"p-WO 02/ 098290 18 OCT 2005 PCT/ US02/ 17655 *166166* OBJECTI VE MEA

OF EYE REFRACTI ON BACKGROUND OF THE | NVENTION Fiel d of tq I ' (?EREKENT
i nvention generally relates to vigi ' tics and, m)ri Bgfﬁﬂﬁjl arly

to a nethod for providing irrproqm, Wﬁmm mani fest r &r '_90_ val ues,
an associ aved2ospthod for prescri I'on correctioﬁ, /Qsﬁl%)'a'ﬁ?oar at us’
associ ated therewith. Description of "R&¥%ted Art A phoropter is a
fundamental optonetric diagnostic instrunment for vision neasurenent and
evaluation for obtaining a manifest refraction; i.e..  defocus and
astigmati sm (of ten OHJECEVE MEASUREMENF QF EYEREFRAGRION; ' an
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Description of Related Art

A phoropter is a fundamental optometric diagnostic instrument for vision

measurement and evaluation for obtaining a manifest refraction; i.e., defocus and
. astigmatism (often referred to as "lower-order” aberrations) in an undilated eye. It

essentially is a device with a large set of lenses on dials. The device is positioned for a
patient to look through and give visual acuity feedback to the practitioner when a
particular dialed lens is presented in front of the patient's eye. This method of manifest
refractometry provides defocus and astigmatism information to the practitioner typically
in order to prescribe vision correcting lenses for the patient. The subjective nature of the
phoropter measurement process, from the patient’s perspective, is itself a disadvantage of
this form of refractometry. Practitioner error can also be problematic, especially when
adequate practitioner training may be lacking as it often is in many underdeveloped areas
of the world.

An autorefractor is a de_v,icé that provides an objective diagnostic measurement of
a patient's refraction. Although patient subjectivity has been removed from the
measurement process, there are other disadvantages associated with autorefractors. First,

they are expensive instruments. Second, autorefractor measurements are typically
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wavefront sensor data is not naturally indicative of manifest
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W th these instrunments.
defects such as spherical aberration, coma, trilateral astigmatism and others, usually

referred to as higher-order aberrations. Although wavefront sensing has been used for
some time in astronomical and defense applications, the modification, use, and
development of this technology in ophthalmology is relatively recent. Moreover,
wavefront sensor data is not naturally indicative of manifest refraction. Yet, as vision
correction technology advances, wavefront sensing instrumentation will, by necessity,
consume office space and resources. Broadening the usefulness of such a tool will
justify the costs associated with these instruments.

Based on the foregoing, the inventors have recognized the desirability of being
able to accurately predict a manifest refraction based upon abjective manifest refraction
data, and do it efficiently. Thus, obtaining better measurements with less equipment and
less expensive equipment is highly advantageous. The invention also provides an
improvement in the ability to specify and prescribe vision correction, including lenses
and refractive surgical treatment. Apparatus associated with the invention is further
provided. 'These and other advantages and objects of the invention are described in detail

below and with reference to the appended claims.
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Based on the foregoing, the inventors have recogni zed the desirability of
being able to accurately predict a manifest refraction based upon
objective manifest refraction data, and do it efficiently. Thus, obtaining
better nmeasurenents with | ess equipnment and |ess expensiyg gemiggsent is

hi ghl y advant ageous. The invention al so provides an inprovenent 1n the
ability to s,‘geci(fx and prescribe vision correction, includimmgobenases and
refractive WRAPYI%EEP treatnment. Apparatus associated with the invention is
further provided. 'These and ot her advantages and objects of the invention
are described in detail below and with reference to the appended clainms. 2
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phoropter refrac ive neasurenent data,
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data of a patient's eye that is indicative of at least fourth-order Zernike wavefront
aberrations or their equivalents, and fitting a second-order only Zernike polynomial to
the wavefront data to determine a simplified surface represented by the wavefront
information obtained in the preceding step; and for calculating a manifest refraction
value from the second-order surface calculation data that accurately corresponds to a
subjective manifest refraction value. In various aspects, the wavefront measurement data
will preferably include at least fifth and higher-order terms, up to seventh-order terms,
and up to tenth-order terms.. In an aspect of this embodiment, fitting the second-order
Zernike polynomials to the higher-order wavefront data uses a least squares method.
The objectively calculated refraction according to the invention (i.e., the predicted
phoropter refraction, or PPR) is an accurate rendering of a patient's actual subjective
refraction. An accurate PPR is one that is preferably within 0.75D to 0.5D of the
patient’s subjective refraction; more preferably within 0.5D to 0.25D; and most
preferably less than a .25D difference from the patient's actual subjective refraction.

A Zernike expansion is a preferred way to describe the aberrations of an optical
system. A Seidel aberration model is one of several alternative descriptions of optical
aberrations. For more detailed information on this topic the reader is referred to Born and

Wolf, Principles of Optics (Pergamon, New York, 1975), and to Geary, Introduction to
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subj ective manifest refraction value. In various aspects, the wavefront
nmeasurenment data wll preferably include at |least fifth and hi gher-order
terms, up to seventh-order terns, and up to tenth-order tqrgmpe an
aspect of this enbodinent, fitting the second-order ZerniKe polynomals to
t he hi gher-order wavefront data uses a | east squares nethod. The
obj ectively calcul ated refraction according to the invention (i.e., the
predi ct ed Hr?dlzww&'r refraction, or PPR) is an accurate r ®8ASI0GSf a
patient's actual subjective refraction. An accurate PPRis one that is
preferably within 0.75D to 0.5D of the patient's subjective refraction;
nore prefer wthin 0. 5D to 0. 25D; and nost preferably less than a
. 25D di fferggéé—%%ﬂ—ﬁiﬁef spts, SRIE; Qntical Engineering Brass;(6985). bethrofwhightaron. A Zer ni ke
expansion is a preferred way to describe the aberrations of an optical
system A SePeRIPoraisd hersin byfelsisaes injtheirpmmairesy tosthe extent aligwesbyapphiaable
descriptions of optical aberrations. For nore detailed information on this
topi c the rguwédtniles anddawsred to Born and Wl f, Principles of Optics
(Perganon, New York, 1975), and to Geary, Introduction to 3 18 OCT 2005 WO
02/ 0982911 PCT/ UggpgdvageseovaeisreddmtthSinvertian, is BRlabiligfor acatratelygipaeBiigng Press
(1995), both of which are incorporated herein by reference in their
entirety to anA@ressaing a sisionwewection fiop ianisesaspbleas spedtaniy intraloeslanacd tovst  An
advant ageous offered by the invention is the ability for accurately
speci fyi ng lenses, peresxemplej asgvedl ay f@irefinctve suegital ompdifatidnesfsiRscosne suadls as
spectacle, intra-ocular, and contact |enses, for exanple, as well as for
refracti ve Ju¥gKchASEBdPfERI&ti on of the cornea, such as LASIK, LASEK, or
PRK. I n another enbodi nent of the invention, a display of an optical
di agnostic neasdr ematier embodimprttof thetihwensyre 2 didplagf arsoptiyglidaahbiticassoci at ed
w th the neasurenent

measurement of a patient's eye, which is typically associated with the measurement

apparatus and procedure includes an image representation of second-order and lower
aberrations; and an image representation of all measured wavefront aberrations including
low-order and higher-order aberrations. In an alternative aspect of this embodiment, the
display includes an image representation of an astigmatic wavefront measurement only;
and an image representation of third-order and higher wavefront aberrations. Preferably,
the displays in both aspects of the embodiment described above will include indicia of
the PPR. Preferably, the PPR will be provided for a patient's pupil size of approximately
3 to 4mm in diameter, and more preferably at a pupil diameter of 3.5mm. The PPR
indicia can optionally be made available for display over a full range of pupil diameters
through actual measurement or by appropriate calculations, as understood to those
skilled in the art, and incorporated in the hardware or software involved. Moreover, the
preferred display will show a vision quality indicator (referred to as a vision metric) such

as a Point Spread Function or a Strehl ratio, for example.



apparatus and procedure includes an imge representati on of second-order
and | ower aberrations; and an inage representation of all neasured

wavef ront aberrations including |ow order and hi gher-order| aQ@f Wi ons. In
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(referred to as a vision netric) such as a Point Spread Function or a
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Description of the Drawi ngs Features and advant ages of the present

i nvention W/ JygheaEsRPPabheWhvdidnt MgLer;Skilled in the art fromthe
fol |l ow ng dgjscri ption w tﬁbreference to the drawings, in which: Figure 1

is an illustratipg dhsPlakeRblatyBspdf dfah obtifaD@sgr0OfticfaRireaensofes provi ded
by a Hartnmann- Shack type wavefront anal yzer; Figure 2 is an exenplary

di splay of an.ontdcakeolifNResehbodmRatSRAERIenBbn.a patient’ s eye according
to an enbodi nent of the invention. Detail ed Description of Preferred

Enbodi nents of the Invention An enbodi nent of the present invention is an
i nproved nethod for providing an

Detailed Description of Preferred Embodiments of the Invention

An embodiment of the present invention is an improved method for providing an
accurate manifest refraction value from an objective measurement procedure, preferably
a wavefront measurement, which is not traditionally associated with providing manifest
refraction values.

The measurement error (i.e., deviation from a subjective measurement value)
commonly observed in autorefractor measurements is believed by some to be due at least
in part to the presence of higher-order aberrations in the eye; i.e., optical error versus
refractive (corneal) error. Without limitation to the invention described and claimed
herein, this can be thought of as follows: optical aberrations such as, but not limited to,
defocus, astigmatism, spherical aberration, and coma are described mathematically, for
example, by Zernike polynomials and by other mathematical expressions. The Zernike
polynomial equations include second-order, third-order, fourth-order, fifth-order, etc.
terms wherein the second-order and lower terms describe the defocus and astigmatism
errors (also known as sphere and cylinder, respectively) while the third-order and higher
terms describe higher-order aberrations such as spherical aberration, irregular
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accurate manifest refraction value froman objective nmeasurenent procedure,
preferably a wavefront neasurenent, which is not traditionally associated
with providing nmani fest refraction values. The neasurenent  er Z&h e.,
deviation froma subjective neasurenent value) comonly on@rbgé
autorefractor neasurenents is believed by sone to be due at least in part
to the presemocgovefoohi gher-order aberrations in the eye; ir@/ysoopwical error
versus refractive (corneal) error. Wthout limtation to the invention
descri bed and clainmed herein, this can be thought of as follows: optical
aberrations such as, but not limted to, defocus, astigmatism spherical
aberrati on, astighatefipcaniL antbshars. DWHileradfbeispthe albdriayion fypicallemadspied byby Zer ni ke
pol ynom al s and by ot her mat hemati cal expressions. The Zerni ke polynom al
equati ons i meltidRal 36t edide aidshjectiVdiefhdctometey, is 4 sdabddlor@érdeptical dbbiriicar sler ,

etc. ternms wherein the second-order and |ower terns describe the defocus
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while the third-order and higher terns describe higher-order aberrations

such as sphesirfobrdah@hérhi MBrratioh! THtbBFe, FrekFribdTTodAms IR OR/ PIARRAA _
PCT/ US02/ 17655 astigmati sm coma, and others. Wil e defocus, the aberration

typical l'y ngagueRthiOifetry dedided thlid nobatbia Fdr\Re MBKEr QR eddtifitibsf @Ct onet ry,
is a second-order optical aberration, a finite contribution from defocus

shows up i nr{ghetBERGPRdvideat béi?énﬁ;f hEstiAtedf defocs and abiQdiBmO RN Spheri cal
aberration. Therefore, the typical algorithns used by traditional

aut o-ref r acogmRlIifkdds e ifrbiidboslRed bk oBREANIL RN bidGided Bk or der

contributions of refractive error provide at best only an” estimte of

def ocus and j i % oo Sers L f.i 1 : en the
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prescripti orgeﬂ‘ctigrt'}%ll anssaR Bligr red by the patient (subjective

In a preferred embodiment, an objective, diagnostic wavefront measurement of a
patient's eye is obtained by a practitioner, preferably by using a wavefront sensor device.
Wavefront sensing is used to directly measure the wavefront aberrations produced by a
patient's eye. This technology and an associated device are illustratively described, for
example, in Williams U.S. Patent No. 5,777,719, and is commercially embodied in the
Zywave  wavefront analyzer manufactured by Bausch & Lomb/Technolas (Rochester,
NY/Munich, Germany). The Zywave uses a Hartmann-Shack wavefront sensor that
utilizes a lenslet array to measure and compute higher-order aberrations. Depending
upon the lenslet array parameters, wavefront aberrations up to tenth order can be
measured. Preferably, the patient's eye is not dilated and measurement is made with the
pupil diameter in the range of about 3 to 4 mm, however, lighting conditions and other
factors may affect pupil size, making the pupil larger or smaller. In any event, diagnostic
data can be scaled to be representative of a nominal pupil diameter of about 3.5 mm,
which is more preferred to reduce the effects of spherical aberration in the periphery of

the optical zone.



refraction) for confortable vision. In a preferred enbodi nent, an

obj ective, diagnostic wavefront nmeasurement of a patient's eye is obtained
by a practitioner, preferably by using a wavefront sensor ¢4ge

Wavefront sensing is used to directly neasure the wavefront aberrations
produced by a patient's eye. This technology and an associated device are
illust rat‘l,vm)k 08 ﬁscrl bed, for exanple, in WIlians U ScialneissiNo.
5,777,719, "and i's connerC|aIIy enbodied in the Zywave"m wavefront analyzer
manuf act ur ed by Bausch & Lonb/ Technol as (Rochester, NY/ Minich, Germany).
The Zywave uses a Hartmann- Shack wavefront sensor that wutilizes a |enslet

array to measurgiRpdercReRs Figurldi1giiaEh Sodea dapRi N ebt sunial inldgee2di ng  upon the
| ensl et array paraneters, wavefront aberrations up to tenth order can be

measur ed. E&&Jc@& BPmé Ierisféﬁarpa%tolfﬁfﬁartﬁxawsmc& Wbfreti kasedha Minmaasur enent i s

made with pupi|l dianetér in the range of about 3 to 4 mm however,
lighting cgndy Wag’&ﬁ)nf&%é?tonﬁﬁt ré&&t&@{lﬁlamﬁla@ﬁft@ﬁ'é pBiitiinkl eviaBon (PBKI NG t he
pupi |l larger or smal event, diagnostic data can be scaled to be

represent aé{s)vo? gtrqlﬁ L{;c?fj tléé3 eP al lfnqge%rﬁttﬁfm ir g&%ﬂ%caﬁog’s gﬁn ceHWBf gch is nore

preferred phérica erration e periphery of
the optical zone, 6 18 OCT 005 098290 S02/ 55 W ref erence
to Figure TCW?P%FPrél‘?BU\@beéra %%%bz% aléf&a?glfe |(r?gjg‘gwea‘s’e%c§1§lsprob %‘t‘(}e’d by the

| ensl et array of a Hartmann- Sh ck wavefr.ont sen n Shack
wavefront & %FSUB?J’F%POS&OB&%@ SsTeReSEI by eﬁloaPteé’gg'tewatV%ﬁom 8%9'&‘[@3 onhalt

devi ation (AXx, of the centroids 14 of .the 2 fromtheir
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Because an aberrated vvavefront is not planar each asurenment position

can be repwewsionedonsy d% dyabpash 6‘fnt’t°|*fje1°99é’\981bi’8‘iﬂ’(at‘ﬁ‘?stj"ﬁf‘? Y4t t hat

Ax = xfdx and
dW

Ay = xfdy
dw

where k is a constant, f is the focal length of the lenslet array and dx/dW, dy/dW are the
slope values of the total wavefront at the selected position. The wavefront, represented
by a three-dimensional surface, can be calculated by assuming a model for the
aberrations, preferably a Zernike model. A Siedel model or other aberration model could
also be used as one skilled in the art will appreciate. The Zernike model preferably
represents second-order to seventh-order terms, but can vary in the upper limit depending
upon lenslet spacing and other sensor parameters. A second-order Zernike model
provides defocus and astigmatism data while the third to seventh-order models are
indicative of higher-order aberration data. For a more detailed description, the reader is
referred to Dorsch et al., Accurate computation of mean power and astigmatism by
means of Zernike polynomials, J. Opt. Soc. Am. A/Vol. 15, Mo. 6 (June 1998); Dai,

Gung-Ming, Theoretical Studies and Computer Simulations of Post-Detection
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poi.nt; in other words, a dx, dy value. The positional errors Ax, Ay are
related to the wavefront slopes dx, dy at each centroid | ocation by
equations as follows: Ax = x f dx and dWAy = xf vy dWwhere x is a
constant, f is the focal length of the lenslet array and dx/d dy/ dW ar e
t he slope val ues of the total wavefront at the selected pddi OFbr@The
wavefront ,woepnesented by a three-di nensional surface, panu$eieascul ated
by assuming a nodel for the aberrations, preferably a Zerni ke nodel. A

Si edel nodel or other aberration nodel could also be used as one skilled
in the art will appreciate. The Zerni ke nodel preferably represents
second- or dextmiogpleeic At aicel€omb&isition, PhD. thasis Mamny Univetsitg Iwp® Steddnm t
depending upon |enslet spacing and other sensor paraneters. A second-order

Zer ni ke nodebos)pwans des ade e B BWadstongbdrbetitiefivah Warinlke Poliohbily d to
sevent h-order nodels are indicative of hi gher-order aberration data. For a
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Qung- M ng, Theoretical Studies and Conputer glnulatlons of Post-Detection 7
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Engi neeri ng

wavefront data for a certain pupil diameter, d, ultimately resulting in the Zernike

amplitudes Zaoo, Z220, Z221 (or their equivalents which are representative of defocus and
astigmatism (magnitude and axis), respectively) where
Zaoo=(sp+cy/2)* 10%*1%/(4*sqrt(3));
Zy=-cy* 10%***cos(2*phi)/(4*sqrt(6)); and
Zom=-cy* 10%*r**sin(2*phi)/(4*sqrt(6))
where the Zernike coefficients are given in um, the radius r is half the diameter of the
pupil in meters, sp is the sphere in diopters, cy is the cylinder in diopters, and phi is the
axis of the cylinder in degrees. Notice, that the cylinder is always negative. The Zernike
amplitudes provide optical path difference measurements in microns that are converted
to diopter values for ophthalmic application. Equivalently, the conversion from the
second-order Zernike amplitudes to manifest refraction values is realized as follows:
Cylinder o< 2V6 V(A% + A1) (2R3,
Axis oc tan’l(-Azzl/Azzo) 180/27; and
Sphere o (2V3) Ao(2/R?)- Cylinder/2,

Where R is pupil radius in mm, A is a Zernike coefficient in pm.



Not es, . August 1994, S21-S24. In an enbodi ment of the invention directed to
provi ding an objective mani fest refraction value, a second-order only
Zerni ke nodel is chosen to fit the higher-order wavefront data for a
certain pupil dianmeter, d, ultimately resulting in the Zerm@kgth@BIitudes
Z200, Z220, 7221 (or their equivalents which are representative of defocus
and astigmatism (magni tude and axis), respectively) where Z200=(sp+cy/2)*
| 06 *r WNO@Ws®yrt(3 )); Z220=-cy*106*r' -"*cos(2*phi PFIE*EYIT(6)); and
7221 =-cy* 106*r2*sin(2*phi)/(4*sgrt(6)) where the Zerni ke coefficients are
given in m the radius r is half the diameter of the pupil in neters, sp
is the sphere in diopters, cy is the cylinder in diopters, and phi is the
axis of the cyPréradips Forfhﬂ}é’éﬁ%'@‘éath ?fpgé,(sﬁqﬁ%é’ af%&“h?ﬁ%ég er) aéj(aal way's
negative. The Zerni ke anplitudes provide optical th difference

nMeasur eneAREMAHC AFie FGHRIIGNERES aéer‘@“H’HWé’FWSdeJOOPQYO%FrO‘SS%EGW‘J&F {FE0S $18¢°
opht hal m ¢ application. Equivalently, the conversign fromthe, second-order
Zer ni ke athshs teretbemeslyes repraset oplyrseeandisderpagripdians; dhp Bgﬁg?szfé’aﬂgﬁ‘ée ol | ows:
Cylinder oc 2V6' I (A2220 +.A222%é (2/ R2) Axi s oc tan_l,-AQ%l/AQZO)

180/ 27t ; asnrateSifitleervalugds withig P. 75D 20 0 Dref)the pajients aeinal subjegpiug EPIRAHAD. nypj |
radius in mm Ais a Zernike coefficient in p.m 8 18 OCT 2005 WO 02/ 098290
PCT/ US02/ M6 Brefeeaidy, dha PR wilk teevithin @ AP; te 9,25Phanddessbrg§raplyistiprdhan
astigmatism (cylinder) and astigmatic axis nmeasurenents are conputed using
second- or 8&5Dafltlie &prahsubpctiverrpiacpm atsentt pesiactiaaichs t hensel ves represent

only second-order aberrations. The PPR is consi dered )
It will be appreciated by a person skilled in the art that other mathematical

analyses can be used to provide the ultimate coefficient values for defocus and
astigmatism representations of the manifest refraction values. In any event, it is solely
the second order contribution that is being used to describe the higher order contributions
of the wavefront.

Other wavefront sensing techniques and devices known to those skilled in the art
can likewise be used to obtain the appropriate diagnostic wavefront information and, as
such, the invention is not limited to Hartmann-Shack data. In fact, sufficient data may be
obtainable from ray tracing information obtained by topography and other methods.
Moreover, it will be understood that the step of obtaining the diagnostic wavefront
measurement need not require the contemporaneous making of a wavefront
measurement; rather, for the invention one need obtain only the appropriate description
of the wavefront surface, preferably in the form of Zernike data, to which a second-order
curve can be fit. Therefore, a previously acquired and stored measurement, a remotely
acquired and transmitted measurement, a contemporaneous measurement, etc. can supply
the necessary data according to the invention.

In an aspect of this embodiment, 2 method for selecting/describing and/or
providing a vision correction prescription includes obtaining the PPR information as
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accurate if. the value is within 0.75D to 0.5D of the patient's actual
subjective refraction. Myre preferably, the PPRw Il be wthin 0.5D to
0. 25D, and nost preferably better than 0.25D of the actual subjective
refraction absent a perfect match. It will be appreciated bﬁ ﬁ rson
skilled in the art that other mathematical anal yses can 1806 0 provide
the ulti my@ondedshi ci ent val ues for defocus and asti gmegdSi8oa/176ss
representations of the manifest refraction values. In any event, it is
solely the second order contribution that is being used to describe the

hi gher order contributions of the wavefront. O her wavefront sensing

t echni ques deseelbeteationesank RSN thisanfoRasnSl bes@tbeiabobBRing shectacRMedsi f8W Se be
used to obtain the appropriate diagnostic wavefront information and, as

such, the ifwaed, ifemne patieed SiicEida@ifiohd shiatakEBAD coias lenblA! Br exafh ief}%&n _
sufficient data may be obtainable fromray tracing |nfornatléh 0 ?alned by

t opogr aphy caigtt 8 bhednt §EBR 4% -defolMY 58 Y& omatibm WM dd! t{ﬁga#g Q)g?ﬂigﬁep-%gde hat the

step of obtaining the diagnostic wavefront nmneas nt neéed not require

t he cont enpRARERAU SN g&'ﬁi’a‘i@mﬁ{ifeﬁ rdfeMEhs Q'T(te¥ Itcgﬁrg%g:félg %rﬁe'Pt ;{e?f{)nrglﬁxg %e};%lgr the

i nventi on one need obtain only the approp cription
wavef r ont §Wi£i§ff€0ﬁ%ﬁ§§f)0%mu¥eiioptl:lhggtif{n‘t)rm of Zerni ke data, to which a
e fit. refo

second-order curve can ore, a previously acquired and stored

measurenment, a fneema{l'@l' ¥mb(ﬁﬁ;xgéﬁit Efgtﬂe g{a;'./gn&olrﬁlg% ﬁxg?)ltzq% %j oﬁﬁ%%ﬁgtg{ﬂgp %lgftgatadc cor di ng

cont enpor aneous neasurenent, etc. S ne necess

to the i .1 a | i i t . th f

sel ecti g E0ERRz. [k ABuRARREN s LR0rE o800 IR MaiorP B o051 Blsontne i o

i | ud L1 i ti 18,,0OCT. 2005 . WO 02/.098290
EgglBSSZ/29%§}%ggg?%§§%§§§g§g@gé§%v%§%ﬁ§%?%ﬁgg?ﬁPgFﬁggFgﬁmfggﬁﬁgggTibe a
correctli ngox%greﬁltdarﬁél%r)l a%gﬁatio;lg MThe picture of the lower-order aberration 22 may show

only defocus, only astigmatism, or defocus and astigmatism. The display 20 also shows

the predicted phoropter refraction (PPR) value 26 calculated as described above. The
display preferably also shows an image representation of a point spread function (PSF)
corresponding to the uncorrected state of the patient's eye 32, an image representation of
a PSF corresponding to a standard (lower-order) correction state 34, and a PSF
corresponding to a customized (best corrected) correction state of the patient's eye 36.
As such, this is évision quality metric. The Point Spread Function is computed as the
squared amplitude of the Fourier transform of the generalized pupil function of the
displayed wave aberration function. The maximum value of this function is given along
with the maximum value of the PSF of a plane wave for the current "effective” pupil
diameter. The ratio of these values, called the Strehl ratio, can also be displayed. The
Strehl ratio can also be used as an image (or vision) quality index (the closer to 1, the
better the image). Preferably, the displayed PSF function is only the central 1/16 of the
full function in order that some detail may be seen. Generally, the maximum value
occurs is this region.
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i nstance, for the patient. Since traditional spectacle and contact |enses,
for exanple, only correct a patient's vision for defocus and astigmati sm
and typically not higher-order aberrations, an accurate manifest
refraction is key to providing the best perfornming lens &8 0CEi28%
correcting procedure for the patient. In another embodi nent of e

i nventi onw@oghivsphay 20 of information is illustrated iPr?Tf—qS&Iﬁ 2. As
shown, there is a wavefront map 22 of the patient's |ower-order (second-
order and | ower) aberrations and a wavefront nmap 24 of the patient's

hi gher-order (third- order and higher) aberrations. The.picture of the

| over - or der  abeWhiteiverio2dwenjagsprusembpdimentsdaycheen chase to @‘Esl% atr%% sm or

def ocus and astigmati sm The display 20 al so shows the gredi c%ed phor opt er
refracti on ifVRRn, wawill e 26darsibar ythesd skilled)insthe ah Bt vasouRChanges a0y s pi ay
preferably al so shows an image representation of a point spread function
(PSF)  cor rgshaadbngah de tlade tharcbr withoubdepstting drogy the FF@P%%‘P%EWG’L“OB)?E 32, an
i mge representation of a PSF corresponding to a standard (| ower-order)
correcti on @&tiaéeinIke appariied clRisEs. corresponding to a custom zed (best
corrected) correction state of the patient's eye 36. As such, this is a
vision quality nmetric. The Point Spread Function is conputed as the
squared anplitude of the Fourier transform of the generalized pupil
function of the displayed wave aberration function. The maxi mum val ue of
this function is given along wth the maxi num val ue of the PSF of a plane
wave for the current "effective" pupil dianmeter. The ratio of these

val ues, called the Strehl ratio, can also be displayed. The Strehl ratio
can al so be used as an image (or vision) quality index (the closer to 1,
the better the inmage). Preferably, the displayed PSF function is only the
central 1/16 of the full function in order that sone detail nmay be seen.
General ly, the maxi mum value occurs is this region. 10 1.8 OCT 2005

Al
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WO. 02/ 0982911 PCT/ US02/ 17655 Wil e various advantageous embodi nents have
been chosen to illustrate the invention, it wll be understood by those
skilled in the art that various changes and nodificati 0Rsg fer made
therein without departing fromthe scope of the invention as efined in
the appended clainms. 11 18 OCT 2005 Clains: 1. A device for neasuring an
obj ective manifest refraction of a patient's eye, conprising: a diagnostic
conponent(alada ted to nmeasure at | east fourth-order Zernike 5 wavefront
gbg;(r:gtnhoordera olr its eqw val ent; a cal cul ating conponent for fitting only
oly 4.9
the manifest ref rac‘fn% che r&néﬁg %@gﬁ E@%ﬂ%ﬁ{egﬁmffﬁﬁyﬁ?tﬁgcm ating
cal _cuI ated mani f est _refracti on. 2. 10sensor. 3. sensor.4. The device of
claim1, H¢eP®NPYME di agnostic corrponent is a vvavefront The devi ce of
claim 2, wherein the wavefront sensor a Hartman t& d of
claim1, wherein th@dmga@%@moeméﬁpé?ﬁm rgeagu@ea‘; at?)Hrti[ g%eng\ré l?e
t opography data. 15 5. The device of claiml, vvherel n the di agnostl c
conponent wageffont ebdreationldata or its equivalent;

a calculating component for fitting only a second-order polynomial to the
wavefront aberration data and calculating the manifest refraction; and

a display component for displaying the calculated manifest refraction.

2. The device of claim 1, wherein the diagnostic component is a wavefront
10  sensor.
3. The device of claim 2, wherein the wavefront sensor is a HartmannShack
Sensor.
4, The device of claim 1, wherein the diagnostic component is a device that

generates topography data.

15 5. The device of claim 1, wherein the diagnostic component is a device that

generates ray tracing data.

6. The device of claim 1, wherein the equivalent aberration data is Seidel

aberration data.

7. The device of claim 1, wherein the equivalent aberration data is a Taylor

20  Series expansion aberration data.

8. The device of claim 1, wherein the display component is adapted to

display the aberration data in the form of a wavefront map.
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generates ray tracing data. 6. The device of claim1l, wherein the

equi val ent aberration data is Seidel aberration data. 7. The device of
claim1l1, wherein the equivalent aberration data is a Tayl o? 'ﬁg’. ?@i es
expansi on aberration data. 8. The device of claim1, where ﬂ e spl ay
conponent is adapted to display the aberration data in the formof a
wavefront map. 12 18 OCT 2005 9. The device of claim1l, wherein the display

conponent is agapt eg{ eyigh sl | AnARRTGUiiAY émhporet Bndiprogie
er

representation”of second-or and |ower aberrations. 10. The device of

claim i, 1s§lrg§i§}{]eaﬂtsb%§'ﬁgi i BhaYs &9 {m%%gﬁreéeﬁtﬁq]f}B&’?%oh@-or@er@hé et the

aberratio nage representation of a measur ed wavefront
aberrations including | oworder and hi gher-order aberrations. 11. The
devi ce of 2RIEAIRNS: wherein the di splay conponent is adapted to display the

aberration data as an inage representation of an asti ti f ront
neasur enent onilQ. 13hg devigpaf ¢lam éew%‘?relc?lﬂg‘? ‘E‘Fﬁl?‘y ﬁ?f@?‘é‘%}%?{sl‘?@a%}lgg Sc? ay
conponent is adapted to display the aberration data as an i gﬂﬂ&e
r epr esent dispbay the alieniatidn datdes an triags rghrssentaiionat al measwed MAVEBAE. 13. The
device of claim1l, wherein the calculated manifest refraction is displayed
for a pupiaberfaions theiudinglont-erder mdhighorgeddreberationabout 3nmto 4mm 15 14,
The device of claim1, wherein the display conponent is adapted to display
a vision metriqq,  The device of claim 1, wherein the display component is adapted to
display the aberration data as an image representation of an astigmatic wavefront
measurement only.
10 12.  The device of claim 1, wherein the display component is adapted to
display the aberration data as an image representation of third-order and higher
wavefront aberrations.
13. The device of claim 1, wherein the calculated manifest refraction is
displayed for a pupil having a diameter in a range between about 3mm to 4mm.
15 14.  The device of claim 1, wherein the display component is adapted to
display a vision metric.
15.  The device of claim 14, wherein the vision metric is a point spread
function.
16. The device of claim 14, wherein the vision metric is a Strehl ratio.
20 17.  The apparatus of claim 1, wherein the wavefront aberration data is a
stored diagnostic measurement data on a readable medium.

18.  The apparatus of claim 1, wherein the wavefront aberration data is

remotely acquired and transmitted diagnostic measurement data.
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15. The device of claim14, wherein the vision nmetric is a point spread
function. 16. The device of claim14, wherein the vision metric is a Strehl
ratio. 20 17. The apparatus of claim1, wherein the wavefrohg G7egi§ti on
data is a stored diagnostic nmeasurenent data on a readable nedium 18. The
apparatus of claim1, wherein the wavefront aberration data is renotely
acquired and transmtted di agnosti c neasurenent data. 13 18 OCT 2005 19.

The apparatus g§ cl 3 fldpantlietediiin ROVNAMRIEORbvTRRL Hedioion datads | S
cont enpor aneousl’y neasure I agnosti c neasurenent data provided by the

di agnosti c__.conponent. 20. The,. [ J e icspl a
conmponent Qe &?&sgyyeguﬁsdbﬁgﬁgﬁﬁgﬁu%%@k Fa%at?]lp g%‘:tli on }?ﬂrk]lg idz:digg.omzc 1I.O T%e
apparatus of claim 20, wherein the manifest refraction indiciais a

numner i ;:al C‘P‘f@B‘Pfll%‘_ént Stiag of a predicted phoropter refraction. 22. The
apparatus of claim§9, erein the disp]ay of the aberration i

of a represent 80i on Toe aprarpiysaf plaim én‘ghﬁémdéﬁé‘?pl%cﬁpoéﬁlsaag%hégfﬁgng:‘Sts
claim9, wherein the display of the aberration data consists of a

r epr esent disphuy achardfest gfmetiemindgéf. ocus and a mani fest refraction indicia.
24. The apparatus of claim 21, wherein the numerical representation of the
predi ct ed phor gpt er Thefapparaiugiof blain 20 wehereintthamanifést esfeactionmdicisisty ect i ve
refraction value of the patient's vision by no nore than 0.5 to 0.75

di opter. %ﬁm%ﬁcal}éfre?dﬁ%foﬁtdf% pREdiGtk@pRorapter WHAERGM the nuneri cal
representation o he predicted phoropter refraction has a val ue that

differs from a,subj egLl a\f)satraﬁlfs '02CHai9, WAktdth the display of the aberration data

consists of a representation of astigmatism and defocus.

10 23.  The apparatus of claim 9, wherein the display of the abetration data

consists of a representation of astigmatism, defocus and a manifest refraction indicia.

24.  The apparatus of claim 21, wherein the numerical representation of the
predicted phoropter refraction has a value that differs from a subj ective refraction value
of the patient’s vision by no more than 0.5 to 0.75 diopter.

15 25.  The apparatus of claim 21, wherein the numerical representation of the
predicted phoropter refraction has a value that differs from a subjective refraction value
of the patient’s vision by no more than 0.25 to 0.50 diopter.

26.  The apparatus of claim 21, wherein the numerical representation of the
predicted phoropter refraction has a value that differs from a subj ective refraction value

20  of the patient’s vision by less than 0.25 diopter.

27.  The apparatus of claim 14, wherein the display of the vision metric
comprises a numerical indicia of a point spread function.
28.  The apparatus of claim 14, wherein the display of the vision metric

comprises an image representation of a point spread function.
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of .the, patient's vision by no nore than 0.25 to 0.50 diopter. 26. The
apparatus of claim2l, wherein the nunerical representation of the
predicted phoropter refraction has a value that differs frqm gcpulgggective
refraction value 20 of the patient's vision by |less than 0.25 diopter. 27.
The apparatus of claim 14, wherein the display of the vision netric
conprises a nunerical indicia of a point spread function. 28. The apparat us

of claim 14, rei HiraPbAN 2Rt 14 Renerdif HRUiIEHIAY bfthe ¥iMigH inse an | mage
representati o\rllvﬂg'f amﬁ%?ﬁg spr eadafuncti on. 14 1 2005 29. The apparat us

of claim 14, wherei.n the di kSj on nmetric conprises an inmage
repr esent ﬁ?@gﬂseBFnémggef%eﬁfjcsglg ‘?alon &fﬁgtp@}]g&%ﬁ)par atus of claim 14, wherein

the display of the yjsion netric .corres . iGN Rl an
uncorrect ed abéPr at i\ﬁj‘ﬁ appayptys oggl@%ﬁé’a‘?lﬁ%%ﬁgﬁmeeélg%lg%gt?é%'gm@gr fection state,
and a custom (best corrected) correctign_state. 115 1 d

corresponds to at least one of an uncorrected aberration state, a standard (lower-order)

s correction state, and a custom (best corrected) correction state.
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