidable ORA that does remain neutralized on the cornea can be left in an orthogonal
symmetric (regular) state, resulting in reduced distortion of parallel light rays as they pass
through the cornea. In this manner an optimal visual outcome is possible with both

reduced and regularized corneal astigmatism and potentially reduced aberrations.
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It is envisaged that wavefront measurements are likely in future to make it
possible to better match two differing refractive values, one for each semi-meridian, with
the two separate topographic values on the cornea, hence employing a separate refractive
and topographic measurement for each corneal semi-meridian. This combined treatment
paradigm has a greater potential for improving the best corrected vector analysis (BCVA)
than using wavefront or topography parameters alone. The ideal ablation shape to
effectively correct irregular astigmatism will be determined by an ellipse that has
modified dimensions for each semi-meridian. The ellipses may be angularly displaced to

achieve the non-orthogonal and asymmetrical treatment requirements.

The treatment changes necessary to address these asymmetrical and non-
orthogonal values of the cornea are achieved by creating gradual and undulating
variations in contour between the principal meridian of the cornea. Smooth continual
rather than rough abrupt changes have a greater prospect for being sustained to combat
the natural forces of epithelial healing that over time are likely to smooth out any

localised applied unevenness.

The method of vector planning can be expanded upon to refine outcomes
in cases of irregular astigmatism. Utilizing asymmetrical vector planning with a separate
astigmatism treatment plan for each separate semi-meridian of the cornea would likely
result in less overall astigmatism and a more regular corneal profile at the completion of a

single corneal surgery correcting sphere and irregular cylinder. Incorporation of these



The average treatnent vector TIA NET AB is added to each of the common pair
of refractive values of +1.63 Ax 108 for the 2 sem -neridians (then the

axi s subswquentdey32us hal ved to convert to a pol ar di agr aoTas201/08aut d
appear on the eye) to obtain a refractive cylinder target (RB) displayed in
Figure 11: 1.63 Ax 108 + [+1.73 Ax 22] 7,+0.25 Ax 53 (RB) To
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BO These regndaaisiseptB ©C B@nges of the second process (BC), affect the
refractive target (Target RB) 4 Target RC = 0.87D Ax 53 by shifting an
anount equal to the resulting final ORA of O. GﬁS.Ax 23. WO

2011/ 060324PCT/ US2010/reepseritye parapysiersars AISH¥s IREMU 4+ Maxi num Reduct i on
And Regul arization O Irregular Astigmatism (Step Ato O).

Superior topography 2.60D @ 130
Inferior topography 1.90D @ 278
Wavefront refraction -3.24DS /-1.80DC x 18 (BVD = 12.5mm)

The separate semi meridian astigmatic treatments (TIAsup aB and TIANF
ap) are displayed in Figure 8 and are calculated based on emphasis of 40% sphericizing
the cornea / 60% sphericizing the refractive cylinder with an existing ORA of 1.82D Ax
59 for the superior semi- meridian. The inferior semi-meridian treatment is also based on
40% sphericizing the cornea/ 60% sphericizing the refractive cylinder applied to an
existing ORA of 0.67D Ax 340. Irrespective of the emphasis chosen for the ORA, the

maximum amount of astigmatism is being treated in each semi meridian of the cornea.

The vectorial difference between the preoperative topography and the
target topography, as determined by the emphasis on neutralizing the ORA, is equal to
the astigmatic treatment (TIA) for each semi-meridian. The topography targets (Target T

e g and Target T sup ) are displayed in Figure 9.

When the TIA between the two semi-meridians differs, a summation of
the TIA’s (TIA ngrap) Or average needs to be calculated (Figure 10) to determine the

combined effect on refractive astigmatism. The average of the treatment vectors, the TIA



The treatnent required to maximally reduce (AB) and regul ari ze the
astigmatism (BC) in one step begins with the 2 preoperative corneal val ues
(Tsup andwoBpi1R)po032argeting the refractive target (TargePCRB)S2a10M566i15
calculated fromstep AB. The single step treatnment here (TIA SUP AC and TI A
INF ACin figure 15) is the addition of o4he TIA superior and TIA inferior
treatnment vectors calculated in step AB (Figure 9) and step BC (Figure 12).
Preoperative paranmeters Superior topography 2.60D @130 Inferior topography

1. 90D @ 278 r,gat oabilatcd sihg © healll tb tANGamndidR ofheI3A S(J LeerBURAAR: 4z BC)
Inferior TIA Ac= 1.91D Ax 102 (TIA INF AB + BC) Tar tg %ﬁggr|or t opogr aphy
i they

0. 25D @ 53 Whickris Gen diyjsis bapripcaysotiregro 3 alrey Hﬂ&@t’? alOfar get RC)
+0. 87D AX 53,13 trical And Othogonal Qutcone |s Thus CObtained.
Figure 17 is a diagrammatic illustration of apparatus for carrying out the
met hods hereto descri bed.

1.87D Ax 29 + 1.71D Ax 194 = 1.73D Ax 22

The average treatment vector TIA et as is added to each of the common
pair of refractive values of +1.63 Ax 108 for the 2 semi-meridians (then the axis
subsequently is halved to convert to a polar diagram as it would appear on the eye) to

obtain a refractive cylinder target (Rg) displayed in Figure 11:
1.63 Ax 108 + [+1.73 Ax 22] =+0.25 Ax 53 (Rg)

To regularize the cornea, the topography targets after the first process of
the maximum optimized reduction of astigmatism (Target T nrp and Target T sup B) (step
AB) have a second treatment added (TIA sypsc and TIA |nr pe) to target the initial
refractive cylinder result (Target Rg) of +0.25D Ax 53 (axis 106 on DAVD displayed in
Figure 12).

In this example the resultant topography (Target T e ¢ and Target T sup )
and the final refraction (Target R¢), which again is calculated by vectorially adding the 2
treatments TIA syp sc and TIA nr e, are aligned (Figure 14) resulting in minimum
remaining ORA when Target Rg shifts to Target R¢ from the resultant net refractive

change.

The remaining ORA i.e. the vectorial difference between the final
topography and refractive cylinder targets is at a minimum. The topography targets equal
0.25D @ 53 and result from the maximum reduction of astigmatism and regularization
and the effect of the second treatments to regularize the cornea (TIA sup sc and TIA
sc). These regularization changes of the second process (BC), affect the refractive target
(Target Rg) = Target Rc = 0.87D Ax 53 by shifting an amount equal to the resulting
final ORA of 0.62D Ax 53.



WO 2011/ 060324PCT/ US2010/ 056617 26 Therein can be seen a

t opogr apher 50 for producing a map of the cornea from which corneal val ues
can be obweiznaded3z4t he 3mm 5mm and 7 mm zones. Fi gur e PET/Usb@0/0sdsans a
refractive nmeasuring device which can determ ne the refractive condition of
the eye of a patient. The parameters obtained fromthe topographer 51 and
the refractive neasuring device 52 are supplled to conputer 53 which
carries out the operations heretofore described to produce the topography

parameters T supeafd, ’ﬂehtﬂienﬁﬁor%ﬁm@ﬁl Rdduaish et Regaindizhiieh Qalregelaer s for
TIA sup and TIA inf for the sem -neridians which wll provide maxi num

t opogr aphi ¢ reduction and mi ni malstigraism GEP2D 11060324 PCT/ US2010/ 056617 27
VWHAT IS CLAIMED IS: 1. A nethod for deternlnlng par anmet er of magnitude and

neridian axis repre55ﬂ§ ‘%W&%r%gﬁﬁe %ﬂ%&hﬁ%ﬁ&%&@%ﬁﬁnéHﬁﬂﬁﬁ%ﬂﬁeanalySiS

for diagnostic and s , conmpri'sing
produci ng aaskighaliMireBC) i@ oﬂaptepbegmqowgm aphi mespeasive eoneed] saloks @a@handf t wo

sem -neridi ans of the corhea o ghtlng
val ues to tF@ﬂﬂﬁﬁﬁﬁﬁﬁﬁﬁF%hﬁﬁﬁé%%@h@ﬁﬁ§{théﬁdﬁc%Wl%“gﬁﬂpgp zones in

each sem - nﬁﬁé 95@8 tre@Pdnt here (TIA sup ac and TIA vr acin figure 15) is the addltlon of the
TIA superior and TIA inferior treatment vectors calculated in step AB (Figure 9) and step

BC (Figure 12).
Preoperative parameters
Superior topography 2.60D @ 130
Inferior topography 1.90D @ 278
Treatment
Superior TIA sc= 2.82D Ax 131 (TIA SUP AB + BC)
Inferior TIA ac= 1.91D Ax 102 (TIA INF AB + BC)
Targets
Superior topography 0.25D @ 53
Inferior topography 0.25D @ 233
Refractive target (Target Rc) +0.87D Ax 53
Symmetrical And Orthogonal Outcome Is Thus Obtained.

Figure 17 is a diagrammatic illustration of apparatus for carrying out the

methods hereto described.



vectorially combi ning the wei ghted val ues of the topographic neasurenents
to obtain a vector paraneter in each sem -neridian representing nmagnitude
and axi s wb 2opwgs2aphic irregularity which is adapted f@®cTaseoonsaiagnosti c
and surgical treatment. 2. The nethod as clainmed in claim1l1, wherein said
plurality of zones are formed as concentgic circular zones. 3. The nethod
as clainmed in claim2, conprising selecting in each said zone a paraneter
of steepest nagnitude and a paraneter of flattest magnitude and combi ni ng

these parameters to Offealif c#h 5 fgh@ BASRAREEF0 B pro@Ridglalmapod tieegongiaan in
each said zone, and vectorially conbining the single paraneters ip said

zones to obfremmwhichspargead velopoeindisntiaiprsk et emmo PMRRGH /U Z2RES nEeH i an
for each respact i SEIhadRE hlhalg ddyicd BficTRhARMe AR il degilpion 3
conpri sing cofrdi il ng the paraneter o¥ magni tude and neridian in each

sem - mer i di éhtheceyebdfaa patersi nijhee psromegrsapbiained droantieetopographeyriilt e thend
meridian for _each sem -nerjdian_of the cornea. 5 .The nethod.as jmed in
claim 4, coifbrfibienfcainadiaife Stzo&?g?‘ﬁ’ﬁﬁ?ci Q?)acrog‘r%gfeér 5 lcg‘h(gaqg%m‘)&mﬁa’{rei di ans
to obtain a,siAhehteRAsE ARk Rl pi6ddcothd hpogaihyaraatdaed suppneFant dsng

corneal topography astigmatism (CorT). 28 6. The nmethod as clained in
claim4, cowpl 'a%T%gmélﬂﬂfTa@@ thegpatametard o JlasHp éncbyr‘AafPéCE%rrth F"r’imfrﬁérq(ﬁans

sem - mer i di i lﬂ%&ﬁq it %m% foh SRPAIARAI GRARAT anet er

representi n%nﬁg%g?g%ﬂ}%c |sgar?éo%r T[%) ect \(/)veen the sem -neridians. 7. The
nmethod as clained in claim?2, wherein each senm-neridian is forned with
three said successive zones. 8. The nmethod as clained in claim?7, wherein

t he successive zones in each sem -neridian are at 3mm 5mm and 7nmm



9. The nethod as clainmed in claim7, wherein the paraneters of nmagnitude in
each of the respective zones is nultiplied by the respective wei ghting

fact ors twopnodwer4t he wei ghted val ues of magnitude in rhe/usenesnse6110. The
method as clained in claim9, wherein the paraneters of nmagnitude and
meridian are conbi ned by vectorially avefagi ng these paranmeters on a double
angl e vector diagram 11. The nethod as clained in claim1l wherein a val ue
of ocular residual astigmatism (ORA) is obtained by determning the
vectorial ogwHALTe e pippas: t he corneal and refractive astigmati sm val ues.
12. The method as clained in claim7 conprising reducing the paraneters of
magni tude in each of said sem -neridians to obtain maxi num val ues of

t opogr aphi cl. par anet ek smethpd|ferdetarginypgparemeterafragnipded maridiaaixipy al
astigmati sm.in_each 1 el t. o dn%g i re
asymetri caﬁe?reaer?g‘% éérﬁ’?%%ra?%‘*ﬁagk@ﬁg} {ik%dg@%%?rgaﬁﬁlgé > \kld;rl U sggﬁcﬁqgsgjéﬁcgghy in
sai d sem - nidatideransnipoisolgtthe stedsapogr aphy paranmeters which are synmmretri cal
and orthogonal in one step. 13. The nethod as clainmed in claim 12 wherein
the symetrical topographic paraneters are reqgul arized by vectorially

conbi ni ng each ther edTm‘sHCt“rg %‘GE%WHCF@PI"E&W%@ §Weﬁﬂﬁ?’%§}ﬁ ﬂ’/ftaeiaﬁléf)1L 29 14.
The met hod @y &hAnBdidnd ofihadliindBotiesel n said common refractive

astigmati smvalue I1s obtained by reduCing a neasured refractive paraneter

by reducing said neasured vectorial parameter by a proportional ampunt of
sai d ocul ar residual aasighiggmeighting valtes tathegepngphisrmeasdigaienty imeagh of a

regul ari zin sured val ues of astigmatismin an eye of a patient to
obtain tar g@f‘%& %rggn?sdpe %asﬁﬂ%'ﬂegd?ﬁdantdr eatment of the patient, said
met hod conprising the steps of:

vectorially combining the weighted values of the topographic

measurements to obtain a vector parameter in each semi-meridian representing magnitude
and axis of topographic irregularity which is adapted for use in diagnostic and surgical

treatment.

2. The method as claimed in claim 1, wherein said plurality of zones are

formed as concentric circular zones.

3. The method as claimed in claim 2, comprising selecting in each said zone
a parameter of steepest magnitude and a parameter of flattest magnitude and combining
these parameters to obtain a single parameter of magnitude and meridian in each said
zone, and vectorially combining the single parameters in said zones to obtain a single

topographic parameter of magnitude and meridian for each respective semi-meridian.

4. The method as claimed in claim 3, comprising combining the parameters
of magnitude and meridian in each semi-meridian to obtain a single topographic

parameter of magnitude and meridian for each semi-meridian of the cornea.

5. The method as claimed in claim 4, comprising adding the topographic
parameters of the semi-meridians to obtain a single topographic value for the entire

cornea representing corneal topography astigmatism (CorT).



considering the cornea of an eye of a patient to be divided into superior
and inferior sem -neridians; neasuring corneal and refractive astignmatism
val ues i rweaoch/wh32the sem - neri di ans; det eroirnisagosgayr aphi c
treatnment paraneters in each sem-neridian to maximally reduce the
t opographi ¢ astigmati smvalues in each % the sem -neridi ans based on
m nimzing ocular residual astigmatismrenmaining in each sem -neridian; and
regul arizing the thus reduced topographic treatment paraneters using a
common refractive parggi&fod Alcldhed InWaisenb@pesisefibtra@insdhangodraptidt ai n
in one step fromsaid determning step to said regularizing step, final
tlreat rrgnt t parayedters b e sethiometithians figm eaerrnatier fQPRIHE 2 topagrapKP2Mfdd as
clainmed in claim.l5, wherein. sai i ] araneters (Target
T) for eachrGBrreset"ﬂngoé”r?igr-aH@rc ira&?’%jﬁt (?}?Pg%{évt@%ﬂhg %r{}ﬁg%l ?&ns'eg with a coEnmng
refractive target value Rto obtain treatment parameters (TIA) for each
seni -neridign in whi CihetrdtB®t 8 chiRé®in’ gt Briheeth each femifineridiet isdormzs
clainmed in claim16, wherein the determ ned topographic values T are
maxi mal |y rwilugeee sail SusessEvVazZnchi mum val ue of ORA to be neutralised on the
cornea. 30 18. The nethod as clainmed in claim17, wherein the TIA
parameters {or each sgu:0Rld %'c?aﬁ‘?mkcﬁindp%ﬁm‘%%f@irb%eEﬁcfcégsiv%%hééliﬂga&ﬁmﬂhasl S
factors on €ach topograpr?ly and refractive paraneter to obtain topographic
targets T agethimsdriditary et InangetmBnd @mmeach sem - neri di an, then obtaining an
average target T for the two sem-neridians whereafter the average val ue of
target T | S9.Vect or! alTlh% n(q:eqcﬂz?ci ar;%?air\#e(s ﬂl c z?i&gftwhgrefino{he %aar(e:lgqetse?sngf-mnfgrnlltgéealg'

each of the respective zones is multiplied by the respective weighting factors to produce

the weighted values of magnitude in the zones.

10. The method as claimed in claim 9, wherein the parameters of magnitude
and meridian are combined by vectorially averaging these parameters on a double angle

vector diagram.

11. The method as claimed in claim 1 wherein a value of ocular residual
astigmatism (ORA) is obtained by determining the vectorial difference between the

corneal and refractive astigmatism values.

12. The method as claimed in claim 7 comprising reducing the parameters of

magnitude in each of said semi-meridians to obtain maximum values of topographic

parameters by leaving minimum values of ocular residual astigmatism in each semi-
meridian that are equal in magnitude but are asymmetrical, and regularizing the thus
obtained values of topography in said semi-meridians to obtain topography parameters

which are symmetrical and orthogonal in one step.

13. The method as claimed in claim 12 wherein the symmetrical topographic
parameters are regularized by vectorially combining each thereof with a common

refractive astigmatism value.



19. Apparatus for carrying out the nethod as clained in claim15

conpri si ng: a keratoneter for neasuring the cornea of the eye
of a patiwototiowead2tiai n t opographi ¢ paraneters thereof i rceaskowesicimeri di an
of the cornea, a device for refractive neasurenent of the eye
to obtain a refractive paraneter for bo sem - neri di ans, and a

conmputer receiving the topographic and réfractive parameters including
means for reducing the topographic paraneters to a mninumvalue of ORAtoO

obtai n maxi gum treat menfpd Qethbad iU M LSRN FRGeSH shidlc@fimdpataamivers T and
refractive target R for each sem -neridian, and neans for vectorially

combi ni ng t hesigmetieg valphiscobainesist redusing amerstred refagciiye PIGBCEEPEIFAYERE R t o

obtain target ,induce | [: sai d
t opogr aphi csaﬁ%?‘ge%stuée#ye\%ﬁ)l ke ardée%&e u %E?&zrg@?dl %%@t\(/)ectlgp Cg{ggﬁ?‘%é appar at us

for obtaini agighatiget paraneters for surgical use conprising:
means for obtaining paraneters representing topography of an eye in
superior and inferior sem -neridians of the corn for

ea L
obt ai ni ng alpar afferehod predueng ARregulprfipg Mepsieed, vl uss of gtiswatim in an 6y8
sem - nmeri di gf, , AR @ GRPRERE vATRATSr difdnoSid ahY trédmemtiof tHiepasitRPsidhethodl

comprising the steps of:

considering the cornea of an eye of a patient to be divided into superior

and inferior semi-meridians;

measuring corneal and refractive astigmatism values in each of the semi-

meridians;

determining topographic treatment parameters in each semi-meridian to
maximally reduce the topographic astigmatism values in each of the semi-meridians

based on minimizing ocular residual astigmatism remaining in each semi-meridian; and

regularizing the thus reduced topographic treatment parameters using a
common refractive parameter for the two separate semi-meridians to obtain in one step
from said determining step to said regularizing step, final treatment target values for the

two semi-meridians.

16. The method as claimed in claim 15, wherein said topographic treatment
parameters (Target T) for each of the semi-meridians is vectorially combined with a
common refractive target value R to obtain treatment parameters (TIA) for each semi-

meridian in which targets T are regularized.

17. The method as claimed in claim 16, wherein the determined topographic
values T are maximally reduced to leave a minimum value of ORA to be neutralised on

the cornea .



a) determning a target topographic vector for each sem -neridian fromthe
obt ai ned topography paraneters and b) vectorially conbining said target

t opogr aphwo 20aat6a324Wi t h t he refractive val ue to obtain rceatsceseseTt or s
for the sem -neridians which are equal and regul ari zed.

30

18. The method as claimed in claim 17, wherein the TIA parameters for each
semi-meridian is determined by first applying emphasis factors on each topography and
refractive parameter to obtain topographic targets T and refractive target R for each semi-
meridian, then obtaining an average target T for the two semi-meridians whereafter the

average value of target T is vectorially combined with target R for each semi-meridian.
19. Apparatus for carrying out the method as claimed in claim 15 comprising:

a keratometer for measuring the cornea of the eye of a patient to obtain

topographic parameters thereof in each semi-meridian of the cornea,

a device for refractive measurement of the eye to obtain a refractive

parameter for both semi-meridians, and

a computer receiving the topographic and refractive parameters including
means for reducing the topographic parameters to a minimum value of ORA to obtain
maximum treatment to the minimum topographic target parameters T and refractive
target R for each semi-meridian, and means for vectorially combining the topographic
parameters T and the refractive parameter R to obtain target induced astigmatism

parameters (TTA) which produce said topographic targets T which are regularized.

20. Vector planning apparatus for obtaining target parameters for surgical use

comprising:

means for obtaining parameters representing topography of an eye in

superior and inferior semi-meridians of the cornea,

means for obtaining a parameter representing a refractive value for each

semi-meridian, and

a computer means for carrying out the steps of:
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determining a target topographic vector for each semi-meridian
from the obtained topography parameters and

vectorially combining said target topographic vector with the
refractive value to obtain treatment vectors for the semi-

meridians which are equal and regularized.



