WO 03/051187 PCT/ EP02/ 14258 | MPROVED SEQUENTI AL SCANNI NG WAVEFRONT
MEASUREMENT AND RETI NAL TOPGRAPHY This application clains priority to U S
Provi si omab odppiisTati on Serial No. 60/340,529 filed on Decamper/i448 2001,
whi ch i-s hereby incorporated by reference in its entirety. BACKGROUND COF
THE I NVENTION Field of the Invention The invention relates generally to
opht hal m ¢ wavefront and topography neasurenent and nore particularly to
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t opography neasurenents. Description of Rerated Art Various ophthalmc
di agnosti c devices and techni ques are known and avail able for rmapping the
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obt ai ned f S h n..l.J. corneal
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Optical ind,@rpati on such as the wavefront aberration of the eye can al so be
obtai ned from'vari ous devi ces and neasurenent nethodol ogi es. One such
aberronmeter uses a Hartnmann- Shack wavefront sensor to neasure ocul ar
wavefront aberrations over the entire optical zone of the eye in a single

pass. This is acconpli shefhdwGROUND GRTHBINGERGIGG ON the retina with a
very small dianeter |aser beam and focussing the outgoing |light fromthe

exi t pupi IFiQd of A€1RMBo th an array of 1

The invention relates generally to ophthalmic wavefront and topography
measurement and more particularly to devices and methods for improved wavefront
measurement using a sequential scanning technique, and to an apparatus and method for

making retinal topography measurements.

Description of Related Art

Various ophthalmic diagnostic devices and techniques are known and available for
mapping the physical and optical characteristics of the eye. Physical data such as corneal
topology, pachymetry, refraction and other parametric data can be obtained ﬁ'om'comcal
topography systems such as the Orbscan II corneal topography system (Bausch & Lomb
Incorporated, Rochester, New York). Optical information such as the wavefront
aberrati.on of the eye can also be obtained from various devices and measurement
methodologies. One such aberrometer uses a Hartmann-Shack wavefront sensor to
measure ocular wavefront aberrations over the entire optical zone of the eye in a single
pass. This is accomplished by illuminating a point on the retina with a very small diameter

laser beam and focussing the outgoing light from the exit pupil of the eye with an array of



WO 03/ 051187 PCT/ EPO2/ 14258 lenslets onto a detector. Aberrations fromthe
wavefront cause the focal spots on the detector that are created by the

| ensl et awpag/osusbe di spl aced fromthe positions of an umreh@EPOa1LE
wavefront passing through the I enslet array. These displacenents allow the
direct calculation of the wavefront error. Several well-known di sadvant ages
of the Hartmann-Shack type device include dynam c range/resol ution
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eyes, and others known to those s sever al

al Ler nat | ¥eokSGHlANASd0) ISR 40 WEVERLON PR pBSIARSEETT VoS Trom a
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on the adjustnent of rectlon I'mage corning into the
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cane to be8 knoﬁ% as thetg%é?%allf Bgso l ved refracfbne?gr §ﬁR) The SRR
operates Ry having a patient view a point object |ntroduced to the eye at
37 selected positions on the cornea in a sequential fashion and asking the

patient when tdg dfIRgRI i&mafsheduaiform@Rirnk Gl difont dbefrRlcANERiveocat i on as
the directionality of the input object is changed. The resulting ray
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be determ ne A variant of the SRR concept adapted by Tracey Technol ogi es

LLC (Bel } @hdn@he Schen@s Mist Sonkéth SIn Rehntasy, A% HLAPENbdsed oriGa Bdjish@er®bf t hi N beam
ray tracing. The sequenti al

the direction of light from an image coming into the eye until the retinal image is aligned

with the retinal image produced by a reference input light direction. A further explanation
and more detailed description can be found in MacRae et al,, Customized Corneal
Ablation, The Quest for Super Vision, Chapter 16, Slack Incorporated (2001). The
Scheiner concept was further developed by Penney e al., and their device came to be
known as the spatially resolved refractometer (SRR). The SRR operates by having a
patient view a point object introduced to the eye at 37 selected positions on the comea in
a sequential fashion and asking the patient when the image is focussed at a particular
reference location as the directionality of the input object is changed. The resulting ray
deviations provide wavefront slope information from which the wavefront can be
determined.

A variant of the SRR concept adapted by Tracey Technologies LLC (Bellaire,

Texas) is referred to as sequential scanning or thin beam ray tracing. The sequential



2 WO 03/051187 PCT/ EP02/ 14258 scanni ng technique relies on sequentially
inputting a snmall dianmeter, collimated | aser beam into the eye at sel ected
poi nt s orwohg/osnsneal surface and ultinmately neasuring thecCTdipeplesenent
(dx, Sy) of each inmage spot on the retinal surface froma reference retinal
spot location (xp, yo). The displacenent errors are a direct neasure of the
transverse aberration for each particul ar poi nt in the entrance pupil.
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retinal topography aroun reti nal erence location and the ability to
measur e t hi@mptions about the eye. These assumptions particularly relate to determining a correct

"*n

length of the ocular bulbous; and, second, the assumption that the retinal surface is a flat
plane at the posterior surface of the eye. In reality, however, the retinal st;rface is at best
a curved envelope baving a topography of irregular hills and valleys. The inventors
believe this to be especially evident in diseased retinas and at the foveal blind spot. Owing
to the non-flat profile of the retina, the measurement of wavefront aberrations made using
input beams that are parallel to a reference measurement axis such as the visual axis or the
optical axis of the eye will lose accuracy as the retinal location of an image deviates from
the retinal plane to follow the real retinal envelope profile.

Accordingly, the inventors have recognized a need for a way to improve the
accuracy of the sequential scanning wavefront technique; and for a better understanding

of the retinal topography around a retinal reference location and the ability to measure this

topography.
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t opography. WO 03/051187 PCT/ EP02/ 14258 SUMMARY OF THE | NVENTI ON An

enbodi nent of the invention is directed to an inproved nethod for neasuring
wavef r ontwemansasi on based upon a known sequenti al scanni RgTIEPOND2G81e f Or
measuring such aberration. The known technique relies on inputting a
reference beamto the eye that is parallel to a known reference axis and
which intersects the eye at a known corneal |ocation. The light is inaged
onto the retina and is scattered therefromout through the eye and is
imged by a lens onto a detector where The position of the image is

recorded. A second beamis g@@ﬂgq , 'T?%ﬁ% ,pﬂ lel to the reference axis

and di spl aced a known di s% nce ‘?@% e rg‘?‘e é)r?#ce beam such that it

strikes the ey .desi . | o tion e d beamis imaged
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i nprovenent, according to the 1'nvention, refres on rnputting a third beam
to th i 1] . ‘ I f

but i met| N 380 Rl A B8 iR R ER e ORA BRI MG U2 (hat the

retinal i mﬁm{ Oﬁ@tli'gﬂr?s ma?éc{lﬁrg; '?U; Fdihnd ':{mgsesc.hﬁe_lx:%?;tqg‘cﬁ‘%g&j tﬂr%{xa hw th the

retinal inage locafion o Irst 1 mage. t hi I mage |1 ght scattered

fromthe 16l kidds frged (REA AN ekl HRLERIQosiBIbBngb gl AGAERNT bet ween

the third Tnage [oCati"on and the reference Image |location 1s used in a

known "Bm)ﬂea&fa HRbA Yo i b HAPER fRfalY SO reftERS W& R HispRiked MG oWRVET tONt than

that provided by the second i'mage. In another enbodient, a nethod and
devi ce ar g;RschdR e rétlendd®hfh Hch tMAbit &rikes the eye at a desired corneal location.

The second beam is imaged on the retina at a different retinal location than the first beam,
is scattered, and is likewise imaged onto a detector. The displacement between the
second image and the first image on the detector is then used in a known manner to
calculate the wavefront aberration of the eye. The improvement, according to the
invention, relies on inputting a third beam to the eye at the same position as the second
beam on the corneal surface but inclined at an angle with respect to the reference axis
such that the retinal image location of the third image is made to coincide with the retinal
image location of the first image. The third image light scattered from the retina is
imaged onto the detector and the displacement between the third image location and the
reference image location is used in a known manner to provide a more accurate
measurement of the wavefront than that provided by the second image.

In another embodiment, a2 method and device are described for determining a

topographical variation of the retinal surface. Based upon the known focussing power of



t opographi cal variation of the retinal surface. Based upon the known
focussi ng power of 4 WO 03/051187 PCT/ EP02/ 14258 the eye and paranetric

i nf or mat iwo 0si0sh8as bul bous | ength, a wavefront aberrati oRCTFPayUNE8TEN

i ndi cative of a change in spherical focussing power can be used in a known
manner to determne the variation in the bul bous | ength that woul d give
rise to the neasured changed in spherical focussing power. Referring again

oed o QAR LTS parRRRL RRCHL RS os TR AN falbroh IR ST OF can De
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bul bous | ength giving rise to the refined measurenent error. The difference
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the retinal topography at that particular ocation on the retina.

Thus, the §.0DRES ARDY niebsutddfnts 8f ind BerE@Et RELIRBPEd et RiE B2RAALI Ng to the

various |ocations on the corneal surface where the I nput beans are
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conventional sequenti a scanni ng techniques and apparatus an onpri se

| Mpr ovVenenhs athc SRl dng teis@idad bm, K WorSM-lrReAdftnithl SRfRd 5 | MProvi ng
t he accuracy of conventional neasurenents and providing additional

par amet r i GnhiBBs YEABNScrivbd 4400e, R¥Cthed HEEEI RN teRhilEthe QRIngEISheOf the present
invention wll becone nore readily apparent fromthe detail ed description

to fol | ow.puldeneneis givihg 5RQU kI et RERFEIRRG N athe difiRerd@Indhd Rbodescri pti on
and specific exanples, while indicating the preferred enbodi nents of the

i nvent i on, jetEbadédiihib edadtd @fror Will B tidRhiv@ Bf 8 kdtinalSbfpRapipsitiySs changes and

particular image location on the retina. Thus, the topography of the retina can be mapped
corresponding to the various locations on the comeal surface where the input beams are
introduced to the eye.

The embodiments described above have a basis‘ in conventional sequential
scanning techniques and apparatus and comprise improvements and modifications to
known systems and methods for improving the accuracy of conventional measurements
and providing additional parametric measurements of the eye.

These and other objects of the present invention will become more readily
apparent from the detailed description to follow. However, it should be understood that
the detailed description and specific examples, while indicating the preferred embodiments
of the invention, are given by way of illustration only, since various changes and
modifications within the spirit and scope of the invention will become apparent to those

skilled in the art based upon the description and drawings herein and the appended claims.



nodi fications within the spirit and scope of the invention will becone
apparent to those skilled in the art based upon the description and
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BRI EF DESCRI PTI ON OF THE DRAW NGS Figs. la and 1b are schematic
illustrations showng light ray paths illustrating a system and net hod
according to enbodinents of the invention; Fig. 2 is a ray trace draw ng
showi ng different |ight paths according to an enbodi ment of the invention;
Fig. 3 shows a plot of the relationship between spherical defocus error and

the direction of |ightgdaypeSeRIPHONGETAESRAMNGI 9- 4 is a schematic

illustration showng light path rays in an enbodi nent of the invention

directed to regj,0ak h®POSE SRt BRIHWERDAE Howi gﬁk%ﬁ%;ﬁﬁ@% g LON OF A
PREFERRED EVMBODI'MENT OF THE | NVENTI ON A preferred ‘enbodi nent of the

i nventi on of Qlm BRI ReRECALEREIRS 3 SRBEChD B Be inYEnGef, Ont aberration of an eye
using a sequential scanning technique is described in connection with

Figs. la and | big 4 athirack @rawiid s8%Gind BrtendiBniTRAS WeBilias . representative
anterior corneal plane 12 and a representative retinal plane 14. A

ref er ence o @¥isem@r S ifveRlogsent ed by the visual axis of the eye as it is
fixated on a target 18. A beam splitter 20 allows first and second

paral | el input rlReagRwé2 plo? 8f thorel2B84MipttRA e EgAB TR al deRith Perrdr @fBthe SOUr Ce 19
i ncorporating a scanning apparatus (not shown), and directs return beans

scat t er ed gfreaidh bhfsnt Bt 8@nzMiean@ ahlir ough an imaging lens 30 to a detector
28. First and second beams 22, 24 are preferably collinmated | aser beans
having a di anetrgr 4 Rets@eetic illustration showing light path rays in an embodiment of the

invention directed to retinal topography measurement,

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT OF THE
INVENTION

A preferred embodiment of the invention for more accurately measuring a
wavefront aberration of an eye using a sequential scanning technique is described in
connection with Figs. 1a and 1b. InFig. la, an eye 10 to be measured has a
representative anterior corneal plane 12 and a representative retinal plane 14. A reference
axis 16 is represented by the visual axis of the eye as it is fixated on a target 18. A beatn
splitter 20 allows first and second parallel input beams 22, 24 to reach the cornea from a
laser source 19 incorporating a scanning apparatus (not shown), and directs retum beams
scattered from the retinal plane through an imaging lens 30 to a detector 28. First and
second beams 22, 24 are preferably collimated laser beams having a diameter between

about 0.2mm to 2.0mm and more preferably between about 0.4mm to 0.5mm. The



about 0.2mmto 2.0mm and nore preferably between about 0.4nmto 0.5mm The
6 WO 03/051187 PCT/ EP02/ 14258 wavel ength range of the input beamis

pr ef er ablwolwawsEaen about 400nmto 1200nm and nore prefer RoMEPON14288 near
| R range of about 700nmto 900nm A person having skill in the art wll
appreciate that the setup conprises all of the device hardware and
software for neasuring wavefront aberrations of the eye with a sequenti al
scanni ng- t ypRlen@t edne o bt th@RphtIbESh is pldR@aHlEdEsEnGRSR 2 ) 19.6'6%&%%&' y include
means for sequentially inputting a reference Iight beaminto the eye at a

sel ect ed | ao@iprediablPh thRaCRBRA o @6LIMHoAMRS 9KREAL | on path coi nci dence with
a reference axis, and a plurality of neasurenent |ight beans into the eye

at sel ected | oQapdrannaang ddEn GRAAN Bipvdcne: thﬂrtpeoﬁﬂ@rcbﬁ?risg?%lgﬁ'tﬁehat are
mutual ly parallel and parallel to the reference axis. In addition, the

devi ce gendeviat hatdwaspid s aEa heabig GaRIFeRi Mirkicahss he QEwaRGH of the input
beans scattered fromdifferent |ocations of the retinal” surface and

i magi ng t hieguehiid kantihe-gpelRsichost anﬂ%z?eﬁ.rmhﬁ@&@tﬁﬂp@ﬁbmsageg‘%h?%cﬂfdef or
receiving the imaged |light and detecting a displacenent o the image from

a r ef er enafesnniog seqoentibityengheingaitreferenclightbasA W te SRS & WakiEddbcaidy Ul ati ng
the wavefront aberration corresponding to a particular corneal |ocation

from t he iamecontth Sphiareprepigattal pathabintiBace GitR 6 rdEredte 38€ and DeuAGHUAl | ayout
of a device conprises engineering designs that are not crucial "'to an

under st andifngasofentehelighnistmnintd thy eyatat SfecrB theatidnb 6f e @b@ea MVRg NOt  di scussed
in further detail. Referring again to Fig. la, a known nethod for mneasuring

t he wavef rrooptagatmb pathathiiine mfitutilyepamild ahy prallBEGURY YeferhesGan I Aithechni que i s
as follows: A first input laser beam 22 is input to the eye 10 along the
patient' s the deyiak gamerally ddinmiset rasapy foxéapmtisg Yeht from each of the input beams

scattered from different locations of the retinal surface and imaging this light at a desired

external location, a detector for receiving the imaged light and detecting a displacement of

the image from a reference image on the detector, and hardware/software for calculating

the wavefront aberration corresponding to a particular corneal location from the image

displacement data at the detector plane, The actual layout of a device comprises

engineering designs that are not crucial to an understanding of the instant invention and,

therefore, are not discussed in further detail.

Referring again to Fig. 1a, a known method for measuring the wavefront

aberration of the eye by a sequential scanning technique is as follows: A first input laser

beam 22 is input to the eye 10 along the patient's visual axis 16 and approximately

through the center of the pupil. The first input beam 22 intercepts the corneal surface at

location P1. The eye's optical system focuses this beam at location (1) on retinal plane 14

for an emmetropic eye. If myopic or hyperopic defocus is not corrected, the actual focal



t hrough the center of the pupil. The first input beam 22 intercepts the
corneal surface at location Pi. The eye's optical systemfocuses this beam
at | ocatiwoo3dy118nh reti nal plane 14 for an enmetropi c ey®CTIHPOY42pS C OF
hyper opi c defocus is not corrected, the actual focal 7 WO 03/051187

PCT/ EPO2/ 14258 position of the incomng light would be |ocated at f2 as
showmn in Fig. Ib rather than at location (1) on retinal plane 14. Light at

posi tion (p]&igiﬁﬁoﬁrﬁ@mm&?#t RO Ge 1%&téd3m m@&ﬂo%%imgama@a hin dhe eye al ong

its input “path whereupon Is directed by optic 20 through inmaging |ens

30. The iri&%iﬁ&g 1}8{9& '&ﬂgﬂﬁélé hga1s GaddsitbRd) bh BRber@Rlfank 18isdehREHOr 28 at
g on t3J

ref erence oca aving reference position coordinates (xi, yl). A

second sequg @{a{sql#ér%e &e&g‘ﬁsag;iﬁg RAhBrakh el difedtell BEoRRAMRBLIL iRheid? and

di spl aced there m by a ance d strikes the cornea at a | ocation P2.

Assum ng, (£QReCIAL infaY¥inQfens ﬂﬁg&&ﬁ&fc&%d oA SHe ddGetbrosIY RRirdnce t he second
measur ement beam 24 crosses the reference axis 16 at f2 (Fig. |Ib) and

strikes thScagS&§{‘ﬁlvingk—é?é}@ncl?oﬁtﬁon&%ﬂdinht@@%{(,%})z Location (2) on retinal

pl ane 14 is displaced fromlocation (1) by a distance B. The second beam 24

I's scattered Dystda sé@biany Bpe bk EHpkdNe! 18 YR Hekln Batd ONET Ald dikplaggt i ON
i ndicated by the angle 3 whereupon it is inaged as a spot 33 onto the

detect or SHEERGEbYSdiRhncd dROkkd the Borheddt a Wodtion PThEssEinfp) REQERNLF Of the i nmaged
spot 33 fromreference spot 31, represented by x2.1, y2-1, is calculated

in known rgERBtiod, thaPéy@ V0 demppieeht atbndiheEirarhién® Beal H40k oRR4si tRdreResmees pondi ng
to the points Pl and P2 on the corneal surface. In an actual system a

plurality @fs16FEHMEABRAHA shRamhe 24inal pamd th RostsuEentichio Rryut to the eye
at different |locations 11" on the cornea so that the wavefront aberration
coul d be neppesaRVans difdfacantrdmn BeatRai(I)es a ditintel eThy eeondfbedrin4 sor nea.

scattered by the retina and exits the eye in a general direction indicated by the angle 8

whereupon it is imaged as a spot 33 onto the detector surface 28 at a position (%2, ¥2).

The displacement of the imaged spot 33 from reference spot 31, represented by X2, Y21,

is calculated in known manner to provide wavefront aberration information corresponding

to the points P; and P> on the corneal surface. In an actual system, a plurality of

measurement beams 24, would be sequentially input to the eye at different locations P, on

the comea so that the wavefront aberration could be mapped over the entire desired

surface area of the cornea.

Due to the fact that the retinal plane 14 is not actually a planar surface but rather
can be thought of as 4n envelope having topographical variation over its surface, the
wavefront aberration measurement derived from the displacement of the image spots on

the detector does not necessarily provide as much measurement accuracy as may be

desired, e.g., a deviation of the retina surface by 100pm from the planar surface results in



Due to the fact that the retinal plane 14 is not actually a planar surface
but rather can be thought of as an envel ope havi ng topographi cal variation
over its worBasdas7the wavefront aberration nmeasurenment decinEpd2/i4268n t he

di spl acenent of the inage spots on the detector does not necessarily
provi de as nmuch neasurenent accuracy as nmay be desired, e.g., a deviation
of the retina surface by 100}tn1fron1the pl anar surface results in 8 WD

Accor di ng fc‘ﬁ%ﬁ’f?%@rﬁ%%ﬁ?vﬁ@?%am one i Bal mve+ronfﬁ%222u?eﬁeﬁft
acCUr acy G R, IR.ONES: HBRMoAR oL %e 20 oG ovéa'urqe LR il tions, wi th

reference i'gures assi st reader I'ng the
i nventi on. o f fig ref erence
poam on { HE ot IEEHOET “?’*2%&9%%%9%‘%%??@%%%‘%’*%%@%ﬁm%e%w t“ffg%‘e
(apprOX|nq£g£%3g§ | = length of eye along the reference axis fromthe
corneal plane 12°%0 the retinal pl ane 14 (typically about 25nm 4mm); B =

‘et orence | ﬁQS&rjﬁéf’“@#’%&* T SR BLARCR TGtk hg@fe oo, 2020

di spl acenent of ggﬁ g H#ram spot fromreference position x1, yl on
detector; j3 genera irection angle of scattered |ight exi t| ng the eye
fromparallel Enpat,; dBaseELRIRR pher of the cornea; and a =
angl e of an add’tlong neasurenen?ﬁgagﬁﬁuse yC"’?)\,rslrrprovmg t he accuracy of

1 = length of eye along the reference axis from the corneal plane 12 to the retinal
plane 14 (typically about 25mm + 4mm);
B = distance along retinal plane between reference image (1) and displaced
reference image (2);
f; = focal length of imaging lens 30;
%1, i = displacement of imaged beam spot from reference position x;, y; on
detector;
B = general direction angle of scattered light exiting the eye from parallel input
measurement beam at the center of the cornea; and
o = angle of an additional measurement beam used for improving the accuracy of
the wavefront measurement according to an embodiment of the invention.
Referring‘again to Fig. 1b, an adjustable additional measurement beam 26 is input
to the eye at an intercept point on the corneal piane that is the same as the intercept
point P; of second input beam 24. The angle o of the adjustable beam with respect to a.
reference axis is adjusted such that an object in light beam 26 is imaged on the retinal

plane as close as possible to location (1) (i.e., where the reference beam 22 strikes the

9



t he wavefront measurenent according to an enbodi nent of the invention.
Referring again to Fig. |b, an adjustable additional neasurenent beam 26 is
i nput to wbe3eyasat an intercept point on the corneal plaReTtEPar/14288t he
same as the intercept point P2 of second input beam 24. The angle a of the
adj ustable beamw th respect to a reference axis is adjusted such that an
object in light beam 26 is inmaged on the retinal plane as close as

possi bl e tgin L@% J. Ohe bcklterelt réurn bamﬁfoeasmﬁseasir ABRE RnbSPIA BLaglddkes the 9
WO 03/ 051187 PCI/'EP02/ 14258 retinal pl an€) he“scattered return beam 76’

i's i maged;PinabdBRt BOwite Bsordifat@R;, yh ep @Gl a wARKbIREEs SRRt Bom W t h
coordi nates x3i y3. By generatl ng a wavefront neasurenment from the

di spl acempply;gftaneidads A 3;, b mcRe iBRNBteAeeHAiRl RN QEHE WaLdARRd ON Of the
wavefront corresponding to {he P2 cor neal position can be nade. This

procedure cbr?esé&ﬁfhcrt@&ﬁ% Etneal YsitiBR 64 tdinSik 28R ploBRite 1?@@1{%&' Jqap the

corneal sur Berration correspondence as desired ough the above

di scussi OR, RS, diBRHAC. Al bER] BTRP §f Jogxem\a@ﬁé& IR rresfoR@neh Aates, it will
be appreciate that vector calculations will be necessary to nap an act ual

condi ti Ondéﬁre@nAmgipih@ abdvk YRS W& A v Q& AR 3¢ W dieRionASSUNME that the
original sequential scanning nethod results in a 10% wavefront neasurenent

error and cé&akﬁatas it Wb LappRkiatel tHal WecRD SildudhtiofoMill 3k h&@ssafrv td g &rattered beam
and sinmilarly with the displacenent, B, on the retinal plane. Further,

assune f opmid béRfitioat i on that the real error of the eye to be neasured has
a value of-10D, while the input light is parallel (OD). The neasured

aberration w | As 46xsmpIe ilubtRitind\he bVt Beclifioh@sintBft tiedtiginkine adj ust nent
beamis input to the eye at an angle corresponding to a -9D aberrati on.

The spot gig a&{tﬁp&m nfhodiréaitde b @0% GFavePtd measutdiveht her &@pRRal mat el y equal

to O. 1(c)x2 , and AP wi |l approximtely be
10% error in the angular deviation of the scattered beam and similarly with the
displacement, B, on the retinal plane. Further, assume fof ilhgstration that the real error of
the eye to be measured has a value of -10D, while the input light is parallel (0D). The
measured aberration will thus be -9D. According to the invention, the adjustment beam is
input to the eye at an angle corresponding to 2 -9D aberration. The spot displacement on
the detector, Axs.;, will be approximately equal to 0.1Axz.;, and A will approximately be
0.1B. Since the wavefront aberration of -9D was directly measured from B, the AP
contribution is approximately -0.9D giving a measured aberration value of spherical
defocus as -9.9D. Since it takes approximately 50ms to make a single sequential scanning
measurement, the total time for the additional measurement is approximately 100ms.
Optionally, the additional measurement process could be performed iteratively, for

example, a fourth adjustment beam, o', could be input at an angular divergence

corresponding to -9.9D just measured. The resulting Ax; would approximately equal

10



0.10. Since the wavefront aberration of -9D was directly neasured fromj 3,
the AG3 contribution is approxinmately -0.9D giving a neasured aberration
val ue of wphewsasat defocus as -9.91). Since it takes approxiEpar/ed2y8 50ns to
make a single sequential scanning neasurenent, the total tinme for the

addi tional nmeasurenment is approximately 10Ons. optionally, the additional
measur enment process could be perforned iteratively, for exanple, a fourth

adj ust renk, 138 AMicAvould ibkdkinitely o A AT VUil A Elhak 6 GRACG . COr T espondi ng

to -9.9D just measured. "The resulting Ax4 wou pproxi mately equal 10 WO

03705118 1 o gl ERiAgd 42 8sded dondicUcil, 43U SorpRPUALAIRLE LM RflaE 0. 010x2,
I8 I X of = 0.

Thi s wou grve rise to a 43 O resulting 1n a neasured spheri cal

def 0CuS. Ofiefadl RAEE Jafht 1 NNODASOUITP e Gits NG pRcq P OGN RKET T 0T equal Lo

-10D. Sucﬁ a three tines Iterative procedure would take approxinmtely

150ms to g@gp%ﬁ&etgrl%qgcyﬂ Bel he definitions given above, and with

ref erence igures, sinple algebraic geonetry yields the foll ow ng

el Bt ONS PS: . oo Tl b i ke, oM RhirencBlihe B LR smple 11 O

eren
paraxi al optics: noLl-Ta] /12l (irmage |ength of object

on r et i na,aut Sh 68l y8ME e ot Aatbhlindsed] /T2 = 0; lal IR Another
enmbodi ment ~of the Invéntion Is directed to measuring a topographi cal
B = Axa./f;;
B = n. {I-LAVEL
B = lAxy./fs;
...from paraxial optics:
/s = n/B-ndl = nJl-H)/El; (image length of object on retina outside the eye)
o~ d/s = nfl-HAVEL = B;
lal ~ Il
Ancr;ther embodiment of the invention is directed to measuring a topographical
variation of the retina at points along the retinal surface. This follows directly from the
description set forth above and is explained in detail with reference to Fig. 2. 1t is known
from the description above that when a first beam (1) parallel to the visual axis strikes the
cornea at point P, and is scattered off the retinal surface at X, and a second pﬁrallel beam
(2) displaced from the first beam strikes the cornea at point P2 and scatters off of the
retina at point X; and exiting the eye at angle Bow, that the displacement of the image
spots on a detector plane between beams (1) and (2) give rise to the spherical defocus
error corresponding to point P2 on the cornea, According to the embodiment of the

invention described above, when a third beam (3) is introduced at point P, on the cornea
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variation of the retina at points along the retinal surface. This follows
directly fromthe description set forth above and is explained in detai

w th refewonsesng’ Pig. 2. It is known fromthe descripti @eeTa@Povei2zshat when
a first beam (1) parallel to the visual axis strikes the cornea at point

P, and is scattered off the retinal surface at. X1, and a second parallel
beam (2) displaced fromthe first beam stri kes the cornea at point P2 and
scatters ehf s@ttefel ompbint Xporothe fetinal tsurfide, achnglé iof dnd eheldiGlaEMRnPdn angl e o, t,
that the displacenent of the inage spots on a detector plane between beans

(1) and ( 2he @rattoribit@ed Rakh@) sRNOY bicalriselef Nefird sgeRiQ! refaiiogsreNdi ng to
point P2 on the cornea. According to the enbodi nent of the invention

descri bed cofiespendindtepoiat Bunthk defd) AdJordifis fohd iREAE b RimdaRiaMburfl2 On the
cornea |1 WO 03/051187 PCT/ EP02/ 14258 and scatt er ed frompoint X, on the

retinal swedd¢s,is iR toMAg b ol cithchl pdiod h>$QId%%aBmhe@@: schifils £iGk gt or bet ween
beanms (1) and (3) gives rise to a refined spherical refraction error

cor r espondifal uefa@ak K. K2R Beahd(8) SRARER the¥otr BlaRqaliOimkMRpitis RNt
enbodi ment, a fourth beam (4) is input to the eye ‘at corneal position P1

and ang! e efe WiofRalipbsima,! Ehéh o Hx@MbdaRA6) digdcBPror tHe R Beadt (SBya A i fth beam
(5) parallel to the fourth beam (4) is then input to the eye at corneal

posi tion Beall ARG idintrodicd Rgaim PHb pbhvidel aa Cask dr@raskdaaphdrikiiRedaeasm (5) by a
small angle S is introduced at point P2 to provide an even nore refined

spheri cal efr8f frés pbsiiion 36 Toh e rbir M Otk pABinLeo 1BERLLAL, dthé Bnand
corresponding to location P2 on the cornea. Fig. 3 shows in generalized

form the ¥ay Gahdwalin béneRe firfiahe GEHOGUS sPIRAGUIESR fneRbredentfayifiCt i on of the
angle provided by the instant enbodinment. If in fact the corneal surface

were a fl aincbadrake Syl Rar@idedibg thednsntidboathant, ar pidigRbmboGiAeNt al |ine
indicative of no variation in spherical refractive error as a function of

retinal | @eadd @ plahdr sirbu@e, TR 6 0GRl show @ ¥Rt hofiAdRtaPe iddfatidkBRo t O e
approximately 55]7, and the eye length, 1, approximtely
variation in spherical refractive error as a function of retinal location. If the spherical
power of the eye is taken to be approximately 55D, and the eye length, 1, approximately
equal to 25mm, then a variatioﬁ in spherical defocus of 1D measured according to the
technique described above will correspond to a displacement between X; and X5 in the z-
direction of 1/55D x 25mm /n. = 330pum. With 2 measurement accuracy of .05D, this
provides a resolution in the z-direction of approximately 17um. Since a AX value on the
retinal surface can be expressed as (al)/n. where o is the known input angle, each time a
refractive error is measured at the detector for 2 known AX value on the retina, a z-value

at that point on the retinal surface can be approximated from the correspondence of a one

diopter error approximately equal to 330um displacement in the 2-direction. Thus, the



equal to 25mm then a variation in spherical defocus of 1D neasured
according to the technique described above will correspond to a

di spl acerwptozfoetiseen X, and X2 in the z- direction of 1/5®PDTAEPASZMISE N, ,
330m Wth a neasurenment accuracy of .05D, this provides a resolution in
the z-direction of approximately 17m Since a DX value on the retinal
surface can be expressed as where a is the known input angle, each tinme a

refracti Vet&b‘béﬁf)h)‘ SEHIERRS 6 bRinabed. A8k eGbRfor i96n the KARVGE e p¥ihddg ONn the
retina, a z -va at that point on the retinal surface can be

appr oxi mat g¢loloTaneatdiené@l r espondence of a one diopter error approxinately
equal to 330m di splacenent in the z-direction. Thus, the 12 WD 03/051187

PCT/ EP02/ 14258 honpaasdney adér gubeowemﬁaw@aﬁam cBRRAEh: adlidn 5&3%@' ution is
on the order of that provide by OCT neasurenents. A nore detailed

descri pti opwedtion iy R fraVidel MR GEraieR 18 FROMl T IR rerfif GRFeTH rifhal Bladel¥ep, | Nventi on
is now provided with reference to Fig. 4. If the retina were a retinal

pl ane RP, ek drigMaltesdty @?Andhmm kit R RAm(tR reWQUbrSCA b &onk BQM t he
retinal surface at positions X, and X2, respectively. The dlfference 0X21

coul d be eéﬁﬁ$$é‘s‘9ecﬁ$el}(We'&)ﬁ‘e?énéeAiﬂW@M@Bee iR 4t &quyﬁo&eeé?erratl ons
and a non-planar retinal surface 100, i nput beans 22) and (3) are

scattered e&étoqﬁeéveghmﬁuda@aﬂdtd&ﬂspla}ﬂ&qeﬁ{aﬂsuszlé’exobaﬁﬁ@s&d:ﬁm akfy the retina

were flat, the input beam (3) at angle Mae based upon the mavefront error

nmeasur ed fmr;ta‘eﬁiedwﬂfelmnm:esm&emmd S ResSdcBRB), I0Me tiBa Warb®ad Be fOr Aa2 as
for Da, . In this case, AO 1 and A0O2 would be equal. However, the angul ar

dependenci gput &§m% 8B baﬁd {:pdd xﬁmaveﬁeﬁt oFOr mEAred BoMORSG Wosd at the
detector. aw = (i 4 Rﬁ a =d/l = 4X10-12/2z)-
provide the same signal on the detector for Act, as for Aa;. In this case, AB; and AB:
would be equal. However, the angular dependencies, as shown, are as follows, and Ay
can be measured at the detector.
Ay = (AB2- AB1);
¢ = d/l = AX012/Z;
AXjo.2 = dz/l;
Ay = AX101/(-2) £ AXyou12/l = d2%;
Ay = n.Ay = n.dz/ I%; and
z = FAy/nd.
For example, assuming d = Smm, no= 1.336, 1 = 25mm, and z = 20um, Ay = 2.14 x 10°
Hrad =0.012°,
Based on the foregoing description, it can be seen that the procedure according to

the invention allows the retinal topography and wavefront aberration to be measured in a



AX10.12 = dz/l; AY = DXto-1s/(l-z) ~-: iXlo-12/1 = dz/12; Ay = ncAy =
n,-dzl 12; and z = |zrhyt/nd. For exanple, assumng d = 5mm n.= 1.335, 1=
25mMm andwp 03/0208m iw = 2.14 x 10,4 rad 0.012. Based onPCOREPIDILEOI NQ
description, it can be seen that the procedure according to the invention
allows the retinal topography and wavefront aberration to be neasured in a
13 WD 03/051187 PCT/ EP02/ 14258 single system Accordingly, an enbodi nent of

the invent iaRe E’Etea?dr rﬁ&éﬁgxgl;y,oan%nﬁbkﬁh&mofﬂk invBRARY difBrell Bfa fy@bhAG topography

and wavef roni ation of an optical system preferably a person's eye.

It will begfebditileihe 3UREIASHOREBEY dnb HavdidBt sUELRME §n Sheldhilsifen],© the system
descri bed above Tor an inproved sequential scanning wavefront sensor with

the addi t})&?eril pshiis O AWl e AU NBREI R BB LE hchfis Lifitto i the eye at
vari ous selecte I nput' angles allow ng vari ous degrees of mneasurenent

resol ution %f&nb&s&mwhmelfofr BRMApkdVRd sedi BLIASARRB waPdfrdnRERr SRR ON the
det ector, il e various advant ageous enbodi nents have been chosen to

i 'l ustrat eaddifon thip\e8lfidrAlmeakiiretidnt beal cat ik R0He BYe ot PaRAs &lckdelied in the

art that changes and nodifications can be nade therein w thout departing

from the sgppeantfes ibMvidgVeRlsidegtedd of fedsi@EntirBsolufin tARRBAGRE FEhdhs. 14 WO
03/ 051187 PCT/ EP02/ 14258 | clai m

displacement of image spots on the detector.

‘While various advantageous embodiments have been chosen to illustrate the
invention, it will be understood by those skilled in the art that changes and modifications
can be made therein without departing from the scope of the invention as defined in the

appended claims.

14



1. In a method for nmeasuring a wavefront aberration of an eye in which a
first, reference, object beamprojected parallel to a known reference axis
is input wooheligye at a first, reference |ocation (Pl) @®cTiHPe2/c25hea such
that the first beamis scattered froma location (1) on the retina

surface and further inmaged onto a detector at a reference position (xi,
yl), and at |east a sequential, second object beamparallel to and

di spl aced gkpown anount (d) fromthe reference beamis projected into the
eye at a second location (P2) on the cornea, is scattered froma |ocation

(2) on the feli il miid BF fedlihd d4hen beRAGHLANLR §IGiGHRE o al 2

second position (x2, y2), such at a displacenent” ( , 'Dy2.1) can be

measur ed angh.fr My G&mvﬁé{j@étﬁd)é}xrral@lt%@ b Wj@ef&éﬂz@iﬁﬁg fngnrﬁ é‘g ?-E ie?egat Boam

cal cul ated, the I nprovement” characteri ze I nputtin

corr espondighg 4R-Aa0He BN b Bl cFEEANG, R MO Al 13, RIS Bred Gokya L O the

reference axis that enters the cornea at the sane | ocation as each second

beam (P2) 1206ud @)émuﬁmquifgc@g;?@mh&?ﬁﬁégga;g,&g% 39%1?{52 arGhl.nal surface

substantially corresponding to |ocation er 1maged onto the

detect or atyogtidd V], 9, PRaIat iegyaae&uentwaecoﬁ%%&ﬂ%%_p%an& kfglgladgs?ie;géata (dx3.1,

Qys-1) can be neasured and the wavefront aberration ca

cor r espondigh@t SndREED ke diZreRfentd WRask %rﬂ?ssect%c%/@%&ﬁ@ége LDE s a5 A0

aberration for cornea | ocation Pzfromthe t beam data Is nore accurate

than the cop))esRRREMBS iRARKITINY 1obdig2) bR 1RIEHAARSA I ARASL enent . 2. The
met hod of claim 1, wherein the input beans each have a di aneter between

about 0.2 tHacefBhto I dAc24t05skdcHd pE@nEﬂQ?%%&%a&-disBﬁ@erﬁ@?ﬁ heg, of claim i,

wherei n the input beanms each have a di aneter between
Ay.;) can be measured and from which wavefront aberration information can be

calculated,
the improvement characterized by:

inputting a third beam corresponding to each sequential second beam at an angle
(@) to the reference axis that enters the comnea at the same location as each second beam
(P2) and is scattered from a location (3) on the retinal surface substantially corresponding
to location (1) and further imaged onto the detector at a third position (x, ys), such that a
displacement (Axa.;, Ays.;) ¢an be measured and the wavefront aberration calculated
corresponding to location P, on the cornea,
whereby the wavefront aberration for cornea location P, from the third beam data is more
accurate than the corresponding measurement from the second beam measurement.
2. The method of claim 1, wherein the input beams each have a diameter between

about 0.2 to 2mm.
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about 0.4 to 0.5mm 4. The nethod of claim11, wherein the input beans have
a wavel ength between about 400 to 1200nm 5. The nethod of claim1,

wher ei n twe 03/0puBs7 beans have a wavel ength between about TPOG/HPO2/8Q8M 6.
The met hod of claim1l, wherein the reference axis is a fixating visual axis
of the patient's eye. 7. The nmethod of claim1, wherein the reference axis
is an optical axis of the patient's eye. 8. The method of claim1, further

conpri si ng §.nputThemgind Do thincl, ShtreRUNEISHut BfanBREMN Hve ANSnttE yeQvdePUt beans
at different corneal locations (1'") to wavefront map a desired surface

area of theawatmes® 0.9nmln an i nproved sequential scanning type device for
maki ng a wavefront neasurenent of an eye, wherein the device includes

nmeans for sequerthealetvdion kit ¥, Rierdin thehit 6Q&E hhid WavBRAR) béMvenlbsuteye at a
sel ected | ocation on the cornea having a propagation path coincident with

a referenceqameb3200and a plurality of neasurenment |ight beans into the eye
at selected | ocations on the cornea having propagati on paths that are

nmut ual |y pas.al | ethe nitthdd paelgitnl 1€ wvhésiniiRngue bR MR A¥dvelendiB B @b 2Pt Ur i NY
i ght fromeach of the input beans scattered fromdifferent |ocations of a

retinal surfmaesodnnihe eye and imaging said light at a desired external
| ocation; a detector for receiving said imaged |ight and detecting a
di spl acenend. of ThbeeihodglcliimdmbertinfirefaRace SRR Mt AalCatlsatien means for

calculating 16 WO 03/051187 PCT/ EP02/ 14258 wavefront aberration information
from the i nmgentBiegpl acenent that corresponds to the
7. The method of claim 1, wherein the reference axis is an optical axis of the
patient’s eye.
8. The method of claim 1, further comprising inputting a sufficient number of second
and third input beams at different corneal locations (®,) t0 wavefront map a desired
surface area of the comea.
9. In an improved sequential scanning type device for making a wavefront
measurement of an eye, wherein the device includes means for sequentially ihputting a
reference light beam into the eye at a selected location on the cornea having a propagation
path coincident with a reference axis, and a plurality of measurement light beams into the
eye at selected locations on the cornea having propagation paths that are mutually parallel
and parallel to the reference axis; means for capturing light from each of the input beams
scattered from different locations of a retinal surface of the eye and imaging said light at a

desired external location; a detector for receiving said imaged light and detecting a

displacement of the image from a reference image; and calculation means for calculating
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i nput | ocation on the cornea, the inprovenent conprising: neans for
sequential inputting a plurality of additional neasurenent beans, each of
whi ch corwelposid87 t o a nmeasurenent beam into the eye at IpaFatPODNR5HN t he
cornea that correspond to the measurenent beans and which strike the
retinal surface at a location substantially where the reference beam
strikes the retinal surface, such that each of the additiognal neasurenent
beans are iWaeygEent aberianen gormatiop fromy theimagesfitplacernashhat GomesRoRds to thef er ence

i mage, and wherein the cal culation nmeans cal cul ates the wavefront

aberrat i on inpuafoseRIRARE OFA t he addi tional inmage di spl acenent
corresponding to the input |ocations on the cornea. 10. A nethod for

det er m ni ngh&TPERYSYEH SATENS S i ati on of a retinal surface, conprising:
inputting a first object beam projected parallel to a known reference axis
to the eye at &epsfegseqysaupl ingpftipgn plughty chadditions] dcatrrorent brams, 4 first beam
is scattered froma location (1) on the retinal surface and further inaged
onto a det edtdichSPrresPends &g Lmeasurepet bty Htq the eye At Jocatiqrs gR the gormeg Bt ond

obj ect beam parallel to and displ ace known ampunt (d) from, the
ref erence FOHRPPHA torfhe @9%“’5’13’3‘5%8%‘@% Wﬁ&’b%{fﬂf%tﬁe {*’P%q 5‘8’%‘"‘% P 10BH%ka, wherei n

it is scattered froma_ locgatio 2) .on the retinal surfac d further
i mged ont d’“?sr‘\’é*“égt"@‘t?fe()tpe ??ere"ﬁe "é‘é’c?%fﬂ‘ei)t& Fefipg) furfage sughat eﬁ‘g‘l&?ﬂ'ﬁ a first
spherical refractive error. _nmeasurenent e;) rtesgond'.n 17 WO

to X2.
03/ 051187 PEFHRBHPEARSERN BGHI ¥F {je it ¢ FRpE™ g"’ﬂtﬂ“a sel ect ed

angle (ot) rte ere%peetmggeet (aarlx’de Wi Ce(raeix?' ie%alg'utlati%xt] reneans calculates the wavefront aberration
information from the additional image displacement corresponding to the input locations
on the cormea.
10. A method for determining a topographic vadation of a retinal surface, comprising:
inputting a first object bee;m projected parallel to a known reference axis to the
eye at a first location (P;) on the cornea such that the first beam is scattered froma
location (1) on the retinal surface and further imaged onto a detector at a reference
position (xi, Y1);
inputting a second object beam paratlel to .and displaced a known amount (d) from
the reference beam to the eye at a second location (P2) on the cornea, wherein it is
. scattered from a location (2) on the retinal surface and further imnaged onto the detector at
a second position (%2, y2);

making a first spherical refractive error measurement corresponding to (Ax,.

I A}'Z-l)§
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sane | ocation as the second beam (P2) which is scattered froma | ocation
(3) on the retinal surface substantially corresponding to |location (1) and
further iwegedsuasto the detector at a third position (x3PCY/EPP2/1426Ki ng a
second spherical refractive error neasurenent corresponding to (AX3.1,
zY3-1); and determning, for a A X2-1 displacenent on the retinal surface,
a Al change in the length of the eye. 11. The nethod of claim 10,

conpri si ng sequenitdrglathirdipamtts tg ege flausiadiid a4 o0 {o )0 CRNERreatudshi d beans
corresponding to a plurality of locations on the corneal surface. 12. A

devi ce t hat sqmedvdati@sasiiet secomk beanp gy JalYis boaftredBbm Qocaie (@Y biSihl gtingEaNS f or
sequentially inputting a reference |ight beaminto the eye at a sel ected

| ocati on onsurfaee mbsuaeially@viespgndingdo ORAageT (1 Pindmariter _ﬁ&iﬁm&d@ﬂfe dWfetiBr 8
reference axis, and a plurality of neasurenent |ight beans into the eye at

sel ect ed | oedindpngtian(xt d, cornea having propagation paths that are
mutual ly parallel and parallel to the reference axis; neans for capturing

li ght from each rdkirghacdondsghetimbrefacivatt@nadsdrénm clirfefneng 1o | ocat i ons of
the retinal surface of the eye and imaging said |light at a desired external
| ocati on; a(Aket,dgirand or receiving said imaged |ight and detecting a

di spl acenent of the inmage froma reference imge; cal cul ati on neans for

cal cul ati ng wavefetennihing lfer & £X4,dRplahRfitGatthetidal @Tatd)8 Al BRES: in desPl acenent
that corresponds to the input |ocation on the cornea; 18 03/ 051187
PCT/ EPO2/ 14i2hdth afxseyef or sequential inputting a plurality of additional
measur enent beans, each
11.  The method of claim 10, comprising sequentially inputting a plurality of second
and third beams corresponding to a plurality of locations on the corneal surface.
12. A device that provides retinal topography information, comprising:
means for sequentially inputting a reference light beam into the eye at a selected
location on the cornea having a propagation path coincident with a reference axis, and a
plurality of measurement light beams into the eye at selected locations on the cornea
having propagation paths that are mutually parallel and parallel to the reference axis;
means for capturing light from each of the input beams scattered from different
locations of the retinal surface of the eye and imaging said light at a desired external
location;
a detector for receiving said imaged light and detecting a displacement of the
image from a reference image;

calculation means for calculating wavefront aberration information from the image

displacement that corresponds to the input location on the cornea;
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of which corresponds to a neasurenent beam into the eye at |ocations on
the cornea that correspond to the neasurenent beans and which strike the
reti nal swofiaog11&1 a | ocation substantially where the refPergrori426eam
strikes the retinal surface, such that each of the additional measurenent
beans are inmaged on the detector at a displacenment fromthe reference

i mage, and wherein the cal cul ati on neans cal cul ates the wavefront

aberration i nfREA¥ESA sefuehtiad Mphiffy 2GRy D dddidoNRG 2 Slir & ne6@MB dach
corresponding to the input |ocations on the cornea, further wherein the

cal cul at i QF WHRARSrrésE&Rs tLmPRN@MER Hear BR6 HRleh O lodafidril oHBe Ofheh BN t he
addi tional inmage displacenent and ocul ar paranetric information for
mappi ng t h@regbhdiRlthd RELGEABN Yearmk%nd which strike the retinal surface at a location
substantially where the reference beam strikes the retinal surface, such that each of the
additional measurement beams are imaged on the detector at a displacement from the
reference image, and wherein the calculation means calculates the wavefront aberration
information from the additional image displacement corresponding to the input locations
on the cornea, further wherein the calculation means uses the wavefront aberration

information from the additional image displacement and ocular parametric information for

mapping the retinal topography.
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