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<t (57) Abstract: Apparatus and methods are described for aligning diagnostic and therapeutic iris images, i(via) itis pattern recogni-
=¥ tion, for effecting more accurate laser treatment of the eye. A method for aligning a dilated pupil diagnostic iris image associated
 With a diagnostic measurement for calculating a laser treatment, with a constricted pupi] diagnostic ids image, by identifying an iris.
- landmark that is not identifiable solely between the two images, includes a sequential plurality of diagnostic itis images of varying
= pupil size such that the iris landmark can be tracked between the two images. The aligned, constricted pupil diagnostic image can
‘then be aligned with a constricted pupil treatment image and the ablation pattern rotated accordingly. Limbal edge detection is used in
 the diagnostic images to provide pupil center translation information for translational ali gnment of the Jaser treatment. An improved
-‘O aberrometer {40 is disclosed having a varable visible illamination fixation target for controlling pupil size for the diagnostic images.
a A.diagnostic and therapeulic laser eye treatment system {50 is described incorporating the apparatus and method embodiments of

the invention. )
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This application is related to PCT EP00/10373.

Field of the Inveniion

This invention relates generally to the field of laser vision correction and laser
eye surgery, and more specifically to a device, system and methods for alignment of
diagnostic and treatment images of the eye for more accurate surgical outcomes and

improved patient satisfaction.

Description of Related Art

The popularity of photorefractive surgery for the correction or enhancement of

. vision continues to rise. Techniques such as photorefractive keratotomy (PRK), laser in
situ keratomileusis (LLASIK), laser epithelial keratomileusis (LASEK) and variations
thereof are now commonly used to correct the effects of nearsightedness (myopia),
farsightnesses (hyperopia), and astigmatism, in addition to more traditional retinal
surgery and other ocular surgical procedures. These vision defects are typically treated
by laser ablating the cornea to steepen or flatten it according to its deviation from a
geometry that is expected provide normal vision. A topography device such as, e.g., an
'Orbscan® corneal topographer (Bausch & Lomb/Orbtek, Salt Lake City, Utah) is
'routinely used to acquire the diagnostic information about the shape and other
characteristics of the cornea. A surgeon can then use a laser programmed with this

topographic information to appropriately ablate the comcél surface.
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(57) Abstract: Apparatus and net hods are described for aligning diagnostic
and therapeutic iris images, i(via) irps pattern recogni- tion, for
effecting nore accurate |laser treatnent of the eye. A nethod for aligning a
dilated pupil diagnostic iris inmage associated w th a diagnostic
measurenent for calculating a laser treatnment, with a constricted pupi
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i dentifiable solely between the two i mages, includes a sequential plurality
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treatment | nage an e ablation pattern rotated acc g

‘detection _js used.in. the diagnosiic  imges to.provide, pupil center,
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. ed gn n~npro O ab rrogieher (40) is disclosed having a variable

vi si bl e PPIsiblE faimessuse; these bighsrgrdex abesrations with Wayriropt giceswingedevigest he
di agnostic images. A diagnostic and therapeutic |aser eye treatnent system

(50) is oushces sherlosed oinp SYilliamsgUiSie Patopta Nt U7 2HH Sréinbwrgomatedotiencimtby of

reference in its entirety), which describes an aberrometer instrument incorporating a
‘Hartmann-Shack wavefront sensor to quantify higher order aberrations in the eye.” The
diagnostic measurement of higher order aberrations ha§ lead to the ongoing development
of systems and methods for customized ablation of the cornea and lenses used in or on
the eye. The goal of customized ablation is to provide ever increasing visual quality in
terms of acuity and contrast sensitivity (sometimes referred to as supernormal vision), as

well as consistent image quality.

The technical advances in diagnostic equipment and treatment systems including
lasers and eye trackers have also increased the accuracy required in making the
diagnostic measurements and -performing the treatments which are guided by these
measurements. For example, it is desirable to obtain a diagnostic wavefront
measurement of a patient's eye when the eye's. pupil is dilated. Certain of the higher
order aberrations that are suspected to cause glare or halos at night manifest themselves
‘in the dilated (dark adapted) pupil. Therefore, a wavefront measurement with a
wavefront sensing instrument is performed in a darkened environment such that the .

_patient‘has a naturally dilated pupil. The measurement of the wavefront aberrations of
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generally to the field of laser vision correction and | aser eye surgery,
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di agnostic and treatnent imges of the eye for nore accurate surgical
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The popul arity of photorefractive surgery for the correction or enhancenent
of  vi si elemaiivaly,revistal axissalign®d ddini fixation darght msthp idganeio daiidey eAk @eat ot ony
(PRK), laser in situ keratomleusis (LASIK), |aser epithelial
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correct the effects of nearsightedness (myopia), farsightnésses
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surgery and ot her ocul ar surgical procedures.” These vi's Cts are
typicall r L ng. I nea to st.eepen.or flatten it
accor di néo@éﬁ?z{n@ﬂ evigsa%‘%c%ﬁ&ftrh g%egtte} é%ggrlr@f? ?}ﬁi%‘gifat?cgp‘é&gécelﬂﬁe%fr(?m 1 nor mal
vision. Ato raph evi ce.such , £.9., gn, O hscae corneal topographer
(Bausch &erﬁg% ﬁGE‘t %fkt,ge §81’§“ tﬁ‘i@“ it ﬁu%taapp?cqlgted E%’E frRament sguered oBcquir e
-the di agalost ic information about the shape and ot her

e constricted (treatment) pupil, based upon a diagnostic measurement aligned to the

center of the dilated pupil, is likely to be applied at an incorrect location on the cornea.

Another complication arises from the fact that the position of a patient's eye in a
sitting position rotates about an axis when the patient is in a treatment (supine) position.
This is problematic because customized ablation treatment for higher order aberratic;ns is
not necessarily symmetric about an axis over the corneal surface. Moreover, a patient's
head may have rotated between two diagnostic or eye image measurements separated in
time, resulting in potential misalignment of a laser treatment. As such, both a translation
and rotation of the eye must be accounted for between the diagnostic evaluation of the

eye and the treatment stage.

One technique being. developed to addres; these issues is referred to as iris
pattern recognition. Rotation of the eye, for example, can sometimes be measured by
identifying iris patterns using markers -(artiﬁcial) or landmarks (natural). Since each
person's iris is as unique as their fingerprints, it is proposed that various iris landmarks
can be used to identify changing eye orientation. The reader is referred to the web site

addresses: http://www.iriscan.com and http://schorlab.berkeley.edu for further




characteristics of the cornea. A surgeon can then use a | aser programed
with this topographic information to appropriately abl at e 10tchar @R

sur f ace.wddnpsgber 2005 WO 02/ 087442 PCT/ EPQL. / 05354 2 pBifipGiddsys

hyperopi a and nyopia, and astigmatism are known as | ower order aberrations
referred to as defocus and cylinder, réespectively. It is well known that

hi gher or&%er aberrations in addition to | ower order aberrations degrade

vi si on qifdprmpaionghont yis patipe pdengifigation ang: eyt mevRmemc | Netevidstanding hat
aberration, comn, and conpound astigmatisns. It is possible to neasure

t hese hi #irclandmerks remaincanstariovar the lifetint pbthe indisislual, iichad deérc famdshath as
disclosed in Wllianms U S. Patent No. 5,777,719 (incorporated herein by

r ef er enceftemthictchangd ior mipy) sizenbétoberddiagnoshie evalnatiine(dilar} and ihaStdauABRt
incorporating a Hartmann-Shack wavefront sensor to quantify higher order
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aberrations has lead to the ongoi ng devel opnent "of systens a
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goal of custom ze ation 1s toprovide ever I ncreasi vVisu ity in
terms of _acuit nd contrast .sensitivyity (someties referred to as '
super.nor H‘ﬁzﬁ"\??%/i %ﬁ?‘? ﬁd% iug&g[ ?esgggfg 5?1!’? fﬁfrff’ ‘"ﬁﬁgﬁ&f ?qbiﬁpveﬂ?@t?%‘?rﬁfi cal
advances i n di agnog{Pi c equi pnent and treatnment systens including |asers
and eye WCLORIEADT REIFE C4F SiFs Wil WaiABnoHie HEwBURGpt Fedefgnecwpanvhigkitiy t he
di agnostic neasurenents and performng the treatnents which are guided by
t hese nbasedirihorenissa racogniaschnpedeforimetheds atwk apmbites tooaghimi andamdintginost i ¢
wavefront neasurenent of a patient's eye when the eye's pupil is dilated.
Cert ai n afoutatecaligrgieat. A solution is proposed in applicant's co-pending patent application

PCT/EP00/10373 which is incorporated herein in its entirety. That application discusses

associating an artificially applied marker with diagnostic stage and therapeutic stage iris

~ images in order to align these images at treatment. Thermal and dye based marks, for
example, are suggested as artificial markers. It is appreciated, however, that patient

discomfort, efficiency and accuracy are some disadvantages of current iris recognition

and alignment means,

Accordingly, a need exists for devices, systems and methods o accurately
account for the eye movement occurring between the diagnostic evaluation and treatment
stages of laser eye surgery. The invention, while not limited as such, will be discussed in

relation to laser vision correction such as LASIK, for example.




order aberrations that are suspected to cause glare or hal os at night

“mani fest thenselves in the dilated (dark adapted) pupil. TBéader 2002
wavef ront measurenent with a wavefront sensing instrunment is perforned in
a darkened environnment such that the .patient has a naturally dil ated
pupil. The measurenent of the wavefront saberrations of 19 Cctober 2005 WO
02/ 087442 PCT/ EP01/ 05354 3 the eye is ogt ained with respect to a reference
poi nt. which is typically the pupil center or alternatively, a visual axis
al i gned toS@l\/ﬁ\iIAR?@PTt}?E eNFidRe di agnostic device. At the |aser
treatnment stage, however, the nature and anount of light striking the eye
fromlight sources in the treatnent system environnment typically causes
the pupil to constrict. A conplication arises because the center |ocation
of the dilated pupil is shifted fromthe center |ocation of the
constricted pupfhe inyvpafion i dirgcted| tataadepparitys for aligmng tdiageastior sl Geatmente
constricted (treatnent) pupil, based upon a diagnostic neasurenent aligned
to the ceintages of at paticdi'd @yedn phpiabsencs of ideasiyteirtopdrematep of theatyeant the

i ncorrect location on the cornea. Another conplication arises fromthe fact

that the pagilos@s e&%fluaﬁioﬂas&ég%%ﬂsth@ﬁ@aﬂﬂ%nﬁsta%é, G bRy RS SbialPinfrot & @Sulgbout
an axis when the patient is in a treatnent (supine) position. This is

pr obl emat iﬁorg?&%isioﬁ%ﬁfrgmoﬁ%ﬁ{ﬁ%&ati on treatnent for higher order
S no /

aberrations | necessari mretric about an axis over the corneal

surface. Modreover, a patient's head may have rotated between two

di agnostic or eye inmage neasurenents separated in tine, resulting in

potential msalignment of a |aser treatment. As such, both a translation

and rotation ofAederdingto ersaspbe oddleopnesant! ifventidre tive eliagnhsticdindgherspéutic

eval uation of the eye and the treatnent stage.
system for laser eye surgery wherein a diagnostic image of a patient’s eye that is
obtained by a device that is adapted to make a diagnostic measurement of the patient’s
eye, is aligned with a treatment image of the patient’s eye that is obtained by a device
which is associated with a treatment laser system via an iris pattern recognition
technique, the improvement is characterized by: an illumination control device for
controliing a visible illumination level on one of the patient’s eye being examined and
the patient’s other eye (not being examined) wherein the visible illumination level
controls the pupil diameter of the examined eye; means for tracking a sequential plurality

~ of diagnostic iris images each having a different pupil diameter ranging between a

dilated pupil size and a constricted pupil size corresponding to the controlled visible .




One techni que being devel oped to address these issues is referred to as
iris pattern recognition. Rotation of the eye, for exanpl €9 ©asbaQoesi nes
be measured by ‘identifying iris patterns using markers (artificial) or

| andmar ks (natural). Since each person's iris is as unique as their
fingerprints, it is proposed that varigus iris landmarks can be used to
identify changing eye orientation. The“reader is referred to the web site
addresses: http://ww.iriscan.comand http://schorl ab. berkel ey. edu for
further 19 Cct ber‘%$05 02/ 087442 PCT/EPC&/0535% g_inffrnation about
iris patt SPFREERdTIeh Rt et seneaipk diaghese s IRpacPFIRng Ah 1Y Ravael on v

| andmar ks remai n_constant over the |lifetine of the individual, it has been
found t hakis refogaition mdatedn e eptiretupl Which endsadentidiablgibatyyrestthecanstiatest i on
(dilated) and the treatnent phase (constricted) is sufficient to deform or
ot her wi sediafigatic pupihemigenchaedik dilamt idiggnbitic pupdieineges hheandyfor expoenig anal
iris recognition software between diagnostic evaluation and treatnent.

Since it JefstibheBE hedfigddodhd BistithalEs RDE 14ser AbdtBRnt HiRteRN A LAD G zil}r%u’ng
asur enment

treatment of the cornea or other eye sites wth the di'agnostic

referenc I it 1s . .based, there ihS.a recogni.zed need for nethods
and appar if BREBLES dlabadstic 18 B, 1ot5 et S L AR BT R Bhe R e nBE, s
proposed i licant's co-pendi ng patent application PCT/EP00/ 10373 which
i's incor p%{éé'gﬁ Cprstaster PHPI [deaeapstic Bisyimapga and magang 4oy ahegrang dhe eligned
associating an artificially applied marker wi th diagnostic stage and

“t her apeutdopstsicted @upil idignosiegas mageowidle thet tosagtheny riris ineage Lammgescastrictedat nent .
Thermal and dye based marks, for exanple, are suggested as artificial

mar kers. pupilicf a3ppipesdrall echrrdIpMRIvGY to thd@hghatic afige dbnseierel Pupil seef i ci ency
and accuracy are sone di sadvantages of current iris recognition




and al i gnment neans. Accordingly, a need exists for devices, systens and
nmet hods to accurately account for the eye novenent occurrii9gdehen2o0s t he
di agnostic eval uation and treatnment stages of |aser eye surgery. The
invention, while not Iimted as such, will be discussed in relation to
| aser vision correction such as LASIK, Bor exanple. 19 Cctober 2005 5
SUMWARY OF THE I NVENTI ON The invention is directed to an apparatus for
al i gning diagnostic and treatnment inages of a patient's eye in the absence
of consistent p r E hes..di agnost.i i i.on ge and
t he treatnent s?%%%E&ﬁg%EQE %ﬁﬁgggﬁ?géﬁ&wﬁ%@%¥%gcﬁ%@ﬁ%ﬁg“%¥&@%91gg%%%Vision
correction surgery. According to ane aspect of the present invention, in a
di agnost i cp%{j%f%é?%]ﬁeﬁ’csi fmagkywey nelyde padiagnastie stagegaipgesipie FRqnsTatively
di agnostic inmage of a patient's eye that is obtained by a device that is
adapt ed t oengaged withtheghamostic imags gepnenievisk. t he patient's eye, is aligned
with a treatnment imge of the patient's eye that is obtained by a device
which is associated with a treatnment |aser systemvia an iris pattern
recognition technique, the inprovenent is characterized by: an
i I'1um nation coffid leafl®YdCExgoRling HR fn@iudé'a@q%ﬂt %hé'd?la?_w‘i}éduéﬂnﬂ tldan ol evel
on one of the patient's eye belﬁ% exam ned an the patient's other eye
(not bei ng exgnined% wherein th viFibIe illumnation | evel controls the
pupi | di anBFEFSHOIPRE0m, & mper Hl6 sOpgs fuediup. s - 2cking a sequenti al
plurality of diagnostic iris inmages each having a different pupil dianeter
rangi ng between a dilated pupil size and a constricted pupil size
corresponding to the controlled visible

The diagnostic measurement obtained by the eye diagnostic measuring device

may be suitable for obtaining a wavefront information about the patient’s eve.

The eye diagnostic measuring device may include an iris image capture device.




19 October 2005 6 illumnation |evel, and each sequential diagnostic iris

i mage including at least part of an iris recognition |andifiQctdbee2@ftirety
of which is not identifiable between the constricted .diagnostic pupi

i mge and the dilated diagnostic pupil inages; neans for exporting at

| east one of the diagnostic iris inmagesqgto the |aser treatnment system
means for aligning the dilated pupil diagnostic iris imge, associated
with a diagnostic neasurenent inmage, wth the constricted pupil diagnostic
iris inmge; an .for aljgni .1 h i nst.r il .

i agnost tc. i r1 sMermaRion TohES: Fieal b FRERys SO0 e FhERSR Beepring, o
pupi|l of a,size generally corresponding to the diagnostic inmge constricted
pupi | si zé®VIF§ Oct ober 2005 7 The neans for aligning the dilated pupi

di agnostic iris image with the constricted pupil diagnostic iris inage may
i nclude a diagnostic stage processor cooperatively engaged with the

di agnostic i mage capture device. The neans for exporting may include at

| east one of a Tel BldmeigHt08Cdond] dévivd hRlye@epEBaReedrible ilRmdastuut xatfonl e
storage nedium The di agnostic measurenent obtai ned by the eye diagnostic
measuring ﬁi&ﬁi%in@?&%&&ﬂé&e&%ftﬁ@ﬁﬁ éﬁgn?eagﬁ'}i‘%’cf P, i nf or mat i on
about the patient's eye. The eye di agnostic neasurin evice may include an
iris imge capture device. 19 Cctober 2005 8 The illum nation control
device may be separate fromthe diagnostic neasuring

The improvement may be further characterized by a means for obtaining a vector
displacement measurement between a pupil center of the dilated pupil diagnostic image

and the pupil center of the constricted pupil diagnostic image.

The vector displacement measurement may be a measurement from limbus

reference position to the center of the pupil.
The diagnostic device may be a pupilometer.
The diagnostic device may be an aberrometer.

The diagnostic device may be a corneal topographer.




device. The illum nation control device nmay conprise a variable
illumnation fixation target and is an integrated conponentl9dictédee2005

di agnosti c measuring device. The inprovenent nay be further characterized
by a neans for obtaining a vector displacenent neasurenent between a pupil
center of the dilated pupil diagnostic_inmage and the pupil center of the
constricted pupil diagnostic imge. The vector di spl acenent neasurenment nay
be a neasurenent fromlinbus reference position to the center of the pupil.
The di agnostic device may be a pupiloneter. The diagnostic device naybe an
- aberronmeter. The di agnostic device nmay be a corneal topographer. 19 Cctober
2005 9 These and ot her objects of the present invention wll becone nore
readi |y apparlépse findmthdneobjettsiolf alie deswent pivention ovillobécwme howe verdjlyi t

shoul d be understood that the detailed description and specific exanples,
whi | e i ndpgaértepn e Ptsiicdr dgeciptRabedon®nt HoRbvdrhit shoma el \@dersiog tedtven by
way of illustration only, since various changes and nodifications within
the spiri 560 1 he, 1 nventi-an W e - 0

ki 11 od 1 (e BdTOpcapybiCahd’ FRHEST thipioPSAE, (RERALRC NG Dob0RE | 1

appended ettt %(I:lirrrnsehtslgf et ?nt%f%rrltioznq Oa?'c g\{\vl%nogé' 0\9&17){4%% iﬁucs-[llaggr? 1o/n y5,3351r£110619arious

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.




Description of the Drawings Figure 1 is an illustration of two iris inmages
having a constricted pupil and a dilated pupil, respectivabyctshp®og t he
~change i wd@ro8y44p0si tion and size of naturally occurringchapeieisks at the
two pupil dianmeter extrenes; Figure 2 schematically shows three sequenti al
iris imges having varying pupil diangi0ers and the respective iris

l'andmar ks; Figure 3 schematically illustrates pupil center displacenent

Wi th res@ﬁwﬂwgﬂ’ﬂ&erence as a function of different pupil sizes.
Figure 4 is a schematic illustration of a device according to an enbodi nment
of the invention, Figure 5 is a schematic illustration of a system

according to an enbodi nent of the invention. Detailed Description of the

. I'nvention Wi IKigireel prasdhistratioeof iva iriss irlges habied \bdmirfceddep@ic and @ -

illustrative enbodinents for particular applications, it should be

under st oGfilatedasupil) LesBERIVRI, shéwingthé ERarigs iR Torn$ pdsitibhl - si%eﬁﬁarﬁfmgng
er

ordinary skill in the art and access to the teachings provide in wll

recogni z b iuf J cat.i anfe d Lans, and WO 02/087442 11 19
Cct ober %g@ﬁ E’W@ﬁ%?&éﬁe‘i&g} men séx\iﬁ\'ng{n%%)’n t he scope thereof and
additional fields in which the invention will be of significant utility
W t hout undue experinentation. '

Figure 2 schematically shows three sequential iris images having varying pupil

diameters and the respective iris landmarks;

Figure 3 schematically illustrates pupil center displacement with respect to a

limbal reference as a function of different pupil sizes.

Figure 4 is a schematic illustration of a device according to an embodiment of the

invention;

Figure 5 is a schematic illustration of a system according to an embodiment of

“the invention.

Detailed Description of the Invention

While the present invention is described with reference to illustrative
embodiments for particular applications, it should be understood that the present
invention is not so limited. Those having ordinary skill in the art and access to the

teachings provided herein will recognize additional modifications, applications, and




The invention is directed to nmethods and systens providing alignnment

bet ween diagnostic inmages of the eye and treat nent inmages 18fQétbiger@pes t hat
result iwoesesugr accuracy of the |aser treatnment and, ppeEpho6ss 9r eater
patient satisfaction. An enbodi nent of the invention is described belowin
accordance wth Figures 1 and 2. Systigns and devi ces are known whi ch use
iris pattern recognition for identifyin eye structures and for aligning
di agnost rmbadimentreyvivethe scapedhersof and @%@timt §eldy in Fdnich the dnyention will

PCT/ EPOO/ 10373 di scusses systens and nethods for alignnent and

phot or ef beof sigsificamtattigyntvithdut andeyexperimshiatibna di agnostic iris inmage
identified with artificial markers is obtained by a canera system al ong
with a refractive diagnostic mneasurenent. A conputer systemlinked to the
| aser treatnment. systemthen uses this iris image information to devel op

and align the [RBGhRADA 3 kinkfed {oPALIBAL and LA drod RN B AdiAld) YeRPRAS ¢ 1O

sequential iris imges | mage 1 Tl ea a

constric pil 14 and, typical .iris_lLandmark 6. Far .the .purpose of the
“descri pt ?%ﬁn #wt ’ﬁ%a]gf?]\?gﬂ?ff éﬁé %flﬁetretagp?ﬁt..:g&ggﬁ P?é%eeﬁyepglfﬂtlms'{lgfrbrg%eaﬁ‘ﬁ a
substantially smal | upi | size caused by bright |ight conditions, e.g.,
eye tracmr%&%%ﬁqe atmeghgnd; herefgre, geatgh gatsnt satsfasipn.envi r onnent al
conditions present during the treatnent phase of |aser eye surgery that
cause the pupil to constrict- The termconstricted pupil, therefore, is not
intended to nmerely describe the smallest possible pupil size that can be

i nduced in a Anambexirhentef the ibuintibn isldsscribdakbbdidne irs aaboldamite WithKiiggreUpi |
size in accordance with the 19 Cctober 2005 WD 02/087442 PCT/ EPO1/ 05354 12
ij_n?/etnt ijOﬂhddi{ E?stéxﬁﬁﬁ@d déVices ARV RndAE whRRRisE irisSpati®n reQOURNES fdch@ertifPing 14" 1S
ilated an e

eye structures and for aligning diagnostic and therapeutic images for eye surgery. For

example, PCT/EPQ0/10373 discusses systems and methods for alignmcnt and
~ photorefractive treatment of an eye in which a diagnostic iris image identified with
artificial markers is obtained by a camera system along with a refractive diagnostic
‘measurement. A computer system linked to the laser treatment system then uses this iris

image information to develop and align the photorefractive treatment.

Figure 1 schematically shows two sequential iris images 10", 10. Image 10 shows an iris
area 12, a constricted pupil 14 and typical iris landmarks 16. For the purpose of the
description of the invention, the term “constric‘ted bupil" refers to a substantially smail
pupil size caused by t;ri'ght light conditions, e.g., eye tracker and fixation light sources
along with other environmental conditions present during the treatment phase of laser
eye surgery that cause the pupil to constrict. The term constricted pupil, therefore, is not
intendeél to merely describe the smallest possible pupil size that can be induced in a

patient's eye, but to describe the smallest working pupil size in accordance with the




iris landmarks 16' are shown sonewhat obscured due to the dilation of the
pupil with respect to iris inmage 10. The dil ated pupil 14'19 Gasber D@05

~ pur pose wb obgragtescri ption of the invention, is due to | pgrieegisssonditions

typically associated with diagnostic neasurenent of the eye, for exanple,
when a wavefront neasuring device suchZ2as a ZywaveTM (Bausch &

Lonmb/ Technol as, Muni ch, Germany) wavefrgnt neasuring device or an O bscan
11 (r) (ofyeation daisimpg 0’ ghqws "X‘EJF%’H‘/’ msolndivereriBe Papih A is dilgtedand theopt aj n
wavefront aberration information. Thus, the term"dilated pupil” is not

i nt endedinisolandmatks lpppre|shows semessbiahabscyred; dugt tedthp diation b the pupihwithcal | y
or artificially induced, but rather to a dark adapted pupil, which is the
| ar gest vespédt ng inruimage 30z dhastbeidaiupd M, tfor thei mirpdsa\oénhe descrigtien of ihe | mages
10, 10" in Figure 1 are intended to illustrate the changes in form

posi ti onjriegtié, 2@ Quends Ulodl | yghoCeoHdifidi8 kaieiiBr kssobfatedl GiithhaRghosic! Si ze
changes dramatically (e.g_, fromdilated to constricted). Under these

Ci 1 CUNS! AGERemEHrARE eyt ! for RARE! WHef SPARLAIAR hES ALz Al ben

"~ short of I ng le to ndmark 16 in the con cted pupi

conditiogp wth,landnark 16, in. the dil ate upil. condition. Thergfore, art
TTch a P BRER & Lymortisundle Mol G R TEtion SRS KEEor di ng
to the invention, an inprovenent is described with reference to Figure 2 as
f ol | ows. ot an Onbscai &lgn(éggﬁek, prinbekeCity adtah) vomedriopegraehey is usedatoi aditains
wavefront aberration is measured. Wavefront neasurenents are typically

cent er edwabetint hb&ratiahii@dimation. STials, thaxérs Wilabddquiilt’ henetdifteflediot refdie
patient's dilated pupil. It is advantageous to neasure the wavefront

b ti haidl , y ) e ti
?raﬁir; gslt%ﬁég*?{?/i Si gﬁz&léﬁ(ﬁmﬁiﬁ%& silingggfﬁsgggﬁls&ﬁ tgﬁlaﬂlh%%%ﬁdg?é}eggrE a gplt ggs
(e.g., niogg ';dlalékt %?Tmag)é%f ﬁﬁwﬁl{]?}v&hz%n% %e%&é&orﬁﬁg%ﬁgﬁ's%fg L%oal&%&smttﬁ%}ﬁs

patient's 1

invention. The iris images 10, 10' in Figure 1 are intended to illustrate the changes in
form, position and size of naturally occurring landmarks 16, 16' when pupil size changes
dramatically (e.g., from dilated fo constrictedj. Under these circumnstances, current iris
pattern recognition technology has fallen short of being able to match landmark 16 in the
constricted pupil condition with landmark 16' in the dilated pupil condition. Therefore,

artificial markers on the eye have been used as in tracking points.

According to the invention, an improvement is described with reference to Figure 2 as
follows. In the diagnostic phase of laser vision surgery, a patient's wavefront aberration
is measured. Wavefront measurements are typically centered about the patient's visual
_axis or about the center of the p#tient's dilated pupil. It is advantageous to measure the
wavefront aberration over the dilated pupil because certain higher order aberrations
manifest their vision compromising effects when the pupil is dark adaptcd (e.g., night

time vision). Iris image 10' schematically shows the patient's iris image during




13 19 Cctober 2005 PCT/EPO 105354 diagnostic neasurenent, having a

dilated pupil 14" and iris landmarks 16'. By controlling tl@@cdétsr BOES

i Il um navoesg7asei ther the patient's eye undergoi ng exanmp@gip@ilofdss the

patient's other eye (not undergoing exam nation), preferably via a variable

illumnation fixation target in the dijggnostic eval uati on device, the pupil

di aneter of the eye being exam ned can be controlled. Wth reference to

Fi gur e’ 2diagneitiagmessurgnént] havingagedilged imipdbi4li amtl ity landihagsnold.i cByri s

i mage capture device with the image 10° corresponding to the pupil

di anet er cahitrollirgg theeisibleghosinactos va kitlidr it patibhes ¥yeSudtefroind &timinaionast | evel

I S i ncreased, causing a correspondi ng decrease in pupi | anmet er

11 ust r ajed phiyend'd” othBr | dyleS (hdtRaRdek oing | ExatnihA B HisteraBly ¥if 2 eSi bl €

havi ng underpgone a Iesgler (change %la% sqovxl/n inl r%‘gfgs J‘Yo—l— 1% v%?ia |egure 1.

As the i} un [ { j 4 < . LG iris

I mage 10M| S oig?)aitﬁglg O\le%ﬁjgﬁf @ﬁgﬁi{agﬁg%lﬁs%ﬁugﬁéerggevﬁ%"[;?ﬁw@ij 1@%%&?@? Es)f ﬁ'{fndmar ks
16 whi ch ain, have .,und on ..and detectabl e ,change from

andmay k&R0 xfRingd Gk S el T Wit eierioer o 2. D ameeslc B shown
in diagnostic iris_inmage 10 will substantially correspond to the pupil

di anet er gAEeal 0 tif obiaingtt by 3 diagpesiic ISt unage Faplpre, devisa (dnthg jmage; h&ge
capture device during the treatment phase of the laser vision correction
sur ger y. cabiespprsiéng ¢o i the spripriadiemstes cduruign thehdiagnestie evatiiationt wlhe visiblenow
track the changes in the sequential set of iris inages 10', 10", 10 by

t r acki ngilluhfindtisadierek is ibredsed, Scaukingt a tdofrespondingmaareatd’ in GRpdiC HahRterwi t h

‘the dilated diagnostic pupil 14" can be aligned with the iris inmage 10
associ at gelstpitédby 14" inGieis sltnagé:i(gd 16l §HaRMHsCI AP WR Alsdl disibld havihdBaRrgIn@Cessi ng

hardware and software connecte
a lesser change than shown in images 10', 10 of Figure 1. As the illumination level is

further increased, another diagnostic iris image 10 is obtained which shows a constricted
pupil 14 and iris landmarks 16 which, again, have undergone.a small and detectable
change from landmarks 16" in iris image 10". In this case, the pupil diameter 14 shown
in- diagnostic iris image 10 will substantially correspond to the pupil diameter of a
~ treatment iris image obtained by a treatment iris image capturc device during the
treatment phase of the Iasel.' vision correct’ioh surgery. Diagnostic iris image processing
hardware and software can now track the changes in the sequential set of iris images 10/,
10", 10 by tracking the landmark indicia so that the iris image 10' associated with the
dilated diagnostic pupil 14’ can be aligned with the iris image 10 associated with the
constricted diagnostic pupil 14. Iris imége processing hardware and software connected
to a treatment part of the laser system is now used to align a treatment iris image,
substantially represented by iris image 10 in Figure 2, with the exported diagnostic iris
image —10, allowing the laser ablation treatment pattern 'd.irected to the constricted

treatment pupil to be accurately aligned with respect to the diagnostic iris image




to a treathent part of the |laser systemis now used to align a treatnent
iris image, substantially represented by iris inmage 10 i n 1BiQptster 2005 t h

t he expowbadoghisagnostic iris imge 10, allow ng the | asetrapbgéssan
treatnent pattern directed to the constricted treatnent pupil to be
accurately aligned with respect to thea4di agnostic iris inmage 19 COctober
2005 WO 02/087442 PCT/ 1PO1/ 05354 14 associated with the dilated diagnostic
pupi | . Asssogiatad wifh tet dilated diegpnstic pepd. Wincadvapfage pbthi emybesiment whéreini mages
are sorted and aligned by the diagnostic stage processing results in the
limted dat didgnestfl bis Diagas sragbrted amh elignedndy le: diagoostis t stapeph@sessing t he
treatnment phase. Since it is known that the rotational orientation of an
eye changgmuliheihé lipdled &lata FRVES off 4 SMER idek i MEn tROGakhoMic ifhase &HHene
position, the alignnment method according to the invention provides
appropri %Qtrﬂ.de{ﬁflgﬁz{@.tion for rotating the | aser ablation treatnent pattern
to correspond tO0 the cyclo-rotation of the eye. A diagnostic neasurenent of
the patient's eye in the dilated pupil condition is obtained in addition
to the diagnostic iris inmages with the dilated through constricted pupil.

As such, the | e acquiring .apparatus and the di agnosti c nmeasur enent
devi ce mEjnoEdt SR taa é%r@%%‘?ﬂagPr}efFﬁég‘eor}dwetc s N&g?n@é’atlﬁ%tégm%d into
a single device. Utimately a diagnostic neasurement w |l be used by the

t r eat menfronngesittingspemtion ta 4| Lpingt positing, dhp abgrment anethpd tacendingotoi the f or
vision correction. Therefore, it is preferable that the-dilated diagnostic
‘measur emanientien providés appropsdty iafismetior dor wotating Iiee diskatabttipn prdatidétgnost i ¢
iris image. The diagnostic measurenment itself will advantageously include
the pati patteri t¥y@éspond taRIcyalotdfition of the eye. A diagnostic measurement of the
| patient’s eye in the dilated pupil condition is obtained in addition to the diagnostic iris
images with the dilated through constricted pupil. As such, the image acquiring
apparatus and the diagnostic measurement device may be separate devices, or, these
functions may be integrated into a single device. Ultimately a diagnostic measurement
will be used by the treatment laser system to calculate the appropriate ablation profile for
- vision correction. Therefore, it is preferable that the dilated diagnostic measurement be
simultaneously associated with the dilated pupil diagnostic iris image. The diagnostic
measurement itself will advantageousl} include the patient's wavefront aberration
information which can be directly obtained by a variety of wavefront sensor instruments.
One such device is the Zywave wavefront analyiex; (Bausch & Eomb/Technolas) which
_ i‘ncorporatesr a Hartmann-Shack wavefront sensor. Other types of devices such as
elevation based topographers with ray trace capability such as, e.g., Orbscan II®corneal
topography device (Bausch & Lomb/Orbtek, Salt Lake City, Utah) can provide

measurement data from which wavefront aberration information can be derived. The

diagnostic measurement also preferably includes a measure of the astigmatism.




I nformation which can be directly obtained by a variety of wavefront sensor
~instrunents. One such device is the Zywave wavefront anal y2adctéiRaaeeh &
Lonmb/ Teohoobasiahi ch i ncorporates a Hartmann- Shack wavetsephi/e8580r .

Q her types of devices such as elevation based topographers with ray trace
capability such as, e.g., Obscan H(r)sorneal topography device (Bausch &
Lomb/ Orbtek, Salt Lake Cty, Uah) can provide neasurenent data from which
wavefront aberration information can be derived. The diagnostic
measurenent al so preferably includes a nmeasure of the astigmatism 19

Cct ober 2005 IwVih BsheCB0TAUR eRBDHIBRGE, B 8htdre phirality cfidig@p&id iri@fimbafésScan
enbodi nent, the entire plurality of diagnostic iris inmages can be exported

to the tpeakpBiid 6l MGCIAMAGRSIYe YoeEsSor Whedi A8 MWesdnbSid frisSintd¥RYean $AN De
sorted and appropriately aligned for correlation wwth the treatnment iris

i mage. Thig.d ﬁﬁpﬁﬁﬁrﬂé‘ﬁ%{bl\% iﬂ#ngéi" th %S%éx%xﬁféﬂt@g{egﬂ%ﬂ ntOfris! fﬁ?a%te.r eqpirEnt

iris inmage In rea correspondi ng diagnostic 1ri-sTmage during
t he courgg I ) e to,the volu of _infaormation being transported
bet ween éeg{i‘l’vé'éﬁ g@@fec SIS F"ﬁ%‘é‘g?&p @Waﬁqweqtr"é%{%ﬁm r ‘?%&'85‘ ‘B’r‘aﬁ 8essor,
considerably nore processi.ng. power may, be required than for an alternative
aspect | FOTHPEMIiEH BagROTS J5 REC-HUT Hhn EOwe O RIrBETY Ll tp i Yolume of
~constricted pupil_ iris images is perforned by a diagnostic inage processor
whi ch t hm&r@aﬂ@@nt@r@ﬁ@nsmrregwmﬁb@ diagnedicimage prasesyer awl thiedreatraent nent
I'mage processor for correlation and alignnent with the treatnment iris
i mage. | imdgei proesyser tconsiderablgnpotd ppepaing power tiayebee idquired rthal dod aat t he
expense of a static image conparison with the treatnent iris imge. A
variety giteriddbleQ@&pectin Whichithddr@hy akleAIfnMdie oMteilaRARRGI ahd cBh&fiSEAed DY
pupil iris images is performed by a diagnostic image processor which then exports the
aligned constricted pupil image to the treatment image processor for correlation and
. alignment with the treatment iris image. In this aspect, the computing power
requirement is reduced at the expense of a static image comparison with the treatment

iris image. A variety of factors will ultimately determine which aspect is preferred by

the practitioner.

While the above alignment method provides an improved iris pattern recognition
method for rotational adjustment of a laser n'eatmeﬁt pattern, it will be appreciated that it
i1s advantageous to translationally adjust the Iaser treatment pattern due to the
translational shift that occurs in pupil center locations between a dilated pupil and a
-constricted pupil. With reference to Figure 3, a diagnostic image 30' of the patient's eye
having a dilated pupil 34' is obtained. A center location 36' of the dilated pupil 34' is
determiﬁed with respect to an illumination independent eye landmark, preferably an edge

of the limbus 32 of the patient's eye. Algorithms and mathematical means for calculating




the practitioner. Wile the above alignnment nethod provides an inproved
iris pattern recognition nethod for. rotational adjustnentl9dctebel 2308

treat menwomaisann, it will be appreciated that it is advapragenessd O
translationally adjust the |aser treatnment pattern due to the transl ational
shift that occurs in pupil center |ocalt6 ons between a dilated pupil and a
constricted pupil., Wth reference to Figure 3, a diagnostic inmage 30" of
the pati é‘n‘i"“gﬂg%‘?‘“"ﬁé&fi pal ‘drtFa?S@ectptepq fadinl referenes, peinh ae. well kapwarby
location 36" of the dilated pupil 34" is determned with respect to an

i 'l um natPesens ﬁ@&p@ndémaréyrefrwnmmpke,xmmﬁ@r foln logrrpimg eolgy ¢he Divention. | Anbus 32
of the patient's eye. Al gorithnms and nmat hemati cal neans for cal culating 19
Cct ober  2eKlR6ted \Wdua! OB Vibitle AGThinROdH Q53iettelbtoathe ent e6 cohafad ihepupfl & pupi |
with respect to a radial reference point are well known by persons skilled

in the amhowdith émma_@e_3ocbngaPixaaatﬁher¢eﬁ@f lo6@fdnYIE tR bordshfctdVERE 3P A
sel ected anount of visible illumnation is directed to the eye'to constrict

the pupi lge@sminsd W febheY tlhggﬂﬁaﬁ [\ P@u,g' ] ey tq 36 . of
t he const ?i ctl'e pupl Ie§b34 fF’s et er?ﬁmne W %ﬁh%gtg%g%ﬁe ?%gg%lgn&e@%iljﬁlﬁmr k 32
which is.the me .as e | andmar k. .32 in . inmage 30'. The |inbal edg
provi des lrgﬁgeaé\@‘angﬁaeigégalr%%gr%rﬂxlé]esp&f' nqdvﬁlét@gqﬁ'g% refrence iH?BHs‘?‘?cguse the
substanti.ally.unaffected by changes in pupil. size._ The vector displacenent
of the HPbEE &Stﬁﬁﬁflvﬂ&ma@e%@%ﬁ@ng%n@&aé $1zec tlbg veeler isplagementay | s
determ ned by techniques well known to those skilled in the art. This
vect or dilepdHatedepupili sentered6’'usmd the gonstiicted muipd putdirt 3@ris odeterndimdde biyat ed
| aser ablation treatnent profile to be applied to the eye having a
const ri cteetinigues welb kaewin tpthoselslatiebat the anavidiy wtoridispiceRiehoR thif adeged

to adjust the position of a calculated laser ablation treatment profile to be applied to the

eye having a constricted pupil based upon diagnostic wavefront information obtained

from the diagnostic image of the eye having a dilated pupil. It is advantageous to obtain

the diagnostic images of the patient's eye and the measurement of the displacement of the

center location of the pupil in infra red light so that pupil size does not change during this

data acquisition. Once the vector displacement of the pupii centers is determined, this

information can be saved in a treatment file of a controller of a treatment laser for use at

an appropriate time.

With reference to Figure 4, an improved di:;lgnostic device 40 is described. In a

preferred embodiment, device 40 is an aberrometer such as that described in Williams id,
 for obtaining a wavefront aberration measurement of a patient's eye 42. Aniris 41 and a

- pupil 43 of the eye 42 are also shown. The aberrometer 40 typically contains an IR
.-camera -44 for obtaining diagnostic images such as those schematically shown in Figures

1 and 2, a wavefront sensor and associated optics and electronics schematically




- fromthe diagnostic imge of the eye having a dilated pupil. It is

advant ageous to obtain the diagnostic inages of the patien9o'Getehee2@0id t he
nmeasur engitoz@brdihe di spl acenment of the center |ocation pfriepeyeesy | in
infra red light so that pupil size does not change during this data

acqui sition. Once the vector displaceqgnt of the pupil centers is

determ ned, this information can be saved in a treatnment file of a

cont r ol | eeprefentedthyentmeal 46 asBigufeot, aund @ fated iHomappon peviehfigatidnargedgh
reference to Figure 4, an inproved diagnostic device 40 is described. In a
pr ef er r ediseihediiginént pdfosesasAfel] SndRistaIdely MORS skilicinihégrt! RdtordBipapi bed in
Wllianms id, for obtaining a wavefront aberrati on neasurenent of "a

patient’ spE¥Qedtion, R ihbi&eﬂénamnﬁisep%ucné%ﬁh mmﬂi@g{s? ﬁ%a&gfal et @gShown.

The aberroneter 40 typically contains an | camer a or o I ng

el ront LA ARRLASHCRTL IRRTE RERATRCATRalin BRI e BeliPrerar A9 o

assocl CS an onit Cs schne I C

02/ 087442 17 19 October 2005 PCI/F,P01/05354 .represented by nuneral 46 in
Fi gure 4P 301 TR RPTETS, Aen g8 B ohabi 1 obipin dhe Capegertioasts e o

al i gnnment_ pur poses_as wel |_understood by those skilled in the art.

" Accor di ngescsibed hereimakaye; o, an Hismative gsregbat thiv gbpdiment dpistiated dyf thred
illhum nation fixation target 48 wth a variably controllable visible

i |1 umi nadotied finx anseos 40 aingBigusod,t thatcontnel latileavisibde ilbfminition pupcd caBbef t he
patient's eye can be changed to obtain the diagnostic iris inages as
descri bedxfefially nasbéived Withathealdeeicoadl via aghekhtedl by hesntMEBR Wasble
illustrated by the dotted fine inserts 49 in Figure 4, the controllable

Vi si bl e jihlkidH ioRftes 0T ce can be

Alternatively, (not éhown) the device 40 could be a corneal topographer such as
an Orbscan IT device adapted with a controllable visible illumination source as described
herein. Likewise, device 40 could be a pupilometer typically including a controllable
visible illumination source for pupil diameter control with the improvement according to
the invention being a wavefront sensing component or other known hardware and
software components that v.vould provide wavefront aberration information about the eye

under examination.

A system embodiment according to the invention is descﬁbf;d with respect to
Figure 5. The system 50 is a diagnostic and therapeutic system for laser eye surgery that
includes a diagnostic part 52 and a laser treatment part 54. The diagnostic part 52
includes a 'diagnostic instrument 40 as described. with respect to Figure 4 and a
diagno;tic processor 56 that is programmed to sort, correlate and align the diagnostic iris

images as represented in 58. An uiltimately aligned constricted pupil diagnostic iris




externally associated with the device 40 as represented by controll able
visible illum nation sources 49. Alternatively, (not shown) Qdhetl2®0ce 40

coul d bews og@gmaeal topographer such as an Orbscan 11 depi¢mpafapsed with a
controllable visible illumnation source as described herein. Likew se,

device 40 could be a pupiloneter typigglly including a controllable
visible illumnation source for pupil dianeter control wth the inprovenent
accor di némags (as desdribed heteimalypiches expaeted ffroon tiageestic mricEhpoilbstrated byt her
known hardware and software conponents that woul d provi de wavefront

aberrat i poferienée0fPradd ay alrduty of heelelrwilifgde dataniansti aitandirkifdigNand
enbodi nent according to theinvention is described with respect to Tigure

5. The sysk@Mh®Vitekesd cothABARATibE, SiHpitbCHRBs teRiaSvieh 88UHR or (88 Vfia B
surgery that includes a di agnostlc part 52 and a | aser treat mam— part 54.

The di agnﬁa@e&op mer%%t%drﬂsc déi@'e%o Fasd R pg,ahrhs;t.ri tt{%%Pél : pr 'bed

W th respec |gure and a’ di agnhos ocessor ranned
n. t he di ' as represented in

55, *An_ UFEEY BTSSR Bt HbCEPIES B b forch RGP Cep et SECERMiSer 2005

WO 02/ 087442 PCT/ EPO1 /05354 18 image (as described herein above S
expor t edh#iRg 4pREHYEd pepibak eyes e{’st"'?altfpﬁﬁttl?sﬂ' &d apy other éP@ﬂ@%e@S‘!ﬁ)ha?Sany

- variety of well-known i mage data transfer neans including |and based and
Wi 1 el essatt gyeninackert (noh shownpln en alteonative aspagt of dhis remsbodinen, the OMlirevi a t he
Internet or other networks, etc., to |laser treatnent part 54. Laser
t r eat menplupAity oﬁdlagnmﬂcudeSmagdsrasabmﬁ.tnted atssa iregporadtdifreatteiut pat 4 f or
obtaining the treatnent iris inmge
where processing hardware and software represented by processor 66 sorts and correlates
the diagnostic iris images and provides the appropriate alignment between the constricted
pupil treatment image and the corresponding constricted pupil diagnostic iris image.
Processor 66 may also control the calculated laser ablation pattern in response to-the iris

pattern recognition alignment.

In some cases, it may be preferable to have a processor 56 in the diagnostic part
52 and a processor 66 in the treatment part 54, however the nature and locatioh of the
- processing hardware and software will be determined by surgeon preference and

available iris recognition software and hardware components.

In a preferred aspect of the system embodiments described herein, the processor
56 associated with diagnostic instrument 40 is adapted to calculate a vector displacement
of the pupil center between the dilated pupil diagnostic image and the constricted pupil

diagnostic image. This information is likewise exported to the laser treatment part of the




havi ng a constricted pupil of eye 42', a treatnent |aser 62 and ot her
conponents such as .an eye tracker (not shown). In an alteri9abitvieeraspect of

this enbg@digppiazt he entire plurality of diagnostic iri SdiEesesas
represented at 58 is exported to treatnent part 54 where processing

hardware and software represented by prgocessor 66 sorts and correlates the
diagnostic iris inmges and provides the appropriate alignnment between the
const ri ctsgslempfrpitd berwsad rfentranstetgmalip cdjiséing ahe daspo m@htng:nt patémi 64 @bk pupi |
di agnostic iris imge. Processor 66 may al so control the cal cul ated | aser

abl at i on tatnieit Byd Whichhaonsenstrittédpupil.i S pattern recognition alignnment. In
sone cases, it may be preferable to have a processor 56 in the diagnostic-
part 52 and a processor 66 in the treatnent part 54, however the nature

and |l ocation of the processing hardware and software will be determ ned by

surgeon pr ef erﬁg%r@g)ﬁr %ﬁ@&diﬁ@ﬁtﬁ dg}[t}@ ihRA90 chi 43 i?lgg&a\@@c{ §y ?fgcglg{ﬁfeggqjmr ©

conponents. In apr aspec he 'system emnbodi en _
herein, t rocessar. . 56 associated with diagnostic.instrungnt 40 is

adapt ed tf@?%"g‘i:cdfd{agmg Feteplsf Mdspy gln’é{ re cﬁ%%ﬁ'ﬂg??sﬁ‘ﬁﬁeéffceb@’f&\een t he
di l ated pupi l diaqnostic i mage and the constricted pupil diagnostic inage.
Thi s i nf aPeFERMEIRD) tBat Gapgrpwde a diggnostic wevelFent mepspremeat ofEhiet pasignt's eye t he 19
Cct ober 2005 WO 02/087442 PCT/ EP01/05354 19 system 54 to be used for

t r ans| at andahich cadjagguirenandt frecdsadiagnestisatisranagepaiChe patientls tyeis dligaed ilent eye
whi ch has a constricted pupil. The foregoing enbodi nents of the invention
can be i kdspedtriahedbdnyoreatanpitl tiesusel ofl 4 b levél visibleciumigationdietionnskgad | gned

with respect to a diagnostic device (e.qg.,
such that the patient's dark adapted pupil diameter might be in the range-of 6 to 7 mm.
Both a diagnostic wavefront measurement and a dilated pupil diagnostic iris image are
obtained at this point. The brightness of the fixation target is then increased until the
patient's pupil diameter decreases to about 5- mm. Another diagnostic iris image is
obtained and stolred. The illumination level of the fixation target is sequentially
“increased so that diagnosﬁc iris images may be obtained at various pupil sizes until a
constricted pupil (e.g., about 2 mm.) diagnostic iris image is obtained. A pupil center
- shift is also calculated in the form of a vector displacement for the dilated pupil
diagnostic iris image and the constricted pupil diagnostic iris image through limbal edge
‘detection, Processing hardware and software associated either with the diagnostic
system and/or the treatment system tracks an iri.s recognition landmark through the
different pupil sized diagnostic iris images to ultimately align the dilatéd pupil diagnostic
image with the constricted pupil diagnostic iris image. An ablation profile is generated
based upon the diagnostic fneasurement associated with the dilated pupil. The rotational

alignment and vector displacement data is also made available to the treatment laser

 system. At some later time, the patient is positioned (supine) under the treatment system




aberroneter) that can provide a diagnostic wavefront nmeasurenent of the
patient's eye and which can acquire and process di agnosti ¢9iQctsbet DEIFES.
The patiwoieegug: i s aligned in respect f the aberronet epcWdphyhdigy use of a
low I evel visible illumnation fixation target such that the patient's
dark adapted pupil dianeter mght be izg the range -of 6 to 7 mm Both a

di agnostic wavefront neasurenent and a dil ated pupil diagnostic iris inage
are obt anthedealttimdinsagpwif the ackimd constytted espil/ads ishbtdinedat This treathgeat iriss t hen
increased until the patient's pupil dianeter decreases to about 5 nm

Anot her  @agnisshercaligned withige substatbillyl ddedspuidingt dis@ibstid s inhdgeMaladel ON

| evel of the fixation target is sequentially increased so that diagnostic

i ris | mageger MY ttRes/Rt phfiedizatviy M RidsifsPids éic@gﬁlgti%{ﬂrﬁuhnﬁﬂ(, %Qn@.y it ed

pupil (e.g., about 2 nmm’) diagnostic iris Imge 1 tal ne pupil” center
hift i I ' i.shi f t
i1 at ed SAsTReA 3B RAmie Laifod RS KRR oS HIIRRY fo Boxiféost  c

iris imge throu,ﬁh | i mbal edqe ﬁet ect i gn.. .Processi ng hard e and software
associ at 8d%kC #EPAlG FRAIFEL B RO ST 108 Jus PRISIRJPENSNIYRD § Frednly st em
tracks-an iris recognition | andmark through the different pupil sized

di agnost Aetestransirispiaadiaark that) qap e teacked witgrn high leval of sanfidasice, the dimlust i ¢
image with the constricted pupil diagnostic iris imge. An ablation profile
i s gener hesed pupd senter gisplatdmendicay e stséd ane aanineme tit clirsiats dacentrationhint he
dilated pupil.. The rotational alignnent and vector displacenent data is
al so madgpitvaidnadirectédrotdtions r eat ment | aser system At sone later tine, the
patient is positioned (supine) under the treatnment system 19 Cctober 2005
WO 02/ 057442 PCT/ EP01/ 05354 20 and a real time image of the actual
constricted pupil/iris is obtained. This treatnment iris

Although preferred embodiments of the present invention have been described in detail
herein above, it should be clearly understood that many variations and/or modifications
of the basic inventive concepts taught herein, which may appear to those skilled in the
art, will still fall within the spirit and scope of the present invention as defined in the

appended claims and their equivalents.




image is then aligned with the substantially correspondi ng diagnostic iris
- image having generally the sane pupil size via the identi fip&ttobet 2005
recognition |landmark, so that the calculated ablation treatnment can be
rotated, translated and otherw se adjusted to provide a. nore accurate
treatnment. In the event the iris patt erj} recognition software cannot

detect aniris landmark that can be tracked with a high | evel of

confidence, the |inbus based pupil center displacenent can be used at a
mnimumto elimnate decentration i idle of uncorrected rotation

Al t hough preferred enbodi ments of the preseéent invention have been descri bed

in detail , heregin above,. it,should.be clearly understood.that n .
vari at i ons'and/ 8 BRI T¢ 4 Gstoelic Prlip R el R ETY SR R,
herein, which appear tg those . .skilledq i.n the, art, will, still fall
Wi 0 ¢ hatEgr BT PARATS £a Babi el e fevire Dt 0ped Wk dhazodive
appended clainms and their equivalents. 19 October 2005 21 CLAINS: 1.
di agnost i dNgaTHeRKEE ahthstnatienlyayemsrabignehwilh agyeatmgnteiage wf diccpatient's eye
di agnostic_ inmage of a patient's eye that is obtained by a device that is
adapt ed t dhetelk ebtaingfl hyroksvice Whiglaisuaseariaied with afecagaent daser systay vig an Hisi gned
with a treatnment inmage of the patient's eye that is obtained by a device
whi ch i s axdonirgeagmitwintthchmiqueeat nent | aser system via an iris pattern

In a

recognition technique, the inprovenent characterized by: an illum nation
cont rol dehé oeprbeemenoharadtbtizeg byy: vi sibl e illum nation | evel on one of the
patient's eye being exam ned and the patient's other eye (not being

exam ned) an illumination control device for controlling a visible illumination level on one

of the patient's eye being examined and the patient's other eye (not being examined)
wherein the visible illumination level controls the pupil diameter of the examined eye;
means for tracking a sequential plurality of diagnostic iris tmages each
having a different pupil diameter ranging between a dilated pupil size and a
chstricted pupil size corresponding to the controlled visible illumination level, and
each sequential diagnostic iris image including at least part of an iris recognition
landmark the entirety of which is not identifiable between the constricted diagnostic
- pupil image and the dilated diagnostic pupil image;
means for exporting at least one of the diagnostic iris images to the laser
treatment system; and
means for aligning the dilated pupil diagnostic iris image, associated with a
diagnostic measurement image, with the constricted pupil diagnostic iris image; and
means for aligning the aligned constricted pupil diagnostic iris image with the
treatment iris image having a constricted pupil of a size generally corresponding to the

diagnostic image constricted pupil size.



wherein the visible illumnation | evel controls the pupil dianeter of the
exanm ned eye; neans for tracking a sequential plurality of IdiGgstesRd@5iris
i mges each having a different pupil dianmeter rangi ng between a dil ated
pupil size and a constricted pupil size corresponding to the controlled

visible illumnation | evel, and each sgguential diagnostic iris inmge
including at |east part of an iris recdgﬂition | andmark the entirety of
which is not identifiable between the constricted diagnostic pupil image

and the dijate ' ti il 2 ans fofr _exporti t, | east .one of
the di ag'noﬁs'ti cdlnge% gg?qgr%ggg 4 alcil)li‘?lt k’e “f%%él? tﬁ?errgs%ﬁ?f %?%‘E%r&%aﬁgmﬁga%?ﬂf or
aligning the di).ateed pupil diagnostic.iris inmage, assaciated wth . a
di agnost i cMAEHS ?éﬁﬁn&nquﬁa&g, &Ft ﬁoqsﬁ?tidloﬂ?gﬂli %?%‘H’SBﬁp‘PF ARG NOSHEES i% i s
i mge; and, neans for aligning the aligned constricted pupil diagnostic
iris i mage BBRORtE (FEREE (RIQETHESTt g‘?"&’P‘@"W#&g@%&‘?ﬁ W@"hath@oﬁli%‘?qsg‘f ARagR, GAPtUESE g
size generally corresponding to the diagnostic inmage constricted pupil
size. 19 Clavifiser 2005 22 2. The system of claim1l, wherein the nmeans for
aligning the dilated pupil diagnostic iris image with the constricted
pupi | di aghost i Ehe syisteni efgey ofddingdstoa?, vdiesejn dlut inganst fay exporideemsiudes at
cooperatively engaged with the diagnostic i nage capture device. 3. The
syst em of la#syond oicd wirmd cdnrteoti@), awhisdask notrvetioe anenipoater kpaotapamedinal. udes at
least one of a wired connection, a wreless connection, a conputer file
st or age nmedli um ThedkysttheofSygtofolatths dny3 ofhedtiaithBdidgiadtid meafieémént obhgned
di agnosti ¢ neasurenent obtai ned

- by the eye diagnostic measuring device is suitable for obtaining a wavefront information

about the patient's eye.

5. The system of any of claims 1 to 3, wherein the eye diagnostic measuring device
includes an iris image capture device.

6. The system of any of claims I to 5, wherein the illumination control device is
separate from the diagnostic measuring device.

7. The system of any of claims 1 to 5, wherein the illumination control device
‘comprises a variable illumination fixation target and is an integrated component of the
diagnostic measuring device.

8. The system of any of claims 1 to 7, wherein the improvement is further
characterized by a means for obtaining a vector displacement measurement between a
pupil center of the dilated pupil diagnostic image and the pupil center of the constricted
pupil diagnostic image.

9. The system of any of claims 1 to 7, wherein the vector displacement
measurement is a measurement from limbus reference position to the center of the pupil.
10.  The system of any of claims 1 to 9 wherein said diagnostic device is a

pupilometer.




by the eye diagnostic nmeasuring device is suitable for obtaining a
wavefront information about the patient's eye. 5. The systi@mabbanp0odf
claims | to 3, wherein the eye diagnostic measuring device includes an
iris image capture device. 6. The systemof any of clains 1 to 5, wherein

the illum nation control device is separate fromthe diagnostic measuring
device. 7. The system of any of clains to 5 wherein the illumnation
control device conprises a variable illum nation fixation target and is an

i nt egr at ed; conpghe [ ti L.ng vi:ce . em of
~any of chEnE I tog%%g%ﬁg?gﬁﬁ%gﬁgﬂﬁﬁpggyg%gﬁ#&PQ %%?ﬁﬁ%&mmghg§§§%§¥%§Ed by
a neans f%@egg eping a vector displacenent neasurenent between a pupi

he

center of I'Tated pupil diagnostic inmage and the pupil center of the
constri ct pupi | djagnestic.imge., 9., The systemof any, of clains | . to 7,
wher el n_t HE-vecktsr YEeEp P AR TR 40 VaRisrein i diaenestiy S is £ seFmbus

reference position to the center of the pupil. 10. The system of any of
claims 1 t'8P°RUSEr ei n sai d di agnostic device is a pupiloneter. 19 Cctober
2005 23 11. The systemof any of clains 1 to 9 wherein said diagnostic
device is an aberroneter. 12. The systemof any of clains 1 to 9 wherein
sai d diagnostic device is a corneal topographer.




