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I (57) Abstract: Apparams and methods are described for aligning diagnostic and therapentic iris images, i(via) iris 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 Jaser treatment, with a constricted pupil diagnostic iris image, by identifying an iris
- tandmark that is not identifiable solely between the two images, includes 2 sequential plorality of diagnostic iris 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 4nd the ablation patiem rotated accordingly. Limbal edge detection is used in
' the diagnostic images to provide pupil center translation information for translational alignment of the laser treatment. An improved
{ aberrometer (40) is disclosed having a variable visible illumination fixation target for controlling pupil size for the diagnostic images.
& A diagnostic and therapeutic laser eye treatment system (50) is described incorporating the apparatus and method embodiments of
the invention. ' '
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and net hods are described for aligning diagnostic and therapeutic iris

i mages, Léé%&) iris pattern recogni- tion, for effecting nore accurate

| aser tr AT HERNRECQSNITION ANDIALSGNMENTI ng a dil ated pupi |

di agnostic iris imge associated wth a diagnostic nmeasurenent for

calculating a | aser treatnent, with a constricted pupil diagnostic iris

imge, by identifying an iris landmark that is not identifiable solely

- bet ween tBRCKGROUND OF THRINVENFICON sequential plurality of diagnostic iris
i mages of varying pupil size such that the iris | andmark can be tracked

between the two i mages. The aligned, constricted pupil diagnostic inage can

then be aligned with a constricted pupil treatnent inage and the ablation

pattern rotat qﬂisasglmaﬁmgkarate&éorﬁa‘Eﬁﬁ%ﬁ‘ft ection is used in the
di agnostic inmages to provide pupil center translation information for

: 'translatﬁqggbfﬁgﬁgeﬁﬁﬁt of the laser treatnent. An inproved aberroneter
~(40) is di Tavrng a variable visible illumnation fixation target
for controllinRg. i]. si for the dja tic i mages- A diagnostic and
t her apeutic | gglgr%l‘gc)‘}lémi ‘feéai‘isnggﬂ‘f X 1 @ﬁ%@g‘?‘l‘wrd’m?wwqmrlpwati ng the
apparatus. and net%od enbod} nts of _the invention. PCT
cye 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 (LASIK), laser epithelial keratomileusis (LASEK) and variations
thereof are now commonly used to correct the effects of nearsightedness (myopia),
farsightnesses (hyperopia), and aétigmatism, 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® comeal topographer (Bausch & Lomb/Orbtek, Salt Lake City, Utah) is
routincly used to acquire the diagnostic information about the shape and other
characteristics of the comea. A surgeon can then use a laser programmed with this

topographic information to appropriately ablate the comcél surface.
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order aberrations include spherical aberration, coma, and compound astigmatisms. It is
possible to measure these higher order aberrations with wavefront measuring devices
such as disclosed in Williams U‘.S. Patent No. 5,777,719 (incorporated herein by
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 has 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 thé
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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i nvention relates generally to the field of |aser visiofi'corréection and
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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 aberrations 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 addresé 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 irié landmarks
can .be used to identify chahging eye ortentation. The reader is referred to the web site

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




referred to as defocus and cylinder, respectively. It i | t hat
hi gher order aberrations in addition to | ower order abZ?bEi"#’ﬁ%%gggrade
vi si on quilT¥8"**pi cal higher order aberrations include BpHERIIO535
aberration, coma, and conpound astigmati,snms. It is possible to neasure
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aberrations in the eye. The diagnostic neasurenen
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super nor mal _vi si ong, as well as consistent image quality. The technical
advances PRIgecahe Sy iconvantippaidns respgnition sefivware betyeer dnghosticlevhlgtion asdr S
and eye trackers have al so increased the accuracy required in making the
di agnost i reatprestr Smea titisighlp dedimbid tochet dtde to aligmieiphothibllivafreatgithelgsl by
these nmeasurenments- For exanple, it is desirable to obtain a diagnostic
wavef ront thenasas @othdr «9€ sReP@ith @RS diggiR¥tc WRaturbMentG¥ R réhcl ngbl]l whict at ed.
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or hal os gfsefi @fate PRRIE&ShiHSRESE! l0ds LHg Ablas (dark adapted). pupil.
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per f or ned, i : ened envi r.onment sugh that the patjent has a naturally
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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 to 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.




3 the eye is obtained with respect to a reference point zy\/@cgot%e} 0tsypi cally
the pupil center or alternatively, a visual axis alignéd to a TiXation
target in the diagnostic device. At the |aser treatnent stage, however,
the nature and amount of light striking the eye fromlight sources in the
treatnent system environment typically causes the pupil to constrict. A
conplication arises because the center location of the dilated pupil is
shifted fromthe center |location of the constricted pupil. Thus, a

cal cul at ed PHSEYIAR QFEHE INYBNEAON on  the constricted (treatnent) pupil,
based upon a di agnostic nmeasurenent aligned to the center of the dilated
pupil, is likely to be applied at an incorrect |ocation on the cornea.
Anot her - conplication arises fromthe fact that the position of a patient's
eye in a sittinghdasichii@is AtRERSt03RP | i i hfndnp @
treatnment (supine) position. This is gépoag%%nﬁfaé%%aﬁggogggtaggn&?g%lén?
ablation tr Qre: Dl -or.der rrations,| not  necessarily
symretric aﬁ%{%@? gtrtl‘ %g{l%é}%%%?é tlﬁetﬂgoarb %g% UFERENT pRlAEsAY ,O%a BF dththg
head may haye rot.ated between t di agnosti c or, eye imge neasurenents
separat ed i WSS HE SVHBEIAY fiags éin\fao tBSt“@’%‘P’i‘eé’lt S{eES N QAsHeA tobEAN Amproyed results
treatment. As such, both a translation and rotation of the eye nust be
account ed f@?mﬂmwntmgeﬁi@gﬁﬁm-c eval uation of the eye and the
treatment stage. One techni que being devel oped to address these issues is
referred to as iris pattern recognition. Rotation of the eye, for exanple,
can sonetines be neasured by identifying iris patterns using markers
(artificial) or Aahes ) i 1o o' Sdolil Sl 1|, que
as their finger p)r&i nts,é:&foéﬂ%gggtgdgs%%%eﬁgltﬁ var F‘gﬁ?ﬁfﬂ‘r@g@dgﬁ%ﬁ%‘# E??a%gng e
used to ideptd changi ng eye orientation. The reader .is referred to the
web site a regégg%: %ﬁ t P 7 .iWﬁ?@%?c@Wﬁﬂc HEPE8° Pfsacﬁa‘i“l’r’é’lrﬁ.%‘@rﬂ@éi/. edu

for further wu L(H)u$'d14_41 ) . .
| ~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 paﬁem recognition
technique, the improvement is characterized by: an illumination control device for
. controlling a visible illumination level on one of the patient’s eye being examined and
.ﬂ.le patient’s other eye (not being examined) wherein the visible illumination level
controls the pupil diameter of the examined eye; means for tracking 2 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




4 27 Cctober 2005 PCT/EP01/05354 information about iri§ Ep%%qag)
identification and eye novenent. Notw thstandi ng that |Z|§c15 &Erks
remai n constant over the lifetime of the individual, it has been found that
often the change in pupil size between diagnostic evaluation (dilated) and
. the treatnent 'phase (constricted) is sufficient to deformor otherw se
.obscure the | andmark, making it undetectable by conventional iris
recognition software between diagnostic evaluation and treatnment. Since it
i s highly désninaiirelctd, el @loh ceduntibli Japiobie: RRAAAL RTINS W 1eak FeAbraf, the
cornea or. other eye sites with the diagnostic nmeasurenent reference upon
which 1t 1 sis Ras@Miont NGk ShediREPUWER, NAGALMAIBIL PAGRPRL oRBRREA! US
to acquire and nmaintain accurate alignnent. solution I's proposed n
applicant's..¢o- i at ent .appl ication PCT/ EP00/ 10373 which is .

PP or por at SEAGREbIImRRL 8 pRRBlA PG gRosliE bl dng ey Eedporting at
associ ating an artuﬁiéjau#% applied marker with diagnostic stage and

t her apeut i €28t H§etiths S1agnqsiigdds imagss de the; lasea tiegimant suserhmgens for aligeiag ment .
Thermal and dye based marks, for exanple, are suggested as artificial

mar ker s. | the dlatedpupd idsgpdstichioindmege, atdvaiatadavitie nidiagdbsixomtautemet frmsgeency
and accuracy are sone di sadvantages of current iris recognition and

al i gnment  withnde Aagadd f}@lbﬁ,dia%rﬁ»@&@' i€ iphse; 00 HEMCRR alpiBleiR %&1
- methods to accurately account for the eyégﬁnvenentsocc61§¥n bet eﬁdthe

di agnost.i cosnaddat i & 2 : f laser eye surgery. .Th

invention, while r%l? TRt Sedd' g@ﬁ%@%yl%ﬁﬁgﬁgaeﬁ ?ts%%églg%é/ F%"‘%&%%’ﬁ%ﬁe 0

| aser vision.qurectionaﬁuch as HﬁSIK, for example. 27 October 2005 5
pupil ol'a size generaily corresponding to the dragnostic image constricted pupil size. '




SUMVARY OF THE | NVENTI ON The invention is directed to a37%p(ﬁka£@ﬁ;for
aligning diagnostic and treatnent 1nmages of a patient'$ efg I e absence
of consistent paraneters of the eye at the diagnostic evaluation stage and
the treatnment stage, in order to obtain inproved results fromlaser vision
correction . surgery. According to one aspett of the present invention, in a
di agnostic and therapeutic systemfor |aser eye surgery wherein a

di agnostic inage of a patient's eye that is obtained by a device that is
adapted to make dhgimagmefuriatigning she ditaltpupil didpogidt irie ihage witly the doSstAkicgned
with a treatnent inmage of the patient's eye that is obtalned by a device
“whi ch i s asgopiladigghosiit Hirig iinh@a BN inch@®es BIHbRM Hade gﬁoéeﬁéo? RApafilely
recognition technique, the inprovenent is characterrzed by. an

illumnatio K i ar i a visible illumnation |evel
on one of tE@g%%?f@ﬁ?ﬂgagggm%gPﬁégggéﬁ?%éﬁﬂgﬁd the patient's other eye
(not bei ng exam ned) wherein the visible illumnation I evel <controls the
pupi | dianeter of the exam ned eye; neans for tracking a sequenti al
~plurality of diagnostic iris inmages each having a different pupil dianeter
rangi ng bet ween g%edPFfﬁltSe@T FEpeng imay avdpde atolesstr oot efl apwijped cenmetion, a
.corresponding to the controlled visible 27 October 2005 6 illum nation
llevel , and eactesseepnentionah cdinpgteofile storagd medioRge i ncl uding at | east part of
an iris recognition |andmark the entirety of which is not identifiable

bet ween the constricted diagnostic pupil imge and the dil ated di agnostic
pupi | inmages; neans for exporting at |east one of the diagnostic iris
images to the |la g st em ans, far aligning,. the dilated pupil
di agnostic iris ?ﬁnéléﬂegg% ggstfsgg@%%siﬁe{e&n%t toﬁ{%legi %’@ﬁﬁ’sﬁf’cg F SRESYrng Heace

with the constrict, i| diagnostic iris inmage; and neans for alignin
the al i gned™aY esux?ﬂ;lé) i"(l)pr) oLtammgg a wavefront infonnatio% about the patient’s eye. J J

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




constricted pupil diagnostic iris image with the treat i ris, j.nage
having a constricted pupil of a size generally corresggﬂéfé‘?bert%ﬁogﬁe
di agnostic inmage constricted pupil size. 27 Cctober 2005 7 The nmeans for
aligning the dilated pupil diagnostic iris image with the constricted
pupi | diagnostic iris imge may include & di agnostic stage processor
.cooperatively engaged wth the diagnostic inmage capture device. The neans
for exporting may include at |east one of a wired connection, a wreless
connection, a cofffratiduminatien sowrodglevicedhayrbe Jeparath gmotht idagheakumesRiihg
obt ai ned by the eye diagnostic neasuring device nmay be suitable for

obt ai ni ng adeavefront informati on about the patient's eye. The eye

.di agnostic nmeasuring device may include an iris inage capture device. 27

Oct ober 2005 8 The 'illum nation control device may be separate fromthe
di agnosti c neasuring device. The illum nation control device nmay conprise a
variable illumn

iap fixation ta}r et and is an integrated conponent of the
di agnostic measurithd oEtaERR ¢ |‘%’Hf"‘6\/‘@ﬁ3ér‘ff’mﬁﬁ§e Bevaighle Hlpmation dixatipg ed
by a nmeans for obtaining a vector displacenent neasurenent between a pupil
center of  t Fegiandfsan ipiggratediiompoesentiof thediggnostintheasveingdpiice.cent er of the
constricted pupil diagnostic imge. The vector displacenent neasurenent my
be a neasurenent fromlinbus reference position to the center of the pupil.
The di agnostic. device may be a pupil oneter.

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.




The di agnostic device may be an aberroneter. The di agnoiztﬁt% A may be a
1
corneal topographer. 27 Gctober 2005 9 These and ot her 0Objects of 't
present invention will becone nore readily apparent fromthe detailed
description to follow. However, it should be understood that the detailed
description and specific exanples, whil@ indicating the preferred . _
enbodi ments of the invention, are given by way of illustration only, since
various changes and nodifications within the spirit and scope of the
invention will become apparent to those skilled in the art based upon the
description and drawi ngs herein and the appended claims. 27 Cctober 2005
PCT/ EP01/ 05354 1ilsDamar éthld 66ic0S SN HORARUMTvELI Gtk deBo Bl hblUSbERH | On
of two iris imges having a const_rlc]'Ee pupi _?_n aa gl a g o?uﬁ;thrally
respecti-v ' t.he..change j.n fo ition.
occ 5r ri ng%éﬁgﬁgﬁ%qgh dg tﬁ‘ge‘?aﬁ&ﬂg : ?T t(_bl ?M gf‘);i?’feﬁ ivi ‘ ;f%ﬁ?e?‘é:?‘;idpshlat
"schematically.sh ree  sequential iris im havi / .

di amet er_s%g?'l)(;d‘?tﬂge\gf égﬁféﬁ’ct’i%e apd j gpqcifir neeRepleski while @dietiegrathicc rdfyrred
illustrates pupil center displacenment wth respect to a Ti mbal ref-er ence
as a functemhedohents fof shemveptipi, asi givsn B gy eofdilfustraticc bslypkinge various
illustration of a device according to an enbodi nent of the

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.




invention; Figure 5is a schematic illustration of a sy cC ing to an
enbodi ment of the invention. Detailed Description of chJ} ?ﬂ?@ﬁﬁﬁ@% Wi | e

t he presefit” 7“7&Mtion is described with reference to il ustytatywgoss

enbodi ments for particular applications, it should be understood that the
present invention is not so |limted. Tﬁcse having ordinary skill in the
art and aqg@@f_igﬁ@]@mem-m@g ngs provided herein wll recognize additional
nodi fications, applications, and WV U. 095 144Z 27 Cctober 2005
PCT/EP01/05354 11 enbodinents Wi thin the scope thereof and additional
fields in mhich'the i nvention mﬁll be of significant utility w thout undue
.experinmentati o e anegii'sgr b gl rected to t hods and .systeng providing
al i gnment . bet df® 81?rhﬁ Lo IS jmages havigqa cpasticied Pupiagd s of
the eye t result |n ?ter accuracy of the laser treatnent and,

t herefore da]@ d-Rupils E%?P s showing the shangsrindpandpesitinn afd sige of matmallyon | s
descri bed below in accordance with Figures 1 and 2. Systens and devi ces
are known ofpRIging landmarkssat e tveor pupilatiogetet éxtremes;or i dentifying eye
structures and for aligning diagnostic and therapeutic inages for eye
surgery. For exanple, PCT/EPO0O/ 10373 di scusses systens and net hods for
alignment and photorefractive treatment of an eye in which a diagnostic

iris image i derm%lir odschbmbhtically lshb s itRtlee WBGUERES ifis 1919%% mcgo arg} gaﬁ@ist om

systemalong with a refractive diagnostic neasurene

[ nked t0 gidhorl 354 the e BRMY i YakRiiden uses this iris

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




i mge information to devel op and align the photorefracti t.
Figure | EV zﬂ‘%'gqiqgal ly shows two sequential iris imges ZY?&gb%gEG@mge 10
shows an hi's " area 12, a constricted pupil 14 and typical Y¥VEIERtar ks
16. For the purpose of the descriptionlff the invention, the term

"constricted pupil" refers to a substantially small pupil size caused by
ur ces

bright |i ghtbodomelitt mithén tHR- Bope MEEeOIE iti | | Qfich! SO

al ong with ot her environment ali) con(‘j)}ftaiﬁgEgalgraggefﬁﬁl&%%‘r\?ﬁghttﬁé;}quegé?my
phase of | fsi il to constrict. The term
constricté§§§ag??¥%?ﬁg?g?g%%%nﬁéuﬁ%?§&fn gﬁggﬁ‘to nerely describe the

smal | est possible pupil size that can be induced in a patient's eye, but
to describe the snmallest working pupil size in accordance with the 27
Qctober 2005 1'Y J ULIVQIPIB r4 1.1.U Xvif VJJJ4 12 invention. Iris inmge
10' shows the nyqntionig diregied & grethads apd systerna providing| adigemeainbettveen i ri s
| andmar ks 16' are_ shown sonewhat obscured due to the dilation of the pupil
with r esﬁ‘&gpoﬁtt‘) jmpages ofeide eve. anfheeatinksit mohgespifl tht Lye ther rdshie inugremee of

t he description of the invention, is due to |low light conditions typically
~associ at edcairady dfitbgfaosttieatment asd,rtherefoie, @tedtdiPalivift safisthctRpanpl e, when a
wavefront neasuring device such as a ZywaveTM (Bausch & Lonb/ Technol as,
Muni ch, Germany) wavefront neasuring device or an Obscan Il (r) (O btek,
Salt Lake City, Utah) corneal topographer is used to obtain wavefront
aberration infaqy o' r-m," di. upi 1" i,s not..iptended to
refer nerely 'EA 3@%@%@‘:& Pgi%téo ‘g}‘}%. i‘lk)?(?é%o?'slg(?ﬁ‘éwml“ﬁ)t igures 1
artificia [ ced t .rather to a.dark . adapted pupil, which is the

| ar gest &‘#ﬂ?ﬁ%ﬁ%ﬁ*&s F““‘?ﬁ%‘@“ésaé%%’l‘%%&%eﬁ Y§e i pattsmn yecpppisign famidentifying mages
10, 10' in Figure | qg? intended to illustrate the changes in .

: eye sttuctures and for aligning diagnostic and therapeutic images for eye surgery. For

example, PCT/EP00/10373 discusses systems and methods for alignment and
photorefractive treatment of an eye in which a diagnostic iris image identified with
artificial markers is obtéined 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 "constricﬁed bupil" refers to a substantially small
pupil size caused by bright 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
intended 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



form position and size of naturally occurring | andmark 6, .16, en pupil
size changes dramatically (e.g., fromdilated to const?? @f@&fr.izqg der these
ci rcunst ancesivecrrent iris pattern recognition technol ogy ihasahaishen
“short of being able to match landmark 16 in the constricted pupil
condition with landmark 16' in the dil d%ed pupil condition. Therefore,
artificial ker s, . i e L trackimn |nts.
Accor di ng TOTRG Dy S0 K RESaB eI b hoek e hEH 14 PRl e o
Figure 2 as_,fallaws:  In the diagngsti hase of |aser vision surgery, a
patient's ’%éﬁé’ﬁ%ﬁfg 1§ &% %mwdhso“?%%é’g’ffg‘éﬂfg\’/%%fmo‘ma“ﬁ’@a&fdh%ﬁﬁﬁ Wil e
typically centered about the patient's visual axis or about the center of
the pati efespsctdp|ias Bnagsulst | The dilated pupih i of9s dhes pumoseeefsthe desdniptionmf éhe ont
aberration over the dilated pupil because certain higher order aberrations
mani f est tansintion,i 9% ognec daplaowi Bghtg cefididons typieally hesspipied ivéthd alidgnasiept ed
(e.g., night tinme vision). . Iris inmage 10' schematically shows the
patient’ s meabwememgef therdyeg fot 7exahipld) avhca0f) wal¥frvhilhasdufidl RGick sickRY a
J/ U5354 13 diagnostic measurenment, having a dilated pupil 14" and iris
| andmar ks Z%@aveﬁ%(Baﬁ%t&@oHWe&H&a&'Iﬁhf_ﬁlf:ﬁ, Géllﬂﬂxnl}'j‘%{r%x{t%&ls&lﬂg é‘J??e

the patie ey ‘Eno

‘patient's éye undergol ng exam nation or nt"s ot her
under goi ng_exapi nat i ref.er ab Vi a ariable illum pation fjxation
target i n%f ﬁ%%ﬁﬁj‘ﬂ&g i%‘bg"\}‘agﬁém% Gty paé@\s CPFfé"aLE?ﬁPgraH Hnistissd & obam  eye
bei ng exam ned can be controlled. Wth reference to Figure 2, a diagnostic
iris . i nsNguefront aberrginnaipfoemation. aTolisa thedstm ddilated pupilge notiptanded devefere Wi t h
the image 10' corresponding to the pupil dianeter during the diagnostic
eval uat i omerclieo winsaxinelly dildtedrpg! thanid chelicdlly érnaitifaaly induoets bW raxher
correspondi ng decrease in pupil dianmeter

to a dark adapted pupil, which is the largest working pupil size associated with this

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 to constricted). Under these circumstances, 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 patient'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 adapted (e.g., night

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




illustrated by 14" in iris image 10". Iris |landmarks 16" I sible
havi ng undgr gane,,, @ | esser change than shown in inages %%&(ﬂb%kgﬁos\lél gure 1.
As the illumnation level is further increased, another dFay#EsVye3qris

i mage 10 i s obtained which shows a consHéicted pupil 14 and iris | andmarks
16 whi ch, again, have undergone a snmall "and detectable change from

| andmar ks digndstic i ésutdia® Eing |4 difis 14 NPl o, i anE! gl 14 shown
in diagnostic iris inmage 10 w | Igsubst ant i%a y cgélrde?géorll%mitl%a&%g‘ puppiy

di amet er Qfongoltinbaad VEMie iifdSinl tapned by,a treatment iris i mage
capture devi ce dgri ng th%ilmtn?lggﬁ rrentggﬁgglg %’f’e%/ eCYFa\E@ngmnging@i on
surgery. Diag pC 1 1s image processing hardware and software can now
track theq&%aﬁagfzeéisl N tHhe eg%q@lghtt}rg?argggqg of*amination)p geederalyy, vial @ vafigblby
tracki ng t.he landng%k,indicia so that the iris inmage 10' associated with
the dil atteYmyRLeRSEpien Bagsitiin the diagnostie exaluaginadiexicehthe papil diamétemefcthd O
associated with the constricted diagnostic pupil 14. Iris inmge processing

har dwar e &M@ bsie: ewantined s beewntrolledh (Withreferdncpas Figire he diagistis igsem i s
now used to align a treatnment iris imge, substantially represented by
iris i magemage itf' 15 gbtnmed, bywa tdiagrostieNno ihagk digﬂg;réoééai@e WithSthel § :
allowing the laser ablation treatnent pattern directed to the consStricted
© treatment cpipipondiagb® 8RCPuFE HWismabi FgHs Whe i e dihagnostic .
iris i mge 27 plgct ober ZOOE @V AR Vog%%?ﬁégi'%r&ﬁ%ivé{gmw‘m Sgﬁzﬁlsé’ie
associ at eghy : h lsat: di.a9 L1 C_pupi | . advant age of fthis
WhinBid g ;2 Jﬁ&eﬁgea B&?&ﬁgc 2 ?(%aedggn%g?% SERERSEC ™ RUPIL | digneter by

enbodi nent wherein the agnosticir
t he di agn ' agesprocessing . results ipn the limted data transfer of a
singl e mapirried YO0 M iSer 0 piidandurks 6 see alfp visblc phviss undergone

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 capture device during the
treatment phase of the lasel-' vision correction 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 pupit 14. Iris image 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 directed to the constricted

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




Since it is known that the rotational orientation of an ?¥)e %haﬂ(g)s when a
patient noves froma sitting. position to a supine pos? | SH’, “t al i gnnment
met hod acCof'di"f§™*fo the invention provides appropriate i AftdfEEvdR*f or
rotating the | aser abl-ation treatnent Rﬁétern to correspond to the
cyclo-rotation of the eye. A diagnostic asurenent of the patient's eye
in the di | ak&GattdWith 50kl Ahohst RGN hitvAtRk W | AgRQsL i C
iris ‘images with the dilated t roﬁgél@(l:onst r?‘ét %% pu%ﬁf%&ké&gﬁgh%?ﬁg’i mage
acquiring RPA ALALS ; ' ti enent..devi ce may be separate
devi ces, oﬁrl;él t @gﬁéf@&%ﬁﬁﬁgﬂg‘z ahgtag%ﬁ%f@a Wﬁ?ltdbagé‘o%‘f"n@tf’%! GERFEisng
Utimately a.di.agnosti. syrenment . will be used by the treatnent |aser
systemto r&%ﬂlgdlngt?g%{“i’fgedgg%? grﬁp?nfglf af arsingls ynags: ’g‘P‘i"I ¢ fdigenogticsphage to the
~correction. Therefore, it is preferable that the dilated diagnostic

neasur emerifealBentghass t aneously associated with the dilated pupil diagnostic
iris image. The diagnostic neasurenent itself wll advantageously include
the patient's wavefront aberration information which can be directly
obtained by a variety of wavefront sensor instrunments- One such device is

the Zywaveineiely kriwrethal the gotafiGie) eibnt&tid0oPin o viahas) Wil £atiehPiRVAOr at es
a Hartmann- Shack wavefront sensor. Qther types of devices such as

el evation I ' i1 Ll C e
& becan | B8R sEROPOAAOFIS aipind Psihid o LAk RHCRo Rt e,

Cty, Ua pL.ovi epent data. from.which wavefront aberration

i nf or mat i Ic?)%veglgﬁn béBglgrgsle\?gg% %I%ﬁ% ! |%ngag'82ﬁoﬁ rﬂ@i% rlg?m]f’ﬁer aﬁbi"éloﬂrg?”é?’ﬁ'bq y
includes. a asure of the asti i‘rat ism 27 October 2005 YL 11 1V:YV1I U3x34 15
I'n an asp®BHeBtoCRITESDY '6‘81&?99}’%,0*{%*0&& itheeyn. L sliggngstic measaemennt o€ they j s

i mmges can be expgorted to the treatment stage processor where the

~di agnost i ®atignts cygdndle didsed)pupil condition is obtained in addition to the diagnostic iris

™

images with the dilated fllrough 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 advantageously 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 a_naly;-:e; (Bausch & Lomb/Technolas) which
incorporates 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
tépography 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.




sorted and appropriately aligned for correlation with t By iris
image. Thig, ..AspRg¢t would allow tracking and alignment Ig? (Htfg%%reat ment

iris image inreal time with a correspondi ng di agnostic iYYY¥*“FH&EgE*duri ng
t he course of surgery. Due to the volu of information being transported
bet ween the di agnostic inmage processor and the treatnent inmage processor,
consi derably nore processing power may be required than for an alternative
.aspect in which the sorting and alignnent of the dilated pupil and

constricted puUpiah aspdcs of FAYERHOEMR G - di I.C .l.nage processor
whi ch then exports t%e al i gned cong’frﬂigé(r:t ed E%!glﬁpgP?rgig?lgﬁésggtlﬂ%"%g&gfﬁ%nt
~image pro Kk ' jgnnent with the treagtnment irjs

i mage. | nq%ﬁ(?@Bg%gé%?}?g Pﬁéﬁ%gﬁpug?%oc%%slﬁgrwrﬁf%m ﬁ‘éﬁ‘é‘?ﬂ‘ci“é‘s APaeRSeErnabe t he
expense of o;?eftaé ic ima,gﬁ copparjson with the treatment. iris inmage. A
variety of “F&cfat SPRIOPTEEY 2hghed EPracé’L“i? PReWithithe, treatseent irig impgd. erFhisl by
the practitioner. Wile the above alignnent nethod provides an inproved
iris patt &REH wenlieMoacking adplissmentntihe swatmeatijrssimagnin ©hl tmk addra

treatnment pattern, it will be appreciated that it is advantageous to

t ransl at i §oEesPpnding diagnpstic irgdwnge dedngnhetcopst tofsrgdte Dae e volume of
translational shift that occurs in pupil center |ocations between a dil ated

pupi | and infornpivatteing tahspupéd betWééd theafi R irh e Fir8ttsSor 3nd Ihdia@Rmast | ©
i mage 30" of the patient's eye having a dilated pupil 34" Is obtalned- A

cont r | OumkgefodBonlecubmeib A MR v iR BETLA R FRSRCCL L0
o eSS A VPR bR S S ™
pupilriris 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 uitimately determine which aspect is preferred by

the practitioner.

While the abovg: alignment methed provides an improved iris pattern recognition
method for rotational adjustment of a laser treatment pattern, it will be appreciated that it
is advantageous to translationally adjust the laser treatment pattefn 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
determined with respect to an illumination independent eye landmark, preferably an edge

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




a center location of a pupil with respect to a radial r rence int are
well known by persons skilled in the art and require ng;§§ﬁﬂﬁﬁ§ﬁgon for
carryi ng OUf "¥¥eé*¥*nvention. A selected anmount of visible ¥igmyasidon is
directed to the eye to constrict the puqil as shown in eye inage 30 by
pupil 34. The center |ocation 36 of the éonstricted pupil 34 is determ ned

Wi th respegoiter Ideai@y 6f banpmasin ARpuhivs ) dadial PEeSRIELAR SYS, QIR 32 11
er

imge 30'. The tinbal edge provides an advant ageous r ence p ™M P€cause

h i b . ntial ] h i il i . h
the i rhsSARIERIE akVard VROES hE b B HIANIR Bori VDU the ShESition oo

vector displacenent of the pupi

| pupi | cent 6, 1 S _determned. . techni gues well known to those skilled in
“the art. 'I‘%liesc%ie%[f% '%aff%gﬂflggeeﬂg%lm‘ft?“t ’ﬁéﬁreﬁ?g&o 4“6 e¥ifusensing thophpitas of a

- cal cul ated,l aser ablatio {)r eatnent_profile to be applied to the eye
havi ng a c@ﬁ%’rlﬂﬁ’%&nb@pﬁ bH%EH-”%pEﬁ“ eRniRyrleenation 3qef dferconstricet qrupitidas
obtained fromthe diagnostic inmge of the eye having a dilated pupil. It
i s advant sdpterminedowishrespect to the eyiedgmbbsrk 32 iwhidess theé sanfecaspat il@ilimdik 8% §n and
t he measurement of the displacenent of the center |ocation of the pupil in

infra red imagat3050 Theatinabictigs ipzeridises aoy BEE rederehddd pbidt HecdRE Ahe
acqui sition. Once the vector displacenent of the pupil centers is

det er ni nedimbl i subdIRRY LARFEAR B RGeS i Pugh %i%%?g%?%ct&j (%i?prlrggerx{aﬁq af

controller of a treatnment |aser for use at rirate
reference 0 fi 84" Sudi L. Qs d.di agnpstic deyice 4Q . is described. In a
preferred enbéggrl#eﬁ'fq? d%&et% ?smgn&gﬁef'c&%ﬁﬂ'%’ C§ﬁtgﬁ% s 1% fetergsd Phed in
WIlliams id, .faor ohtaini wayef ront. aberration neasurenent of a
patient' s "EPRIGSS WE W?’@r}gfﬁ%ﬁ&@{edﬂ%ﬂﬂ aII‘tBrr vester displagement és thies esechown.
- The aberroneter 40 typically contains an IR canera 44 for obtaining
di agnost i d° pAitgethe pasition of airglealatedhlapritablation yrestmaen profildtoghsr appliet tanke 2, a
wavefront sensor and associated optics and el ectronics schematically 27
Qct ober 2@®6 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 pupif centers 1s 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 diz.ignostic 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 eye42. Aniris4]l 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




H V U/UTf 144L Y(;1'/EYULJU3),4 17 represented by nu I igure 4,
and a fi XQ,C{,LJ,.}aUanati on |level fixation target 48 usegé?%cf(gq%ggbnint
pur poses as wel | Understood by those skilled in the art. AdHdNF>*o the
i nvention, the inprovenent conprises rep} acing fixed illumnation fixation
target 48 wth a variably controllable visible illumnnation fixation

target so fepberitfEbfnamei@46h Figife 4PaR 4 fiddd ﬂfunﬂiﬂﬁio%altekagﬁ cafiof {eS a%k/ be
changed to obtain the diagnostic iris inmges as .descri be ereineshtte. 1n
an aIterna,;sigé{@ma&';'i%ﬁﬁ,te S 1€ H%F& | trat.ed by the dotted |ine
inserts 49 in Figure 29;‘;t eecgnfvrgg%a eog\inbgi“gsg%ﬁfaﬁfﬁw&f’fton‘\% B@Can be
~external ly J- i th the device 40 as represented by controllable
visible ﬂ‘?ﬁ‘?ﬁ%ﬁ% I’gﬁeISO‘%?‘é%genﬁ§?mB\Pfeérrﬁ§?(fl%ﬁ§?§ @W&{Iﬂ@?@vﬁf«)ﬂnpnéaramsce 40
coul d be a corneal lto‘g)o‘%{ljﬁ:gger. .such as _an _Orbscan Il device adapted with a
cont rol | apYE ¢ varghlycont at5ibIR ewninadionSxaties daeplew thatdheilametariofthes e,
device 40 coul d be a pupil ometer typically including a controllable

vi si bl e i IUgHi Hhaef dhe BYiRnER eyocap bei ¢hangedtet ebtainothier dibgnostid: ifi$ gmbgaar gy ement
. accordiing to the invention being a wavefront sensing conponent or -other

known har diagarbedrhgreis ebevear in aoafonativesasp lof Wiy csh AR SINRMESY B the
aberration information about the eye under exam nation. A system

embodi menidoged Qingliifgrts 19 REFighHen] iHMconfolRRE ViR il ihafi tQq et OUr e
5. The system 50 is a di agnosg?i c and the?apeuti C si’sﬂtlﬂe]%a %?Bﬁas%rcgléf’g

The ai agnose Tl etER R, MHANRS dCiTeh 5 B ie i T oubblebed

The diagnostic part 52 inc s a diagnho
W th respefimiy ti(%:i %urcesﬁlgand a diagnostic processor 56 that is programred
a

"to sort, correrate an ign the diagnostic iris inages as represented in

58. An ultimately aligned constricted pupil diagnostic iris

Alternatively, (not s;hown) the device 40 could be a corneal topographer such as
an Orbscan II 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;rould provide wavefront aberration information about the eye

under examination.

A system embodiment according to the invention is descn'be.d with respect to
Figure 5. The system 50 is a diagnostic and therapeutic system for laser eye sufge_ry 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
diagnostic processor 56 fhat is programmed to sort, correlate and align the diagnostic iris

images as represented in 58. An ultimately aligned constricted pupil diagnostic iris
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above) is exported fromdiagnostic part 52 as illustrat 06§P t rence 59
via any vé'r‘f'g’l"i?”b‘*r‘ wel | -known i mage data transfer nmeans i nt$VBYHY3¥Nd
‘based and wirel ess communi cati ons, corrp]ué er storage nedia such as disk or
CD, via the Internet or other networks;®etc., to laser treatnment part 54.

Laser treghi¥peiaddéstribdl hdrBin! #4868 R e&é&ﬁ{g@%gdigé‘&s{ig?% S?Z%Iilgﬁ%mgg%*,% 64

for obtaining the treatnment iris inmag constric¢ Yeye

42' , a tr r heh.canmpaonent uch as an eye tracker (not
shown) - | ﬁr@fgéﬁgﬁégfﬁgﬁn‘?é agig e‘gi ngf’l KoR) l&‘r%%éf’%etmn,sgtrﬁge"éﬁtlp?lédmﬂl lapd| ity
of diagnostic,irjs.i,mges as.regresented at 58 is_exported to treatnent

part 54 Gand, wirelessToommurications, computes slofpgednedia pucheasidisk oyChy vadbsor 66

sorts and correlates the diagnostic iris inages and provides the

appr opr i atiBteHiet gk Rther privarksn cichdoclesrstirdatment pasupd. Lasemtemintent pagesand
the correspondi ng constricted pupil diagnostic iris inage. Processor 66
may al so dusludasla trértmen icislimagel cdraare rdenivk &4i fon op@inigy thel theatASRAAS fmbge t he
iris pattern recognition alignnent. In sone cases, It nmay be preferable to

have a pr baeagarconfiricrediphpil Gf @901931 h Greltieht RderddMart RRACE&ITVIneRR sh e
treatnent part 54, however the nature and |ocation of the prn((;cesss‘:;}}]éfp

har dvar e abyatdctes totishbwiip dR'A MdetivRYachtl 45O PLASEENGE ntﬁgdeﬁiéer erred

available iris recognition software a a re componen
processor

aspect of - Sy St odi ments described,hegein, the 56
associ at e M\?\?Pﬁ OZicg%gs g %’Si lﬁlsalg%?rseﬁpreﬁﬁ'ﬁ% ataéglbs( expoytgd 19 treaiment part 4t or
di spl acenent of the pupil center between the dilated pupil diagnostic

i mage- and MRS RIBCRSSING Elﬁlgiavaﬁj?mqt software represented by processor 26 Fs)01'ts and cgorrelates

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
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or

54 to be use transl ational ly adjusting the |aser treatnEft"*B&tern on
the treatnent eye which has a constric éed pupil. The foregoi ng enbodi nents
of the invention can be illustrated by exanple as follows: A patient is

seat ed andsyseing 4 do Vel sedefop atdnslafiomll &GBaARk the quérct?'ea(lﬁc:ﬂ: patteﬂp Oh'gget er )
that can provide a diagnostic wavefront freasurenment of the patient’ s éye

and whi ch aimaf @yé Which 134 aRbRGESS g{@g_nost ic iris imges. The patient! s
eye is aligned in" respect f the ag rrometer with the use of a |ow | evel
visible illumnation fixation target such that the patient's dark adapted
pupi:c di ?meter m ghttbe idn tg_eI r?nge -ofl 6dfto 7 l\/![_n. ~Both a diagnostic
wavefront neasugenent and a ate pil diagnostic_iris inmage are

bgfimshES Rl

obt ai ned at t hi SpSrTRCNE FROBHMEAS ¥sWe gaventiontcagahg Blystrated by ¢xemphe as
increased until the patient's pupil dianmeter decreases to about 5 mm
Anot her difaliensst i4 Ratieat jséggtedi and eligeadnwitharespest ¢o el disghesticl deviten gd.g.on

| evel of the fixation target is sequentially increased so that diagnostic
iris i mgabemerpeton) that einnprdvisic avdingrstic puvedromti messuttiidnk off the pafdnl's ef&d

~ pupil (e.g., about 2 mm) diagnostic iris image is obtained. A pupil center

shift is ahdovhie eulRbeige hitl $rocest AEnedicarY BakRs. dihg is 41
dilated pupil di agnogt ic i rl?s isnagiegnanld ?he cé(}rrsl’st ri @%‘g%ﬁgﬁg% fsf%{ggéﬁg?st i C

S o) MO espBAAUAD abl iR HR OBLEGHA Mty 1VEPTRASL NRIRLINEE G RRdosal L war @

associ ated either with the diagnostic system an

k | [ LLd | and k t he d |f i|_sized
o agnost 1 &t al SEARENek BRIRL Py CORERIE tniE fe et s St inghame

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 stqred. The illumination level of the fixation target is sequentially
increased so that diagnostic 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 irié recognition landmark through the
different pupil sized diagnostic iris images to ultimately align the diiate.d pupil diagnostic
image with the constricted pupil diagnostic iris image. An ablation profile is generated
based upon the diagnostic measurement 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




image wth the constricted pupil diagnostic iris inmage- abl at | profile
is generated based upon the diagnostic neasurenent assaﬁm‘g&ré\é{%ﬂ t he
dil ated pdp?P“"*1#¥ rotational alignnent and vector displ at'elBtiisda is
al so nade available to the treatnent Iaé?r system At sone later tine, the
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constricted pupil/iris s obtained. Irrs

li d wi h b ially di di ic iris.i havi
enral | y gt IS RH RARS Wi ke SOURRAY EhpPePhATE Arienbulcih impe brvingimar k.

'so that the c¢ Igﬁl ated abl.ation t ea.(tlrreig,t can be rotated, translated and
ot her wi se &AFFsY L

© (B APt hiee ia 6l i reqogattivaniendmark; pe thatghe t he
iris pattern recognition software cannot detect an iris landmark that can
be trac kecPaW“ﬂqie%%ﬂii@W ireafiapntorn be petattdnicansiatérkard othersviselmipstdptoprdvident er
di splacenent can be used at a mninumto elimnate decentration in spite
of uncor r ectimde motwateoreatniéiith olngthepevehe theeitisepdieei veeoiaitioh soR®ary eafRE

i nvention have been described in detail herein above, it should be clearly

under st oodietde@ an 1§ Yandidfaiieiha0 B B tHadked Wit hili@ 1985 0f &infldlfcL #R fimbus
i nventive concepts taught herein, which nay appear to those ski led I'n the

art, wll i H i i f, .t . t .ipvention
e et | nedped pypiPbinich dibiihelrdf OB b bso M aMGORGLA 1 RRE DE QBT B OF
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spite of uncorrected rotation.

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.




. I'n a diagnostic and therapeutic systemfor |aser eye,gi4 rein a
di agnostic inmage of a patient's eye that is obtained by a‘%@%%%gﬂfhat IS

adapted to make a diagnostic neasurenent of the patient's eye, is aligned
with a treatnment image of the patient's gﬁe that is obtained by a device
which is associated with a treatnment | as system via an iris pattern
recogni tion technique, the inprovenent characterized by: an illum nation
control device for controlling a ViSiqgﬁ hh%unination | evel on one of the
patient's eye being exam ned and the p AP s ot her eye (not being

exam ned) erei,n the visible illumnation |evel controls the pupil

di anet er  of Vy?he &4 *’r%‘&“léixaél,ﬁh‘é‘%%‘t%b’st?mafeklﬂﬁa eye SBERGBNPIeeIng thagnestip of
di agnostic i.ris i es each having. a different pupil dianeter ranging

bet ween a di‘@ﬁ%ee%#%‘??&eps%?yzeethgdﬂ ojfained byta devieedhpuppdapisdrte o edisemasting t o
the controlled visible illumnation |evel, and each sequential diagnostic
iris i mage FHEFUERAY ftthe palient'paye, ivplignedi witls ateomopit iage of thagatie'stelye
entirety of which is not identifiable between the constricted diagnostic
pupi | i mage thehés etrieined bye davide wlivhss assopiated| withra reatnmenalaserfsyste prdni ing  at

| east one of the diagnostic iris inmages to the laser treatnent system and
means for apaigpm nepogingontdchbigde,pupi | di agnostic iris imge, associated with
a diagnostic measurement inage, with the constricted pupil diagnostic iris
i mage; and thesmpsovicatfentdliagatianiged B al i gned constricted pupil diagnostic
iris imge with the treatnent iris inmage having a constricted pupil of a

size general ly ce (IRsPeAn@nte] I86ce R BARSIihE ol IBOR iBAAHGELE 164 BYBhL
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of the patient's eye b;:ing 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 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 irs 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.




2. The systemof claim1l, wherein the nmeans for alignin he di | ated pupil
diragnostic iris image with the constricted pupil di agnog?b&tqbﬁf &]Smage
includes a diagnostic stage processor cooperatively engaged with the

di agnostic i nage capture device. 3. The systemof any of clainms 1 to 2,
wherein the nmeans for exporting includes2at |east one of a wred
connection, a wireless connection, a conputer file storage nedium 4. The
systemof any of clains 1 to 3, wherein the diagnostic nmeasurenent obtai ned
by the eye @i agndbeisystewaslirdaig dewlseeinsths uinkaisl forf alignidyd aheidilgted pupil
wavefront information about the patient's eye. 5. The system of any of
claims 1 tod@gnastierigisnimdpe eyth dicagaosddted MRPH udiapbstie Virigeimagec indtigies an
iris imge capture device. 6. The systemof any of clains | to 5, wherein

the il um ndiapeostic (dgeOprod@¥arC CodperativeRasmiaged am tH&ediq%ﬁﬁﬂ@%ﬂager& e i ng
device. 7. The systemof any of clains 1 to 5, wherein the illumnation
control devi&gee.conprises a variable illumnation fixation target and is an
. integrated conmponent of the diagnostic neasuring device. 8. The system of

any of claigs | TR dyste6f Silylod ﬂﬁlﬂsnpfooiqpﬁé?éinitﬁe fiher g)éﬁctv%gﬁegﬁ{é:ﬁfdgé g{i | by

a neans for obtaining a vector displacement neasurenen
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~constricted pupll diagnos e system _
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claims | t Qbygth\éwé% %}a%ngs 1.ccllnéjais1?19nngo e:-[viifgf: i(s:I leiita%?e }oi ogtailggg 21 lw%ggfgrglgt'infonnaﬁon
about the patient's eye.
5. The system of any of claims 1 to 3, wherein the eye diagnostic measuring device
mcludes an iris image capture device.
6. The system of any of claims 1 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
compﬁses 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.




27 Cctober 2005 23 11. The systemof any of clains | to r el aid :
di agnostic device is an aberroneter. 12. The system of 22%@%1‘6?% aslsm; | to

9 wherein said diagnostic device is a corneal topographer.
23

11.  The system of any of claims 1 to 9 wherein said diagnostic device is an

- aberrometer.

12.  The system of any of claims 1 to 9 wherein said diagnostic device is a corneal

topographer.




