OBJECTIVE MEASUREMENT OF EYE REFRACTION BACKGROUND
OF THE INVENTION Field of the Invention The invention generally relates
to vision diagnostics and, more particularly, to a method for providing
improved objective manifest refraction values, an associated method for
prescribing a vision correction, and apparatus associated therewith.
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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 lar e&%%r%@nses n dials. The device is positioned for
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a patient to look thro TN %mwto the

ra éiti {?]eerirwheg?og particular dialed lens is presented in front of the
p&rﬁ%‘rﬁ%@ye—ﬁgms—m. iethod of manifest refractometry provides defocus
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prescribe vision correcting’lenses for the patient. The subjective nature of
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itself a disadvantage of this form of refractometry. Practitioner error can
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be lacking as it often is in many underdeveloped areas of the world. An
autorefractor is a device that provides an objective diagnostic
measurement of a patient's refraction. Although patient subjectivity has
ERLY, 4978%84He measurement process, there are other

disadv ntes associated with autorefractors. First, they are expensive
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measurement and evaluation for obtaining a manifest refraction; i.e., defocus and

asti gmatism (often referred to as "lower-order" aberrations) in an undilated eye. ‘It
essentizally is a device with a large set of lenses on dials. The device is positioned for a
patient to [ook through and give visual acuity feedback to the practitioner when a
particular dialed fens is presented in front of the patient's eye. This method of manifest
refractemetry 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 autoreffactor is a device 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 arg expensive instruments. Second, autorefractor measurements are typically



1 inaccurate, compared to a patient's subjective refraction. There are
reports of measurement errors in up to 20% of the population measured
in this way. In fact, up to a 2 diopter (D) difference between the objective
manifest refraction and subjective manifest refraction has been observed
on an individual basis. A wavefront sensor is a device that measures
optical errors in terms of wavefront aberrations. The measured
aberrations typically include monochromatic wavefront defects such as

SPRETIEAICABRTRAISH (LB RFAECH B Pt Altfgieliarsintanth ot anstany
referred to as higher-order aapz{{ations. Although wavefront sensing has
a
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odificatign, and, development of this technol in ophthalmology is
EichigiifacBidr il iimbndti it

ket ofarpiieayaiiapton.d ek asiigR.aaigetion technology

advances, wavefront sensing instrumentation will, by necessity, consume
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justify the costs associated with these instruments. Based on the
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accurately predict a manifest refraction based upon objective manifest
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with less equipment and less expensive equipment is highly
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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 usefitlness 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 objective 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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2 SUMMARY OF THE INVENTION The invention, as one of its general
objects, is directed to providing an accurate manifest refraction value
(referred to herein as "predicted phoropter refraction” or "PPR") from
objective measurement data, particularly a wavefront measurement. In an
embodiment of the invention, a method for providing an improved
objective manifest refraction includes the steps of objectively obtaining
diagnostic measurement data of a patient's eye that is indicative of at
least fourth-order ZernikeSviddiettdhy @lbeTralidNS/ BNthigiNequivalents, and
fitting a second-order only Zernike polynomial to the wavefront data to
determind Besimpliftades grfaeéiteprasehuepy thalippietiomeoiriformaniepcurate
obtained in the preceding step; and for calculating a manifest refraction
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correspands to a subjective manifest refraction value. In various aspects,
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higher-order terms,up 1o seventh-grder terms, .and up te tentheorder. . reciiv
terms.. In an aspect%%tﬁls embogllmerit, itting the econd-order Zernike e
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method. The objectively calculated refraction according to the invention

(i.elatther predistedesphnroptaiefiactian: o R PRHS aaackuaieendesing

of a patient's actual subjective refraction. An accurate PPR is one that is
prefeablpwithihd. 25 0vie S Brdfithegpatient's-sulsjestly € eefriactiolynmoie to
preferably within 0.5D to 0.25D; and most preferably less than a 25D
diffeperreefioidgieipdtentsastiaipsilsié stivecrefencionedby ehpikevefront
expansion is a preferred way to describe the aberrations of an optical

£,

Sy St Se el A AN IO 15°Bnerof LeRrlraled e mabidest refraction

deéa G tf‘r%rzll? t?x]:acs) Jg)%g-lorder surface calculation data that accurately corresponds to 2
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 1s a preferred way to describe the aberrations of an optical

system. A Seidel aberration model is one of several alternative descriptions of optibal

- 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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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 3 Wavefront Sensors, SPIE Optical
Engineering Press (1995), both of which are incorporated herein by
reference in their entirety to the extent allowed by applicable patent rules
and laws. An advantageous embodiment offered by the invention is
provided by the ability for accurately specifying and prescribing a vision
cqrrection for a vision correction medium such as spectacle, intra-ocular
OHGEe ARG RE TR e o) EREHTS R R e aEE BErecal
nggd(}ificgrtggn f the gornea such e}f,LAS_JK LASEK, or PRK. In another
i BTk Btk BragheEsd by epplicable

embatent of fhe Tyentioh-a'd
n%%@%g%mgmﬂa@lpatient's eye, which is typically associated with the
measurement apparatus and procedure includes an image representation

of second-auderandoueroahrralians: and et Imags (ERIeeeNalon ofall,
igher-

measured wavefront aberrations including low-order an rder
aberratibrselnfangpdter mﬁm&w&hmﬁ%&@@&%k@&%&h&@&ﬂﬁhed ium
includes an image representation of an astigmatic wavefront
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wavefront aberrations, Preferably, the displays in both aspects of the
SHBSHIMER GRS ibdiesR s Wit iiehas %:’:‘i‘a?]éﬁtﬁe‘f’ PBER. Preferably,

the PPR will be provided for a patient's pupil size of approximately 3 to
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PPR _indici c?n optionally be. made availaple for display over a full range
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aberrations; and an image representation of all measured wavefront aberrations including
low-order gnd higher-order zberrations. In an alternative asé:ect of this embodiment, the
diéplay includes an image ;epresentation‘ ofan astigmﬁtic wavefront measurement bnly;
and an image representation of third-order and higher wavefront aberrations. Preferably,
lthe displays in both aspects of the embodime?zt described above will include indicia of
thé PPR. Preferably, the PPR will be provided for a patient's pupil size of approximately
310 4mm in diameter, and more preferably at a pupil diameter of 3.5mm. The PPR
indicia can optionally be made availeble for display aver a fill range of pupil diameters
through ac;ma-l measurement or by appropriatle calculatidns, as un&erstood to those
skilled in the art, and incorporated in the hardware or software involved, Mo’_redver, 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.



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. 4

Brief Description of the Drawings Features and advantages of the present
invention will become apparent to those skilled in the art from the

following description with reference to the drawings, in which: Figure I is

an illustrative display of the aerial images of point sources provided by a
Hartmizuiki-Sbaclo tiperiray Bfronhanalyzer; Figure 2 is an exemplary

display of an optical diagnostic measurement of a patient's eye according |
to an embodimemesbidednusagisreDetales D ésariptionof Rrofesregbarent to those
Embodiments of the Invention An embodiment of the present invention is

an improlsddmiktiodtioR greotrdrigamd ecaintee WErreseresiadhe doaiaes, in which:
from an objective measurement pracedure, preferably a wavefront _
measuremehtSWhRiLAS & TW&H&?O%W%@%%&@&W%W&WH@ SRAABREovided
refracgioglyigl {gg.é[%ga@{e%aseu»rver‘pe n(;[n?(arrtl)ar }(lii%, deviation from a subjective
measutement value) comt onfy 0 serveé in dutorefractor measurements

is believed %ﬁgg@igoap@:\gﬁﬁﬁl%lg%ﬂam%ﬁ B‘a&bﬁ @%ﬁ@ﬁﬁ%&sup&ment ofa

higher-order aberrations in the eye; i.e., optical error versus refractive
(corneatjeaiToryVithoutidimifatiembo dhrtnventiemdasesibed 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 & i plyorialiafuations

2aitie Qi2eloB rasSERg Hi/e W ¥ RO
include second-order, third-order, fourth-order, fifth-order, etc,
An embodiment of the present invention is an improved method for providing an

aodiAgisalpbienreddiping s he1Feds

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 polynomizais 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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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 5 astigmatism, coma, and others.
While defocus, the aberration typically measured by traditional subjective
and objective refractometry, is a second-order optical aberration, a finite
contribution from defocus shows up in the mathematical description of
e.g., fourth-order spherical aberration. Therefore, the typical algorithms

ugeskhy taditional aaat&ﬂ&ﬁ@@ﬂﬁ@%{%@@é{i%&%@Pﬂ%&@éﬁ% ﬁﬁ%ﬁ‘&?éﬁ%y

higher-order contributions of refractive error provide at best only an
estimatpaf:dstoens andasiamatsmdJhisdy iexemplifiedy Mgica aberration, a

difference between the objective refraction provided by the autorefractor
afiditbecactitatipreBeriptidreef dhewenses peciemeddhy dnenatienta of eg
(subjective refraction) for comfortable vision. In a preferred embodiment,
afrutsiectite soiggndsticwesvefhtnifeasuhementab kg opdtient'seye isaditional
obtained by a practitioner, preferably by using a wavefront sensor device.
VRHlRetRaRE Seding i caedacle recsE pvah Surehtid sheverffontatydbrations £

produced by a patient's eye. This teqhnolo(%?and an associated device

& HEISYPaG R QRUG T F O YAt WARRIE Endespamatisno. This is
51717, nd.is mercially embodied in the Zywave'T" wavefront
e e B Senrare ey e
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sensor that utilizes a lenslet array to measure an compﬂte%?g er-oraer
akagrationYoPeRending UpeR the lenslet array parameters, wavefront

aberrations up to tenth order can be measured. Preferably, the patient's
eye is natdilatedandnbieiasergmest;is made wkb:tewavefront measurement of a
patient's eye is obtained by a practitioner, preferably by using a wavefront sensor device.
Weavefront sensing is used to directly measure the wavefront aberrations preduced by a
patient's eye. This technology and an associated device are lustratively 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 2 Hartmann-Shack wavefront sensor that
utilizes a lenslet array to measure and compute higher-order zberrations. 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, highting conditions ard 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.



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. 6 With reference to Figure 1 which shows a
display 10 of aerial images 12 produced by the lenslet array of a
Hartmann-Shack wavefront sensor, the Hartmann- Shack wavefront

sensor cHipurefreduced sural svkishetan taclispsitidhar densdiivrEtAt2 Ay)
of the centroids 14 of the aerial images 12 from their ideal locations (i.e.,
cEFtFIRE B Atrolsestsr drab Rt abETHa s w sk Srity e Bt At a P a befrawth-
wavefront is_not planar, each measurement position can be represented

by B0 B e HaVetOR Brofile st TeaR HEirtei e PombiaRe! daieiigp (4.
Vv Ige. The positié)nal egors Ax,1 Ay are rgl ted to the wavefront glopes dx,
d3 F B4Rk BRI TS ATy dtistiong S8 ToRGWAIR 2% 1k Gfid o
Alyczaticrl:g¥ 1_dW where ités a C%noStt nth IS the fo ael Ietngth ofe etlenslet 1
array and axdW, aYTaiRF are e Sope VANTES BF The ot Waveront A2 Re2"

seleqted nosition Thewaveiont. represented Ofleg}éeaoma%% i &ﬁigg%'xe zt that

surface, can be calculated by assuming a model for the aberratio

Preferahly - aimnike /aeds) A iedal 24 ethes abetratiandmedel, e

could also be used as one skilled in the art will appreciate. The Zemike
mogdekRiafarblyx, dy at each centroid location by equations as follows:

Ax = xfdx and
dwW

Ay = xfdy
dW

where x 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 mode! 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 astismatism by

means of Zernike polynomials, J. Opt. Soc. Am. A/Vol. 15, Mo. 6 (June 1998); Dai,

‘Gung-Ming, Theoretical Studies and Computer Simulztions of Post-Detection




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
1995); Dai, Gung-Ming, Theoretical Studies and Computer Simulations of

P0%19&2@%1&%9&0@8%&éﬁ%@b‘ﬁe?ﬁ‘f}cﬂ@ﬁeﬂﬁﬁ‘&'%prsx% 8 weden
Lund University, Lund Sweden ); Wang, J.Y. and Silva, D’E.,
Wayesmntater pretatiarsvishiz ernike Rokinonials..Appied 2RSS Polvnomials
9,1510-1518 (1980); and Mahajan, V.N., Zernike Circle Polynomials and

Optigal#hepratpas DfoSystemssviikQinguarRupils, Eegimeenring Polynomials
&Laboratory Notes August 1994 821 824 In an embodiment of the

b et fivitiears of anifest hefraction Yalkéoarory
second order only Zernlke model IS chosen to fit the higher-order
wavelrbritess 1594 SaiSpupil diameter, d, ultimately resulting in the

Zernike amplitudes 2200, 7220, 2221 (or their equivalents which are
represen{ﬂt?\?eeﬁ’ﬁ’agﬁéﬁfsogﬂﬁ lﬁsﬁﬁ‘fﬂ%ﬂgﬁ?ﬁﬁé‘gﬁi’ﬁ)ﬂé%ﬁé aliiegtive manifest

e e AR s R N T
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upil i

the diameter of the p eters, sp is ‘the sp efe in ers cy'is
cylinganincdimpters, and PR dh& quivatents which are representative of defocus and
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astigmatism (magnitude and axis), respectively) where
Zaoo=(sp+cy/2)* 105 r4(4*sqr(3));
Z-zgo=~cy* 106*rz*cos(z*phi)/(4*sqr£(6)); and
Zany=-cy* 109¥r *5in(2* phi)/(4*sqrt(6))
where the Zernike coefficients are given in pm, 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 2¥6 V(A% + A%o) (2/RY),
Axis o tan™ (-Aza1/Azz) 180/27; and
Sphere o< (2v3) Azzo(Z/Rz)- Cyifﬁder/.?, ‘

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



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 ~ 2V6'J(A2220 +
A2221) (2/R2), Axis oc tan 1(-A221/A220) 180/2;r; and Sphere a (2V3)
A220(2/R2)- Cylinder/2, Where R is pupil radius in mm, A is a Zernike

coeffiiont. M. BAReRUng o dMe Inyeniam s JelpEUREROREL: g

. 1Y é
astigmatism nder) an as’[lgmatlc axis measurenients ar comp

using.second-order QnlY, £erRiks{81R08 SINGE seNgRetBtMRENSMSENESms since

represent only second-order aberrations. The PPR is considered

agew atenif thanaluesiswithin SKpRdmB-sR Gfthe-patientsarteak considered
subjective refraction. More preferably, the PPR will be within 0.5D to

025l @nidmoatyyr efenatilybeerdliaiD 02bDpafithe aatuhbstibjectivefraction.
refraction absent a perfect match. It will be appreciated by a person skilled
iviitre prtftnalt pthier PREthehhaticthimAdlsesOcabbedised: torgfeondebtitier than
ultimate coefficient values for defocus and astigmatism representations of

tAe TRapiifdsterasrh cHbIRCHRI&S 2 F AhsPevEm PIRTS S A181 the second order

contribution that is being used to describe, the higher order contributions
of the véawé%ﬁap@fﬁ?@fwiw@fp&ﬁ%#é% tBERRRUIEE ARG dRRIREEFRFTwn

to those skillgd inéQe art .can lik wis? be used t optaip tt&efa‘ppro iate
NAIYSES Can v U nrovige the ultimate Coetlic enfva ues I0r derQCUs arfc{ .
dﬁag?ﬁostlc Wavetront mformation and, as such, he invention’is not limited

tQSt@l%%QéﬁJgMﬂ%@Oﬂft@%ﬁéﬂggp}%ﬁg%g m)fsb%l 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 technigues 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.
Mereover, 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, et¢, can supply
the necessary data according to the invention.

In an aspect of this embodiment, a method for selecting/describing and/or

' providing a vision correction prescription includes obtaining the PPR information as
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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 cispehedoremevasimeagthieméninatoncapsypply dbereses st daens, for
according to the invention. In an aspect of this embodiment, a method for
selegarrdRschdprgatd rcpioditimg spister candestiverigeesesjptioskample, only
includes obtajning the PPR information as 9 described above, and using
thiORTEYMBHGHES Prdchipded et radtrigiepadaslentiisiddly insthigber-foder
thebpatient. Since traditional spectacle and contact lenses, for example,

onity~ Cotrect AFHBINS VIRIGHIT dETORUS St ABHiRinisthe hrrRgsReaps lens
nogrtljg!%%r-%rlgggﬁ berrrgetcii%pesfoa r g%%gg%gg manifest _refraction is key to
providing t?'ue best%ar?ormlng fens *6r'ViSion correcting procedure for the

patient. i another smbedimentof ﬁt@em}{)ﬁng%&%ﬁad@& L%Xn%grr%f ion is illustratc%d

information is illustrated in Figure 2. As shown, théeré’is a wavefront map

22w0f theatientsioweanatder (seseniy 9{&];?!2@Bﬁtigvg%lrﬁ*a%%}ﬁ’&%eﬂ%cond-

a wavefront map 24 of the patient's higher-order (third- order and highe
alvedeationdo¥he pletunioof thedovwesraraenapeiration B2 ERBY SRR RN (third-
defocus, only astigmatism, or defocus and astigmatism. The display 20
alsHlerW e pbdictéd pHbropienrerattidnyPRR)eraliter 2G sal Haiedow
as described above. The display preferably also shows an image
re‘i}j}@ﬁﬁﬁ?&ﬁ&ﬁ&h&ﬁ{ﬁﬁﬁwe@@dﬁfﬁ@{m@@anﬁgmatism. The display 20 also shows

the predicted phoropter refraction (PPR) value 26 caloulated 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 a vision quality metric. The Peint 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, cailed 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
beiter the image). Preferably, the displayed PSF function is only the central 1/16 of the
full function in order that some detzil may be seen, Generally, the maximum valye

' ﬁccurs 1s this region.
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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 a vision
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 " KO Bl HigaretscThRdtaga s e SearathessndaliBestrge the
Strehl ratio, can %Iso he displayed. The Strehl ratio can also be used as

[
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Preferably, the displayed PSF fungtion is only the central 1/16 of the full
e L e e HO T AT ey S GEARE S ePB ISR G hdTAGHon =
VLS, QAGRYIS B HRIsiEegion, 10 While various advantageous embodiments
have been chosen to illustrate the invention, it will be understood by
those skilled in the art that various changes and modifications can be
made therein without departing from the scope of the invention as defined
in the appended claims. 11 MCSLLP Claims: 1. A vision correcting
prescription for a patient's eye embodied in a vision correction medium,
said medium having a surface representation defined in terms of a
second-order only polynomial which is polynomial is derived by fitting a
second-order
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5 only polynomial to diagnostic measurement data of the patient's eye that
is indicative of at least fourth-order Zernike wavefront aberrations or its
equivalent. 2. The vision correcting prescription of claim 1, wherein the
vision correction medium is a spectacle lens. 3. The vision correcting MOSLLP
prescription of claim 1, wherein the vision 1 o correction medium is a
ontact lens. 4. The vision correcting prescription of claim 1, wherein the
Bh correction medium is an ophthalmic inlay. 5. The vision correcting
prescription of claim 1, wherein the vision correction medium is an .
ophthaimic Gy 5B FRENASISHCEEIPEBHRY DRESERDHGhcoTBRafed, in a vision
wherein the vision correction medium is an intraocular lens. 7. The vision
SR SR AR 61 LR PTG Rt 46 SR e PedioRr s T @

r gblated comeal surface, 12 . . .
s&:(l)% ?or er only po?)]rnomsfglr \%mh]is polynomial is derived by fitting a second-order

only polynomial to diagnostic measurement data of the patient’s eye that is indicative of
at least fourth-order Zernike wavefront aberrations or its equivalent.

2. The vision correcting prescription of claim 1, wherein the vision
correction medium is a spectacle lens.

3. The vision correcting prescription of claim 1, wherein the vision
correction medium is a contact lens.

4. ‘The vision correcting prescription of claim 1, wherein the vision
correction medium is an ophthalmic inlay.

5. The vision correcting prescription of claim 1, wherein the vision
correction mediunt is an ophthatmic onlay.

6. The vision correcting prescription of claim 1, wherein the vision
correction medium is an intraocular lens.

7. The vision correction prescription of claim 1, wherein the vision

correction medium is a laser ablated comeal surface.
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