Method and Apparatus for Determining the visual Acuity of an Eye The
present invention relates to a method and apparatus for determining the

visual acuity of an eye by analysing the wave front information of the eye,
padiaian by analysing a corresponding point spread funciigpPai)s 10706
WO 02/30273 Al relates to the determination of ocular refiaction from
wavefront aberration data and an optimum customized correction is

designed. The eye's wave aberration is measured by using a detector

such as a Shack-Hartmann detector. From the aberration, an image

metric is calculated, and the second-order aberrations which optimize that
metric are determined. From that optimization, the refractive correction
required for the eye is determined. The image metric is one of several

metrics IRgeRling 1 gMAR, OF 'S JEBARS N m@;ﬁﬂgﬁla@{ﬁafo@mq@xy

for such a metric. The required refractive correction can be used to form a
lens or to control eye surgery. It further relates to five different metrics of
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2007/057114PCT/EP2006/01070 US 5,777,719 descyi a method
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produced on the retina of a living eye by a laser beam is reflected from the. .
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lenslet array. The output signal from the CCD camera is acqnired by a
QSRR SEREIPHRGECORIS e Bie BrthprotiatadiPeorrection signal

 which may be used to control a compensating optical or wavefront h

aReation devies sugh.as A deformahle minprJt may Also »@lﬁéﬁ%&gm the

fabricate a contact lens or intraoculas lens, or to guide a surgica )
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dheeorsasiiopspimabesrationsLf theeye ireiergnaaisumana foctha peipbint spread
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auareps-exPectadlframdiffraction alone. In US 2004/0119942 Al and US
6,659,613 B2, methods and systems for measuring local scattering and
aberration properties of optical media are described. A Hartmann-Shack
calibration image of a measurement system is acquired to define a first
plurality of point spread functions. A Hartmann-Shack test image of the
medium is acquired to define a second plurality of point spread functions.
A shift is determined between the test image and the calibration image. A
point spread of each of the second plurality of point spread functions is
measured, each of the second plurality of point spread functions including

a component due to optical aberration of the medium and a component
Aiie to ceatter The comnonent diie to ontical abharration iec determinead



WO 2007/057114PCT/EP2006/010706 3 This object is solved with the
features of the claims. The present invention specifically allows to
determine the visual acuity dependent on pupil diameter and object

cdistancspistate of accommodation. The present invention ihagse6et6706
analysing the acquired wavefront jnformation of an eye, in particular by

~_analysing the poi t spread function of the eye.. The point spread function |
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as an image quality'metric. According to a further preferred embodiment
of the invention, the relation between the long axis and the short axis of
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iround the relevant rea%ions.
calibration image of a me

urement system is acquired to define a first pluraiity of point
spread funcﬁoﬁs. A Hartmarn-Shack test iiﬁage of the medium is acquired to define a second
plurality of point 5pread functions. A shift i§ detemﬁnc—;d between the test image and the
calibration image. A point spread of each of the second plurality of point spread functions is-
measured, each of the second >p1u;al'ity of point spread functions inciudiﬁé a component due to
optical aberration of the medium and a component due to scatter. The component due to
optical aberration is 'detérmim:d ‘ﬁsing the shift. The component due to optical aberration is

deconvolved to determine the component due to scatter.

US-6,499,'843 Bl relates to a'custom‘ized visien correc‘gioﬁ method which .comprises obtaining
a wavefront aberration meastrement of a patieht‘s_ eye and providing a display of the wave
front aberration measurement in the form éf either a picture, a 6amputér sirnulaﬁon, a graphic
displé.y, and a mathematical representation of the wavefront. Specific ;:ferenbe is made to

analyzing a point spread function for determining a Strehl ratio.

The objéct of the present invention is to provide a method and an apparatus for determining

the visual acuity of an eye By analysing the wavefront information of the eye.



WO 2007/057114PCT/EP2006/010706 4 wrap as tight as it can. The
resultant polygon is a convex hull.A more formal mathematical definition is
as follows: A convex hull is the surliest convex polygon that contains all

Ra & AuPglgon is convex if and only if, for any two points ipsideptiags 10706
polygon, the line segment between these points is inside the polygon.

According to a preferred embodiment of the present invention, the long
axis can be substituted by the longest distance in the relevant part of the

ﬁﬁ%@g& e shetaxscambe sHRstituegby the maximum distance in the

perpendicular direction to this axis. According to a preferred ethbodiment
of the present invention, the enclosed area in between the boundary
Theipissefithe selevaptdaculy iR Sto is:takeainathanimdgeviyaldyendetrian pupil
(ga%s_étl\élod&e gfefi;t' .%Qg (I)og%tgéig an&};%%@%'{{%” axis: A monochromatic

7 ?ormﬁgﬂtjo?t e Wavefength Bonm is used. Find the centre of the
above described relevant data. The coordinates of the centre are the

TR ahaalus.ehibe iininum andymax iRy ineach Catasixedisastion :Asye, in
a further step, a.circle is drawn ayqund this centre which circumscgribes the,
TBRPP O A A8 rr e DY B B DR Tr GRS RS Mencton is e
imegottingdoythiome s€apmvemior; the diameter of this circle represents

the long axis. As a further step, the area inside the convex hull around the

relevant data js_determiped. The short axis is approximated by followin
Téifu%‘fi‘&h spread function gr a typ?cal eye shows aps%&i( ic ?ntens?%/f gismvgungon for a

corresponding pupil size. When seen in three dimensions, the intensity over the area may be
compared to a mountainous area comprising hills and valleys. The peaks of the hills represent

the high intensity, whereas the valleys represent areas of lower inténsity.

According to the method of the present invention, a point spread function of the eve is
analysed by comparing the intensities of the point spread function with a selectable intensity
level. The parts of the pbint spread function having an intensity being larger than the
selectabie intensity level are detcﬁm'ned as relevant part of the PSF. The relevant part
represents a cross section thfough the hills of the point spread function at the selected
intensity level. When seen from the top, the cross sections through respective hills in the point
spread function form one or more areas. As a further step, an ellipse is drawn which
- circumsczibes the one or more areas formed by the cross sections through the hills. According

to the presént invention, the result eliipse represents an image quality metric.

According to a preferred embodiment of the present invention, the length of the long axis of
" the ellipse is taken as an image quality metric. According to a further preferred embodiment
of the invention, the relation between the long axis and the short axis of the ellipse is taken as

an image guality metric.

Preferably the enclosed area of the ellipse has to be similar to the area of inside the convex

hull around the relevant regions.

One way to visualize a -convex hull is to put an elastic band around all the points, and let it



short axis = long axis * ( area insideconvex hull / area inside_circle )(1)
According to a preferred embodiment of the present invention, the long
and the short axis are transfoimed into the visual acuity of the eye. Two

ARAIhY,/senall objects can be separated by the eye if the cengkesighih@iioos
pictures on the retina are separatgd at least by the length of the long axis -

- of the ellipse. The reciprocal angle between these nearby opjects is
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- therbrepdeey awibsdiiteich i b npnof st IRdsitkenod stdpsstravpdisemeidat
least one time for the same point spread function using a different
g1tens_tié¥ J[evel whic -tigepsiggrably smaller or greater than the

selectabl
Eﬁ% §E Pé%%e(ﬁn ensfi/nf!ea\féf.aﬁ(galn, an_eﬁﬁlps'se is determined which by its
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ellipse is taken as an image quality metric. The selectable intensity.level is
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the selectable intensijty value is 60% of the.maximum intensity. Accordin
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dperifodeethiatdedbt shetfarthsrpmexiorthé poiriisprepaiatetion of the

same eye, but for a different pupil size. Again, the method is preferably

performed more than one time by using a selected intensity level.
short_axis = long_axis * ( area_inside_convex_hull/ area ipside circle ) - (1)

According to a preferred embodiment of the pfesent invention, the long and tﬁe‘fshort_axi_s a:{a_ '

~ transformed into the Viéual acuity of the eve. Two néa?by small objects can be s.epaxated by
the eﬁre if the centres of their pictures on the retina ére separated at least by the Ieﬁgth of the
long ams of the ellipse. The reciprocal angle between these nearby objects is proportional to
the visual acuity. The relation between the long axis and the short axis of the eﬁpse 18 t;lken ‘

10 ‘d‘erive a correction factdr for the visual aégity. The visual acuity is predicted using

- following equations:

VA_predicted =d_VAl/(long_axis* Comr) - . )
Cotr=0.5* ( 1 + short_axis / long_axis ) | B

d_VA1] is the theoretical distanceé of the centres of retinal pictures of two nearby objects seen



According to a further preferred embodiment of the present invention, the
method is performed for point spread functions of the same eye, but for at
least two different states of accommodation the wavefront is modified with

gitlermpbspherical additions. This simulates the cycles of acgemedliofos
and relaxation which the eye usually doesto find the status for the
optimum visual acuity. Also smaller object ‘distances are simulated by

modifyi CUs. A od iS. erab rform ore, than
or‘?e t%ln %u&ngﬂgnsué?a@éémﬁtens?y ?eve %lg%gfvalue%&%ﬁé ghe value of
dedditsiiaopretictedtis vahstevityahatof Hn be \ComppaliettdvistithproiBeratl visual

AcHiydeierningd.i4sing test charts. The pupil size for daylight conditions
and the possible accommodation has to be adjusted individually for each

eye. Brief description of the drawings The invention will be further
Tesoritreddo\fanay io bexa mop ebthei e tede ey taitivetidrahvin gsisi(cindicihape of the

IEIIQVaJltI j'ﬁﬁ@%ﬁ@%&@%%%@&?% Eé‘iﬁﬂt s%a‘ri‘psﬁgg a'J:dg rlzh!é qun line Wzth

normalised PSF (at the retina of the eye) originating from the wavefront

BRERNATAT Higt ap lmaefg%eaf@&a?éﬁ%l% Ry Parrbrie PERWHyiGh the decrease

irigszhidaicly asenabave a0 Y dithedndodimuytiatiéntensiy:. Fig. 4isa -
diagram showing parts of the PSF shown in Fig. 2 which are above 60%

of the maxinaum of intensity; '
According to a preferred embodiment of the invention, the method steps are repeated at least

one time for the same point spread function using a different selectable intensity level which
is preferably smaller or greater than the first selected intensity level. Again, an ellipse is
determined which by its form and size represents an image quality metric, wherein preferably
the long axis and/or the relation between the long and the short axis of the elliﬁse is taken as
an image quality metric. The selectable intensity level is preferably between 40% to 80% of
the maximum of intensity of the point spread funfc_tio‘n~ More preferably, the selectab'le
intensity value is taken from a range of 50% to 70% of the maximum intemsity. Most

preferably, the selectable intensity value is 60% of the maximum intensity.

Accordiﬁg to a further preferred embodiment of the presént invention, the mefﬁpd is
performed at least one further time for the point spread function of the same eve, but for a
- different pupil size. Again, the method is preferably performed more than one time by using a

selected intensity level.

According to 2 .fm'ther ﬁreferred emﬁodiment of the present invention, the method is
performed for point spread functions of the same eve, but for at least two different states of
accomﬁ}odaﬁbn the wavefront 1s modified with different ,spheriéal additions. This simulates
the cycles of accémmodation and relaxation which the eye usually does to find the status for
the optimum visual acuity. Also smaller object distances are simulated by modifying the
focus. Again, the method is preferably performed more than one time by using a selected

intensity level,

‘For a range of pupil diameters that can be expected under usual daylight conditions and a

range of accommodation states of the eye the visual acuity is calculated for the same eye. The



Fig. 5 is a diagram showing parts of the PSF shown in Fig. 2 which are

above 65% of the maximum of intensity; Fig. 6 is a diagram showing parts

of the PSF shown in Fig. 2 which are above 75% of the maximum of
iRIgnRItYsFI9, 7 is a diagram showing parts of the PSF showp in Fig. 2. -
which are above 50% of the maximum of intensity, wherein the convex

hull is shown by a solid line and the circle circumscribing the parts of the

PSF is shown by a dashed line; Fig. 8 is a diagram showing parts of the ,
DEEBESS AR 1 Fiifse VAR dfe RBOVEBU9E StiHe AEintlfh BRiffefdppared with
tieheiseah mnisllijpseddmidowindica siodick liboyhich i&ditieddtylibl pantstohthend the
RS adlosh diasrenof a pelrradigragodiment of the invention

and Fig. 10 is a flow diagram fér pérforming a preferred ‘embodiment. of

the present inventi

Briefiewontonlal theydoaving

A%E SIMTAL epicts a typical wavefront of an eye. This

wavefront is shown for the pupil plane of the eye. Such a wavefront may
The ttationed by stk arngindin way efcrrRastihsfeessededrings, in
whizidocuments discussed above. In the present case, the typical

ﬁ{\/a\felgr_ggltaofﬂ%g% 1 IS etermined b%§gg ona best corrected eye,

\(\ﬁwer_eln a exc[rnerlf1 selygifgigﬂ?‘é%% systerr? lffés b_eeh used for a . ‘
Rigyri- i Vesshpanpalirad| BRAG b Fin e dnpfa Boftakorjginating from the wavefront shown in

Fig. 1;

Fig. 3 ié a diagram showing parts of the PSF shown in Fig. 2 which are ‘above 50% of the
maximum of intensity, ' .
Fig. 4 is a diagram showing parts of the PSF shown in Fig. 2- which are above 60% of the
maximum of intensity; ' , .

Fig. 5 is a diagram showing parts of the PSF shown in Fig. 2 which are above 65% of the
maximumqu ntensity; _

Fig. 6 is a diagram showing parts of the PSF shown in Fig. 2 which are aBove 75% of the
maximum of intensity; -

Fig. 7 is a diagram showing parts of the PSF shown in Fig. 2 which are above 50% of the
maximum of 'iﬁtehsity, wherein the convex hull is shown by a solid line and the circle
circumscribing the parts of the PSF is shown by a dashed line;

Fig. 8 is a diagram showing parts of the PSF shown in Fig. 2 which are above 50% of the
maximum of intensity, wherein an ellipse is shown ‘by a solid line which is fitted to the parts
of the PSE; | |

Fig.9isa biock diagram of a preferred embodiment of the invention and

Fig. 10 is a flow diagram for performing a preferred embodiment of the present invention.

Detailed description éf the preferred embodiments

As an example, Figure | depicts a 'typical wavefront of an eye. This wavefrent is shown for
the pupil plane of the eye. Such a wavefront may be determined by using any known
wavefront sensor as described, e.g., in the documeﬁts discussed above. In the present case, the
typical wavefront of Figure 1 is determined based on a best corrected eye, wherein an excimer

laser eye surgery systemn has been used for a non-invasive resculpting of the surface of the



eye. Such an excimer laser eye surgery system is described, e.g., in WO
95/27453 A. More specifically, Figure 1 shows the wavefront for the pupil
plane of the eye with reference to three dimensions of a Cartesian
eAordinate system. The X-axis and Y-axis are shown here as {n-B&l 610706
unit, whereas the Z-axis is shown as Inm per unit. The wavefront can be
compared to a mountainous area gomprising hills and valleys. Figure 2
SROYRR HrEmalisedRRi SRR %%p&@mg@é@&@@% TGHRROLINS BYeA
originating from the wavéfront of Figure 1 which can be ‘obtained by a
known computation as described, e.g., in one of the above discussed

MorupeifisalRigHig2 meaievapheificalifrshdwsia tiyupiwﬁaemsﬂiﬁalesﬂéagmrmfercnce
tWBJ?E@IMgs%ﬂX& Qﬁ%hsa}ﬁ %?‘dﬁ%@%% L 1':1 -I']_:Qee )Egl{f of H‘?’ A aX ﬂown here

the Y-axis are given in pm. The legen Flgure 2'relates to the re atlve

IhtERBHP Yo HBRINYREET OO t6-4%D Beipkp ustiale asn wkrddporalsg eeyan be
Jemphizorm ighidadarks FbeRatpaslisadiRaing sarepd function of Figure 2

comprises parts with different relative intensities as illustrated by the

respective grey level. When seen in three dimensions, the relative
Trmemsityhove ratheritaissedtedidremambiosdion @ SHbettimnotirs arbthe eye originating
FAmRUsiRghls 3psivalley s pldiflerentbeiglt deipeakS:OhiN@IS.s described,

shown in Fl%ure 2 as darker, %reas represent parts with high relative
Si%teiiaTR? Ber PYRSRSEAQRMPRHE valleys have lower intensity.

According to a preferred embodiment of the present invention, parts of the

R §9£e@ds%eaﬁe ¥ing MW@R@H&&%P&J%@E%%%@%é%%&E@% the Y-

mtensa%/1 level are defemained as relevant part of the PSF. The relevant
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corresponds t % of the maximum of ose parts
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Highisideiftemmdne larger area and five small areas at the right side from

the middle-size areas and above the middle-size areas. All areas _
represent the relevant 8 part of the point spread function, which is used
Asrdreg ifinngrdrriadagehydanepnedtte, axwit beveivenssadshefdimaeint spread

QU Ashews thedale vaninarsr enrese %@%@Q%&Wﬁ%i@@@&@mmed as

the hills oft ea funct|on of F| ure nd the selected i it
ree\&/""?eeincgrresponé3 E}.I 5@6\0 épr%réﬁlar%um %f% iR R Itgf&%gh the nis
- cdrisg, o mrd@ﬁéumqteoar@ab@ seiebmdargensitlydrral arbisheibnd may alse be named a

sea-level determination.

In Figure; 3, the selected intensity level corresponds to 50% of the maximum of intensity.
Thus, those parts of the point spread function shown in Figure 2 having an intensity which is
larger than 50% of the maximum of intensity is selected. When seen from the top, the cross-
sections through respective hills in the point spread function form several distinct areas. More
specifically, there is ome distinct larger area at about the coordinate —~10pm, -5um, two
middle-size a:ea§ on the right side from the larger area and ﬁve small areas at the right' side

from the middle-size areas and above the middle-size areas. All areas represent the relevant



Figure 5 shows the relevant part representing a cross-section through the
hills of the point spread function shown in Figure 2 above the selected
intensity level of 65% of the maximum of intensity. Here one larger and
twa Eﬂmk%ﬂ?e parts remain. Figure 6 shows the relevant P rt
representing a cross-section through the hills of the point spré“aroE HEHER™S
as shown in Figure 2 above the se, ected intensity level of 75% of the
Xnye.efintensitva, Her 0@%&?'9@ %I a and two smaller areas

égﬁwaln %/rvlphen ogompanngi? e parts of t e %ilir%{% read %unc%uoﬁgsﬁou%%}ir?] etric, as
Eiflredissusses haspradstis apparent that a smaller number of areas remain
and/or that the corresponding areas are getting smaller when mcreasmg

e va of th sel cte intensity level. Each of the relevan p own .
|n one 0 |gu%s aHPAS® Ie@%ﬁ‘% U&ét%r‘r:h?ﬁ?nsﬁcgﬁ”l & é’(ﬁ:i@e point
ﬁgediséu@éedllnﬂlfegwﬁoﬂvmgi HigjsedeTtehovientite perts o:frth@pmimttepﬁé%d of the
Fnetian Of FigiHg 2, MdacharRa3bo¥e 0% AhiRgroaX LY f NMEDSINGY arca are
za}mllar to Figure 3. It further shows a circle drawn as a dashed line which

fCUmscribes all areas representing the relevant parts of the point spread
function. According to this preferred embodiment, at first the centre of the

FiEgle 5 getermined Asfelaws, T&%M@'@EFQ% %L%Ea%%&hﬂ%%ﬁ'ﬂ‘#s of the point

value in each Cartesian |rect|on I.e., along the X-axis an
SprepddiacerethanR e Tiser th BRI A R RE THPTA 98 S Al maximum

onawimi Natueraltngethadtexisiade-the pestyalue of the minimum and

the maximum value along the Y-axis is determined. Both mean values

represent the coordinates of the centre of the circle. At a further step, a

- ieere (5 deatirhr stiatrih ReteitRE SOERa fatais A igo e gle o dnllpaft ib¢ point

iheqiofubaRead IHOGHOMm AFRCIECHABETD ek ag SheWnnikinille RXRMANETSH, of the
agure 7 e cer}g gg%aboufg%gesgggggénat s 0, 0. Ehe radius is
‘determined b IOWErmos corner of e a’rﬁ’%? ffeaaegho?ﬁ}?lﬁereln
WO 2007/057114PCT/EP2006/010706 9 According to a further preferred
wmbadimentettbepresant mm&a@ﬁsn@%%mua%w& By 50lids, it is
EIllne eﬁge{solld Ilqgrcnolg]r%eects all areas of th Lg élt parts by straight lines
TRehara SPeas SRR ah e é?%’ié%l%‘%u HhE ERFHE LS FEsare getring
shdleh Wi grareapingtthefurihe oétbp sthetare minside ltivel hBiks afcferminedht parts
Jﬁw%&ﬁb@m%&%q &Q@HME@&B&Q&%HH&&@%HRX&Q &ﬂéﬁ@%@tﬁc@'&&ussed

pﬂve 50% of the maximum intensity similar to Figure 3 and Figure 7
1Iglerae an Sffipse is fitted by using the area inside (..)f the hull and the
circle shown in Figure 7. More specifically, according to this preferred
BRkodiment ek thaRtesenbinvaption dhediamateraf she girels s E\%%y@é,ﬁ% of the

Figure 7 represents the long axis of the ellipse. The direction of t
RS REl iely 6?1 Frergds faﬁéeveeweéh él@ﬁ@cﬁ%l?e’éf‘sshed line
whithecishevsnttearsdl élihms shottaxisg steppiexmaiats b tihe pomt spread function.

Aboyespentpned. E&H@he Cpg JEpgth ot thedong ax

corresponding to the diamete cle is ta en as one fcactor

Blicsrsitis FivaBEer e g weisHeE ealitsin eashe G van thiscarea. i.e., along
Ww@mmrdmgﬂﬁwiﬁﬁﬁﬁwétmarfﬂmg%ﬁ@\%ﬁg@Iﬁﬁrmg%immum and

%I’OIBOHIOI’I of the l(;fcf %?; %{The Ior& axis an?@%ﬁ:pé%rt axis not@igs enHiQX —

|gure are use rawing he |pse n
SHGWHIREFeRUNE- B e p alsénsizediSirthamaity mé.tmrmsemph@meai@maes of the

Ratient BrRNG AN ey il dayelrantas SEWRIRRIBUEe AR RS RBSeas of

%ho n-in Fi ure has a spec ic Visual acuity which is better in the
S @3%%58’? "UIBSE HF ¢ WHIBH T Hors v ihe Hscriginple of
Dbktire Ibrtg%lm‘sltﬁf theaelipse. the coordinates 0, 0. The radius is determined by the

lowermost left corner of the larger area shown herein.
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As discussed before, the visual acuity is predicted using the above
equation (2). This equation (2) takes into account the theoretical disMnce
of the centres of retinal pictures of two nearby objects seen under an
angtecebizminute. This is the known definition for a visual agtyr@hdbéh@iros
20/20. For an average eye, the value of d_VAL is approximated with a
constant -value of 5pm. The predicted visual acuity VA_predicted is given
as a decimal sgale. It.corresponds to.the.produ in the first f [is:
o R S e, e, R B o
bpawiiddifon Tartol Cine. crnecerb ction PAckSrrctar BRite BXURTAGRE fngtiopeD that
3 dremdhemalationshigihabuesrtheyeraialithe shaskaxis Bagée At a further
length of the |long axis.. This value is added to one. The resulting sum '
Sﬁ%i%‘@fﬁ?[’ﬂﬂgec%??@ﬁ% SFHecorrection factor. 10 The present. -
invention is particularly suitable for determining the visual acuity

an] Céilﬂ?c!%s-%% Qbiectivevisial PRty meticcan Bewsedya g afObbove 50% of

etermining the visual acuity of a patient's eye before a treatment and - )
therfardnmga frieminesinilanie diiawscrandiSiave drrEeidn By dnig g ditted by using
tiexetneidds et Sysiam ahbetexaniplehotva tyHoalwavefontpsidestyibadording to
aff DIElerpnce 0 £Iae AN e souRaRond g Ralnt setead JIELON BFrizure
Shown In Figure 2 is exempiary for a partiéular pupil size and a particular
7 seatesena Eevlena s i sieiesey Bre e HiB oA HACORE GRS GrSuarReRgsed on
ﬂ%ﬂbﬁbgeﬁenﬁﬁﬁﬁgﬁcabé@a&@?im tlegaow s@ée@aeﬁmflietmgf thesSanee: axis is.
-eye, but at least for,one other pupil size and/or for at least one other state - . .
- a#%’é’(%arﬁdthé atiSn 5P Yﬁén:gﬁef)%g @%%%’v%s?égblg%ﬁsdiggrg%%% a g% er?%n s
camirsditing o shadizpen afibadtdrdinighen thicopeaBeiar-ifvention fetor is obtaned
bGORRIiSe Sua device 40:faninpaswement.eh aReye MNIGRRIOYIHRS the short axis

- wavefront data. The wavefront data aje, transferred calculation device .
CO RS 46 & AT B RSB OF 0 o R LT IS R0 BB e e i

. (oalsetion Bgsed onaheed fvahroming sha dfigsprovidmesifs results to an
-~ output device 30 such as a monitor. Fig. 10 shows a flow chart for
erforming a preferred embodiment of a methad accaqrding to the present - . .

PR/ERSTSI P ST StEPT ST WRIGaToNt HiHe G AP dy e e CitatRER g 1 2 patient
hpenfp pming wmmweﬁmmwwﬁxgmmmmm d@ﬂm@lﬁigﬁﬂéi@.has a
. s%,ckﬂé%‘?ﬁﬁ%c&?&%@éﬂqm&dfﬂ%@f&fé%ﬁ'§?&J BiS-PLRY HRADEIRELEAR which
- be set automatically or can be input manually by a user..Furtheimore, the

- IERIE & BAIRESOR T WeReHbi©aa8ito simulate different E
accommodation of the eye and different distances of the target. Ina -
further st t vefront.is. built rig ' = S
e i & Bt et g acon
(Bptakssstep BombtheifeortHerhdifeiie AR IuRTWAY SfrEtnaheithees of two nearby. -
oRvefiantrepresening.the sRNeN eTHs adddssieiersmedoBased omlAigity of 1.0
S oint spread functipn PSF is.ca ted therefrom.in step 55. :
RO B e e e B et W g v of
9., Bornpding themensiies'obtrdsolris shramesfudetioniwitiealt corresponds to.
gelgciakiednignsitydevel efdptensity andiselseting o0 W%“'ﬂ%%@%t%%m):g axis
paint spread function having an intensity being larger t ,anilhe selectable =~ .
TRERSRPRERIM step § 7 WHSHGCRAALSHOT: bis FreefittEhiles S appiated using
ejnetioas@ibing saidedelecteip parteof the lpoirtt spreashfunetiorand lierdafpth, of the
in.step S8, redi isu ity.| : inf '

W %éépfé%?l%?ﬁﬁo%%%ﬁ? R GOk o e
correction factor. :



calculated visual acuity relates to the specific pupil diameter D and
specific wavefront corresponding to the sum calculated in step S4. In step
Si 0, a decision is made whether steps 52 to S9 are repeated for another
' er D(m) and another spherical addition S_add( %4

%% 9{%% Wlﬁ be repeated automatically for specific values D n%f):[ (Qé)f' (/aw?ﬂ(
D(3), D(m) and/or S_add(1), S agg(Z) S add(3) S_add(n) in a given
E%Qgere%g Qﬂl dlﬁmeters and kp cal d|t| \és/Qereln said given. Srg ge
can be set automa’tlcall or inpu fed® manuallyoby a USser. Iﬁ‘néeps s2'18

apistiitichotThés reprabet] Ao MtiRs g ﬁé@tbprm@t@cgv@;adeamwﬁw visual
heiselaciedpmsiansddioit is alaarkassialader selrctnat:only ongebittent for visual

several redicted visual acuities and to transfer these results to an output
a BB ARSF SB T RET5¥ES8Ing disclosure and description of the

|nvent|on are illustrative and explanatory thereof and various changes, in

PRIticUlar0fdhe methad ohaperation mayhe Made withart dgparting fomy e

the scope of the invention. MCSLLP 1? Claims 1. Apparatus for
BRATETRARGRG PRETatrarary or %ﬁ@‘éﬂd&rﬁwﬁ@wrﬁéﬁﬁ@%@’r Brovraiguiar pupil
the wﬂwqutﬁllﬂrf@fmmm:ﬁh@cﬁy‘ﬁnmarasefOTl:@ei&&ﬁaﬁiﬂ@iaﬂlmﬂIe visual acuity

gﬁrgg ,}EQCSH oy Qa%ts 8939 @ ewgl\ﬁ Ié)ln 5&’}{%{&?9 ta%?mé ggz%ee éf%e’ %a{%tqu.igg for one

prea unction representlng a SPECIfC |ntenS|ty IS ution
%@Ffé%@éﬁeﬁﬁgﬂﬁ@p%.&@eeﬁm&%ww%m@mﬁ@m §¥¢ing the

intensities of the point spread function with a selectable intensity level,
‘ﬁonbe a0%:[0) GRigrRining thase parts 9f g point sRread funclion Navle to e

present invention, It comprises a device 10 for measurement of an eye which provides 7

acuity

wavefront data. The wavefront data are fransferred to a calculation device 20, such as a
personal computer. The calculation device 20 performs the calculation based on the wavefront

data and provides its results to an output device 30 such as a monitor.

Fig. 10 shows 4 flow chart for performing a prefefred embodiment of a method according to
the present invention. In a first step 81, wavefront data of an eye are obtained by performing a
measurement using, e.g., the measurement device 10 of Fig. 9. In step 52, a specific pupil
diameter D is set. This pupil diameter can be set automatically or can be input manually by a
user. Furthermore, the value S _add is set. This wavefront is added to simulate different

accommodation of the eye and different distances of the target.

In a further step S3, the wavefront is built numerically Based on the wavefront data obtained
in step S1 for the specific pupil diameter D being set in step S2. In step 54, the sum of the
numerically built wavefront and the wavefront representing the Spheré S_add is determined.
Based on this sum, a point spread function PSF is calculated therefrom in step S5. Relevant
parts of the point spread fumction are selected in step S¢ by, e.g., comparing the intensities of
the point spread function with a selectable intensity level of intensity and selecting only those
parts of the point spread function having an iniensity being iarger than the selectable intensity
level, In step S7, a long and a short axis are fitted to an area circumscribing said selected parts-
of the point spread function, Thereafter, in step S8, the predicted visual acuity is calculated

based on information with respect to the long and short axis determined in step S7. This



intensity being larger than the selectable intensity level as a relevant part

of the point spread function. 2. Apparatus according to claim 1, further
comprising calculating means for determining an ellipse which

GHssimsedtbes the relevant part of the point spread 15functign.+3sa006/010706
Apparatus according to claim 2, wherein said calculating means determine

the length of the long axis of the gllipse and preferably determine the
Janath.of the.shertgxisiating ellips @aﬁ@wﬁmﬂﬁ@é@w}dﬁi@r@@%mmﬁom
relation petween the long axis and ort axjs of tH ellipse.

CoTH P AT B B A8 S GG B s bsher scps
Iorideterminiegetheall dhgesbtistgned alang @rfiidtraXisnh thetelesphatipdriaddition
SOESE&P%EB{&%%B%C@MP&QESEQ{QP%J&{;MW&P %%&@% D(2),

distance along a second axis in the relevant part of thegomt Sp read

RBihctioPa ﬂ?&tl%%@eﬁcﬂéﬁ@! t%-ﬂ‘?é(ﬁ?st axsadifm dn 2gvan range of pupil
dppaatusesniding dodmngfl elaria bda 4ifuithesgotprisingcalestatingly or

.means for determining t enc | tween boun oints
‘ét?eeqsevan % Ef o? tﬁ% ;(])%lnttegpreago %ﬁ?ﬁon deél Ogge r?%‘aﬁjtgigcc)%} glngttgg highest

mwgﬁdlamwpmts splaeirdimationy hritiopae possﬂ)le to select ot only one but

several predicted visual acuities and to transfer these results to an output device like a monitor
30. | |

The foregoing disclosure and description of the invention are illustrative and explanatory
thereof and various changes, in particular, of the method of operation may be made without

departing from the scope of the invention.
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5 short axis perpendicular to each other are determined based on the
relevant part of the point spread function and further comprising means for
transforming said long and said short axis into a value representing the

visual acuity of the eye. 7. Apparatus according to any one of claims 1to  MCSLLP

6, comprising means for 10 determinintfa circle which circumscribes the
relevant part of the point spread function, wherein the centre of the circle
is preferably determined as the medr&Hitfe of the minimum value and
maximum value of any relevant part along the X-axis and the mean value
of the minimum value and the maximum value of any relevant part along
the Y-axis. 158.Apparatus according to claim 7, further comprising means
Yfor deferRitigTAe Al BRiAE itoR vinHetan ke Kfiamens sptRBTEHE is
taken as the length of the long axis and wherein the short axis is
deterdfifE8 H Ly BH NS HIstRYRTPBL iVesmatieR ¥ #iesurface and

the enclosed area in between boundaréipoints of the relevant part of the

point SPrEA H{HCHERSH BIAPRR RS AERH HBH AN B <shais B0 waverront
TR R AL R TN P e

R RS T SRRt e Shmc e o
C\(/:)vherein said selectable intepsity |level is gpre erab% b.etF\:veen 4(9%9 to 80%
SRS Aitins SFRENSHE HLSSHES Rlalr o spread furietion with

selectable intensity level,

means for determining those parts of the point spread function having an
intensity being larger than the selectable intensity level as a relevant part of the
point spread function.
2. Apparatus according to claim 1, further comprising calculating means for
determining an ellipse which circumscribes the relevant part of the point spread
function.
3. Apparatus according to claim 2, wherein said calculating means
determine the length of the long axis of the ellipse and preferably determine the
length of the short axis of the ellipse and more preferably determine the relation
between the long axis and the short axis of the ellipse.
4, Apparatus according to claim 1, further comprising calculating means for
determining the longest distance along a first axis in the relevant part of the
point spread function and preferably for determining the maximum distance
along a second axis in the relevant part of the point spread function in a

direction perpendicular to the first axis.
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11. Apparatus according to any of claims 1 to 10, wherein the selectable 5
intensity level is preferably between a range of 50% to 70% of the

maximum intensity of the point spread function, most preferably the MCSLLP

selectable intensity level is 60% of the maximum intensity. 12. Apparatus

according to any of claims 1 to 11, whé#ein the point spread function of

the same eye, but at least for one other pupil size is generated. 10 13.
SAppardRREEREGTdRFERIERG ofcld@ms Plo al2ifiheleitfatfeadtdhgrodrinprising

selectable intensity level is used. 14. Apparatus according to any of
celahalingdo TSR el¥inte S MEp e dBSURBRITBE 1R &ANTe BRIWBENdYQIndary

least two different states of accommodation of the eye is used wherein the
PRl Rb S RIBYR PRIt biRe A sReRRd vBalialtions. 15. Apparatus

accorgitng to claim 13 or. 14, wherein the_predicte beﬁt visual acuity for

Cany of REAFIISR T Lot WaREE & R ERRolfatiol BRERI &/ and/or

elected as the ngminal visual acuity. ,
sﬁoz?t ax?s perpen&rgu ar\{o eac O%K@I’ are determined based on the relevant

part of the point spread function and further comprising means for transforming
said long and said short axis into a value representing the visual acuity of the
eye.

7. Apparatus according to any one of claims 1 to 8, comprising means for
determining a circle which circumscribes the relevant part of the point spread
function, wherein the centre of the circle is preferably determined as the mean
value of the minimum value and maximum value of any relevant part along the
X-axis and the mean value of the minimum value and the maximum value of
any relevant part along the Y-axis.

8. Apparatus according to claim 7, further comprising means for
determining the area of the circle, wherein the diameter of the circle is taken as
the length of the long axis and wherein the short axis is determined based on
the relationship between the area of the surface and the enclosed area in
between boundary points of the relevant part of the point spread function.

9. Apparatus according to any of claims 6 to 8, further comprising means
for determining the relation between the long axis and the short axis and
deriving a correction factor for the visual acuity, wherein preferably at least two

different selectable intensity levels are used.
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10.  Apparatus according to any of claims 1 t¢ 9, wherein said selectable
intensity level is preferably between 40% to 80% of the maximum of intensity of
the point spread function.
11.  Apparatus according to any of claims 1 fo 10, wherein the selectable
intensity level is preferably between a range of 50% to 70% of the maximum
intensity of the point spread function, most preferably the selectable intensity
level is 60% of the maximum intensity.
12.  Apparatus according to any of claims 1 to 11, wherein the point spread
function of the same eye, but at least for one other pupil size is generated.
13.  Apparatus according to any of claims 1 to 12, wherein at least one other
selectable intensity level is used.
14, Apparatus according to any of claims 1 to 13, wherein a point spread
function of the same eye, but for at least two different states of accommodation
of the eye is used wherein the wavefront is modified with different spherical
additions.
15.  Apparatus according to claim 13 or 14, wherein the predicted best visual
acuity for any of the at least two different states of accommodation of the eye is

selected as the nominai visual acuity.



