Innovation, Sciences et
Développement economique Canada

Office de la Propriéte Intellectuelle du Canada

i~

Innovation, Science and
Economic Development Canada

Canadian Intellectual Property Office

CA 3005955 A1 2017/06/01

en 3 005 955

122 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION

13) A1

(86) Date de depot PCT/PCT Filing Date: 2015/11/23

(87) Date publication PCT/PCT Publication Date: 201/7/06/01
(85) Entree phase nationale/National Entry: 2018/05/22

(86) N° demande PCT/PCT Application No.: US 2015/062225
(87) N° publication PCT/PCT Publication No.: 201/7/091200

(71) Demandeur/Applicant:

(72) Inventeurs/Inventors:
RAYMOND, THOMAS
NEAL, DANIEL R., US;
COPLAND, RICHARD J., US;
XIONG, WEI, US;

PULASKI PAUL, US;
FARRER, STEPHEN W., US;

D., US;

HAMRICK, DANIEL R., US

51) Cl.Int./Int.Cl. A67F /006 (2006.01),
A61E6 3/00(2006.01), A67F 2/76 (2006.01)

AMO WAVEFRONT SCIENCES, LLC, US

CANOVAS VIDAL, CARMEN, NL;

(74) Agent. NORTON ROSE FULBRIGHT CANADA

(54) Titre : PROCEDE ET SYSTEME DE MESURES OCULAIRES ET PLANIFICATION D'UNE CHIRURGIE DE LA
CATARACTE EN UTILISANT LA FONCTION VECTORIELLE DERIVEE DE CHIRURGIES ANTERIEURES
54) Title: METHOD AND SYSTEM FOR EYE MEASUREMENTS AND CATARACT SURGERY PLANNING USING

VECTOR FUNCTION DERIVED FROM PRIOR SURGERIES

1310
\

I

1300

/

1320

N

1322
N

DEFIN MG ANENPU™ V=CTOR 1304

N

IDENIFY NGATARSET REFRACTION
0% PATIENT EYE TO EE NDUCED
BY AREFACT VE REATMEN”

AMEASURED 2=E-TREATMENT
ABERRATION UF PATIEN =Yz

— —ﬂ—

\ﬁ,ﬂ? |

OCRRECTION VECTOR (IRG, CHARAGTERIZING

DETERWINING 2N INTENCED REFRACTIVE
. VTENANG | 306
ADIFFERENCE 3ETWEENA MZASLRED
PRE-TZATMENT ABERRATION OF FATEENT
Y= AND "HE TARGET

133

1340
AN

1344

N

CERIVING AN EF-ECTIVE TREATMENT
YECTOR FUNCTION

DETERMINING INTEND=D
REFRACTIVE CCRRECTION VECTCRS
(IRC'S) OF AcoQGIATED EYES

MEAS JR=D PRE-TREA™MENT CPTICAL
PROP=RTY OF ASSOCIATED EYE

PROPERTY 0-ASSCCIA ED =Y=

' DETERMINING SURGICALLY INDUCEL
REFRAGTIVE CCRRECTION VECTCRS
(SIRC'S) OF ASSCCIATED EYES

(57) Abréegée/Abstract:

FIG. 13

Improved devices, systems, and methods for planning cataract surgery on an eye of a patient incorporate results of prior corrective
surgeries Into a planned cataract surgery of a particular patient by driving an effective surgery vector function based on data from
the prior corrective surgeries. The exemplary effective surgery vector employs an Influence matrix which may allow improvead
refractive corrections to be generated so as to increase the overall efficacy of a cataract surgery by specifying one or more

parameters of an intraocular lens (IOL) to be implanted

during the cataract surgery.
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METHOD AND SYSTEM FOR EYE MEASUREMENTS AND CATARACT
SURGERY PLANNING USING VECTOR FUNCTION DERIVED FROM
PRIOR SURGERIES

CROSS REFERENCE TO RELATED APPLICATION DATA
[0001] The present application 1s a continuation-in-part of U.S. Patent Application 13/341,385
filed on 30 December 2011, which claims the benefit under 35 USC §119(¢) of US Provisional
Application No. 61/428,644 tfiled December 30, 2010. The full disclosures of the above-
mentioned applications are incorporated herein 1n their entirety as 1f fully set forth. Full Paris

Convention priority 18 hereby expressly reserved.

BACKGROUND OF THE INVENTION
[0002] The present mmvention pertains generally to ophthalmic surgery and measurements,
particularly for identification and/or correction of optical vision deficiencies. In exemplary
embodiments, the present invention provides systems and methods for planning and performing

cataract surgery, including selection and/or placement of an intraocular lens (IOL) within an eye.

[0003] Laser corneal shaping or corrective refractive surgeries are commonly used to treat
myopia, hyperopia, astigmatism, and the like. Laser refractive procedures include LASIK and
(Laser Assisted /n-Situ Keratomileusis), Photorefractive Keratectomy (PRK), Epithelial
Keratomileusis (LASEK or Epi-LASEK), and Laser Thermal Keratoplasty. Alternative
refraction altering procedures which do not rely on lasers, and/or which do not alter the corneal

shape, have also been described.

[0004] During LASIK, a surgeon makes a cut part way through a front surface of a cornea,
optionally using an oscillating steel blade or microkeratome. The microkeratome automatically
advances the blade through the cornea so as to create a thin flap of clear tissue on the front
central portion of the eye. The flap can be folded over to expose stromal tissue for selective
ablation with an excimer laser. More recently, femtosecond laser systems have been developed
to form laser incision 1n the corneal tissue so as to cut the corneal flap without using a
mechanical blade. Regardless of how the flap 1s prepare, the excimer laser corrects a visual

defect by directing a beam of pulsed laser energy onto the exposed corneal stroma. Each laser
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pulse from the excimer laser removes a very small and precise amount of corneal tissue so that
the total removal of stromal tissue from within the cornea alters and corrects the refractive
propertics of the overall eye. After removal (and more specifically, after laser ablation) of the
desired stromal tissue, the flap can be folded back over the ablated surface. The flap of
protective epithelial tissue quickly and naturally reattaches over the resculpted stromal tissue,

and the eye retains much of the effective alteration 1n shape after the cornea heals.

[0005] A number of alternative laser refractive procedures have been used and/or are being
developed. In one variation, rather than incising the corneal tissue for temporary displacement of
an epithelial flap, the epithelium may be ablated (typically using the excimer laser) or abraded in
a PRK procedure. As an alternative to resculpting the stroma using an excimer laser, 1t has also
been proposed to form incisions within the cornea or other refractive tissues of the eye with the
femtosecond laser. These femtosecond laser procedures include corneal lenticule extractions, as
well as making relaxing incisions in the cornea to correct the eye’s refractive properties. Still
further alternatives have been described, and new procedures are being developed to further
enhance the capabilities of refractive corrections using lasers and other refractive tissue altering

tools.

[0006] Known corneal correction treatment methods have generally been quite successtul in
correcting standard vision errors, such as myopia, hyperopia, and astigmatism. However, as with
all successes, still further improvements have become desirable. Toward that end, wavefront
measurement systems are now available to measure the refractive characteristics of a particular
patient’s eye. These wavetront measurement systems allow accurate measurement of the overall
aberrations of the optical system of the eye, providing quite detailed information on the high-
order optical aberrations that may limit a patient’s visual acuity even after the standard refractive
errors have been corrected (for example, by eye glasses, contact lenses, and the like). Still
additional measurement tools may provide information which 1s useful for such customized
ablation procedures. For example, corneal topographers are commercially available that can
provide quite accurate information regarding the shape of the anterior surface of the cornea, and
this surface may have a significant role 1 the overall optical properties of the eye. Optical
coherence tomographers (OCT) may provide information regarding both the anterior and 1nterior
surfaces of the eye. By combining these accurate measurement tools with the flexibility of

modern scanning excimer lasers, custom refractive corrections should correct not only the
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standard refractive errors of the eye, but also address the specific high-order aberrations of a

particular patient.

[0007] Although customized laser and other refractive treatments have provided significant
benefits for many patients, the overall improvement 1n refractive performance of the eyes of
patients treated using these new techniques has not yet achieved their tull theoretical potential.
A number of theories or factors have been proposed to help explain why some customized
ablation procedures have not altogether eliminated high-order aberrations of the eye. Even when
laser refractive corrections were limited to the standard refractive errors of myopia, hyperopia,
and astigmatism, the empirical response of prior treatments led to doctors applying discrete
adjustment factors or “‘nomograms” so as to adjust a calculated prescription before imposing the
treatment on an eye of a patient. Significant efforts have gone toward increasing the benefit of
both standard and customized refractive corrections by identifying analogous nomogram
adjustments for high-order aberration corrections. Unfortunately, work in connection with the
present invention indicates the challenges of 1dentifying suitable nomogram adjustments for a
customized refractive correction for a particular patient in a particular treatment setting may
continue to limit the benefits of customized corneal ablations to significantly less than the 1deal
potential outcomes. In fact, a significant number of high-order refractive treatments may result
in other high-order aberrations of the eye actually increasing (even where the visual acuity of the

cye overall benefits from the treatment).

[0008] Cataract extraction 1s another frequently performed surgical procedure. A cataract 1s
formed by opacification of the crystalline lens of the eye. The cataract scatters light passing
through the lens and may perceptibly degrade vision. A cataract can vary in degree from slight
to complete opacity. Early 1n the development of an age-related cataract, the power of the lens
may 1ncrease, causing near-sightedness (myopia). Gradual yellowing and opacification of the
lens may reduce the perception of blue colors as those shorter wavelengths are more strongly
absorbed and scattered within the cataractous crystalline lens. Cataract formation may often

progress slowly resulting 1in progressive vision loss.

[0009] A cataract treatment may 1nvolve replacing the opaque crystalline lens with an artificial
intraocular lens (IOL). Cataract surgery can be performed using a technique termed

phacoemulsification in which an ultrasonic tip with associated irrigation and aspiration ports 1s
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used to emulsifty or sculpt the relatively hard nucleus of the lens to facilitate removal through an
opening made 1n the anterior lens capsule. The nucleus of the lens 1s contained within an outer
membrane of the lens that 1s referred to as the lens capsule. Access to the lens nucleus can be
provided by performing an anterior capsulotomy in which a small round hole can be formed 1n
the anterior side of the lens capsule using a femtosecond laser beam from a laser cataract surgical
system. Access to the lens nucleus can also be provided by performing a manual continuous
curvilinear capsulorhexis (CCC) procedure using microkeratomes. A femtosecond laser can also
be used to soften and break up the cataractous lens so that less energy from phacoemulsification
1s required for lens extraction. An alternative to phacoemulsification 1s manual small incision
cataract surgery (MSICS), a procedure where the entire lens 1s expressed out of the eye through a

self-sealing scleral tunnel wound.

[00010] Regardless of how the lens nucleus 1s removed, after this 1S accomplished, a synthetic
intraocular lens (IOL) 1s then 1nserted 1into the remaining lens capsule of the eye to replace the

cataractous lens.

[00011] Planning a cataract treatment can be a challenging problem. Before performing cataract
surgery, the surgeon will need to select appropriate parameters for the IOL (e.g., the refractive
power of the IOL) to be implanted (much like an eyeglass prescription) to provide the patient

with the desired refractive outcome.

[001] There 1s significant variation from patient-to-patient (or eye-to-cye) 1n many important
cye biometric parameters, ecach of which may affect surgical planning, treatment and outcome.
Moreover, many patients may have biometric configurations, including for example, corneal
lower order and higher order aberrations, extreme axial lengths, and/or previous corneal
refractive treatments such as LASIK, which may also affect surgical planning, treatment, and
outcome. For example, with respect to eye aberrations, some patients have near-sightedness
(myopi1a), far-sightedness (hyperopia), or astigmatism. Near-sightedness occurs when light
focuses 1n front of the retina, while far-sightedness occurs when light refracts to a focus behind
the retina. Astigmatism occurs when the corneal curvature 1s unequal 1n two or more directions.

Various surgical methods have been developed and used to treat these types of aberrations.

[00012] Ideally, for best results and outcome, a cataract surgeon would have access to not only

ocular biometry information, but also to information on the eye’s anterior corneal surface,

4
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posterior corneal surface, anterior lens surface, posterior lens surface, lens tilt, lens thickness,
and lens position 1n order to plan cataract treatment pre-operatively, and/or to assess the post-

operative refractive state of a patient’s eye with the implanted IOL.

[00013] Traditionally, doctors use preoperative measurements including corneal curvature, axial
length, and white to white measurements to estimate the required power of the IOL, and apply

the measured data to formulas such as Hagis, Hoffer Q, Holladay 1, Holladay 2, and SRK/T to

name a few, to select the appropriate power of the IOL to be implanted.

[00014] A varicty of optical measurement systems have been developed, each of which
provides a limited subset of the desired measurements. Hence, a cataract patient may currently
be required to undergo a number of measurements performed on different devices--if the
measurements are taken at all. There 1s a significant disadvantage 1in using multiple
measurement devices 1n cataract planning because the patient’s eye may be 1n a different
position, it may have changed between measurements, or the measurements may be made under
different conditions, etc. Further, there may be no way to combine or fuse the data sets from

different devices to obtain a single, three-dimensional model of the patient’s eye.

[00015] Studies have shown that refractive results using traditional eye measurement techniques
and traditional IOL power calculation formulas leave patients within 0.5D of target (correlates to
20/25 when targeted for distance) or better in 55% of cases and within 1D (correlates to 20/40
when targeted for distance) or better in 85% of cases. Still, this means that in a significant
percentage of cases, significantly less-than-optimal results are achieved and there 1s substantial

room for improvement 1n the techniques employed for cataract surgery planning.

[00016] In light of the above, it would be beneficial to provide improved devices, systems, and
methods for measuring, diagnosing and/or treating defects of an eye of a cataract patient.
Preferably, these improved techniques would still allow physicians to input nomogram
adjustments for a particular patient. It would be particularly beneficial if these improvements
were able to increase the overall accuracy with which high-order aberrations of an eye could be
treated, 1deally without significantly increasing the cost or complexity of measurement and/or

treatment Systems.

[00017] In light of the above, 1t would also be beneficial to provide improved devices, systems,

and methods for making eye measurements for diagnosing and/or treating cataracts. It would be

S
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particularly beneficial if these improvements were able to increase the overall accuracy with
which intraocular lenses for cataract surgery could be specified, selected, and located within an
cye, 1deally without significantly increasing the cost or complexity of measurement, diagnosis,

and/or treatment systems.
BRIEF SUMMARY OF THE INVENTION

[00018] The present invention generally provides, among other things, improved devices,
systems, and methods for eye measurements and diagnosing, planning treatments of, and/or
treating cataracts. The present invention provides a holistic approach for incorporating results of
prior refractive corrections and/or surgeries into a planned cataract surgery of a particular patient
by deriving an effective treatment vector function based on data from the prior eye treatments
and/or refractive surgeries. This effective treatment vector function represents a multivariate
feedback approach that can accommodate a large number of factors which contribute to the
accuracy of intraocular lens selection and placement in cataract surgery. The exemplary
ctfective treatment vector function employs an influence matrix analytical approach. Although
many factors can contribute to induced errors, often with complex couplings between the factors
and discrete optical error modes, the use of an influence matrix, (along with a relatively large
number of prior eye treatments) may allow improved refractive corrections to be generated from
the aberration measurement techniques that are now available. Appropriate use of an influence
matrix or other effective treatment vector functions may thereby increase the overall efficacy of
cataract surgery, including improved definition of an appropriate intraocular lens (IOL) to be

implanted in a patient’s eye.

[00019] In a first aspect, the invention provides a method for planning cataract surgery on an
cye of a patient. The method comprises determining an effective treatment vector function based
on a plurality of prior eye treatments. The effective treatment vector function may be determined
by, for cach prior eye treatment of an associated eye, defining a pre-treatment vector that
characterizes measured pre-treatment high-order aberrations of that eye. A post treatment vector
characterizing measured post treatment high-order aberrations of the eye 1s also defined. The
ctfective treatment vector function can then be determined by deriving a correlation between the
pre-treatment vectors and the associated post-treatment vectors. An input vector for a particular

patient may be defined based on measured pre-treatment, high-order aberrations of the eye of the
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patient, and the treatment of the eye of the patient may be derived by applying the effective

treatment vector function to the input vector.

[00020] The mnput vector may be defined by identifying a target refraction of the eye of the
patient to be induced by the refractive treatment. In many cases, the target refraction for the eye
of the patient may be emmetropia, such that after treatment of the patient’s eye the aberrations
ar¢ substantially eliminated. Note that his will not always be the case, as treatments may
intentionally induce certain desirable aberrations into the eye so as to mitigate presbyopia and the
like. Regardless, once the target refraction has been 1dentified, an intended refractive correction
vector (IRC) characterizing a difference between the measured pre-treatment aberrations of the

cye of the patient and the target can then be determined.

[00021] The deriving of the effective treatment vector function may be performed by
determining intended refractive correction vectors for each (IRCs) of the associated eyes. A
surgically-induced refractive correction (SIRC) can be defined for each eye as the actual change
in aberrations, for example, with each SIRC characterizing a difference between the measured

pre-treatment aberrations and the post-treatment aberrations of the associated eye.

[00022] In the exemplary embodiments, the effective treatment vector function may be derived

by determining an influence matrix 7 relating the SIRCs to the IRCs. For example, 7 may

relate the SIRCs to the IRCs such that, for the group of associated eyes:

Eq. 1

E=SIRC — f o IRC

in which E is an error vector (which can be driven toward zero so as to derive f ). The

ctfective treatment vector function may be applied to the input vector by calculating an adjusted
intended refractive correction vector (AIRC) from a vector IRC for the eye of the patient which
can (in turn) optionally be defined by adjusting the IRC per a physician adjustment and/or a
nomogram adjustment. The IRC’ (or a vector derived therefrom) can be used as the mnput vector
for deriving the AIRC, and/or for deriving the treatment of the eye of the patient, thereby

allowing physician adjustments and nomogram adjustments when desired.

[00023] Preferably, the effective treatment vector function 1s derived using an influence matrix

approach. More specifically, the planned treatment of the eye of the patient may be

7
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characterized by a planned treatment matrix, and the influence matrix may be derived such that a
plurality of the elements of the input vector each alter a plurality of elements of the planned
treatment vector. Similarly, a plurality of the planned treatment vector elements may each be
altered by a plurality of elements of the input vector. In fact, the influence matrix may be
derived such that every element of the input vector (at least those characterizing a refractive
shape of the eye of the patient) can and/or does alter every element of the planned treatment

matrix (or at least those characterizing a change in the refractive shape of the eye of the patient).

[00024] The pre-treatment aberration measurements of the input vector will typically
characterize refractive aspects of the eye of the patient, including refractive (such as the standard
refractive characteristics of spherical error, astigmatism power, and astigmatism angle) and high-
order aberrations (such as Zernike coetficients or the like) of the eye. The input vector may also
characterize non-refractive cofactors, including characteristics of the patient (such as the
patient’s age, gender, race, and the like) and/or the treatment settings (such as the 1dentity of the
physician or other system user, the type or specific system used for measurement and/or
treatment, the humidity during measurement and/or treatment, the temperature during
measurement and/or treatment, the geographical location of measurement and/or treatment, and
the like.) The pre-treatment vectors and post-treatment vectors for the prior eye treatments (from

which the mnfluence matrix will be derived) may include similar elements.

[00025] An exemplary method for deriving the treatment of the eye of the patient may be to
multiply the mfluence matrix of the effective treatment vector function by the mput vector so as
to define a conditioned 1nput vector. A refractive treatment may be planned using matrix

clements of the conditioned mnput vector.

[00026] In another aspect, the invention provides a method for planning a refractive treatment
of an eye of a patient. The method comprises deriving an influence matrix from a plurality of
prior ¢ye treatments. For a particular eye and an associated particular treatment, an intended
refractive correction vector (IRC) may be determined, with the IRC characterizing a difference
between measured pre-treatment high-order aberrations and a target refraction. Similar IRC
vectors may be prepared for each of the prior eye treatments. A surgically induced refractive
correction vector (SIRC) may similarly be determined for each previously treated eye, with each

SIRC characterizing a difference between the measured pre-treatment aberrations and measured
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post-treatment aberrations of that eye. The influence matrix can then be derived so as to provide
a correlation between the IRCs and the SIRCs. A patient IRC vector can be defined
characterizing a difference between measured pre-treatment high-order aberrations of the eye of
the patient, and a target refraction of the eye of the patient. The patient IRC vector can then be
adjusted to produce an adjusted IRC based on the influence matrix. In many embodiments, the

patient will be treated based on the adjusted IRC.

[00027] In another aspect, the invention provides a method for planning a treatment of an eye of
a patient. An influence matrix will preferably have been derived from a plurality of prior eye
treatments. The influence matrix may be derived by determining a target refraction of each cye
along with an intended refractive correction vector (IRC) characterizing a difference between
pre-treatment high-order aberrations and the target. A surgically induced refraction correction
vector (SIRC) will also be determined for each eye, with the SIRC characterizing a difference
between the measured pre-treatment aberrations and measured post-treatment aberrations. The
influence matrix will be derived so as to provide a correlation between the IRCs and the SIRCs.
The method comprises receiving a patient IRC vector characterizing a difference between
measured pre-treatment high-order aberrations of the eye of the patient and a target refraction of
the eye of the patient. The IRC vector 18 adjusted based on the influence matrix. In many

embodiments, the patient will then be treated based on the adjusted IRC.

[00028] In another aspect, the invention provides a system for planning a treatment of an eye of
a patient. The system comprises an input for receiving pre-treatment high-order aberrations of
the eye of the patient. A processor 1s coupled to the input. The processor derives the treatment
of the eye of the patient in response to the high-order aberrations of the eye of the patient by
applying an effective treatment vector function. The effective treatment vector function 1s
derived from the correlation between pre-treatment vectors characterizing high-order aberrations
and post-treatment vectors characterizing post-treatment high-order aberrations for each of a
plurality of previously treated eyes. An output 1s coupled to the processor so as to transmit the

treatment to facilitate improving refraction of the eye of the patient.

[00029] The processor will often comprise software in the form of tangible media embodying
machine readable mnstructions for deriving the treatment. In exemplary embodiments, the

processor 18 configured to generate and/or store an input vector for the eye of the patient in
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response to a target refraction that 1s desired to be induced by the treatment. The input vector
can be generated by determining an mtended refractive correction vector (IRC) characterizing a
difference between pre-treatment measured aberrations of the eye and the target. Exemplary
embodiments may include one or more aberrometer (such as a wavefront sensor) coupled to the
input. The processor may be configured to derive the effective treatment vector function from a
plurality of prior treatments using intended refractive correction vectors (IRCs) of the associated
cyes to determine surgically induced refraction correction vectors (SIRCs) of the associated eyes,
with each SIRC characterizing a difference between the measured pre-treatment aberrations and

the post-treatment aberrations of the associated eye. Particularly preferred embodiments derive

the effective treatment vector function using an influence matrix f relating the SIRCs to the

IRCs. 7 can be derived such that for the associated eyes:

E-SIRC~f*IRC

in which E 1s an error vector. The effective treatment function can be applied to the input

vector by calculating an adjusted intended refractive correction vector (AIRC) such that:

AIRC=7"*IRC

__] o
in which f 1S an mverse of f , and 1n which IRC’ 1s based on the IRC of the eye of the

patient (optionally so as to incorporate physician input, nomograms, and/or the like).

Advantageously, the processor may have an mput for receiving physician adjustments to the
IRC, nomogram adjustments to the IRC, and/or the like. The processor can define an IRC’ for
the eye of the patient by applying, to the IRC of the eye of the patient, these adjustments. The

input vector can then be based on the IRC’.

[00030] Typically, the etfective treatment vector function 1s based on an influence matrix. The

planned treatment of the eye will typically comprise a planned treatment vector, and a plurality

10
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of the elements of the mput vector can cach alter a plurality of elements of the planned treatment
vector. In other embodiments, a plurality of the planned treatment vector elements may each be
altered by a plurality of the elements of the input vector. In fact, all of the refractive elements of
the mput vector may impact every element of the planned treatment vector through use of the

exemplary influence matrix derivation approach.

[00031] In another aspect, the invention provides a system for planning a refractive treatment of
an ¢ye of a patient. The system comprises a processor having an input for receiving data
regarding a plurality of prior eye treatments. The processor 1s configured so as to derive an
influence matrix from the prior eye treatment data. The influence matrix may be derived by
determining an intended refractive correction vector (IRC) characterizing a difference between
measured pre-treatment high-order aberrations and target refractions of cach eye associated with
a prior eye treatment. A surgically induced refraction correction vector (SIRC) of each eye 1s
determined by characterizing a difference between the measured pre-treatment aberrations and
measured post-treatment aberrations, with a vector being determined for each associated eye.
The influence matrix will generally comprise a correlation between the IRCs and the SIRCs.
The system has an input for receiving a patient IRC vector characterizing a difference between
measured pre-treatment high-order aberration of the eye of the patient and a target refraction of
the eye of that patient. An output 1s coupled to the processor for transmitting a treatment. The
processor 18 configured to derive the treatment by adjusting the patient IRC vector based on the

influence matrix.

[00032] In yet another aspect, the invention provides a system for a refractive treatment of an
cye of the patient. An influence matrix will have been derived from a plurality of prior eye
treatments. The influence matrix 1s derived by, for each prior eye treatment of an associated eye,
determining a target refraction of the associated eye along with an intended refractive correction
vector characterizing the difference between measured pre-treatment high-order aberrations of
the associated eye and the target. A surgically induced refraction correction vector (SIRC) 18
also determined for cach eye, with the SIRC characterizing a difference between measured pre-
treatment aberrations and measured post-treatment aberrations of that eye. The influence matrix
1s derived so as to provide a correlation between the IRCs and the SIRCs. The system comprises
an mput for receiving a patient IRC vector characterizing a difference between measured pre-

treatment high-order aberrations of the eye of the patient and a target refraction of the eye of the

11
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patient. A processor 18 coupled to the mnput. The processor 1s configured for adjusting the
patient IRC vector based on the influence matrix. Optionally, the adjusted IRC vector may be
output to a high-order refraction correcting apparatus, such as a laser eye surgery system, the

custom IOL lens fab system, a refractive femtosecond laser system, or the like.

[00033] In one aspect, embodiments of the present invention encompass methods for planning a
refractive treatment of an eye of a patient. Exemplary methods may include determining an
etfective treatment vector function based on a plurality of prior eye treatments by, for cach prior
cye treatment of an associated eye, defining a pre-treatment vector characterizing measured pre-
treatment optical properties of the associated eye, defining a post-treatment vector characterizing
measured post treatment optical properties of the associated eye, and deriving the effective
treatment vector function using a correlation between the pre-treatment vectors and the post-
treatment vectors. Methods may also include defining an input vector based on measured pre-
treatment optical propertics of the eye of the patient, and deriving the treatment of the eye of the
patient by applying the effective treatment vector function to the input vector. In some cases, the
measured pre-treatment optical properties include a member selected from the group consisting
of a low order aberration, a high order aberration, a corneal topography measurement, an optical
coherence tomography measurement, and a corneal keratometry value. In some cases, the
refractive treatment includes a member selected from the group consisting of an excimer laser
treatment, a femtosecond laser treatment, an intraocular lens treatment, a contact lens treatment,
and a spectacle treatment. In some cases, the process of defining the input vector includes
identifying a target refraction of the eye of the patient to be induced by the refractive treatment,
and determining an intended refractive correction vector (IRC) characterizing a difference
between the measured pre-treatment aberrations of the eye of the patient and the target. The
process of deriving the effective treatment vector function from prior treatments may include
determining intended refractive correction vectors (IRCs) of the associated eyes, and determining
surgically induced refractive correction vectors (SIRCs) of the associated eyes, where each SIRC
characterizes a difference between the measured pre-treatment aberrations and the post-treatment
aberrations of an associated eye. In some cases, the process of deriving the effective treatment
vector function includes determining an influence matrix relating the SIRCs to the IRCs. In
some cases, methods may include defining an IRC’ for the eye of the patient by applying, to the

IRC of the eye of the patient, at least one adjustment selected from the group consisting of

12
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physician adjustments to the IRC, and nomogram adjustments to the IRC. The mput vector can
be based on the IRC’. In some cases, the effective treatment vector function may be derived
using an influence matrix. In some cases, the planned treatment of the eye of the patient 1s
characterized by a planned treatment vector, and the influence matrix 1s derived such that a
plurality of the elements of the input vector each alter a plurality of elements of the planned
treatment vector. In some cases, the planned treatment of the eye of the patient 1s characterized
by a planned treatment vector, and the influence matrix 1s derived such that a plurality of the
planned treatment vector elements are cach altered by a plurality of elements of the input vector.
In some cases, the planned treatment of the eye of the patient 18 characterized by a planned
treatment vector, and the influence matrix 1s derived such that every element of the input vector
characterizing a refractive shape of the eye of the patient can alter every element of the planned
treatment vector characterizing a change in the refractive shape of the eye of the patient. In some
cases, the pre-treatment vectors and the input vector characterize refraction, non-refractive
cofactors characterizing the patient and/or the treatment setting, and the optical properties of the
cyes. In some cases, the treatment of the eye of the patient 1s derived by multiplying the
influence matrix of the effective treatment vector function by the input vector so as to define a
conditioned nput vector, and by planning a refractive treatment with matrix elements of the

conditioned mput vector.

[00034] In another aspect, embodiments of the present invention encompass methods for
planning a treatment of an eye of a patient. Exemplary methods may include deriving an
influence matrix from a plurality of prior eye treatments by, for each prior eye treatment of an
associated eye, determining an mtended refractive correction vector (IRC) characterizing a
difference between measured pre-treatment high-order aberrations of the associated eye and a
target refraction of the associated eye, and determining a surgically induced refractive correction
vector (SIRC) of the associated eye characterizing a difference between the measured pre-
treatment aberrations and measured post-treatment aberrations of the associated eye. The
influence matrix can be derived so as to provide a correlation between the IRCs and the SIRCs.
Methods may also include defining a patient IRC vector characterizing a difference between
measured pre-treatment high-order aberrations of the eye of the patient and a target refraction of
the eye of the patient, and adjusting the patient IRC vector based on the influence matrix. In

some cases, for cach prior eye treatment of the associated eye, the IRC can be further determined
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S0 as to characterize a difference between measured pre-treatment low order aberrations and
target low order aberrations, and so as to characterize a difference between measured pre-
treatment corneal topography and target corneal topography, and the SIRC 1s further determined
S0 as to characterize a difference between the measured pre-treatment low order aberrations and
measured post-treatment aberrations, and so as to characterize a difference between measured the
pre-treatment corneal topography and measured post-treatment corneal topography. The patient
IRC vector can be further defined so as to characterize a difference between measured pre-
treatment low order aberrations and the target refraction, and so as to characterize a difference
between measured pre-treatment topography of the eye and target topography. In some cases,

methods may include treating the patient based on the adjusted IRC.

[00035] In another aspect, embodiments of the present invention encompass methods for
planning a refractive treatment of an eye of a patient. An influence matrix may have been
derived from a plurality of prior eye treatments by, for each prior eye treatment of an associated
cye, determining a target refraction of the associated eye, determining an intended refractive
correction vector (IRC) characterizing a difference between measured pre-treatment optical
properties of the associated eye and the target, and determining a surgically induced refractive
correction vector (SIRC) of the associated eye characterizing a difference between the measured
pre-treatment optical propertics and measured post-treatment optical properties of the associated
cye. The influence matrix can be derived so as to provide a correlation between the IRCs and the
SIRCs. Methods may include receiving a patient IRC vector characterizing a difference between
measured pre-treatment optical properties of the eye of the patient and a target refraction of the

cye of the patient, and adjusting the patient IRC vector based on the influence matrix.

[00036] In still another aspect, embodiments of the present invention encompass systems for
planning a refractive treatment of an eye of a patient. Exemplary systems may include an input
for receiving pre-treatment optical properties of the eye of the patient, and a processor coupled to
the 1nput, the processor deriving the treatment of the eye of the patient in response to the optical
properties of the eye of the patient by applying an effective treatment vector function. The
cffective treatment vector function can be derived from, for each of a plurality of prior eye
treatments, a correlation between a pre-treatment vector characterizing optical properties of the
assoclated eye before treatment, and a post-treatment vector characterizing post-treatment optical

properties of the associated eye. Systems can also include an output coupled to the processor so
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as to transmit the treatment to facilitate improving refraction of the eye of the patient. In some
cases, the pre-treatment optical properties of the eye of the patient can include at least one
member selected from the group consisting of a low order aberration, a high order aberration, a
corneal topography measurement, an optical coherence tomography measurement, and a corneal
keratometry value. In some cases, for cach of the plurality of prior eye treatments, the pre-
treatment vector can characterize optical properties of the associated eye before treatment, and
the optical propertics may include one or more member selected from the group consisting of a
low order aberration, a high order aberration, a corneal topography measurement, an optical
coherence tomography measurement, and a corneal keratometry value. In some cases, the post-
treatment vector may characterize optical properties of the associated eye before treatment, and
the optical properties may include one or more member selected from the group consisting of a
low order aberration, a high order aberration, a corneal topography measurement, an optical
coherence tomography measurement, and a corneal keratometry value. In some cases, the output
1s configured to facilitate a refractive treatment including a member selected from the group
consisting of an excimer laser treatment, a femtosecond laser treatment, an intraocular lens
treatment, a contact lens treatment, and a spectacle treatment. In some cases, the processor
includes tangible media embodying machine readable instructions for implementing the
derivation of the treatment. In some cases, the processor 1s configured to generate an input
vector for the eye of the patient in response to a target refraction of the eye of the patient to be
induced by the refractive treatment by determining an intended refractive correction (IRC)
characterizing a difference between measured pre-treatment aberrations of the eye of the patient
and the target. In some cases, systems may include an aberrometer coupled to the input, the
aberrometer sensing the low order aberrations of the eye and the high-order aberrations of an eye
and transmitting the low and high-order aberrations to the processor. In some cases, the
aberrometer 1s configured to sense corneal topography and to transmitting the corneal
topography to the processor. In some cases, systems may include an optical coherence
tomography measurement apparatus coupled to the input, the optical coherence tomography
measurement apparatus sending the optical properties of an eye and transmitting the optical
properties to the processor. In some cases, systems may include a keratometry apparatus coupled
to the mput, the keratometry apparatus sensing the optical properties of an eye and transmitting
the optical properties to the processor. In some cases, the processor can be configured to derive

the effective treatment vector function from prior treatments 1n response to intended refractive
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correction vectors (IRCs) of the associated eyes and to determine surgically induced refractive
correction vectors (SIRCs) of the associated eyes, each SIRC characterizing a difference between
the measured pre-treatment aberrations and the post-treatment aberrations of an associated eye.
In some cases, the effective treatment vector function can be based on an influence matrix
relating the SIRCs to the IRCs. In some cases, systems may include an additional input coupled
to the processor for receiving at least one adjustment selected from the group consisting of
physician adjustments to the IRC, and nomogram adjustments to the IRC. The processor can be
configured to define an IRC’ for the eye of the patient by applying, to the IRC of the eye of the
patient, the at least one adjustment, the input vector being based on the IRC’. In some cases, the
etfective treatment vector function can be based on an influence matrix. In some cases, the
planned treatment of the eye of the patient may include a planned treatment vector, and a
plurality of the elements of the input vector may each alter a plurality of elements of the planned
treatment matrix, and/or a plurality of the planned treatment vector elements may each be altered
by a plurality of elements of the input vector. In some cases, an input vector includes refractive
clements characterizing refraction of the eye of the patient, non-refractive cofactors
characterizing the patient and/or the treatment setting, and elements characterizing the optical
properties of the eye. In some cases, elements characterizing the optical properties of the eye can
include a member selected from the group consisting of a high order element characterizing a
high order aberration of the eye, a low order element characterizing a low order aberration of the
eye, a corneal topography measurement element characterizing a corneal topography
measurement of the eye, an optical coherence tomography measurement element characterizing
an optical coherence topography measurement of the eye, and a corneal keratometry value
clement characterizing a corneal keratometry value of the eye. In some cases, a processor can be
configured to derive the treatment of the eye of the patient by multiplying the influence matrix of

the effective treatment vector function by the input vector.

[00037] In yet another aspect, embodiments of the present invention encompass systems for
planning a refractive treatment of an ¢ye of a patient. Exemplary systems may include a
processor having an mput for receiving data regarding a plurality of prior eye treatments and for
deriving an influence matrix therefrom by, for each prior eye treatment of an associated eye,
determining an intended refractive correction vector (IRC) characterizing a difference between

measured pre-treatment high-order aberrations of the associated eye and a target refraction of the
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associated eye, and determining a surgically induced refractive correction vector (SIRC) of the
associated eye characterizing a difference between the measured pre-treatment aberrations and
measured post-treatment aberrations of the associated eye. In some cases, the influence matrix
can 1nclude a correlation between the IRCs and the SIRCs. In some cases, systems may also
include another mput for receiving a patient IRC vector characterizing a difference between
measured pre-treatment high-order aberrations of the eye of the patient and a target refraction of
the eye of the patient. In some cases, systems may also include an output coupled to the
processor for transmitting a treatment, the processor configured to derive the treatment by
adjusting the patient IRC vector based on the influence matrix. In some cases, pre-treatment
optical properties of the eye of the patient can include at least one member selected from the
group consisting of a low order aberration, a high order aberration, a corneal topography
measurement, an optical coherence tomography measurement, and a corneal keratometry value.
In some cases, for each of the plurality of prior eye treatments, the pre-treatment vector may
characterize optical properties of the associated eye before treatment, and the optical properties
may 1nclude one or more member selected from the group consisting of a low order aberration, a
high order aberration, a corneal topography measurement, an optical coherence tomography
measurement, and a corneal keratometry value. In some cases, a post-treatment vector may
characterize optical properties of the associated eye before treatment. Optical properties may
include one or more member selected from the group consisting of a low order aberration, a high
order aberration, a corneal topography measurement, an optical coherence tomography
measurement, and a corneal keratometry value. In some cases, measured pre-treatment optical
properties of the eye of the patient may include a member selected from the group consisting of a
low order aberration, a high order aberration, a corneal topography measurement, an optical
coherence tomography measurement, and a corneal keratometry value. In some cases, a
refractive treatment may include a member selected from the group consisting of an excimer
laser treatment, a femtosecond laser treatment, an intraocular lens treatment, a contact lens
treatment, and a spectacle treatment. In some cases, systems may also include a laser eye
surgery apparatus coupled to the output, where the surgery apparatus generates a laser beam for

treating the patient based on the adjusted IRC.

[00038] In another aspect, embodiments of the present invention encompass systems for

planning a treatment of an eye of a patient. An influence matrix may have been derived from a
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plurality of prior eye treatments by, for each prior eye treatment of an associated eye,
determining a target refraction of the associated eye, determining an intended refractive
correction vector (IRC) characterizing a difference between measured pre-treatment optical
properties of the associated eye and the target, and determining a surgically induced refractive
correction vector (SIRC) of the associated eye characterizing a difference between the measured
pre-treatment aberrations and measured post-treatment aberrations of the associated eye. The
influence matrix may also be derived so as to provide a correlation between the IRCs and the
SIRCs. The system may include an input for receiving a patient IRC vector characterizing a
difference between measured pre-treatment optical properties of the eye of the patient and a
target refraction of the eye of the patient. In some cases, the system may include a processor
coupled to the mnput, where the processor 1s configured for adjusting the patient IRC vector based
on the influence matrix. In some cases, the measured pre-treatment optical properties of the
assoclated eye may include a member selected from the group consisting of a low order
aberration, a high order aberration, a corneal topography measurement, an optical coherence
tomography measurement, and a corneal keratometry value. In some cases, the measured pre-
treatment optical properties of the eye of the patient may include a member selected from the
group consisting of a low order aberration, a high order aberration, a corneal topography
measurement, an optical coherence tomography measurement, and a corneal keratometry value.
In some cases, the refractive treatment may include a member selected from the group consisting
of an excimer laser treatment, a femtosecond laser treatment, an intraocular lens treatment, a
contact lens treatment, and a spectacle treatment. In some cases, the influence matrix can be
based on a correlation between a pre-treatment cylinder value, a post-treatment sphere value, and
a pre-treatment keratometry value of the associated eye. In some cases, the influence matrix can
be based on a correlation between a pre-treatment keratometry value of the associated eye and a
high order aberration of the associated eye, for example a pre-treatment high order aberration, or

a post-treatment aberration.

[00039] In yet another aspect, embodiments of the present invention encompass systems for
planning a treatment of an eye of a patient having an eye with a natural lens. Exemplary systems
may include an input for recerving pre-treatment optical properties of the eye of the patient with
the natural lens, and a processor coupled to the input, where the processor derives the treatment

of the eye of the patient in response to the optical properties of the eye of the patient by applying

18



CA 03005855 2018-0b-22

WO 2017/091200 PCT/US2015/062223

an effective treatment vector function, where the effective treatment vector function 1s derived
from, for cach of a plurality of prior eye treatments, a correlation between a pre-treatment vector
characterizing optical properties of the associated eye with an associated lens therein, and a post-
treatment vector characterizing post-treatment optical properties of the associated eye after
removal of the natural lens and implantation of an associated intraocular lens. Systems may also
include an output coupled to the processor so as to transmit the treatment to facilitate improving

refraction of the eye of the patient.

[00040] In one aspect, embodiments of the present invention encompass systems for treating an
cye of a patient, where the eye has an anterior surface. Exemplary systems may include an input
for receiving pre-treatment optical properties of the eye of the patient, and a processor coupled to
the mput. The processor can be configured to derive the treatment of the eye of the patient 1n
response to the optical properties of the eye of the patient by applying an effective treatment
vector function, where the effective treatment vector function 1s derived from, for each of a
plurality of prior eye treatments, a correlation between a pre-treatment vector characterizing
optical properties of the associated eye before treatment, and a post-treatment vector
characterizing post-treatment optical properties of the associated eye. Systems may also include
a femtosecond laser system coupled to the processor so as to focus a pattern of femtosecond laser
energy through the anterior surface of the eye of the patient such that the refractive treatment 1s

ctfected within the eye of the patient.

[00041] In a further aspect, embodiments of the present invention encompass methods for
planning a cataract surgery on an ¢ye of a patient. Exemplary methods may include: determining
an ctfective treatment vector function based on a plurality of prior corrective surgeries by: for
cach prior corrective surgery on an associated eye: defining a pre-surgery vector characterizing
measured pre-surgery high-order aberrations of the associated eye; defining a post-surgery vector
characterizing measured post-surgery high-order aberrations of the associated eye; deriving the
effective surgery vector function using a correlation between the pre-surgery vectors and the
post-surgery vectors; defining an input vector based on measured pre-surgery high-order
aberrations of the eye of the patient; and deriving one or more parameters of an intraocular lens
(IOL) to be implanted into the eye of the patient by applying the effective surgery vector

function to the input vector.
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[00042] In yet a further aspect, embodiments of the present invention encompass methods for
planning a cataract surgery on an ¢ye of a patient. Exemplary methods may include: deriving an
influence matrix from a plurality of prior surgeries by, for each prior corrective surgery on an
associated eye: determining an intended refractive correction vector (IRC) characterizing a
difference between measured pre-surgery high-order aberrations of the associated eye and a
target refraction of the associated eye; and determining a surgically induced refractive correction
vector (SIRC) of the associated eye characterizing a difference between the measured pre-
surgery aberrations and measured post-surgery aberrations of the associated eye, wherein the
influence matrix 1s derived so as to provide a correlation between the IRCs and the SIRCs;
defining a patient IRC vector characterizing a difference between measured pre-surgery high-
order aberrations of the eye of the patient and a target refraction of the eye of the patient; and

adjusting the patient IRC vector based on the influence matrix.

[00043] In a still further aspect, embodiments of the present invention encompass methods for
planning a cataract surgery on an ¢ye of a patient, where an influence matrix has been derived
from a plurality of prior surgeries by, for each prior corrective surgery of an associated eye,
determining a target refraction of the associated eye, determining an intended refractive
correction vector (IRC) characterizing a difference between measured pre-surgery high-order
aberrations of the associated eye and the target, and determining a surgically induced refractive
correction vector (SIRC) of the associated eye characterizing a difference between the measured
pre-surgery aberrations and measured post-surgery aberrations of the associated eye, the
influence matrix derived so as to provide a correlation between the IRCs and the SIRCs.
Exemplary methods may include: receiving a patient IRC vector characterizing a difference
between measured pre-surgery high-order aberrations of the eye of the patient and a target
refraction of the eye of the patient; and adjusting the patient IRC vector based on the influence

matrix.

[00044] In yet still a further aspect, embodiments of the present invention encompass systems
for planning a cataract surgery on an ¢ye of a patient. Exemplary systems may include: an imnput
for recerving pre-surgery high-order aberrations of the eye of the patient; a processor coupled to
the mput, the processor deriving one or more parameters of an intraocular lens (IOL) to be
implanted into the eye of the patient in response to the high-order aberrations of the eye of the

patient by applying an effective surgery vector function, wherein the effective surgery vector
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function 1s derived from, for each of a plurality of prior corrective surgeries, a correlation
between a pre-surgery vector characterizing high-order aberrations of the associated eye before
surgery, and a post-surgery vector characterizing post-surgery high-order aberrations of the
assoclated eye; and an output coupled to the processor so as to transmit the one or more

parameters of the IOL to be implanted into the eye of the patient.

[00045] In an additional aspect, embodiments of the present invention encompass systems for
planning cataract surgery on an ¢ye of a patient. Exemplary systems may include: a processor
having: an input for receiving data regarding a plurality of prior corrective surgeries, and for
deriving an influence matrix therefrom by, for each prior corrective surgery of an associated eye:
determining an intended refractive correction vector (IRC) characterizing a difference between
measured pre-surgery high-order aberrations of the associated eye and a target refraction of the
associated eye; and determining a surgically induced refractive correction vector (SIRC) of the
associated eye characterizing a difference between the measured pre-surgery aberrations and
measured post-surgery aberrations of the associated eye; wherein the influence matrix comprises
a correlation between the IRCs and the SIRCs; and another input for receiving a patient IRC
vector characterizing a difference between measured pre-surgery high-order aberrations of the
cye of the patient and a target refraction of the eye of the patient; and an output coupled to the
processor for transmitting a one or more parameters of an intraocular lens (IOL) to be implanted
into the eye of the patient in the cataract surgery on the eye of the patient, the processor
configured to derive one or more parameters of the IOL to be implanted into the eye of the

patient by adjusting the patient IRC vector based on the influence matrix.

[00046] In yet an additional aspect, embodiments of the present invention encompass systems
for planning a cataract surgery on an ¢ye of a patient where an influence matrix has been derived
from a plurality of prior corrective surgeries by, for each prior corrective surgery on an
associated eye, determining a target refraction of the associated eye, determining an intended
refractive correction vector (IRC) characterizing a difference between measured pre-surgery
high-order aberrations of the associated eye and the target, and determining a surgically induced
refractive correction vector (SIRC) of the associated eye characterizing a difference between the
measured pre-surgery aberrations and measured post-surgery aberrations of the associated eye,
the influence matrix derived so as to provide a correlation between the IRCs and the SIRCs.

Exemplary systems may include: an input for receiving a patient IRC vector characterizing a
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difference between measured pre-surgery high-order aberrations of the eye of the patient and a
target refraction of the eye of the patient; and a processor coupled to the input, the processor

configured for adjusting the patient IRC vector based on the influence matrix.

[00047] In still another additional aspect, embodiments of the present invention encompass
methods for planning a cataract surgery on an ¢ye of a patient. Exemplary methods may include:
determining an effective surgery vector function based on a plurality of prior eye treatments by:
for each prior eye treatment of an associated eye: defining a pre-surgery vector characterizing
measured pre-surgery optical properties of the associated eye; defining a post-surgery vector
characterizing measured post-surgery optical properties of the associated eye; deriving the
etfective surgery vector function using a correlation between the pre-surgery vectors and the
post-surgery vectors; defining an imnput vector based on measured pre-surgery optical properties
of the eye of the patient; and deriving the treatment of the eye of the patient by applying the

ctfective surgery vector function to the mput vector.

[00048] In a yet further aspect, embodiments of the present invention encompass methods for
planning a cataract surgery on an ¢ye of a patient. Exemplary methods may include: deriving an
influence matrix from a plurality of prior corrective surgeries by, for each prior surgery on an
associated eye: determining an intended refractive correction vector (IRC) characterizing a
difference between measured pre-surgery high-order aberrations of the associated eye and a
target refraction of the associated eye; and determining a surgically induced refractive correction
vector (SIRC) of the associated eye characterizing a difference between the measured pre-
surgery aberrations and measured post-surgery aberrations of the associated eye, wherein the
influence matrix 1s derived so as to provide a correlation between the IRCs and the SIRCs;
defining a patient IRC vector characterizing a difference between measured pre-surgery high-
order aberrations of the eye of the patient and a target refraction of the eye of the patient; and

adjusting the patient IRC vector based on the influence matrix.

[00049] In another additional aspect, embodiments of the present invention encompass methods
for planning a cataract surgery on an ¢ye of a patient, where an influence matrix has been derived
from a plurality of prior corrective surgeries by, for each prior corrective surgery on an
associated eye, determining a target refraction of the associated eye, determining an intended

refractive correction vector (IRC) characterizing a difference between measured pre-surgery
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optical propertics of the associated eye and the target, and determining a surgically induced
refractive correction vector (SIRC) of the associated eye characterizing a difference between the
measured pre-surgery optical properties and measured post-surgery optical properties of the
assoclated eye, the influence matrix derived so as to provide a correlation between the IRCs and
the SIRCs. Exemplary methods may include: receiving a patient IRC vector characterizing a
difference between measured pre-surgery optical properties of the eye of the patient and a target
refraction of the eye of the patient; and adjusting the patient IRC vector based on the influence

matrix.

[00050] In yet another additional aspect, embodiments of the present invention encompass
systems for planning a cataract surgery on an eye of a patient. Exemplary systems may include:
an mput for receiving pre-surgery optical properties of the eye of the patient; a processor coupled
to the mput, the processor deriving one or more parameters of an intraocular lens (IOL) to be
implanted into the eye of the patient in the cataract surgery on the eye of the patient in response
to the optical properties of the eye of the patient by applying an effective surgery vector function,
wherein the effective surgery vector function 1s derived from, for each of a plurality of prior
corrective surgeries, a correlation between a pre-surgery vector characterizing optical properties
of the associated eye before surgery, and a post-surgery vector characterizing post-surgery
optical properties of the associated eye; and an output coupled to the processor so as to transmait

the one or more parameters of the IOL to be implanted mto the eye of the patient 1n the cataract
surgery.

[00051] In still another additional aspect, embodiments of the present invention encompass
systems for planning a cataract surgery on an eye of a patient. Exemplary systems may include: a
processor having an mput for receiving data regarding a plurality of prior corrective surgeries
and for deriving an influence matrix therefrom by, for each prior corrective surgery on an
associated eye: determining an intended refractive correction vector (IRC) characterizing a
difference between measured pre-surgery high-order aberrations of the associated eye and a
target refraction of the associated eye, and determining a surgically induced refractive correction
vector (SIRC) of the associated eye characterizing a difference between the measured pre-
surgery aberrations and measured post-surgery aberrations of the associated eye, wherein the
influence matrix comprises a correlation between the IRCs and the SIRCs, and another input for

recerving a patient IRC vector characterizing a difference between measured pre-surgery high-
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order aberrations of the eye of the patient and a target refraction of the eye of the patient; and an
output coupled to the processor for transmitting tone or more parameters of an intraocular lens

(IOL) to be implanted into the eye of the patient 1n the cataract surgery, the processor configured
to derive the one or more parameters of the IOL by adjusting the patient IRC vector based on the

influence matrix.

[00052] In an additional further aspect, embodiments of the present invention encompass
systems for planning a cataract surgery on an ¢ye of a patient, where an influence matrix has
been derived from a plurality of prior corrective surgeries by, for each prior corrective surgery on
an associated eye, determining a target refraction of the associated eye, determining an intended
refractive correction vector (IRC) characterizing a difference between measured pre-surgery
optical propertics of the associated eye and the target, and determining a surgically induced
refractive correction vector (SIRC) of the associated eye characterizing a difference between the
measured pre-surgery aberrations and measured post-surgery aberrations of the associated eye,
the influence matrix derived so as to provide a correlation between the IRCs and the SIRCs.
Exemplary systems include: an mput for receiving a patient IRC vector characterizing a
difference between measured pre-surgery optical properties of the eye of the patient and a target
refraction of the eye of the patient; and a processor coupled to the input, the processor configured

for adjusting the patient IRC vector based on the influence matrix.

BRIEF DESCRIPTION OF THE DRAWINGS

[00053] Fig. 1 schematically illustrates a system and method for measurement and treatment of

refractive defects of an eye of a patient.

[00054] Fig. 1A 1s a perspective view schematically illustrating a refractive treatment of an eye

of a patient using a laser eye surgery system, as may be included in the system of Fig. 1.

[00055] Fig. 2 schematically illustrates components of a simplified computer system for use 1n

the measurement and/or treatment components of the system of Fig. 1.

[00056] Figs. 3 and 4 1illustrate other wavefront measurement systems for use in the system of

Fig. 1.

[00057] Figs. SA and 5B graphically illustrate a statistical range of pre-treatment high-order

aberration (HOA) measurements, showing an accuracy of these measurements.
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[00058] Fig. 6A 1llustrates a data plot of post-treatment high-order aberrations versus total pre-

treatment aberrations.

[00059] Fig. 6B 1s a data plot showing a strong correlation between an effective spherical
defocus treatment and a pre-treatment measured spherical defocus, indicating effective treatment

of low-order errors.

[00060] Figs. 7A and 7B 1llustrate data plots analogous to Fig. 6B, but showing correlations
between pre-treatment aberrations and post-treatment high-order aberrations that indicate

potential inducement of some high-order aberrations.

[00061] Figs. 8A and 8B graphically 1llustrate correlations between effective treatment high-
order aberrations and measured pre-treatment high-order aberrations for the right eye and left

eye, respectively.

[00062] Fig. 8C 1dentifies a few selected exemplary couplings between induced high-order

aberrations and pre-treatment measured high-order aberrations.
[00063] Fig. 9 schematically illustrates selected couplings.

[00064] Fig. 10 and 10A are functional block diagrams schematically 1llustrating processing
components and methods for eye treatments, including relationships between measurement and

treatment parameters.

[00065] Fig. 10B 1s an improved functional block diagram schematically illustrating

development of treatment plan parameters for improving clinical outcomes.

[00066] Fig. 10C 1s an improved functional block diagram illustrating an exemplary treatment
plan solution to iteratively improve outcomes for successive patients by adjusting the treatment

based on the effective treatments generated from prior treatments so as to mitigate induced high-

order aberrations of the eye.

[00067] Fig 11 graphically indicates the surprising benefits 1n optical accuracy that may be

provided by the systems and methods described herein.

[00068] Fig. 12 depicts exemplary aspects of systems and methods according to embodiments

of the present invention.

25



CA 03005855 2018-0b-22

WO 2017/091200 PCT/US2015/062223

[00069] Fig. 13 depicts exemplary aspects of systems and methods according to embodiments

of the present invention.

[00070] Fig. 14 depicts exemplary aspects of systems and methods according to embodiments

of the present invention.

[00071] Fig. 15 depicts exemplary aspects of systems and methods according to embodiments

of the present invention.

[00072] Fig. 16 depicts exemplary aspects of systems and methods according to embodiments

of the present invention.

[00073] Fig. 17A 1llustrates a front perspective view showing an optical measurement system

according to some embodiments.

[00074] Fig. 17B 1llustrates a rear perspective view showing an optical measurement system

according to some embodiments.

[00075] Fig. 17C 1llustrates a side perspective view showing an optical measurement system

according to some embodiments.

[00076] Fig. 18 1s a block diagram of a system including an optical measurement instrument,
and a position of an eye relative to the system according to one or more embodiments described

herein which may be used by the optical measurement.

[00077] Figs. 19A and 19B 1llustrate together an assembly of a suitable configuration and
integration of an optical coherence tomographer subsystem, a wavefront aberrometer subsystem,
a corneal topographer subsystem, an 1ris imaging subsystem, a fixation target subsystem

according to a non-limiting embodiment of the present invention. .

[00078] Fig. 20 1s a block diagram of an OCT assembly according to many embodiments of the

present invention.
[00079] Fig. 21 1s a schematic drawing of a human eye.

[00080] Fig. 22A 1llustrates a preferred scanning region for the OCT subsystem according to

many embodiments of the present invention.

[00081] Fig. 22B shows a representative graph of an intensity of an OCT signal of an OCT
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subsystem 190 according to many embodiments as a function of depth along the axis defining

the axial length of the eye.

[00082] Fig. 22C shows a cross-section of an ¢ye obtained by an optical measurement system of

the present invention using an OCT subsystem according to the present invention

[00083] Fig. 23 1s a 3-dimensional representation of an anterior portion of an eye obtained using

the optical measurement system according to many embodiments.

[00084] Fig. 24 1s a flowchart of an example embodiment of a method for performing cataract
diagnostics for an eye with an optical measurement instrument according to one embodiment
described herein, including wavefront aberrometry, corneal topography and OCT measurements

at various locations with the eye along the axial length of the eye.

[00085] Fig. 25 1s a flowchart of another example embodiment of a method for performing

cataract diagnostics for an eye with an optical measurement instrument.

[00086] Fig. 26 1s a flowchart of another example embodiment of a method for performing
cataract diagnostics for an eye with an optical measurement instrument 1n which OCT

measurements and 1ris imaging may be performed simultancously.

[00087] Fig. 27 1s a flowchart of yet another example embodiment of a method for performing
cataract diagnostics for an eye with an optical measurement instrument 1n which OCT

measurements and ir1s imaging may be performed simultancously.

DETAILED DESCRIPTION OF THE INVENTION

[00088] The present invention generally provides improved devices, systems, and methods for
diagnosing, planning treatments of, and/or treating the refractive structures of an eye of a patient.
Exemplary embodiments of the invention make use of recent developments in measurement of
refractive properties of the eye, and particularly the tools now available (and/or now being
developed) to 1dentity and characterize high-order aberrations of the eye of human patients.
Along with the now widely used Hartmann-Shack and other wavefront sensors used to measure
aberrations throughout the optical system of the eye, the measurement data and systems
employed by embodiments of the invention may include topography, pachymetry, pupilometry,
keratometry, refractometry, biometry, and/or the like. The optical tissue treatment modalities

employed by the methods and systems described herein will often imnclude ablative laser
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treatments (typically with an excimer or solid-state laser), but may alternatively employ intra-
tissue photoaltering technologies such as intrastromal femtosecond laser treatments to form
incisions so as to alter the shape of the cornea, or the like. Still further alternative therapies may
be directed to altering the effective shape or function of optical tissues of the eye other than the
cornea, such as by altering or replacing the lens, altering the structure of the capsular bag, and
the like. Hence, a wide variety of measurement and/or treatment modalities may be employed in

various embodiments of the invention.

[00089] Embodiments of the inventions described herein will go beyond prior attempts to
identify and characterize specific couplings between optical refractive treatment shapes and
potential inducement of an associated high-order aberration. Exemplary embodiments may
1dentify and accurately characterize complex cross-relationships between pre-treatment refractive
error modes of the eye and related post-prescriptive shape modifications that enhance overall
viewing capabilities of a patient. These aberration/treated eye inter-mode relationships may be,
at least 1n part, specific to an eye treatment modality (such as to ablative resculpting of the eye
with a laser eye surgery system), specific to a particular treatment implementation hardware
structure (for example, to a specific excimer laser geometry and assembly design, optical train,
scanning mechanism, or the like) or even to a specific treatment controlling software package
(such as to a shot-pattern generating software package which 1dentifies excimer laser shots so as
to produce an approximation to the desired overall refractive resculpting treatment shape). The
couplings may also relate to healing effects of the eye, so that compensation for
aberration/treated eye couplings may benefit from prior experience with the gradual changes 1n
the tissues that take place 1n the hours, weeks, and/or 1deally months after the treatment 1S

completed.

[00090] So as to more effectively gauge and characterize the actual effect of an overall
prescription, embodiments of the invention will often make use of measurements from a number
of different prior treatments. Preferably, the prior treatments will have employed measurement
and/or treatment systems sharing common components, technologies, and the like with the
refractive treatment to be planned on a particular patient’s eye. In many cases, at least some of
the prior treatments from which information will be derived may have been diagnosed and/or
treated with treatment components, techniques, and/or under circumstances which differ from

those of the refractive treatment to be planned. Nonetheless, by gathering accurate data from the
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prior treatments, the overall accuracy of the treatment to be planned may be enhanced. More
specifically, along with obtaming accurate pre-treatment data characterizing the eyes,
embodiments of the methods and systems described herein will benefit significantly from high-
order aberration measurements obtained after the treatment of a plurality of eyes, with the post-
treatment data 1deally being obtained a sufficient time after the treatment has been imposed so as
to allow the eye to substantially stabilize and refraction-altering healing response of the treated
tissues to substantially terminate. Vector analysis of the pre-treatment high-order aberration
measurements and the post-treatment high-order aberration measurements, 1deally using an
influence matrix approach, allows complex couplings between intended refractive treatments and
the overall effective refractive treatments to be 1dentified and used for the future planned

treatment of a particular patient’s eye.

[00091] Along with the pre-treatment measurements and the post-treatment measurements, a
variety of co-factors may also be included 1n the vector analysis and calculations employed 1n
many embodiments of the present invention. Tissue response and healing effects may be
influenced by biometric co-factors, such as the patient’s age, gender, race, and/or the like.
Specific 1dentification of the measurement and/or treatment system components may be included
among the co-factors by 1dentification of a treatment laser system model, a measurement system
type 1dentifier, a specific measurement system i1dentification, the identification of the diagnosing
and/or treating physician, treatment and/or measurement ambient room temperatures and
humidities, measurement or treatment times during the day, patient apprehension levels, and the
like. Exemplary embodiments may still allow physicians to input adjustment factors and
nomogram adjustments so as to alter the overall refractive prescription per a physician’s
experience. Advantageously, the ablation shot tissue removal basis and data used 1n calculating
the shot numbers and locations so as to approximate an overall desired refractive prescription
shape need not be altered to take advantage of the improvements provided by the inventions
described herein. Additionally, the holistic vector function approach described herein 1s
compatible with more specific analysis of factors which influence specific couplings between an
intended change 1n the refractive properties of a patient’s eye and the resultant high-order
changes, so that analysis of the components of the influence function (or other matrix analysis
components) can be performed and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>