, e3e\d>64T_21 APR 200 WD 01/ 28408 PCT/ EPOO/ 10372 TI TLE: WAVEFRONT SENSOR
HAVI NG MULTI - PONER BEAM MODES, | UNDEPENDENT. ADJUSTMENT CAMERA, AND
ACCOMMODATI ON RANGE MEASUREMENT SPECI FI CATI ON TECHNI CAL FI&RP} @P* nventi on
relates to an ophthal m c wavefront aberration diagnostic t h i ncl udes
opti cal s that enhance its sensitivity. The in so rel ates
to 5 syst&%ﬁ)ﬁ@oé]g the inproved tool for ophthal mc ref }ég?{#@@mg{frgery.
BACKGROUND ART The field of ophthal nol ogy for the past nunber of years has

seen great strides in the devel opnent of refractive treatrre to
correct the. vision of the eye. These techni ques have evolv n’ ’"’W@@ﬂ"’
earlier radial keratotomy technique, in. which slits in 10 t

al lowed' the cornea to relax and reshape, to present techni ques "4 udi ng
photorefractive keratectony ("PRK'), anterior |anellar keratectony ("ALK"),
| aser in situ keratom leusis ("LASIK'), and thermal techniques such as
laser thermal keratoplasty ("LTK"). . A 11 of these techniques strive to
provide a relatively quick but lasting correction of .vision. 15 Wth the
devel opmentTI&LA: r ef | RABERONT SENSCIR HARNOCJIULTI-BOREERBEpMCi si on . has
becone possi bl e in r YORES, INDERENOENIDADEISTMENTICAMER Ay ANIpes of
treatnments, the precASICOMMORAEIRORAKIE MEARREMENT vel y coarse. To
provide correction to within plus or mnus one diopter of the desired
correction for nyopia, for exanple, would be considered an excellent

out cone. The types of treatnents SPBEIHIEROTTONT ogr essi vely refined, 20
however, allowi ng nore subtle defects to be corrected. Myopia and hyperopi a
can now be correct ed to a high degree of precision with current techniques,
and usi ng exci mer 2 1 APR 2004 WO 0x/ 28408 PCT/EPO0O/1037z. | asers,

hi gher order. 6{ gf‘&-‘s al so be corrected, such as asphericity and
irregular asF 3 the sane tine, the diagnostic tools to determ ne

what correction yps xﬁmd&drdlmse:oadn&@mdmamdeﬁdﬁmmw@ dtagmgbaw)yheﬁyst ens,
VI si on. def ect: s can be determ n§ 5.and .corrected jrre ectl &nt hei r

"regul ari tymc ludgs Qpticel RMPERADE F‘tec’@égct?rqstféﬂs‘ﬁ“ﬁtyu e ‘F‘é’l ‘E‘HP %8de, 132,

entitked " Ty§€éfnbBHhQﬂmeEﬁﬁﬁﬂoﬂ&itobﬁﬁ)%plﬁhuhﬁ&:rrb’frﬁlﬁ%ﬁﬁ@erylSsued April 6, 1999.
A variety of néw topography systens, pachynetry systems, wavefront sensors,

and overal | or detection. systens can detect not only the
anounts of- %@k@%wfééﬁ%l a, and astigmatism but al so, higher order
aberrations of tTe fiebf ofaphihdEndOgypioothe iphstamambér dflyearehias seen Beheatidesnin of
wavefront aberratio 5 he. h n eye. for. such 0Ses .as i ntraocul ar
St gery anaE SRRRReRE AR F HERReRt iR ISR BEREH AR P IR ey
e.g., in LigBghiqles hhve cvoliie@ Glony the At radind kerattonvwatschrifey; irotvhizhsliafint he
- human,_ eye wiith the ser of a Har tnnrpai{ a{aarcléhwave front s Jour nal
5

of tHd Opti thgIcomsgA 18’("?‘1 &e 90mmea Pare apg, tonpyesent t EP’ﬂucsl@ﬁh’dmép 1-9.
fThat tefhnl ﬁlﬁl%or’égidtlvb%x&téﬂmfyl (zpmolly tallaterlaf amnﬁacemed&g@y (mm’)paamng Ihl ght
rom a | aser, di ode or- other table |i sour c i rect t he
pupi | and i &M kfeaterei ?uslﬁrqqﬁ‘%wietap g‘“@%@ﬁﬁﬂ‘(ﬁﬁ“ﬁ)&"éi@%ﬁfmig“ B Yhed i n
Fig. 1) is refikest eslyr héR fechidiqas anthectep@oilel 4 oetivey uiek| but Tiygingal | y,
the incom ng and energent |light follow a conmon optical path; the incom ng
light is br&RTEsHon "dsm‘i he 20 . common optical path with a beansplitter.

The erger gent beanﬁl&héiﬂH%l'oﬁﬂeﬁtChnd réfafeingnts f Si&e@decldﬁc?&gt@éatéranaﬁﬁ@phast he -
aberrations,.- Such a_detector, includes an. arr ensl et s ich, break up

the light i h?“@m&d’%ﬁ“ﬂ%{y‘ TSﬁa‘?ﬁSFgora‘i‘i’Ee?tH@ué“ FH, %t@“ﬁﬁf”&"‘é fRFEGBI¥oupl ed

detect or (ngf weheMBetlon was elafivelPEoddeN €To piRiddi BREGEOR NS withird Plus @€ hifisOr -
Each spot 'is | ocated to determne its displacement D fromthe, position
whi ch it woaneidigptetipdthe degired correction for myopia, for example, would be considered an

excellent outcome. The types of treatments have become progressively refined,

20 however, allowing more subtle defects to be corrected. Myopia and hyperopia can now

be corrected to a high degree of precision with current techniques, and using excimer
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25 absence of wavefront aberrations, and the displacements of the spots

al l ow reconstruction of the wavefront and thus detection of the aberrations
t hrough known mat hematical techniques. In Fig. 1, 0 is the1lpea {?ﬁ aver aged
wavefront slope in front of the lenslet array and is related to e spot

di spl ac d the lenslet focal length by 8 = ~/f, al so be
apprecigggg}%y those skilled in the art. 30 Inprovenen éanmgﬁgztechnique
of Liang et al are taught in J. Liang and D. R WIIlians, "Aberrations and
retinal inmage quality. of the normal hurman eye,” Journal of 2 2 1 APR

200g wo q-~i 2s40s PCT/ EPQQ/ 10372 't h tic Sqci ety of Anerica, Vol. 4, No.
11, Nover®¥Fs; ii@?? orfigy f%@fscaé‘s%‘? gﬁg@%m"‘tﬁ* guchpag éﬁther\'ﬂty ang yycguiALg to

WIliams Btigahtised." Wl lians"). WIlianms teaches techniques for detecting
aberrati.ons and for using the aberrations thus detected for eye surgery and
the fabricatidH Bf PREHNe dPari2gRRItc Moot deamninesvhas copeeionds pessl Pat ent

Publ i cat lr&ne\ﬁﬁo%%b&?o%a%ﬁhaylﬁg ﬂ@édg%ﬁir sPRhs, PSibh LERIE/ %ﬁ%@etﬁrtﬁtn%a )

teaches a further variation using pol arrzr‘;g optics to contro

bacRk- scatandreofre@ad imespeeivg 6 theiy trh%ﬂ%! ecBush teqhnigpes tricldgsonibed imbS. Fr ey
suggests r I
correcti o}hﬁ#n?qqétjﬁ%eng £ﬁ$xeglﬂ1§%de\gﬁglt\%b%§d sé)gde&?% Ié‘IiaSIg gﬁ}/%% hpggg%}ncallsguggr rection
so det er rhpréd, i1899.i mtvmbtl of néwe tepoerapby eys@[mst hmhmctry)rsymans;rmuﬁr@ﬂl by -t.he

sensor, [ t he ' upi | s dil ated
when the secgsemwﬁ%g?rg%g:lj He cm? 8Et8‘%t 59 Sécr”\gg EF‘&@ ‘?ﬁé@@t@”ﬁ%\"ﬁ\&@a

t aperi ng rby@mj hyperepef a:piaastlgmhttsmblbat alscn highenordematesratians efeheciefagia i n -
corpeal curvart urﬁtgcng hence | essen regression. . . , These diagnostic
systens aNAPYecHTiques have the potential for permitting 15 ~ correction of
bot h t he funddpeedtmn afnd/at'ﬂfgahmabmaimnseriftmmmaxe&pecfmalshgh piposedsed Wit h

t he even efrn fr trvecrrectro te W, th the .

possi bi | i'f ngactcﬁ % c8rrz?t(rﬁcetclfnrlso“lrlt1 ¢ trﬁ%‘fl?rgfmtﬁgrhcaget‘ HpdisdlosedSotelay be t he
nor hm :—Iovrtetmeg et al, ]rf‘m)tgmde mehsnednmng UEWa\feCHbgraalmhybﬂgc agMan 6ydgith theaggost | %N

t echnol og efra e_sur ery ar e, nee .20 _SU THE | NVENTI
Accor di n ft%&@ﬁ gb ‘hve' I S ) ?urgagﬁ)écdﬁc 9&H%°F& 8l étneBi§a.enhanci ng
t hasi ni tivbl f DOWSs 7andy, ﬂ|9943|p§l Do, Qﬂtaﬂtb@!ﬂtqub Wi PYiudtn&ired Wil réftdnbio0f an
eye, which aj ds in foc roup of inmaged |ight spots that

n
can be usd& IO‘H«?F%‘Prﬂfﬂ t?f@mh? 8’r 8?18? Ogﬁref"r“é’t’lf*dl@tét’“’%@ dyestedgeneral |y

referred tbwaﬂ&wptr;ﬁmrdqmbidemm&né RtihQ NS bédn (02 WaesPdHt o dBeribéd fntkignd hi gher:
order Zem ke orders and ttyrgéqgﬁ#qrexcl udi ng .def ocus and astigmati sm

Speci fi cally refiected\hyr the e trenpid Tvpically thainsamiagandyi t h an

adj ust menéme gdie Night T&E)&eﬁldﬁﬂﬁncﬂfopilchleﬁﬂ{ Ghe GROBE: light! i3 HedughSidd aked into a
| ower - power node and rolects the light onto the retina The light is

br 3ght ﬁﬂngn%%eaw%wrthé RUPSPIGFT t e cHgfa5at brony is apphinddo 2 Blacmase- t he
light ent§idcpdefch®r adiéted TRNEberatiBisa $Rh tahdtecto? iRAGIES Ca%téep%@ 1&siekef | ect ed
fromthe retina is not divided by a lenslet array, the 2 1 APR 2004r W
O 01l 28408hipThiealpyp thegighd int,2bpEdy(Gf sBots aphfocys tgﬁﬁpqt%orrteta chergercenpleds |t

woul d be dédctctUaht showansl ﬁ% ﬁr&amcﬂvrooathregtlo&r%gﬁtm&eétme"ﬁmy?gt@g@ of the

light on the retina fromt adj ustnent canera tO nore precise ocus the
i mged s plocaedbior dstarminesigsdisplacgaieniy fomy s pasition Vb@hflbwgélrdrvgcwmdbc Once

th adjusgﬂgﬁf& e 0 i C e 1to the 5
' re?rsna asgfn?g%gb?gfggﬁg?%ﬁ ﬂ'.;[nrdt (glhé; di caﬁ:%tgmgf g éﬁ&émﬂ if left
0

on i ndef i igransiryction@idthe avag rttheldrtétls d@tect@atof. the @heryations dhreuelf bnovem

t ant t ded
nstant s RAPCAHUERN 1 L8 8 ) OBRUELEPAR S TED IR IFS
| i ght i ntthe fenpletaredyi ang 1safela&|ddb the sbbiadisplgbmprteRd thertpristet €scal laggth ibg Mot

intensity and contrast of each of those spots. 10 . The size of the |enslet
array rrayNtfr?é@“%éls?QEG%ECIMF%PY@W@ i p§#tan 800Ni cron cent er to center

gpance for the dveRRhRlS th {BhAfudor Nahd Eﬂ”@teﬁé t L%‘hf’iln 5%&#
400 m cron center-to-center distance w th a I meter oca l eng t h.
Thi s al | oWdlliams, “Aberrations and retinal image quality. of the normal human eye,” Journal of
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either a smaller footprint for the device or a greater nunber of lenslets
and a correspondi ngly greater nunber of inmage points, corresponding to

hi gher resolution of 15 the system Further according to the invention, a
wavefront sensor can instead enploy a |lenslet canmera for Rocuermggs |t does
so by continuously observing the centroid array fromthe | enslet canera and
conpari ng gy aesual average centroid spacing with a pergegidoyisacused
centroid spacing. The focus of the wavefront sensor is slowy adjusted
until the 20 actual average centroid spacing is equal to the ideal focused
(or mninmally defocused) centroid spacing, at .which point it is determ ned
that the ve ' 1S u f b egh Pt 2, nmyopic
foous and BooEo SOTD AL ARl o B, LU ERber Yo B IO RIS BT (e

| ens of thd&) . 8yRatins Noef, AX6H b &Yilliams shal of Walhems anydHamg teaghep teshjamesi nt o

focus. But . then. .by further ' i NEk . € t rh%g i and
conti nui ng f?roé]eg%ggg\a}técr&ahgn%aa\l/]g?ggg“ g%ﬁ%%?ra{@%g@ilsndg&)%{e Zoa cg{rlrl%glg;atniéon range
of an eye' shd fabscatisn deiteagviiaeehd c8practiléisenl | y, when the spacing of the

centrpoid again begins t hange hat: 1S t ey to he.end of the
range50 at which ?’H%“Ftéoﬁ’gloo% a%ﬂg %’b‘{é‘b%g%’{ ac\ggrm%%? e fo?]ngﬁ%attlg %nggﬁg f ocus
of the waveiTUSYBEIES)“FrayT) seattes al furtmrgeri@®ndsing ol aniemgtdpscsoteeoatrol

accomodat i on range_ of the |ens,of,the e. 4 4L APR 2004 WO 01/ 28408
ST EP00] 1085l SRR HiGh 5 BRFE i Ssteat P oLl AT G5 TSGR 81 ¢ he

| ens of thejeyRomaRe Weveoni sashr thdsetbopom tfzaMevrettionios tieagi wxadinaien t he
eye first went into focus fo([railowed .b&/ V\,gen,t.hea .eﬁe .wgnt out of facus at the
extent of tMerespesitAidaF SRt AYEFCEPT shactraned ipmmued s BedippreRt & THE
DRAWINGS 5 (ot meeadurtd bt katis@Se.B);, tHed pllBdetensiedo/@dvitich thaeed s piil was
measurenent; Figure 2 is a bl ock Sii ra 8f a wavefront sensor for use in a
syst em accotilitsdgvies thheve Waremeasid- %‘@e ¥ 16 3T HEPEH BN B ER ! ary

fixation i npge ok ofistidl Bblkiieh ta@meintifdevae ob@Eesh chingalr@ndturd thdffieges es 4A
and 4B are diagrans of prisns inplenented in the wavefront sensor of Figure

2, . . . FilgﬁfF’éf"’&GSfil_%“-a di agram of a drive systemfor the prisns-in Figure
SB according to g nysdtit Ofsterrd %ﬂe@ct&’qlﬁﬂd]a%tﬁé?o%ﬁﬂrﬁﬁﬁpchﬁmru%s?ntl ng
typi cal data returned 5& the 15 :wavefront sensor of ‘Figure 2 according to
t he .lfivent | emectiungrtetiethe Sundamenraloanddvgher PIAT eestsn cinseiaaden ks v4th
wavefront SEDSOL, Adre lefiMil fefth@Re IcBrrkdtBH€hRiques, with the possibility that vision
correction to better than '20/20. will someday be the norm. 'Hchver, improved
. techniques for applying advancing diagnostic technology to refractive surgery are -

needed.

20 | - SUMMARY OF THE INVENTION
According to the invention, a wavefront sensor can be improved by enﬁanc;ing the
initial focu§ and precision of light impinging on the retina of an eye, which aids in
focusing on a sensor a group of imaged light spots that can be used to dctéiminc ‘the
higher order aberrations of the eye, générally referred to as monochromatic aberrations
25 represented by third and higher ordér Zemike orders and typically excluding defocus and
'astigmatism. Specifically, a wavefront sensor is implemented in one embodiment with-
an adjustmcnt camera independent of a lenslet camera. A laser is placed into a lower
power mode and projects the light onto the retina. The light is brought into focus with
the help of the adjustment cafncrei. Becausé the light entering the adjustment camera

30 that is backscattered or reflected frb.m the retina is not divided by a lenslet array, the
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Figures 7A and 7B are representations of the blurred wavefront sensor data
returned by a wavefront sensor, as well as the generation of a center of
mass of the data 20 points of the wavefront sensor; Figures 8A-8D are
diagranms illustrating average centroid spacing; Figure 9 h ?gr h of
average centroid spaci ng versus refractive corrections; F'g BR a1 oD
are cutaway views of an eye illustrating 'focal points durin
acconmodavyon28405 ~ Figure 11 is a cutaway view of an efé:TthPﬁ?ﬂs“P? Zati ng
wavefront contribution by. various conponents; and Figure 12 shows
equations for calculating the change of shape of a | ens during
accommodation. S 2 1 APR 2pp~ wo oi nsaos PCT/ EPOO/ 10372 MODES) FOR
CARRYI NG @tnsTiyif ItharEIRghE morm:dﬁca@a% B vruiubeefop such pHlepdrt AragraafProla
wavefront sensor 300 I ation of
this |nveﬁt'§féfﬂ car g i t‘Jt‘on scg)rr1 t%weﬁ& ﬁ%?fﬂﬁ(ﬁ%ﬁ:ﬁfﬁ%@gﬁeﬁfﬁ dtg% t he
wavef r ont pewﬂ@@rfo&ﬁs Mélxma@mspotbunto |tlmcﬂenme35m$ ritcabenedepe faghang ¢iEt.ur es t hat
make it especially useful for recej V|n r g the
focus . of Ilgﬁt °g 3Bt 2UGHET S ETEST " RS nlu%éafitgﬁ gt‘?ﬂ‘ﬁ%‘g ?‘heﬁg\/\kgvogfcp gﬁt
abersat i ongti@d tHehesee Ve bridflyr broeght t@ahighioepoved. mdde, Wiial ufrleft onfindefingtelyer al

applicability to wavefront neasure VI ce Ludin hos her than
WIlians. OSHéhdaﬁl?gFéjé%rﬁt‘ﬂ%I%és %éﬁ?ﬁqﬁgq ke %%“‘13%% eg{)ertur% £ at\E/"e a
lensl et angaypoviddnsad ftslﬂmnq;rbﬁaéﬂ @lewghet& lesslay arriﬁchﬁhmu@ tabknslenetayr s and
ray tracin a erroneters, In nt _sensor 0 foguses or

scans a | i djvidey thy srigmradylicht I”ti%ér “rg]htytcﬁép?té f B fPORT %mgﬁ‘?cfg? fEA*anal yzes

the |ight FQBH q&hﬁgtofg@ggﬁg@gg@md fromthe reti na) t hr ough the | ens
and corneal optics of the eye and i naged Lo and cused Ey a Ien t. array.

f
Basd@ on opt i calheapie P%thcdﬁ'ssmr?”tahénaé(y@”% ppidred, ‘Drt?t‘@mf 8 vel ops

an overal| Wxﬁéén tto-fé?xﬁérrcﬁéthx% BNk YSrsfers| Wi benﬁmwtdaqacat tegath toa
Ceneral ly, performthe analysis, he returned |ight becones aeri al

i mges f or4fifdmisyoracérderstpeentar ﬂ&ﬁﬂn%‘nwét seALTlBety Hecal dengthut Yoys Fr om

these i ”ﬁgﬁﬁmthﬁm\é‘ﬂé&egd Btine SEPSRE AOKE! APE @M@V REHRAT oRNREIAL kM a1p from
whi ch can be determ ne at corrections are necessary to the eye"s optics

t hat woul dcoyneqsamdmmgne@tpn pUmbAT Of AMGSNRRART ywérﬁf@ttiilaglt% higher (esQlpten eon
correcti ong tE!onrrloperly orient the patient's eye E, two 660-nanoneter |aser
di o& S 302 oW i n Fi gure 2, can .be aligned at angl es to the eye E. Wen
spots on the paRuirthat ascoe@%EOfthQ)thcW@ﬂl aseVeHPoldEssB RN dpgcitefyeYihit o a

singl e spo Sl%fycagﬁgrfgpfocgglga aﬁlab@%ggp%oﬁt Inub 3R YAYS QR c2EBRUTay W t he

out put bea aser- di'odes or opti‘cs dirécting 25 thése beams),
the pati enthe latslepicheemi id, cotrperiny themaclug! pussieei wsnieed apacing Wi gresticatit el y at

a precise gogaclé cgllét?'gl ;():a%mc 1‘@%&@‘6%&%&&&%@ so?g(@iovﬁ&tagfu&@& L@l the

patlent S yorlene yapyS|C|an t'ech ni cl an,. or
ot hexp heal hchﬁ:ﬂraecr\tt@df kmrohyspanmgas equal ¢oKierigeahfocuned torsmnm@@e dsfoctised) eye F

eye E I n o penerhanie bR e SRER I e B EERnePIBRNS, 50 11T

eye E. I*S"No nee or t A 30 |ight
source, eye illumnation 304, provides light for a pupil canmera 328

di scussed bel OWFurther, by beginning from a myopic focus and proceeding towards a hyperopic
focus, it is insured that the lens of the eye is rélaxcd when the wavefront sensor is

25 brought into focus. But then by further adjusting the focus towards hyperopic, and
continuing to observe the average centroid spacing, the accommodation range of an eye’s

lens is determined. Specifically, when the spacing of the centroid again begins to

change, that is determined to be the end of the range at which the lens of the eye can
accommodate for the changing focus of the wavefront sensor, This focal range

30 determines the overall accommodation range of the lens of the eye.



6 21 APR 2QQ- wo oii2s4o0s PCT/ EPOO/ 10372 Once the eye E is properly .
aligned, it receives light froma |light source 306 (e.g. 2| ser. di ode,
such as a 780-nanoneter output |aser diode) along an optl cal ﬁzﬁp R 208k t he
eye E. Prefy@bkis the | aser diode 306 has nore than one poyipud/icepner
setting (i.e., twopower or nufti-power nodes), at |east one at | ower power
for alignment and initial 5 focusing.and at | east one at higher power for
creation of a nufti-spot imge in a sensor (e.g., a lenslet camera) 312 '
di scussed bel ow. pffer @A HiCdatd, YR £odbal bIQWEE oiampétbghenex@mﬁeseﬁr&n%& p. W
and 30 p. W respectively. These powers depend upon a nunber of factors,
such as howderveg based puBe vaysiarnss cspprgdavhen theeyafirst taptriale foshs feliawegyr
power. A po%‘ex‘?% Q% wargn KR BFTLE O e ch Bkt ac@érﬁt‘H@da%QﬁreIn?E Sf mE Rk ects from
a beansplitter 10 68 e.g., 80%transmttance, 20% . reflectance The
refl ected beam passes through a pol ar| zing beansplitter 310, whi ch

ultimately i | atio (or . signal intensity) of

| i ght backs%g%qﬁ?g%ﬁ?ﬂ%w l‘?\l S{e eye that is eventually detected
by thées | ensl et céigaral Blllzt,ratwfmdlpkemb'dd evayafrotimesabmemens] i tter 310

pol ari zes the Ii t e ssi ng
light linearly pgf ng’;gd"i %@gk Fha%oér’%ee‘a ﬁ?gé ggr%ggﬁ)ggrgeeﬂgée%{cﬁl J“‘?él %hrt" not
_pol ari zed i no theativedtiorect i on. The pol arized light ..is then passed t hrough a
t ronbone- assenbl y.. 314 gredf er abl ?/ conp I‘ISIE}% one._or E‘D \SIB t?ratt are
transl atabl e as AW ¢ D WHEAHE FimRes F r‘ggﬁ‘é&}{e YE'4RE ot her
di scussed bekmeor bfFig@synct i-on wt h F| gures 4A and 4B which is used to

adj ust .t he . focsof ht | aser di ode, 306. onto. the retina of
t he e@% E, at whi égr\”?fo%‘c‘nfm‘lzﬂ)g are J‘T‘?trﬁ‘ﬂst &eb"égwsérg?lf’@f”éﬁd BrDg WRRETILSE18E  array
from.the llgiﬂtz:,dumngl ng on the retina w II also , . be correctly or nearly
correctly focuse ht" from the t asse isr flect ed
from-a mrror 31 =“;5%1‘§§ésdaq tiggran g”ﬁ%ﬁ'ﬁ’\%’l &‘EP“?:.”_‘LFS‘“( ey ZSleﬁ%r Ing to

refl ect ance, th8@¥%dtioansni tt ance), and then through a ~./4 wavepl ate 320:. The
a./4 waveplate. 320 is Qri endtlgg roduce substanti al | circul re))\é .

pol ari zed |ight e {5 PRFYR] ZPEesowing; hcal $Ha gt PE e of

this ywll be\w@@ﬁéﬁ@bx@sbedfmgufenec&braﬁguwah@mvaﬁmw of backscattered |ight.
returned (the ' returned li.g fro the e g Eto thg pol ari zi Ig

beanspl i tter 310FigE @i 3;5‘&‘%3?1 Hé oMU WANFEPaieRsO3 8Ll Otrated | ght
i's then focygeguedt.o the retina of the eye E. The light is backscattered or
reflected fromthe retina and the 30 backSCattered | i ght spot on the retina
then passes ‘back figiesugft ae7B 5§ ERreseti#ingn Ohthe fu”teﬁewwgmﬁ SeRpRs hdagd the

| ens and thq'eﬁlﬁ'fe'a -a Wiveliaft deBickrdd vRaltad thet ddRertidrCatl sddehiér POMALSI AQEE data WO
01128408 2 1 APR Z PCTI 1; PO 0372 image light i's retarded again by the
vvavepl29te Sml‘ttbogl‘ihéde?ff‘ﬁ‘hfenF‘?rnearI y polarized perpendicular to the

i nconing |inear| yipatagABe0thrd didkthmt QrusRding AvdrhdedenRAS §R@RGL hr ough the
wavepl ate 320, as di scussed above. A portion of the perpendicularly

pol arized Iight thigue Bass gieph ﬂ@%ﬁ"@ﬁe ?%EOISéa‘?‘Fértﬁl Vefspg Fefragigve GOBESLOnSis” from t he
mrror 316, passqstgt}@&toﬁmbrﬁygmawkaww%eyasmmx&& et pcﬁﬁtﬁ' dufhgirns to
.the polarizing beansplitter 310. At" this point, ail.or nost of the Tight

i s perpendi cagcemmpdgionar i zed, and is thus subst ant i aI ly reflected by the-
pol aripzi ng beamsphi i ik 91 §lcpcﬁ’c9~§'a fiew dredl eetmqst%avmvgﬁ@{t BtibbiidP by e
IensIet-| magi ng ca . 1o get sone of the retlUrne rght 1nto a

adj ust nment c‘eﬁmnacmnem,@éssed f-urt her bel ow, the wavepl ate 320 can be
tilted andlor ¥otg %&9 15!4AB E?ua@:gnsoﬁdf wahatgtwtﬁ@tet]t@ef{}ﬁ fof ali@hahifly b
approximately 5 rees) hi's | npl enent at 1 on 8 recei ve by t he
adj ust nment czavemeod@Rnvoul d have a pol ari zation substantially perpendi cul ar
to the returned light. Oher schenes besides tilting or rotating the '
wavepl ate 320 fromits optimal orientation for providing returned Light to
t he adjustnent canera 323, including changes to the optical path and

opti cal conponents of the 15 , vvavefrontssensor 300, are envisioned and are
i ncluded within the scope of the present”invention. For exanple, the mrror
322 instead could be a device having a controllable transmttance and

refl ectance, such-as a liquid crystal device, and the adjustnent canera and
any focusing optics can be positioned to receive a fractionh of the returned
light that is transmtted by the controllable device) In such an

i npl ementation, the beansplitter 20 308 woul d be unnecessary and the |ight
recei ved by the controll abl e device. would have substantially the sane or
paral |l el polarization as the polarization of the returned |light. The

lensl et camera 312 is preferably a charged couple device (CCD) canera,’
such as a TM 9701, manuf actured by PuI ni x, which includes an array of

o, NN A



-al though other .types of caneras and other sanpling optics anal ogous to the
| ensl et array 25 324 (including optics separate froma canera) could be
used. For exanple, an' | CX 039DLA canera by Sony Corporation can be used
for both the lenslet canera 312 and the pupil cannera 328. ,[The Ienslet
array 324 forns aerial inmages on the |ight sensing el enent %é

array) of slet canera 312 fromthe returned |ight d by the
mrror 3255Q$ﬁ% gaveplate 320 can help to reduce the an&h%ﬁﬁkﬁguﬁVanted 30
backscattered or stray light to inprove the signal intensity or the
contrast of the aerial inmages. The lenslet array 324 focuses portions of
the light that has initially passed 8 WO 01/28408 2 1 APR 200

PCT/ EPOO/ 10372 t hrough the optical conponents of the eye E so that the
refracti veoDESy DR CARRYRNG OUTETHEINVENTIONe eye E can be determi ned,
simlar .to what i.s di clos W I n t IS regard, .once th

wavef ront ‘aberr ‘Bn§° ?hﬁbp‘)ﬁhéjléaegr@? OHR, WRELr Enﬁeseg% 3&) h%tag’sﬁgé‘?e\

det er m nedyhith§ya Cpaéfehed ﬁrﬁﬁ&ﬁétﬁﬁtiﬂﬂdoﬁ Misdinv&Rioh! EtheahvatomNsaas&f 3doeisf or
removal of corneal 5 tissue to_correct g l.nprove vision by takijng

appr 8pr i at¥MEBCHIAMCH o e wavelpat sspsor ol Veillams, bt ‘Q"]“d"tstf‘é”?’éfqdéﬁtop%le

i ndi ces of g @i Fhak RIERE NRBSSiall P OSHATo b Vin® BisAHBL B8 Tr shEpenih@ BlToele for
determ ning an appropriate profile is tqQ sinply scale the wavefront data

such t hat thléglgémtécpnd&tsﬁ“@feﬁﬁﬁdaml%Pt‘if@l"t“&ﬁ’én‘éi%"cff@mt sherratiansof e eve-ssue.
needed to By W&gbérr&%é f&@tu&%tﬁtﬂnéenérap ApiRabilityas %tavéﬁf&t&ﬂ&s&@ﬁtetthen

renove that prof e of tissue 10 fromthe cornea’ Marks on the eye E can be
enpl oyed tdevades, ingludingghtsagthendhany WilHamer iSueh éeqeﬁssmludmsoannma\ﬂewp@nt dat a.

Pr ef g abl ymat{q %cggmé & enEf oy 3tk mhﬁ Bﬁe%aegﬁg@glggso ggtgﬂ&%&hxm%m

| enslets, eac square mc ons acture
Adapti ve Optd &y mmgcabatr@scterls ndm@pmrdt thd . wavhirent|sexsof 800 ficnsesics ssamald er t han

i ot her. SR dBIHER AusBTn e Lum b0, Bednd FRALANER ke Ak rdbipeBHED, BV or
light tot h@kk@ﬂgbéfrouam r@ina)lthrq@gbmeder@ doy comeplapting of thé eyehandyimagdd ont
sensor 300,19 bﬁc&t& %5181%1{? g&ge&lp%dnﬁﬁlabg%%&(@ trtae%ur ShEO M Sensor

300 shown fn gure can nses I"'enses) and
di aphr agnssetenapevelopsegn 3)2€rantwa\alﬁbDWamegesanaiymbe’mm sthe ersfurnddatightr e

typi cal of 20 i m nat i o i Q |ch al so
can represgﬁ?erﬁllyhgq'p%g CE%? ana(ﬁ}% gi Fetgmgt%o;’t@r#t% ngcr?tatg{ %]dmfibersr}g ‘W For
exanpl e, i &nﬂé&rﬁym(’k smsant of)fhetldmslet canserh.i Brom thbe ifnaga)| thlcetragtﬂhomfsemne or
both of th nses 32 ut .t he tronbone, f ocusi r| S ssenbly 314 can
be changedge‘@? S a vy ?’E‘ﬁ at‘PB“‘&Bé’&MB‘ﬁPémbbes#éﬁ%‘& H@&ﬁf%%t‘?ﬁ/@ﬁ"t ering
the | ensl ehedtkdanytodInd eye’s nptfmcthdne;vom‘gmtﬂ eremttrofid) eor vangeatly epasaioplce 25

di op |c measur enent s hat can be nmade with the wavefront sensor 300 can be

chan f SSERABFETCRPY h appropriate selection of the Iens 326 in front
of the | aser 30%0 prepetld] atizht tier pitient’ naye EaltweliGsDmahothétanlasdr diodes Fpesi ght

posi 11 on AETE 8% e s farbls e s £) Voo poin 5 B sBHERIssd s o odle
306 such t Ipafrorh lie le&s @iodee30D ars mepedddnera fadlakpe) by ﬂ'ﬁpro‘prﬁfeoad_]ﬁkﬂﬁerﬁ ofertain
vl oet heRBageniaf 0B o PR i e B I cplef Wbt
nodi $4 ed f LI BeamNRS patied, or Sthévif?, theZyd EAPpBi8Hed at, or approximately at, a
' precise focal distance in the wavefront sensor 300. Alternatively, the patient’s eye E can
be properly oriented by a physician, technician, or other healthcare worker by visually'
looking at an iris image of the eye E to find the correct focal distance to reduce the
overall exposure on the eye E. Inl this case, there is no need for the laser diodes 302. A
30 light source, eye illumination 304, provides light for a pupil camera 328 discussed

below.



'wo ov2saos PCTI EP00110372 +8 diopters with a symetrical design to an
asymmetrical -13 to +3 diopters with an asymetri cal design as wll be
appreciated by those skilled in the art. This can be done w t hout changi ng
the size of the tronbone focusing prismassenbly 314 (ordtARR 20&ni ng
device) and/or paraneters of the optics. 5 Alternatively to the position of
the | ens ®2@280kens 338 coul d be noved into the path t®cimrod/emsd et canera
312. A nunber of locations within the path to the |enslet canera 312 can be
enpl oyed to adjust the overall range of the captured wavefront. It will be
appreci ated that by enploying either the |l ens 326 or 338 noveabl e into and
out of positionQOndehtie bﬁrﬁgtsrpmﬁcrlytahgw it nzeesligly fioora ligte sourceBtihé.g.s'
reduced Furt her., .the 10 er diode 306 t ic IlJy will have s i nher ent
et grat P P SRereih PrroouR glP R el ettt pefl PR S cal 1y

: foung in acpak.l Bﬁgeégalﬁ)ﬂ& lEscfragﬂlbla% nasrmcﬁsm ohh@ut@\(ﬁjcﬁﬂci‘ selsramg letwb-he .
wave ront sensor ecifjca suc stigmatismis a

the rul e" BSWVENY ’E‘&]“‘M@fé‘?ﬂd‘e %lqaﬂn?i’ﬁaéﬂﬁv%r ?Qﬁ’(ﬁ‘iotg} %%““P?ﬁ'g apgd‘é’lt‘é]t camer a
312 and Co'féc%&l%g@ﬁ’d B RURS étqmaheﬁﬁdﬁﬁrfoﬁ&gatﬁ)ﬂfdf%ﬁlﬂn%ﬁ& ke i a%&sa[ccount
this inherent 15 astigmatism as providi ng_an even greater ran e of

det er ni nabK&g aétlF‘&FFétc?@?ﬁi) Al diseyssedabriowy - I erendﬁdom'crlé@@rw%h(g@% 20%
of) the reflgeled b'sqrw ahd gmuwererb%amrgl 'Tﬁe@é Fms od28a RiyBh b rRAIRF BF 328

preferably provides the iris'inmage data for a ning wavefront data with
ot her di agrientars,cuetnasadionriong thhlaamdacede@ﬁt’» pfrtgfrrmestwd anent pighprenomed from a

| aser onto an e 1 q”ﬁg .
Ger man appl i cat|¥\ nq\%l. 1%%2%%@%%%% e ?P??r%eéc%éé{ﬁrf{é}%%%g&ﬁ acki ng
for Toeat meH8 (of. G@‘t/oi teambmitianesg @D %r iefleatancef  Theereflpeted Peam passed throughra 328 is
pl aced in t t he. ] ng,
prism 314, ar19 ‘1%?"“\/\"/3@‘%{:8?%@8? dltzlatnngar@y?ﬁm?gg%%cg‘%ﬁ%%%g& p{?‘éﬁlu(%gnd iris
of the eye sEg,nai mtmsmcctf light dfaclchattegalsfrom thhectiracaf tHeefrygtﬂhatofs ¢vestunklyrai nder

devel op = GHERPE by Siro G Hrle 3 S idchisk R Beaf 1B A RBLHORIRA, >0 R
of the eye the Hpldt r'edmvedd‘rcrreslmohderrrgodh 33(16a|gersra‘llyopassxhg lngbtt llmarlyq:oldmzed ris.
it Ciaw i e T ot R R Y R AR g e e o SR
backscat t erlizdit &pthtn q)msémehrm@u maroum)omdqasmrtdy B14 rpnefcaabl:,@ comﬁnslngABﬁe BﬂQ~t WO
T oot et POYRS (Rl s SORURED: o Bn 38 obf o, ERIRAEE LG A0RE 6T ¢ e
focus |i ghtotigen dtsb@sfcﬁﬁdlmlnmbnﬁ:hetlcmysertlﬂrlgmds AA andldBpﬂﬁldﬂlsmﬂ!f totahﬁsﬂ tasl et
ot o m e PG o6AE PRBERL B8 JEF SioreToEoHE vt SHBE PELE SeFo aEVEBE SN o ¢ he
\rNﬁt i rzahl S Il[ghtk BﬁckEca&ﬁrﬁcgi 0r|>ttbmmleif\$retlaﬁay fromuae l@ndm‘q)hﬂgmgamd.he remmﬂlehkhmll) ni ng

en the, backscattere ight fr tl Is.ln r r tely in; .
focus on th¥ JOEHE NPT ‘&%‘Hﬁr‘: %".’Llifg ‘ﬂe{hﬁg g?ﬂ@‘t%ﬁ‘? E%‘“ﬁg‘éf@‘r‘rfé spot
of Ii ghtCI Oﬁcnmc{ﬁ?mmigfb? msygi thWﬂ;zjlcb beamdphiereus I8 Mezlclmmﬁeetahw dt Pe
centroids' signal (as in [ can onatjca ned for
when it is § "rﬂé‘ﬁ%ﬁ"ﬁ%’r“)ﬁ thep ghrgiig -d”i"g“f%‘(’fg awg%q {m a‘f’a 0d% t he
l'ensl et cang{etedkd pkbliuds s@@@hﬁilw éi?cuﬂ@@sddpdrﬁed llghﬂofrewtﬁmmsat@t ﬂﬂ&izeﬂ'o
adj ust mrent canera was provided. Such . systens woul ely just on a | enslet

camer?® to alight| an’G)oiﬁilfﬁfgn‘Fei ghtthisnwill rbét ARPICCAef B&c‘?&%c §°c“é~“r’%‘d Belaghtofon the

I ensl et Caﬁﬁcﬁscaﬁéaed REROleRME {the tmlﬁn@ppgﬂechornsmter@t«. E he hopbiafigingf the
wavefront sanpl ed g an i ndi vi dual lenslet of an n-lenslet array forms an

i ndi vi dual gsosplster 8He canera's sensor with at nost approximtely [/n of -

e oral poer Oage dlsilerdugh WeEd PRENEE 0D HE Tight Bther HRhsel U fhe

entering the | enslet " cdanera:
retina of the eye E. The light is backscattered or reflected from the retina and the

30 backscattered light spot on the retina then passes back through the optical components of

the eye E, such as the lens and the cornea. On the retumn path, the circularly polarized
4 _



*the retina (or eye) was exposed to |ight energy that was maintained high
unnecessarily. As .can be appreciated by those skilled in the art, with
the, present invention, the overall exposure of the retina (or, eye) can be
reduced relative to these previous systens because the | RghaPRIgIRIY
received at the adjustment canera 323 need only approxp&dkpoohisz! i ght 20
energy ME VEREVIHRE at an |nd|V|duaI | ensl et of the lenslet array. The

adj ust ment camera 323 'is used to directly observe the focusing of |ight on
the retina fromthe | aser diode 306 while the laser diode 306 is inits

| oner power node. . The ust ai ds

f ocusi ng imgge dght i "?tﬁg?gdeggaé I%én?é at? %égr%gfyéélﬁifﬁmﬁéaﬁgr pc%kgﬁgg possi bl e
whi | e, rpchdRilaf kO @R BEning linlarlyt polarimaet Higitofoemednor Srst passedel thraughso  doi ng,

25 accou t can be taken of th ttansmt

beanspl i tthewagepiata P, %SWéSCB%Sﬁ tt‘AéPmé gﬁ?lﬁggrpérw %?lg c!aayégtgh%}]e
beanspl i ttrhgé §$é ﬂﬁ-ega he EdaHspleer r3agatefledts tivat thcsrmrmr r%dupsdest backhe 7~/ 4
wavepl at &

romlts optlrra orletatlon}t#) %g%%sr ké)rbgf the
r et gr ned ﬂhrcgigb theotrpabendyasesmhly 3 hend df et fe pg P‘a dPs éissed -
above, S POEHA 1i383is ipSrpdfidichldr B c‘q‘lahmstihaﬁ sibsentigllyt 30 on
t he ret| n lsi gélézfi{s&gﬁgtrmog p0515| To rp‘thl S ngaﬂrgkt ;gbyt e. -cg%ect t ronbone-

 assenbly aeﬂ-ect(ambymeapolar@m%g:wgéalﬂrtfé|3d%%ﬂ%fr%ﬂe @dniEegdredtaBand 40

e e ol Thly i 31i2tARo Bn 3O QAmRITdamRR0/ 10372
as pat .?enf“glf: %E%d aﬁ%ré"ﬁ2 Th etso?%&tﬁbﬁ@ﬂﬁle é,ht o3n 2§} a

n can devel oped fromijihe adjustnent
canera ) Beynditdnssed mamnbegm,athqmwﬂgﬁﬁéﬁ@ C%P%“thgﬂé(? ?5{(2 r an

automatic start of it O é}ngﬁgroatl on al so
al | b%hs foPPEWﬁla‘?{bcé’EQ%Eég ens?ggw%tﬁlg&){]%g | ensl et callsrre%% 312 only for

t he peri odheifigtt rdweived dty thmahuntmﬁﬁm6@r32émﬂ%F étﬁ‘ol@“éﬁ@ﬂrsgb“%‘l“?w not

durlngthefoc si.n Jo) tatink RBe | Oower -
power rmod@CTTAdIFYEL 5O gﬁogec ég‘g s{ pf{g{(}%chgteﬁﬁ?%gm&;dtlﬂg\?v \éﬁorg hn 0 e?revent

damage tOWeh@plﬁt@BlZfordni itg b;ﬂnm}@rlﬁ)tamr proviging refpmed fightde theragjus enl's use
of the adjustne ra 3 i 8 c t la&gﬁ oq . @der3@6 onto

t he retind2B4R ’a’&? %h%n%fglﬁ man&mca ga?h Ir:%g CJI t he spot size on _
the jgeti naw@@ﬂoﬂ&.,emdmm;ﬂd ehOisioned aral arptinohugded Wl@fn thhéc@ﬂ?(ﬁf thé PR r et i na
can be maxim zed adj usti,ng the gesenbly
514 Cor 3 tvenign.s BUs SAPATL Y A7 Sriiad Sofl b ASickicO ARG s EbhiymAE Sl
opti cal pattﬂt}mﬁiuah&”@armﬂwﬁﬂe wsavteds Dhquidierysthl delmc,saydtthq ljustmeigrnergs
possible. The positjon aof .the tronbon

est abl i sheandzanyFpcising qpHes 3’6 pé’s‘(t)'ron%@ﬁg ééﬁ}upca glr;qe)éyto? %311:(195 hgl?:1 g%)tr rection
necessary fsqrdngyh&aealﬂyytheQammaateede&&ef br suchen| iopemeotatien, thebcmspw@ opti cal
.aberration characteristics

m
Maki2fy sur 308 wayld bR InpereEspyy %’6‘2%1 %Jf?cbvedg’y&e ggr?%gﬁ%@a Fl%s‘kérlg?ﬁt&%clsns an
overlap of gilihfialfy@BOSEHd dt@a&ﬂlﬂt;ﬁalabnaﬁ&msﬂﬁpm%mn thﬂlmenctunwﬂﬂkgbt such as
manual |y, or by visual exam i.on al i \NI th the
| aser di ode 306Th¢nl°<961ﬁ g ﬁl)v\i PIF %{a‘fl&sat %@:gg@?h ogh?%ﬁcggécﬁ) %ﬁét r.onbone
prism 314 %&fh £3a4TM-9$01hﬂh:m‘fwtur2@ by Rulieix dehielr chides) ab lagrapa EnblenedMevel  of
nyopi ¢ or Ryperopic erfror_or correction

h
| aser di odeltlsagh I°§‘°bD@€%€f Gappefag&n oHﬁéFantpg@gleoptflc%calﬂa 'ogghs 18 ﬂ%clgﬂs?e\fﬁgayt e

25 324 (including optics separate from a camera) could be used. - For example, an ICX

039DLA camera by Sony Corporation can be used for both the lenslet camera 312 and
the pupil camera 328. The lenslet array 324 forms aerial images on the light sensing
element (e.g., CCD array) of the lenslet camera 312 from the returned hght reflected by
the mirror 322. The waveplate 320 can help to reduce the amount of unwanted
30 backscattered or stray light to improve the signal intensity or the contrast of the aerial
images. The lenslet airay 324 focuses portions of the light that has initially pass.cd
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' node for a very short period of tine. For exanple, it may be possible to
use a power of 30 pWin a spot size of 10-20 mcrons on the retina for a
period of 400 nsec. Although higher intensity could damagf t%g@ki na if
mai nt ai ned for a prol onged period of time 25 .(e.g., nore A sec),
such a shortzig is harm ess. The short burst does, }OWEVEI’ greatly
i ncr ease "the’ enS| ty of the individual spots on the ecf:fé%PrDO'a(P tnhe Iensl et
canmera 312, so the conbination of the nulti-powered | aser di ode 306, the
adj ust rent canera 323, the lenslet array 342 and the-lenslet canmera 312

can allow for her, nal int it gher contrast |enslet inmages to
be devel oﬁ@ﬂugyﬂ‘gﬁét‘?aiﬁg %‘E“cerzir‘i’g&%f’ ffo fongi‘ﬁt tg?) reffpciyewpvediprt ahegratiqthe hi gher
pover | aseffedls aeite 30OE KasIBe BEYmMBhOWirkile ta/6BatQf diSETBdcl & Wiiams?2 1d AP R 2~~

WD 01128408 PCT/ EP00/ 10372 i ndi vi dual cross-sectional area lenslets in the

| ensl et anpesyd, 3pge thenpayelant epesaiiens. aykthuspphaseyseer.tidhe eysEchave deet a 312
data is prowbdedd thdy Gabe Randbmfakd ¥ rddSfrel ardla%,om?ofzéfomréﬁ% WPy Rl S TO

create the wavefront aberration data,. or the wavefront erration 5 data
can be caltissHesd correst ot mrm(w%gebbmkxag smoné‘@te(ﬁccwp@fsmwterr;of thexmepl e, the

system cari ip) B fddSive lla%fgéso ok ENSRNERAdRARE RS ag,ﬁ.e& tuphggd data or

average the'cotresp on rni e dat a. I'verging "shots"
can be d| dechnipd f011 dr:tttrrr@ndg snlapsreunasglstc)éidﬂ isge éfrmlama}c thCV\eaVbﬁhmt dtaare

t aken, % Lhe, ee{craﬁgtda?ab h %grr%%ﬁ’ds'tﬁ HEh&H t'@qls?& ﬁé@ﬁe@yef)gge

cal cuI at ed wavefron erra |on xation ar ge he waverront Ssensor
300 al so emmbwdsfran therpagjentissotheas Lasef systetrisean tMngenoveBRat prafde shtissne i n

Flg re2 The fixatio at ed .by ht s ur ce 336g and
DF o TR0 5 Pk VRIS 28 4 BT Gt P B B8 27531
|s f ocusedachyisitior opwawfinodtldataon the retina.. The fixation target 334 is
useful when th rial . fro he Iensle arra 2 ht into
focus onto theepsrgfersahs" mcrﬁrﬁsiélagﬁ%r%% 1% 5%3‘ ’ﬁﬁ?‘?jé’ 2#} H‘?Sh :
t ronmbone ogich c8903dqkare Thdcrengss tsach admaﬁ&(ﬁ)g@a‘ﬂshgnufafﬂ»&cﬂbg AduptivéreQic or t he
334, a nonl ting. exa t he allb at on -

f t 1 et h

naror 50 1 Ristgies tatprorten. o o5 3R TP uFaltl Rl tehslor o, RRH “The

o o e g?“’?’ﬁ“"wf?m sapbivisiisadaibinlusatiomdhatiin
u u | . ; I \VA|

by the eye‘l’otj rﬁ?‘ﬁ‘ef‘%{yf"gglfgﬁﬁ'&ﬁfé‘glﬁtscaf’ﬁ&a Pevided 80"[5?‘6’Fﬁtﬁg’f li ke -

i mage typltthaMawefr(Snt&aﬁmeBOO Qo de airpised rbclbiwanﬂﬂ@epmian'gathmfah@@.ian&fronThe i mage
of theflxatlontar%et al L.ows heeeE f.ocus %' as if the
SPhdeér

i mage wer SRS RasOMBS RIS &aFinadiP ?’]‘f FilfAshS \érd 553y 2the

effects of digpBadmaAGE apFrasat BN (o alic¥ 2hirgss aﬁbEm SRRE) eﬂat iafeR gpBcaliice f Ocused
or the wavefront, sensor dat are a wre& I aglsther words, the inmage of the
SR PR P

fixadon tApgegatign.dinaging, ‘“18 OFNSINSORGF S 7B OCBP FENTFFeBLQBETPOSTBE eye E
from f ocushgigaBtohgsents hcﬁﬁhttl:defbﬂ’lbthty Theof b»@atm@runt@feg@ﬁbddﬁmgﬁ §romees the

eye Etor gltvgrgn%nt t%e Ifécsél lenotg rfmonc orr t?ottf;Jl E)% t%] %nses 326 about the trombone focusing
prism assembly 314 can be changed, e.g., shortened, to accommodate a smaller beam

width entering the lenslet array 324. In another embodiment, the range of possible

25 dioptric measurements that can be made with the wavefront sensor 300 can be changed,

for example, with appropriate selection of the lens 326 in front of the laser 306, to adjust

for the natural distribution of poor eyesight in the general or a select population of

patients. One way to do this is to position the lens 326 (e.g., a -5 diopter lens) in front of

the laser diode 306 such that the laser beam is no longer parallel. This provides a certain

30 offset in diopters that can be used to test the patient’s eye with the wavefront sensor 300.

In a nonlimiting example, the dioptric range can be modified from a symmetrical -8 to

9



' 30 position, thus minimzing rotational errors fromthe diagnostic
analysis. Thus, with the fixation target 334, a rotational frane of
reference can be defined relative to the eye E. 13 ~ 1 APR 2 Q~ Wo
oi nsaos PCT/ EPO0/ 10372 An asymmetrical image; such as thd AR 2 in
Fi gure ®podihsdoscan be viewed at infinite eye' E focus p@n@m@fl@_ﬁgbl e for
hel ping the eye E naintain the normal or a pre-determ ned rotational
position with respect to the fixation target 334, even with slight head
novenent. The fixation target 334 can al so be used to adjust the rotational
posi ti On+9fd1(§tér£‘%v1@1)’§sﬁ:uhéh1€'«9rHeHEﬁttd) e aMrhctﬁ@é?Qg@'tB L8NgiohiBsAlitipan and
alignment of "an iris of the eye such 7, t hat descri bed above. A
sim | ar iesEectdes dedzygewill he @ﬁPF@t*atc%Wéﬁeﬁkﬂ@ s s @nt‘?ﬁ’éloﬁﬁesent
i nventio B3Rk lof R MdnluRE Il phidh RLABOIIE (G o |
accomdgvt]tlhgﬁpégrgngh?at ?ona t}{%ssueg P be astpprgg at(grtrjotl) ﬁﬁge skilled
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Referring to Figures SA, SB, 6, 7A, and 7B, another feature of the
‘wavefront sensor 300 is illustrated according to a feature of the
invention. Referring also to Figure 2, the lenslet array 324 of the lenslet -
camera 312 typically creates an array of spot images 5 (of &% 28k i mages)
on the seywsarssds the | ensl et canera 312. As di scussed | prcYEkbd/@ss,
paraneters or information related to the center points of these spots, such
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SPOLB a0 R AR E b8 Sine ARBA SR op i ELAR cBb: BBt S | The the

ot 408 can preven el r center ers of maxi mum
vvel ght ed i nt ensdtcg)fobusom qsra@blcmll yhdotascrgdlbdﬁca®€e@b plicwdnn rbe highki gowas 7A and

cont er o Mot 3 e Pl tng reiRRanbE B Mo E pofion ESERTPEITY
Fi gure 7A. 3Ghéhs aaupoes*izrea;f mm) 1oicrohs msnalme:dtmasimhmnmmoemﬁc sAﬂhom@hZ A
nore detail.ed profi ot 412

ated .in Fiqur B, which
e udes. phERraRr Gt SRR AR FeliPA if Belpipineiciob adeolpeet iEEnE of finel
gen@{Sal t @A Miire e 1@|ersecgr sueh atshert bpmt is4thrnless The khdﬁebmubmhegévea: Il1 ges
or elevation contour pts se in intensit orrespondi ngly
ool d be. 1 BEHY HErdRGIMAPEIo) BH AREGITSPUA &M ot BT b iy ISR ERBEPR 1 ho
| ensl et came, @0 Iecortiifhtion bfife HRRNpGSertd Casetadiked 3@, ¥RSad %ﬁktrhélﬁ caRefS of
Figure 6: A nunber of techni ques can be used to derive the center poi nts

for the vatidule develes m@téﬁ?d?‘ﬂgtmoleéﬂﬁo%ﬁ%@éz orn taHaw fay dighep signtdhe
techni que giRALRY & Rt Rerist BREt Yo be . £SabRLd l%fthérl%ﬁﬁet dafhefa 2 nnd Y

directions of & coordinate system as illustrat Figure 7B, for
whi ¥ t he nedhrssysteras. cEietigher ppwerplgses dligdg3 Oémeglpﬁytallaw@guvaf smallethe
followi ng equations: _ ~ lrxr X ~,Ir r _ ~lrYr Y ~~la . In these
equations, |; is the intensity at a particular point. The intensity can be

calculated 20 in a nunber of ways, forl%exanpl e, as a threshold intensity,
such that any pixel value greater than the threshold is assigned an
intensity of 1 and any pi xel value | ess than the



threshold is assigned an intensity of 0. A weighted intensity that is
'sinply the pixel intensity instead could be used. The intensity could be
non-linearly weighted with higher intensity pixels having a greater .than
linearly proportional effect, such as by 25 squaring the 7 nty@Rsjghgy val ue 1;
.~ Oher non-linear weightings could be used. In any case, It TS possible
to wei ght Wh8/2P48ensity values | in various ways to calRuiERb@10IRe
"centers" of the spots on the wavefront sensor. 18 2 9 APR 2al wo :

oi i 2saos PCT/ EP00110372 Use of Centroid Spacin fg or Focus |Instead of using
t he adjustnent canera 323 to focus the wavefront sensor 300, it is possible
to focus t hedivdvalf erosstsestinmabarc@0Bnsetplinythadersiee atren Shet cormart ato3ddepased on
5 centroi dsis?é}ﬁg ng. For a properly aligned eye E, when the wavefront sensor
300 has been properly focused the centroids appearing in the |enslet canera

312 have an avefage tipkosiagedntas 313 deigualprdvied, Bltah Gealirestagieadvia Wen t he
focus is slj I opi th entroids wll. have an average spacing that
is less t hazr‘?'q{?]%cel¥ ollg%ogﬁ 51§ ;’S%Erlcetafﬁlca‘ﬁacyet{ﬁlétr?wﬁ?ﬁ’é’f‘gﬁtf‘"c‘?r thy wayediont absFatiofe | deal

spaci fig. Bylatastaibt icalgulaicti fas tHreaveragerbpn serX beagBEresa Mor &t Sthé’\égfsgmt he
focus nyopic an?l then bringing the tronbgone in until the centroid spacing
appearing A" CARIPeAEF oIS, naRd, thepsavgeage cither, e fgptursdadatn gr @yerake tte t he

| deal. spacicogespdafingasmiie daberr @t QdchlaivRERE SRR Yan BDBDEWANSn fid 1 t he
nmyopi ¢ focus because this corresponds to a tul'ly relaxed ﬁsens of "the eye E.
The eye E &iSqlosed sysiemy Prderabhidiat shots aretaken pad the waweftond hbempion dgads, so by
begi nni ng \deichmided U OMhE GvdrRUsIcARRIFRRSHER bbetRtibiduce such. accomodation in.
t he ée E. This concept is illustrated in Figures 8A-10D. ' Referring to

Fi gu 8A, shown are a nunber of actual centroids such as the .centroid 500
appearing in the lenslet canera 312, which are conpared with ideal
centroids such as the_centroid 502. Again, the ideal centroids such as
centroid 502 ar &ixaHenTagel oj ds that woul d appear if a perfect eye was :
brought into fogHs wavady [ Oe. . At thi,g poi.nt, -
‘an-ideal centroi d.é;s ,aci%g%%tji@ tsa{sieIr‘rfﬁﬂﬂ)?seglii gﬁa[%eﬁx%eﬁ& %Sﬁa g’\t/aélplééaég%{?@g’al .
centroi d s@ashavg in Higye 2atTdg fixptien targed Bod ispHumingted 08 2 lidbssowese I36yvnder , t hat .
't he §4onbo ' ' : W [ ] s Jhhlustrated in Figure
55, ot ual oony Paraaerid gt S ol oW he Wluliibls o353 iGN BV e

spaci ng as Prigie 31 fhosrtks reting.| Yhe fsationcterget 3Hdds usssuli wHensthe adriablinbages remcent r oi d
510. Thi s g% i i e t he ideal spaci ng
S04 AL ThiT e pEFutrhaR bR R i G IRRLTSE GO oA B an
actual eye agiustmieat efthe ombersentics ad4.i Thasyisteat stvainygeohsly panidesian ifE woul d
not all beg I &l i 0. 1 he ical centrgoids.such as the '
centroid 5{%@2?&%2? I(tﬁ‘&?%gwo% hmgw,mﬁfnﬁheg(%ﬁgff er_w%%f éscﬁ’s? sgﬂbqﬂggnevgcr

Howed@r , i fillusiatedhingrigye 18 padinatsimplytdfexationpoioi dhe ifixataptalget B 4tdhes itigeal

spaci ng, thisgi.ngi ] - f heen conpensated. 30 Figure 8D
i |lustrat egyeg%(gﬂ(?gg%rﬁ?%ﬁé%?%?ng{lgfgﬁﬁi%%?ﬁagcg%@%'?tgﬁ IMREH PSP SAD 30 1h this
approach, abjyctaxiseent being aewed by tiketyerBri-oeehichito feah) FoeusifP@e efe Eenthr oi ds

and an 19 , p?cngrc-'fiﬁgirg%QQyp\{QlQ)ﬁl@ép% alggc;%]ﬁggg'{aﬁ ggéﬁging to apoint. The image -
' of the fixation target allows the eye E to focus at infinity, as if the image Wcrc far awéy,
25 which can aid in eliminating or reducing the effects of eye E accommodation or rotation
.as the aerial images are focused or the wavefront sensor data are acquired. In other
words, the image of the fixation target prevents, or helps 'prcvcnt to a certain e)itcnt, the'
eye E from focusing at less than infinity.
The fixation target image forces the eye E to rotate to its “normal” rotational
30 positiqh, thus minimizing rotational errors from the diagnostic analysis. Thus, with the
fixation target 334, a rotational frame of reference can be defined relative to the eye E.
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+ X-axis "center" is determ ned for each columm, This can be done using
‘center of mass, weighted center of nmass, or other techniques. Then, the d
Y~ and O xn spacing are summed, yielding an overall ~Y dnﬁABRmmO‘ not e,.
this process coul d again be weighted or other than a sinple sum Finally,
the overgld oipses S averaged with .the overall ~ X 5 vyigbfepgh gfy,average d.
Thi s val ue |s t%en used to determ ne when the system comes into tzocu _
Referring to Figure 9, shown is the ideal spacing versus actual spacing
conpared to the wavefront sensor 300 focus in a graph, Fi gure 8A

correspon to a t. 550 on this anh er he ideal aci.n xceeds
t he act ual %ﬂc i158%% S§B aégb? %%%Sﬁdg F\é\gurig %atpcc?flg’f’ ?

i deal spacdye®E ﬁﬁuﬁisq;rttbﬁblacftmplﬁg)mlaygta Aaipaiimthe 5%atofa@&pmdﬁuﬁsa a
spacing illustr e.a nurrbeg of .actu, ent 0| ds such

ted '
as a cent r‘i9ﬁ§'|‘°5gi4§%“:é°r’]’cbv |rﬁﬁﬁcﬁb £ 6hee3I Hiop o585t fHorfvVan Nt é F%f’eal

~ centroi ds @svdméhit.Cahe dixonaarg B34 Qadl aﬁ&@m ukbdito ddjust B8 raatistal payesRge :
eentroid spacing 518 is nowtgreater than .t he i deal centrqi.d spaci ng 504. As

i 11 ust r at etheiene Err cgpiugsHonVitkreggerition, lgqgton.aind alignment of:n idpefilie e¥eE. as t he
tronbone i §hrQught dEé&FnBJHeﬁb@@d AUgitigr itBge tAE bE QEAS i BERFRSMPYMEROPI C.
As wi || be appreciated, if the tronbone of the wavefront sensor 300 is :
brought i naggatding tofbe prssant insertionsbath daReStic FAd tresment; Relimieatagerediesor et i cal
centroid sp&gh%dgtg%h&qi;@@ah@&egver age actual centroid spacing 512, the

wavefront sensor in 20 , focus. This allows the elimnation of .
t he adj ust ment lawidr be 3pBecintad foycibosenskilled riy thenart |haviog ethe danafitaof3thds  but
wthout re 0 unt of
Moprac "+ SEbRARE gRR bRt B ForBEIEOLA bEL8 (EXABBR h YorBATDL
shar pness implemphtod acthé @/aveffmousms:g 30Pand waridyis ppticaheanfigurtieisrage pessiblé que i s
control | ed ‘é@éﬁ?ﬂ

Det er m nat fdg%mtgpo %}Ag%ﬁ?trcr’g@]aﬁ%é ﬁgceﬁtg g:‘r% fi ng tl Odlrl];’gure S{ty’?é%ﬁ"%atcsdeen that
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‘these two val ues, the overall range of eye accommobdati on can be eval uat ed.
‘As di scussed above, the centroid spacing is an alternative to use of the
adj ust mrent canera 323 to focus the wavefront sensor. More general ly, the
centroid spacing is an 25 alternative to bringing indi ntroi ds into
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retina; variable spacing between the prisnis 370 and 372 is preferably from about 5 mm to about
25 100 mm and- their dimerisioné are preferably 40x40 mm and 20x40 mm, respectively,
althou,h other spacings and dimensions are possible.
The arrangement of the prisms 370 and 372 advantageously provxdes a reflected
outgoing beam that is-exactly or nearly exactly parallel to the incoming beam (i.e.,
whether to or from the eye E), even if the prism 370 is tilted during trombone movement.
30 This potentially can reduce the cost of a slider or sliding mechanism that can be
implemented to provide automated computer-controlled trombone movement, such as
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*a lenslet array |ocated along an optical path of the sensor for receiving
the reflected retinal illumnation and for creating a plurality of spot 10
i mpages of the reflected retinal illumnation; a detector optically engaged
with the lenslet array that detects the spot inmages fornkd ABR 2088 | ensl et
array; a roc r adapted to receive signals fromthe s espondi n
to a posi é?igl spl acenent of the spotgl mages and to dg?i@ﬁ%"ﬁgf% ltohe : ]
wave aberrat ions fromthe signals, the inprovenent conprising: the |ight
source having at |east a high power output and a | ow povver out put; and an
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aberration o he wavefront sensor claim1, further

conpri si ng @ froc3d2 B ‘elU]cnshq prism 371® issmechenicaldin peupipdt by aicenplan 3pddshovag t he
spot i mages, ch%rﬁatmﬁ v Cafg(nreo{th AR5 by ShiceblAdtoler, dHidoGH UBBERIADA

wavepl ate in he’ wave sensor
sensor of cﬂhasa”skﬂledmnﬁrceann Ashiee sieppepinatoe 38 G isadtiyate ittdoivisghapysitioned tho al | ow

e im i he reflect.ed. ion to
r eac % he a%i“ﬁgef %%?R% gﬁ% folffe Brn;%g%@\f%}gb‘é&r on %Hgg}ﬂﬂc&d ﬁr&ﬁion of }}’% g ein
t he wavepl a3®.i Tha dtrebtzﬂonlﬁldvxauapldtthe dti®e iTldetevmined rcwwrdise s the fofusdg@mi m 8,
- wherein the wav s.adapted to be. t 8 al r the
reflected -rg‘t‘lf‘ﬁﬂﬁeq% t?h R BomStée fr%éearc k@%agﬁpl fn on‘{}% H;oaHl %)Sgt)f ,
the lenslet array 324 and the lenslet .camera 312, as adJustcd by the trombonc 314",

Fuﬁher, additional focusing optics could be attached to the prisms 370 or 372, such that
15 the focusing optics also receive the benefit of the autoreflecting property of the prisms
370 and 372. For example, the fdcusing optics of the wavefront sensor, rather than being
implemented as the lenses 326, could in large part be placed on the face of the prism 372.

. A variety of other drive mechanisms, prism configurations, or lens systems, including -
focus-adjusting lens systems, instead of t_ﬁc trombone 314' (or 314), or the slider 376,
20 - could be used, as will be appréciated by those skilled ih the art. For examplé, another
" alternative optical system for the trombone 314" (or 314) could be a lens system having
the capability of adding or rcmoving lenses, each lens of which may or may not be
related in optical power to the other lenses by some series or other optical power
relationship. An example of such a lens system is a phoropter or a lens system similar
25  thereto. With this type of lens system, the patient could see what improvement (e.g., for
defocus and astigmatism) conventional vision correcting techniques, such as
converntional glasses or contacts could provide, and then see what could be provxdcd by

correction of other and higher order aberrations as a comparison.
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' 11. The wavefront sensor of claim1l, further conprising a polarizing
beansplitter adapted to provide a whole image portion of the reflected

retinal illumnation to the adjustment canmera. 25 12. The wavefront sensor
of claim1, wherein the adjustnent camera is adapted t @ Y &EBi a whol e
i mage porw()m/z@iost he reflected retinal illumnation sub@thr,gyo@iul;;-» as |ight

pol ari zed perpendicular to the other portion of the reflected retinal
illum nation received by the lenslet array. 30 13. The wavefront sensor of
claim1l1, wherein the adjustnent canera is adapted to receive a whol e i mage

portion of the rehleehRMiafiG! fof @ avelfrbit TRt o0 18fationd 1 AP R 20Q
substantially as Trght polarized parallTel to the other portion of the
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al i gning t he eye W wave ron nsor
claim1, V\hesedalm dohjanétenswith aamathymamcahmmfmmtaedn wiutlh ag d finslidt Zamker a and

t he adjustnent ca LS 3ep rate omt pra. 20,18, The

wavef r ont s%‘ﬂ%’lﬂm 5)&? ?Wé’i‘?ﬁs e({ {enpwgqﬁ%fvla'é%‘{o&gaye&a HORS) assqqiated Witk on
rlelcell\()ed bythe lege EeH&lu&tS/faﬂro&y fosemmqﬂuf @ﬁdrrbyoﬁslpfemhlombn ﬂﬁ%ﬁmﬂthbpw&ulﬁf ]theh
illum nation sour he ront sensor of. cla erein the light
Source 25 CBEPICER arpeiesl Svegn Wittt et ME o Sarlat Nof B g misther of
the | aser epdihs. Rigatd menlmegmertﬂm shmsalﬁeiyeﬁtsﬁ&& 0NthStRE digpthddytin ROVer '
and | ower out gron sensor of claim1l, further

ut
conpri si ng %88 37‘@8 ‘é‘lltlnéﬁhet %fFﬁ@‘Ee ? &g onp af ‘Bﬁteyfb afheabegatigns he

sensor. 25 are determined by analysis of the mathematical transformation, for example, by analysis

15 of the Zernike polynomials used to fit the parameter data. The lines in Figures 5A and
- 5B are included merely to illustrate the deviation in the array of spots 402, and generally
would not appear in the. image in the lenslet camera 312. An actual (inverted er
negative) image 406 from a lenslet camera like the lenslet camera 312 is shown in Figure
6. The image 406 1llustrates the type and quahty of spots that would typlcally be |
20 observed with the lenslet camera 312,

As discussed above, the adjustment camera 323 (see Figure 2) is intended to
sharpen the light spot on the retina of the eye E, such that each spot like a spot 408 on the |
lenslet camera 312 is as focused as possible. Because such adjustment is only for low
order effects however, each resulting individual spot generally will not be a precisely

25 sharpened pomt As dlSCUSSCd in Williams, adaptive optics can be used in conjunction
with the image developed so that a sharper ‘“picture” of the spots is obtained with
correction of aberrations. But in the wavefront sensor 300 of Figure 2, such adaptive
optics are not used, and the image 406 of the spots like the spot 408 may appear
somewhat “smeared” due to the optical aberrations of the eye E. Referring again to

30 Figures 5A and 5B, it is understood that .the mathematical transformation used to
determine the overall wavefront aberration of the eye uses information related to the
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2 1 APR ZOO-r 22. The wavefront sensor of claim21, wherein the fixation
target conprises a picture inmage adapted to allow a rotational franme of

reference to be defined relative to the eye. 5 23. The wa § ensor
claim 21, wherein the fixation target is adapted to alloefg/&é?g gﬁto be |n
a pre- det BIANI78408r ot at i onal position with respect to the |xat| on" target.

24. The wavefront sensor of claim?2l, wherein the fixation target is 10
used to adjust the rotational position of the eye in conjunction with

recognition and location of an iris ?f t he '25. Th v%vg%do%lt ensor of
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fixatfon t aremmmcth@cmtnpoma@ﬂ eaoh st likralbe enot 4050k kigure 6aSrsaifisay tKigwiEt hout

acconmodat i 25 29. T veflqnb fa 1 i sing
an eye fixa S}W‘Y aq‘lg%{ayh@gm? Zr{talc%gafﬁoqy%?%hegpa :0 g!r‘\{ﬂ o dogigégﬁgctdcq?gm:ém ty
W th reduc&ﬁtasg;mmmamnomateaon BureTid, whivkeinchides prefilsdinep 1 cihay inditatewher ei n

a signal can be devel oped.f or u fispati ent
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wavefront sgusstentibl mhaalolfnellzyatfou rcblhteur potyp Tihs invgease inuinfengitydwoespondidaiyt ed t o
aid in focusing the spot i 5.32 o] 1,

wher é0n t heWPW becler 'thf’rrq(a chj ek Oﬁcrﬁggg]é hesz%pﬁj%dlmgsiett%ﬁltc{ycanera
has an i ntesgi tyd tdete geen ﬁrmmdwl&dahysmth@wopmféucm6 put of the source and
e et e e e ies 3 RS D% fhe! SRE Blin@ e MO

intensity that i4
spots, accordmg to embodlments of the mvcntlon One technique employs a weighted

intensity “center of mass” in the X and Y directions of a coordinate system, as illustrated

15 in Figure 7B, for which the respective center. of masses for each spot are given by the

following equations:

_ ZIrxi
= 21‘
i
_ ley,'
_ T
DI

'In these equations, I; is the intensity &t a particular point. The intensity can be calculated

.20 in a number of ways; for example, as a threshold intensity, such that any pixel value
| greater than the tﬁrcshold is assigned an intensity of 1 and any pixel value less than the
'thfeshold is 'assigned an intensity of 0. A weighted intensity that is simply the pixel

intensity instead could be used. The intensity could be non-linearly weighted with

higher intensity pixels having a greéter than linearly proportional cffcct,'such as by

25 squaring the intensity value I;. 'Ot_her non-linear weightings could be used. In any case,

it is possible to weight the intensity values [; in various ways to calculate the “centers” of

the spots on the wavefront sensor.
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*out put of the source. 10 33. The wavefront sensor of claim1, V\,herei n the

retinal illumnation source has at |east a | ow power out pﬁq oms hi gh
power output for detection by the adjustnent canera and t ens et array,
respectiveloiipgas 34 The wavefront sensor of claim 32, weeys Hhe | ow

power output 1s on the order of the high power out put d|V|ded by t he nunber
of lenslets of the Ienslet array. 35. An i.nproved nethod for neasuring a
wavefront aberration with a 20 wavefront sensor, including the steps of:

providing a source of retinal illumnation that will be the wavefront
measurenent |ight; focusing said retinal illumnation on the retina; and
dlrectlngarefluscb’é@e fof F dretinal illumnation from?25 the

retina into a | ray f | r ted vefron nto a
detector, the i ﬁﬁ?ﬁ@%ﬂ?gﬁa@éém@z%&%fh fecus 5 tesﬁnsé)f E%Q)d{” ding a
source of rlepossa:ﬂetblfbmh‘eat/a\mﬂomcmmor %(L‘empib}ang thted:r;slepmmrmmgbaacdmgh power
out put and a | ow out r il lum nati 2 1 APR
2004 %) pr O%pﬁ?lﬂépﬂgﬁt%aé‘oﬁgpfp@\l\ﬁy 5] aﬁyﬁd% ‘ghﬁ g%t WE%#%%%WF%?& 'P?éz\ﬁﬁ\/ef r ont
sensor thatpregenlyl fFeged tthe cérids @ppedrig inethé naislet chrtiéra BRI HoRe @A dvbragd etina;
c) illum nat| ng%the retina with the | ow inal 5. illum nation and

maki ng a f otPae (ﬁﬁ“'ﬁﬁs}i cavA tafan Hlsals ghacige. F\“ lﬂﬁe OgpY iHFlghHE m¥Pifstthent -

canera; d) dentrbidt Al ihage b Qvéraid Sraciigtthattihgeshitghh eBal kpdcindabnd Whenri nat i on
and imaging the reflected retjnal wavefront ontg the detector with the

| ensl et ar rBYperopis. giaterrfian the Wed spicing. Hnitaning ddhdhe Fomgons tandsdagnd ne

adj usfgrent  GaRLR tHeToR rﬁwpiccahd ek Ianﬁgm& me tﬂ&ﬁa\ssﬁéla%uﬁﬁ@%a{uoicr@amh«s at
| east in part independent t he ,(r)?gt i cal i ncludi-ng the. |l enslet array.

15 37. The #HPEHEE lafthﬁtlcaﬂhﬁ @wer% hﬁsﬁnr?gcrag%@naemagqaallta@@rlde%tspmna,

L Tum nal * sgipGe iDah rbgn@ctécpwm?emy,%m&n@reﬂm%bIn%pgowe&s BhRb khis 38. The
nmet hod of  -claim 35; conpri sing 1grow ding ‘a focusing adjusting neans in the .

optical pat wr@ﬁpqnﬁét%@ﬁ%rrelazw ps ofithe eheEhddiesye El eanractally esapmodatpg
linearly pokpri ziiag fahge b BiheRME 50 15&%%'1 Wit Iar}ﬁyoﬁw&t; B abdsHyr and

the | ow power refl ect ed retinal wave ront

15 induce such accommodation in the eye E. This concept is illustrated in Figures 8A-10D.
Referring to Figure 8A, shown are a number of actual centronds such as the centroid 500
appearing in the lenslet camera 312, which are compared with ideal ccntrofdé-_ such as the
centroid 502. Again, thc' ideal centroids such as centroid 502 are the centroids that
would appear if a perfect eye was brought into focus employing the trombone prism 314,

20 = Atthis point, an ideal cc:ntroid'spacincJ 504 is still greater than an average actual centroid

- spacing illustrated by centroid spacing 506. Assume, however, that the trombone prism

314 is slowly brought in until, as illustrated in Figure 8B, actual centroids as illustrated
by the centroid 508 have lthe same spacing as the theoretncally ideal centroids as
illustrated by the centroid 510. This _i_s illustrated by a spacing 512 compared to the ideal

25 spacing 504. At this point, the wavefront sensor 300 is in focus. ‘Of note, in an actual
eye E, the various centroids illustrated by the centroid 508 would not all be ideally
aligned with the theoretical centroids such as the centroid 510 because of the othcr;
higher order effects on the eye. However, if the average spacing of the centroids is equal
to the ideal spacing, this indicates that the defocus has been compensated.

30 Figure 8D illustrates one technique for determining overall centroid spacing. In

this approach, a Y-axis “center” is determined for each row 520 of centroids and an
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25 40. The nethod of claim39, conprising linearly polarizing the high
‘power reflected retinal wavefront light in an orientation o 4hedRr bggg par al | el
to the orientation of the I ow power reflected retinal vvavefront light. 41.
The net hwd optssed ai m 39, conprising linearly pol arizi ng FREHRVYA™0 power
reflected retinal wavefront light in an orientation that is perpendicul ar
to the orientation of the | ow power reflected retinal wavefront light. 28

. A. A&9e. AFN . AUE. A. Aa. AF, . AYe. A3u3y. A5. A . A. ABN3?. ASy. A. Al e. AN. AL. A3y. Ay
. AY. A3. A. 0240 eAds A. determmcd for each column, This can be done using center of mass,

AL, AL %' 57
Tca] caly cajees Uo%%éqg e bR eI TR AVEL i Aok ket oal cal ca
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camera 323 to focus the wavefront sensor. More generally, the centroid spacing is an
25 alternative to .bringing individual centroids into focus. But whatéver focusing technique
is used, the overall accommodation range can be determined using the foregoing

technique.

Determination of the Changing Shape of a l.ens When Relaxed and
30 Accommodated :
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25 “the eye's lens (or more generally, the optics of the eye) as the eye accommodates.

The foregoing disclosure and description of the invention are illustrative and
explanatory thereof, and various changes in the details of the illustrated apparatus and
construction and method of operation may be made without departing from the spirit of

30 the invention.
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1. An improved wavefront sensor for determining wave aberrations

of the eye including:
5 a light source that provides retinal illumination of the eye to make
a wavefront measurement of the retinal illumination reflected from the retina;
a lenslet array located along an optical path of the sensor for
receiving the .
reflected retinal illumination and for creating a plurality of spot
10 images of the reflected retinal illumination;
a detector optically engaged with the lenslet array that detects the
spot images formed by the lenslet array;
a processor adapted to receive signals from the sensor
corresponding to a positional displacement of the spot images and to determine
15 the wave aberrations from the signals,
the improvement comprising:
the light source having at least a high power output and a low
power output; and
an adjustment camera adapted to detect a focus of the retinal

20 illumination on the retina from the low power output of the light source.

2, The wavefront sensor of claim 1, further comprising a trombone
reflector located along the optical path of the sensor adapted to aid in focusing

the spot images on the sensor.

25
3. The wavefront sensor of claim 2, wherein the trombone reflector
comprises two prisms.
4, The wavefront sensor of claim 2, wherein the trombone reflector
30 comprises a double fold focusing trombone reflector.
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#LO%MME () - Y1 ( #lo%mg‘. 0 Yhe Gavefront sensor of claim 1, further comprising a waveplate

in the optical path of the wavefront sensor.

10 8. The wavefront sensor of claim 7, wherein the waveplate is
adapted to be adjusted to allow a whole image portion of the image of the

reflected retinal illumination to reach the adjustment camera.

9. The wavefront sensor of claim 7, wherein the waveplate is a A/4

15 waveplate.

10. The wavefront sensor of claim 8, wherein the waveplate is
adapted to be rotated to allow a portion of the reflected retinal illumination to
reach the adjustment camera.

20

11.  The wavefront sensor of claim 1, further comprising a polarizing

beamsplitter adapted to provide a whole image portion of the reflected retinal

illumination to the adjustment camera.

25 12.  The wavefront sensor of claim 1, wherein the adjustment camera
is adapted to receive a whole image portion of the reflected retinal illumination
substantially as light polarized perpendicular to the other portion of the reflected

retinal illumination received by the lenslet array.

30 13. The wavefront sensor of claim 1, wherein the adjustment camera

is adapted to receive a whole image portion of the reflected retinal illumination

24
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retinal illumination received by the lenslet array.

14.  The wavefront sensor of claim 1, further comprising a
5 controllable device adapted to adjust its transmission of a whole image portion

of the reflected retinal illumination received by the adjustment camera.

15.  The wavefront sensor of claim 1, further comprising a
beamsplitter adapted to reflect a whole image portion of the reflected retinal

10 illumination received by the adjustment camera.

16. The wavefront sensor of claim 1, further comprising a laser diode
oriented at an angle to the eye to aid in aligning the eye with the wavefront
sensor.

15

17.  The wavefront sensor of claim 1, wherein the lenslet array is

associated with a lenslet camera and the adjustment camera is separate from the

lenslet camera.

20 18. The wavefront sensor of claim 1, wherein the reflected retinal
illumination received by the lenslet array is produced by the high power output

of the illumination source.

19. The wavefront sensor of claim 1, wherein the light source

25 comprises a laser.

20. The wavefront sensor of claim 19, wherein the laser emits a

pulsed light that has a selectable higher output power and lower output power.

30 21.  The wavefront sensor of claim 1, further comprising an eye

fixation target located along the optical axis of the sensor.
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comprises a picture image adapted to allow a rotational frame of reference to be

defined relative to the eye.

5 23.  The wavefront sensor of claim 21, wherein the fixation target is
adapted to allow the eye to be in a pre-determined rotational position with

respect to the fixation target.

24, The wavefront sensor of claim 21, wherein the fixation target is
10 used to adjust the rotational position of the eye in conjunction with recognition

and location of an iris of the eye.

25.  The wavefront sensor of claim 1, further comprising an eye
fixation target adapted to allow the patient to fixate without accommodation.
15
26.  The wavefront sensor of claim 1, further comprising an eye

fixation target adapted to allow the patient to focus at infinity.

27.  The wavefront sensor of claim 26, wherein the fixation target is

20 adapted to support an accommodation-free status of the eye.

28. The wavefront sensor of claim 1, further comprising an eye
fixation target adapted to allow the patient to focus at infinity without
accommodation.

25

29.  The wavefront sensor of claim 1, further comprising an eye

fixation target adapted to allow the patient to focus at infinity with reduced

accommodation.

30 30.  The wavefront sensor of claim 1, wherein a signal can be
developed for a manual check or automatic start of patient examination from the

use of the adjustment camera.
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31. The wavefront sensor of claim 1, further comprising a tuning

device adapted to aid in focusing the spot images.

5 32. The wavefront sensor of claim 1, wherein the reflected retinal
illumination reaching said adjustment camera has an intensity that is produced
by a low power output of the source and the reflected retinal illumination
reaching said lenslet array has an intensity that is produced by a high power
output of the source.

10
33, The wavefront sensor of claim 1, wherein the retinal illumination
source has at least a low power output and a high power output for detection by

the adjustment camera and the lenslet array, respectively.

15 34,  The wavefront sensor of claim 32, wherein the low power output
is on the order of the high power output divided by the number of lenslets of the

lenslet array.

35.  Animproved method for measuring a wavefront aberration with a
20 wavefront sensor, including the steps of:
providing a source of retinal illumination that will be the
wavefront measurement light;
focusing said retinal illumination on the retina; and
directing a reflected wavefront of said retinal illumination from
25 the retina into a lenslet array for imaging said reflected wavefront onto a
detector,
the improvement characterized in that:
a)  the step of providing a source of retinal illumination
comprises selectively providing a high power output and a low output

30 power of said retinal illumination;
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5 illumination and making a focus adjustment of the sensor with the aid of

the adjustment camera;

d) illuminating the retina with the high power retinal
illumination and imaging the reflected retinal wavefront onto the detector
with the lenslet array.

10
36.  The method of claim 35, comprising providing the adjustment
camera in an optical path of the wavefront sensor that is at least in part

independent of the optical path including the lenslet array.

15 37.  The method of claim 35, comprising providing a laser retinal

illuminal source having a low power output and a high power output.

38.  The method of claim 35, comprising providing a focusing
adjusting means in the optical path of the sensor.
20
39.  The method of claim 35, comprising linearly polarizing the high
power reflected retinal wavefront light and the low power reflected retinal

wavefront light.

25 40.  The method of claim 39, comprising linearly polarizing the high
power reflected retinal wavefront light in an orientation that is parallel to the

orientation of the low power reflected retinal wavefront light.

41.  The method of claim 39, comprising linearly polarizing the high
30 power reflected retinal wavefront light in an orientation that is perpendicular to

the orientation of the low power reflected retinal wavefront light.
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