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COMPOUND MODULATION TRANSFER FUNCTION FOR LASER
SURGERYAND OTHER OPTICAL APPLICATIONS

BACKGROUND OF THE INVENTION

[0004] This invention generally relates to goal functions or visual function diagnostic
metrics, and in particular provides methods, devices, and systems for mitigating or treating

vision conditions such as presbyopia, often by determining a compound modulation transfer

function.

[0005] Presbyopia normally develops as a person ages, and is associated with a natural
progressive loss of accommodation, sometimes referred to as "old sight." The presbyopic eye
often loses the ability to rapidly and easily refocus on objects at varying distances. There may
also be a loss in the ability to focus on objects at near distances. Although the condition
progresses over the lifetime of an individual, the effects of presbyopia usually become
noticeable after the age of 45 years. By the age of 65 years, the crystalline lens has often lost
almost all elastic properties and has only limited ability to change shape. Residual
accommodation refers to the amount of accommeodation that remains in the eye. A lower

degree of residual
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accommodation contributes to more severe presbyopia, whereas a higher amount of residual

accommodation correlates with less severe presbyopia.

[0006] Known methods and devices for treating presbyopia seek to provide vision approaching

that of an emmetropic eye. In an emmetropic eye, both distant objects and near objects can be
seen due to the accommodation properties of the eye. To address the vision problems associated
with presbyopia, reading glasses have traditionally been used by individuals to add plus power
diopter to the eye, thus allowing the eye to focus on near objects and maintain a clear image.

This approach is similar to that of treating hyperopia, or farsightedness.

[0007] Presbyopia has also been treated with bi-focal eyeglasses, where one portion of the lens
is corrected for distance vision, and another portion of the lens is corrected for near vision.
When peering down through the bifocals, the individual looks through the portion of the lens
corrected for near vision. When viewing distant objects, the individual looks higher, through the

portion of the bi-focals corrected for distance vision. Thus with little or no accommodation, the

individual can see both far and near objects.

[0008] Contact lenses and intra-ocular lenses (IOLs) have also been used to treat presbyopia.
One approach is to provide the individual with monovision, where one eye (usually the primary
eye) is corrected for distance-vision, while the other eye is corrected for near-vision.
Unfortunately, with monovision the individual may not clearly see objects that are intermediately
positioned because the object is out-of-focus for both eyes. Also, an individual may have trouble
seeing with only one eye, or may be unable to tolerate an imbalance between their eyes. In
addition to monovision, other approaches include bilateral correction with either bi-focal or
multi-focal lenses. In the case of bi-focal lenses, the lens is made so that both a distant point and

a near point can be focused. In the multi-focal case, there exist many focal points between near

targets and far targets.

[0009] Surgical treatments have also been proposed for presbyopia. Anterior sclerostomy
involves a surgical incision into the sclera that enlarges the ciliary space and facilitates
movement of the lens. Also, scleral expansion bands (SEBs) have been suggested for increasing
the ciliary space. Problems remain with such techniques, however, such as inconsistent and

unpredictable outcomes.

[0010] In the field of refractive surgery, certain ablation profiles have been suggested to treat

the condition, often with the goal of increasing the range of focus of the eye, as opposed to

restoring accommodation in the patient’s eye. Many of these ablation profiles can provide a
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single excellent focus of the eye, yet they do not provide an increased depth of focus such
that optimal distance acuity, optimal near acuity, and acceptable intermediate acuity occur

simultaneously. Shapes have been proposed for providing enhanced distance and near vision,

yet current approaches do not provide ideal results for all patients.

[0011]  To evaluate the effectiveness of a refractive correction, such as with a spectacle
lens, contact lens, intra-ocular lens, or laser refractive surgery procedure, it may bé desirable
to consider a merit function, or gauge of optical quality, that can determine such
effectiveness. Gauges of optical quality are discussed in corresponding US Patent No.
7,293,873. Merit functions may be used in evaluating post-corrective measurements, and in
predicting the effect or outcome of a proposed corrective procedure. While the merit function
may be objective, it may also desirable that the merit function have a good correlation with
sub; ective test results such as visual acuity, contrast acuity, and the like. The following
optical metrics can be or have been used as possible optical metrics or merit functions: high
order (HO) root mean square (RMS) error; Strehl ratio; modulation transfer function (MTF)
at specific spatial frequencies; volume under MTF surface up to a certain spatial frequency;
compound MTF; encircled energy; and wavefront refractions. Other goal functions or visual
function diagnostic metrics are available for characterizing lenses and other optical systems,
including visual acuity such as logMAR, refractive error such as sphere and cylinder, and
contrast sensitivity (CS). However, many of the currently used goal functions are difficult
and cumbersome to implement with current clinical methods, and are insufficient in utilizing
currently available clinical data and in providing guidance to the administration and

diagnosis of reported visual difficulties.

[0012] In light of the above, it would be desirable to have improved methods, devices,
and systems for treatment and/or mitigation of optical defects, based on improved goal
functions such as a compound modulation transfer function. The goal functions should be
easily implemented with existing clinical data, and with clinical data that is currently being
generated by present measurement techniques. Optionally, it would be desirable to have
improved methods, devices, and systems for treatment and/or mitigation of presbyopia and
other optical detects. It may be desirable to provide improved prescriptions in the form of

practical
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customized or optimized prescription shapes for treating or mitigating vision conditions such

as presbyopia in a particular patient.

BRIEF SUMMARY OF THE INVENTION
[0013] There are provided devices, systems, and methods that use improved goal
functions for mitigating or treating vision conditions in a patient. The goal function can
reflect optical quality throughout a vergence range. The goal function may also comprise a

ratio of an optical parameter of the eye with a diffraction theory parameter. Relatedly, the

goal function may also comprise at least one parameter selected from the group consisting of

Strehl Ratio (SR), modulation transfer function (MTF), point spread function (PSF),
encircled energy (EE), MTF volume or volume under MTF surface (MTFV), compound

modulation transfer function (CMTF), and contrast sensitivity (CS).

[0014] In one aspect, there is provided a method for determining an optical surface shape

that mitigates or treats a vision condition of an eye of a particular patient. The method can
include determining an optical surface shape for the particular patient using a set of patient
parameters for the specific patient with a compound modulation transter function (CMTF).
The compound modulation transfer function can include a combination of modulation
transfer functions (MTF’s) at a plurality of distinct frequencies. In some aspects, the CMTF
is normalized to a diffraction limited MTF. In related aspects, the MTF’s at the plurality of
distinct frequencies can be combined 1n a linear combination. In some aspects, a CMTF can
be calculated according to the following formula
CMTF = 1 Z ah,
=
where # 1s the number of MTF curves, ¢; 1s the reciprocal of the ith diffraction-limited MTF,
and h; 1s the ith MTF curve. In related aspects, a CMTF can be calculated according to the
following formula
Fov) = (g MTF, + o MTF> + az MTF3)/3
where MTF,, MTF,, and MTF; comprise MTF values ranging from about 5 cycles/degree to

about 20 cycles/degree, from about 15 cycles/degree to about 45 cycles/degree, and from
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about 30 cycles/degree to about 75 cycles/degree, respectively. In some aspects, MTF;,
MTF,, and MTF3; comprise MTF values of 10 cycles/degree, 20 cycles/degree and 30
cycles/degree, respectively. In still other aspects, weighting coefficients a;, ay, a3 can be
chosen so that 1/ay, 1/ay, 1/a3 are the diffraction-limited MTF at these spatial frequencies,
respectively. In yet other aspects, one MTF at a spatial frequency can correspond to one
angular extend of features of targets, and the compound MTF can be calculated as linear
combination of MTF at different spatial frequencies normalized by a diffraction-limited

MTF. In some aspects, the CMTF can be used to predict visual outcome.

[0015] In yet other aspects, the CMTF can be calculated according to the following
formula

CMTF (v) = %Zn:aiMTE v)

i1

where nu 1s visual vergence and g; is the reciprocal of the i-th diffraction-limited MTF. In
some aspects, the CMTF can include three MTF curves at 10, 20 and 30 cycles per degree. In
further aspects, the CMTF can have a value of about 1, which can be an ideal case. In related
aspects, the CMTF can have a value ranging from about 0.2 to about 0.3. In still further
aspects, the CMTF can be calculated over a vergence of 3 diopters. In still further related
aspects, the MTF’s at the plurality of distinct frequencies can include MTF’s at 10, 20, and
30 cycles per degree. In other related aspects, the MTF’s at the plurality of distinct
frequencies can include MTF’s at 15, 30, and 60 cycles per degree. In some related aspects,
the MTF’s at the plurality of distinct frequencies can include MTF’s at 30, 45, and 60 cycles
per degree. In yet another related aspect, the MTF’s at the plurality of distinct frequencies
can include at least one MTF ranging from about 5 cycles/degree to about 20 cycles/degree,
at least one MTF ranging from about 15 cycles/degree to about 45 cycles/degree, and at least
one MTF ranging from about 30 cycles/degree to about 75 cycles/degree. In some aspects,

the CMTF can be used in an optimization routine as a goal function. In still other related
aspects, M1F;, MTF,, and MTF; can include MTF values of 10 cycles/degree, 20
cycles/degree and 30 cycles/degree, respectively, and the vision condition can include

presbyopia.
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[0016] In one aspect, there 1s provided a method for treating or mitigating a vision
condition of an eye in a particular patient. The method can include selecting a gauge of
optical quality appropriate for the vision condition of the eye; inputting a set of patient
parameters specific for the particular patient; determining an optical surface shape for the
particular patient using a set of patient parameters for the specific patient with a compound
modulation transfer function (CMTF), the compound modulation transfer function
comprising a combination of modulation transfer functions (MTEF’s) at a plurality of distinct
frequencies; and mitigating or treating the vision condition of the eye in the patient by
administering to the patient a procedure selected from the group consisting of: ablating a
corneal surface of the patient to provide a corneal surface shape that corresponds to the
optical surface shape; providing the patient with a contact lens or spectacle lens that has a
shape that corresponds to the optical surface shape; and providing the patient with an intra-
ocular lens that has a shape that corresponds to the optical surface shape. The gauge of

optical quality can include a compound modulation transfer function (CMTF) parameter.

[0017] In one aspect, there is provided a system for establishing an optical surface shape
that mitigates or treats a vision condition of an eye in a particular patient. The system can
include an input that accepts a set of patient parameters; and a module that determines an
optical surface shape for the particular patient based on the set of patient parameters, using a
gauge of optical quality appropriate for the vision condition of the eye. The gauge of optical
quality can include a compound modulation transfer function (CMTF) parameter, the
compound modulation transfer function parameter based on a CMTF comprising a

combination of modulation transfer functions (MTF’s) at a plurality of distinct frequencies.

[0018] In one aspect, there 1s provided a system for reprofiling a surface of a cornea of an
eye of a particular patient from a first shape to a second shape having correctively improved
optical properties. The system can include an input that accepts a set of patient parameters; a
module that determines an optical surface shape for the particular patient based on the set of
patient parameters, using a gauge of optical quality appropriate for a vision condition of the

eye; a processor that generates an ablation profile; and a laser system that directs laser energy
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onto the cornea according to the ablation profile so as to reprofile a surface of the cornea
from the first shape to the second shape, wherein the second shape corresponds to the
determined optical surface shape. The gauge of optical quality can include a compound
modulation transfer function (CMTF) parameter, the compound modulation transter function

parameter based on a CMTF comprising a combination of modulation transfer functions

(MTEF’s) at a plurality of distinct frequencies.

[0019] There are also provided improved devices, systems, and methods for mitigating or

treating presbyopia and other vision conditions. Embodiments of the present invention can
establish a prescription that mitigates or treats presbyopia in a particular patient. In some
embodiments, an optically optimized shape may be generated based on patient data input.
Typically, the shape will represent a compromise between improved near vision and
improved distance vision. These optimized shapes can be derived numerically using input
patient parameters such as pupil size, residual accommodation, and desired vergence.
Presbyopia-mitigating shapes may be scaled (or otherwise varied) in response to patient data
such as one or more pupil diameters. Appropriate scaling may be determined at least in part
from prior patient data from patients having differing pupil sizes and/or differing shapes.
Advantageously, presbyopia-mitigating prescriptions may be derived from, scaled using,
and/or optimized to provide at least one desired optical power (and/or manifest power), often
to provide a plurality of optical powers at differing viewing conditions, thereby taking
advantage of changes in pupil size when viewing objects under differing viewing conditions

such as at differing distances and lighting conditions.

[0020] In a first aspect, there 1s provided a method for treating existing or potential
presbyopia of a patient. The patient has an eye with a pupil, a change in viewing distance
with the eye inducing a change in pupil dimension. The method comprises measuring a first
dimension of the pupil at a first viewing distance, and determining a first desired power for
the eye at the first viewing distance. A prescription for the eye is determined such that the

prescription provides the first desired power when the pupil has the first dimension, and such
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that the prescription effects a desired change in power in response to the change in pupil

dimension, the desired change in power mitigating the presbyopia.

[0021] In many embodiments, a rate of the desired change in power for the change 1n
pupil dimension comprises from about 0.25 D/mm to about 5.0 D/mm. When the patient 1s
about 45 years old or less, and the rate may comprise from about 0.25 D/mm to about 1.0
D/mm. When the patient is about 60 years old or less the rate may comprise from about 1.0
D/mm to about 5.0 D/mm. A second desired optical power for the eye may be determined at
a second viewing distance. At least a third desired optical power for the eye may also be
determined, each optical power having an associated viewing condition, with a rate of an
incremental desired change in power for an incremental change in pupil size varying within a
pupil size range of the patient. The change in pupil dimension of the patient may be
measured by measuring a second pupil dimension of the pupil at the second viewing
distance, and/or the rate of the desired change in optical power for the change in pupil

dimension may be assumed to be consistent for a plurality of patients.

[0022] The eye may have a residual accommodation range, and the first desired power
for the eye may be determined so that the eye adjusts within the residual accommodation
range when viewing at the first viewing distance with the first desired optical power.
Optionally, particularly when the patient is about 60 years old or less, the tirst desired power
for the eye and/or the desired change in power may be adjusted in response to an anticipated

shrinkage of the pupil with age and/or anticipated reduction of residual accommodation.

[0023] The prescription may be determined at least in part by iteratively optimizing a
goal function, by scaling a refractive shape, and/or by analytically or numerically deriving an
optical shape providing a plurality of desired optical powers at an associated plurality of

viewing conditions.

10024] In a system aspect, there is provided a system for treating existing or potential
presbyopia of a patient. The patient has an eye with a pupil, a change in viewing distance

with the eye inducing a change in pupil dimension. The system comprises a pupilometer for

8
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measuring a first dimension of the pupil while the eye 1s viewing at a first viewing distance.
A prescription generating module has an input accepting a desired power for the eye and the
first dimension. The module determines a prescription for the eye providing a first desired
power when the pupil has the first dimension, the prescription effecting a desired change in

power in response to the change in pupil dimension. The desired change 1n power mitigates

the presbyopia.

[0025] The prescription generating module may comprise an optimizer module that
determines the prescription based on the pupil diameter and the desired power using a goal
function appropriate for the presbyopia; a scaling module that scales a central portion of a
prescription shape based on the pupil dimension such that the prescription shape ameliorates
presbyopia, and such that the central portion has a dimension between about 0.35 and about
0.55 of the pupil dimension; and/or a prescription calculating module calculating a
presbyopia-mitigating prescription for the eye in response to the pupil dimension and the
change 1n pupil dimension so that the eye has the first desired power suitable for the first
viewing distance and so that the eye has a second desired power for a second viewing
distance. Optionally, a laser may impose the prescription on the eye, typically by ablating

corneal tissue.

[0026] In another aspect, there is provided a method for determining a prescription that
mitigates or treats presbyopia in a particular patient. The method comprises selecting a goal

function appropriate for presbyopia of an eye, inputting a set of patient parameters specific
for the particular patient, and determining an optical shape for the particular patient

appropriate for differing viewing conditions based on the set of patient parameters per the

goal function so as to mitigate or treat the presbyopia in the patient.

[0027] The goal function may also be based on geometrical optics. Similarly, the goal
function can be determined using ray tracing. In this context, the phrase ‘ray tracing’ has a
meaning 1identical to ‘geometrical optics’. The set of patient parameters can include at least

on¢ parameter selected from the group consisting of pupil size, residual accommodation,
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power need, and vergence. In this context the phrase “power need” has a meaning identical to

“vergence.”

[0028] The prescription may comprise an optical shape determined by inputting a set of
patient parameters specific for the particular patient into an optimizer. The shape 1s derived
for the particular patient per a goal function so as to mitigate or treat the presbyopia in the
patient. An 1nitial optical shape can be input, the initial shape often being radially symmetric.
Relatedly, the radially symmetric shape may be decomposed into a set of polynomials having
at least two independent variables. Further, one of the at least two independent variables can
be the ratio of the customized shape diameter to pupil diameter. The 1terative optimization
may be selected from the group consisting of Downhill Simplex method, Direction set
method, and Simulated Annealing method, or the like. The set of patient parameters can
include at least one parameter selected from the group consisting of pupil size, residual

accommodation, and power need.

[0029] Optionally, the presbyopia may be treated by administering to the patient a
procedure selected from the group consisting of ablating a cornea of the patient to provide a
corneal shape that corresponds to the optical shape, providing the patient with a contact lens
or spectacle lens that has a shape that corresponds to the optical shape, and providing the
patient with an intra-ocular lens that has a shape that corresponds to the optical shape. The
optical shape may be determined based at least in part on an expansion such as a regular
polynomial (Even-Power-Term polynomials (“EPTP”’) or non-EPTP), a Zernike polynomial,
a Fourier series, and a discrete shape entirety. The expansion may be a 3rd order or 4th order
non-EPTP expansion, or a 6th or 8th order EPTP expansion. The optical shape may be
determined based at least in part on a presbyopia-add to pupil ratio (PAR), the PAR ranging
from about 0.2 to about 1.0.

[0030] In another system aspect, there 1s provided a system for establishing a prescription
that mitigates or treats presbyopia in a particular patient, where the system includes an input

that accepts a set of patient parameters, and a module that determines an optical shape for the

10
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particular patient based on the set of patient parameters, using a goal function appropriate for

presbyopia of an eye.

[0031] The module may include data processing software and/or hardware, and may be
optionally integrated with other data processing structures. The module may comprise an
optimizer module that determines the prescription for the particular patient based on the set
of patient parameters, using a goal function appropriate for presbyopia of an eye. A processor
may generate an ablation profile, and a laser system can direct laser energy onto the cornea
according to the ablation profile so as to reprofile a surface of the cornea from the first shape
to the second shape, the second shape corresponding to the determined optical shape. Pupil
diameters may be measured for input under one or more of the following conditions: when
focusing on a near object; when focusing on a distant object; under photopic conditions;
under mesopic conditions; under scotopic conditions. The prescription shape may be
aspherical when the central portion of the prescription shape 1s aspherical; the prescription
shape may be spherical when the central portion of the prescription shape is spherical; the
prescription shape may be aspherical when the central portion of the prescription shape is
spherical; and/or the prescription shape may be spherical when the central portion of the
prescription shape 1s aspherical, with healing and LASIK flap eftects and the like optionally
varying the final shape of the eye. The dimension of the prescription shape central portion
may comprise a diameter of the central portion and may remain within a range between about
0.4 and about 0.5 of the pupil diameter of the particular patient, or within a range between
about 0.43 and about 0.46 of the pupil diameter of the particular patient; a power of the
central portion 1s optionally between about 1.5 diopters and about 4.0 diopters (ideally being

about 3.1 diopters).

[0032] In another aspect, there 1s provided a method for treating presbyopia of an eye of
a patient. The method comprises identifying a first pupil size of the eye under a first viewing

condition. A second pupil size of the eye 1s 1dentified under a second viewing condition. A

presbyopia-mitigating prescription 1s calculated for the eye in response to the pupil sizes so
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that the eye has a first power suitable for the first viewing condition at the first size and so

that the eye has a second power suitable for the second viewing condition at the second size.

[0033] Calculating the prescription may comprise determining a first effective power of
the eye with the first pupil size and calculating a second effective power of the eye with the
second pupil size. The first and second pupil diameters may be measured tfrom the eye of the
patient while the eye 1s viewing with the first and second viewing conditions, respectively.
The prescription often comprises a prescription shape, and the method may include altering
the refraction of the eye according to the prescription shape. The refraction of the eye can be
altered using at least one of a laser, a contact lens, an intraocular lens, and a spectacle. One or
more additional pupil diameters of the eye may be determined under one or more associated
viewing condition, and the prescription can be calculated so that the eye has appropriate

powers suitable for viewing at each additional viewing condition.

[0034] The prescription may be derived by determining at least one coefficient of a set of
Zernike polynomials. Calculating the prescription often comprises determining a plurality of
selected Zernike coefficients of spherical aberration at various orders. The eye at the first
viewing condition may be viewing at a first viewing distance, and the eye at the second
viewing condition may be viewing at a second viewing distance which 1s less than the first
distance, with the second power being more negative than the first power. The eye at the first
viewing condition can have a power between 0.25D and -0.25D, and the eye at the second

viewing condition may have a power between -0.5D and -3.0D.

[0035] In another aspect, there 1s provided a method for deriving a prescription for an
eye. The method comprises determining a polynomial expansion from a wavefront of an eye,
and calculating a plurality of effective powers based on a plurality of expansion coetficients
of the polynomial expansion at different viewing pupil sizes. The prescription may be

generated so as to provide a plurality of desired effective powers at said pupil sizes.
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[0036] In yet another aspect, there 1s provided a method for determining an etfective
power of an eye under a viewing condition. The method comprises determining a plurality of
coefficients of a Zernike polynomial expansion from a wavefront of an eye while the eye has
a first pupil size, and determining a second pupil size of the pupil under the viewing
condition. The effective power of the eye 1s calculated from at least one of the coefficients of

the Zernike polynomial from a relationship between effective power and pupil size.

[0037] In yet another aspect, there 1s provided a system for correcting refraction of an
eye, the system comprising at least one input for a first pupil size of the eye under a first
viewing condition and a second pupil size of the eye under a second viewing condition. A
prescription calculating module calculates a presbyopia-mitigating prescription for the eye in
response to the pupil sizes so that the eye has a first power suitable for the first viewing

condition at the first size and so that the eye has a second power suitable for the second

viewing condition at the second size.

[0038] In another aspect, there 1s provided a system for deriving a prescription for an eye,
the system comprising a polynomial expansion module having an input for a wavefront of an
eye and an output for a polynomial expansion. An effective power module has an input
coupled to the output of the polynomial expansion module and an output. The effective
power module determines an effective power from the polynomial expansion. A prescription
module is coupled to the effective power module. The prescription module generates the
prescription so as to provide a plurality of different desired effective powers at an associated

plurality of different viewing pupil sizes.

[0039] In yet another aspect, there 1s provided a system for determining an effective
power of an eye under a viewing condition, the system comprising a first input for a plurality
of coetlicients of a Zernike polynomial expansion from a wavefront of an eye while the eye

has a first pupil size. A second input accepts a second pupil size of the pupil under the

viewing condition. An effective power calculating module calculates the effective power of

12a



10

15

20

25

CA 02575202 2012-12-10

the eye from at least one of the coefficients of the Zernike polynomial and a relationship

between effective power and pupil size.

[0039a] In another aspect, there is provided a system for establishing an optical surface
shape that mitigates or treats a vision condition of an eye in a particular patient, the system
comprising: (a) an input that accepts a set of patient parameters; and (b) a module comprising
a tangible medium embodying machine-readable code. The code directs at least one
processor to: (i) determine a cutoff spatial frequency based on a pupil dimension of the eye of
the patient; and (ii) determine the optical surface shape for the particular patient based on the
set of patient parameters, using a gauge of optical quality appropriate for the vision condition
of the eye. The gauge of optical quality comprises a compound modulation transfer function
(CMTF) parameter, the compound modulation transfer function parameter based on a CMTF
comprising a combination of modulation transfer functions (MTF’s) at a plurality of distinct

frequencies, wherein each of the distinct frequencies does not exceed the cutott spatial

frequency.

[0039b] In another aspect, there is provided a system for reprofiling a surface of a cornea
of an eye of a particular patient from a first shape to a second shape having correctively
improved optical properties, the system comprising: (a) an input that accepts a set of patient
parameters; and (b) a module comprising a tangible medium embodying machine-readable
code. The code directs at least one processor to: (i) determine an optical surface shape for the

particular patient based on the set of patient parameters, using a gauge of optical quality
appropriate for a vision condition of the eye; (ii) determine a cutoff spatial frequency based
on a pupil dimension of the eye of the patient; and (ii1) generate an ablation profile. The
system further comprises (c) a laser system configured to direct laser energy onto the cornea

according to the ablation profile so as to reprofile a surface of the cornea from the first shape
to the second shape, wherein the second shape corresponds to the determined optical surface
shape. The gauge of optical quality comprises a compound modulation transfer function

(CMTF) parameter, the compound modulation transfer function parameter based on a CMTF

comprising a combination of modulation transfer functions (MTF’s) at a plurality of distinct
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frequencies, wherein each of the distinct frequencies does not exceed the cutoff spatial

frequency.

[0039¢] In another aspect, there is provided a system for evaluating the optical quality of
an optical system of a patient, comprising: an input that accepts a set of parameters
associated with the patient; and a module comprising a tangible medium embodying
machine-readable code. The code directs at least one processor to: (1) determine a cutoff
spatial frequency based on a pupil dimension of the eye of the patient; and (11) evaluate the
optical quality of the optical system of the patient based on the set of parameters using a
gauge of optical quality. The gauge of optical quality comprises a compound modulation
transfer function (CMTF) parameter, the compound modulation transfer function parameter
based on a CMTF comprising a combination of modulation transfer functions (MTF’s) at a

plurality of distinct frequencies, wherein each of the distinct frequencies does not exceed the

cutoff spatial frequency.

[0039d] In another aspect, there is provided a system for evaluating the optical quality of
an optical system, comprising: an input that accepts a set of parameters associated with the
system; and a module comprising a tangible medium embodying machine-readable code. The
code directs at least one processor to: (1) determine a cutoff spatial frequency based on a
pupil dimension of the eye of the patient; and (i1) evaluate the optical quality of the optical
system based on the set of parameters using a gauge of optical quality. The gauge of optical
quality comprises a compound modulation transfer function (CMTF) parameter, the
compound modulation transfer function parameter based on a CMTF comprising a
combination of modulation transfer functions (MTF’s) at a plurality of distinct frequencies,

wherein each of the distinct frequencies does not exceed the cutoff spatial frequency.

[0039¢] In another aspect, there is provided a system for identifying a treatment lens that
mitigates or treats a vision condition of an eye in a particular patient, the system comprising:
an 1mput that accepts a patient parameter specific for the patient; and a module comprising a

tangible medium embodying machine-readable code. The code directs at least one processor
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to: (1) determine a cutoff spatial frequency based on a pupil dimension of the eye of the
patient; and (ii) determine a prescription for the eye and that identifies the treatment lens, the
treatment lens shaped to impose the prescription on the eye when the treatment lens 1s
administered to the eye, the prescription based on the patient parameter using a gauge of
optical quality appropriate for the vision condition of the eye, the gauge of optical quality
comprising a compound modulation transfer function parameter, the compound modulation
transfer function parameter based on a compound modulation transfer function comprising a
combination of modulation transfer functions at a plurality of distinct frequencies, wherein

each of the distinct frequencies does not exceed the cutoft spatial frequency.

[0040] For a fuller understanding of the nature and advantages of the present invention,
reference should be had to the ensuing detailed description taken 1n conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] Fig. 1 illustrates a laser ablation system according to an embodiment of the

present invention.

[0042] Fig. 2 illustrates a simplified computer system according to an embodiment of the

present invention.

[0043] Fig. 3 illustrates a wavefront measurement system according to an embodiment of

the present invention.

[0044] Fig. 3A illustrates another wavefront measurement system according to an

embodiment of the present invention.

[0045] Fig. 4A 1illustrates an example of the compound MTF (upper panel) versus its

corresponding individual MTF curves at 15, 30, and 60 cycles per degree (lower panel).
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[0046] Fig. 4B illustrate an example of the compound MTF (upper panel) versus its

corresponding individual MTF curves at 10, 20, and 30 cycles per degree (lower panel).

[0047] Fig. 5 1s a flow chart illustrating exemplary method steps for optimizing a optical

prescription that treats or corrects a vision condition.
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[0048] Fig. 6 1llustrates a data flow process for shape optimization for correction or treatment

of a vision condition.
[0049] Fig. 7 illustrates a comparison of Direction Set method and Downhill Simplex method.

[0050] Figs. 8A and 8B illustrate alternative prescriptions optimized for an eye of a particular

patient, and their characteristics.

[0051] Fig. 8C illustrates a comparison of optimizer values using even-term polynomials and

all power term polynomials for pupil sizes of 4mm, Smm, and 6mm.

[0052] Figs. 9A-D, show alternative presbyopia-mitigating prescriptions optimized for an eye

of a particular patient.

[0053] Fig. 10 illustrates effects of random noise on prescriptions optimized for an eye of a

particular patient.

[0054] Figs. 11A-C compare optimized prescriptions to alternative treatments for differing

pupil sizes.

[0055] Figs. 12A-C compare optimized prescriptions to alternative treatments for a range of

viewing distances.

[0056] Fig. 13 illustrates simulated viewing charts viewed at differing distances to compare

optimized prescriptions to alternative treatments.

[0057] Figs. 14-16 illustrate graphical interface computer screen displays for a prescription

optimizer and system.

[0058] Figs. 17 and 18 illustrate pupil sizes and changes at differing viewing conditions for a

particular patient.

[0059] Fig. 19 graphically illustrates optimizer values for differing levels of residual

accommeodation.

[0060] Fig. 20 illustrates effects of pupil change and residual accommodation on optimized

prescriptions for a particular patient.

[0061] Figs. 21A-C illustrate effects of pupil change and residual accommodation on

optimized prescriptions for a particular patient.
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[0062] Figs. 22-24 compare optical properties and results of eyes corrected with a optimized

prescription to alternative treatments.

[0063] Fig. 25 schematically illustrates a system for determining a prescription for a particular

patient and delivering that treatment using laser refractive surgery.

[0064] Fig. 26A illustrates a relationship between accommodation and pupil size when healthy

eyes adjust to differing viewing distances.

[0065] Fig. 26B illustrates one exemplary relationship between effective power of an eye and
pupil size for a patient, as can be provided from the presbyopia prescriptions of the present
invention by generating an optical shape which effects desired changes in power with changes n

pupil size of a particular patient under differing viewing conditions.

[0066] Fig. 26C illustrates a relationship between manifest power and pupil diameter, for
example, as measured from patients having differing pupil diameters who have been successfully
treated with a presbyopia-mitigating prescription. Such a relationship may be used to identify a

desired change in optical power with changes in pupil diameter for a specific patient.
[0067] Figs. 27A-B graphically illustrate optical properties of an eye relevant to presbyopia.

[0068] Fig. 28 schematically illustrates a presbyopia-mitigating shape having a central add

region.

[0069] Figs. 29 and 30 schematically illustrates residual accommodation and presbyopia

treatments for increasing a focal range.

[0070] Figs. 31-37 graphically illustrate results from presbyopia-mitigating treatments for a

population of individual patients.
[0071] Fig. 38 graphically illustrates accommodation through a range of differing patient ages.

[0072] Fig. 39 schematically illustrates another system for determining a presbyopia-

mitigating prescription for a particular patient and delivering that treatment using laser refractive

surgery.

[0073] Figs. 40 and 41 graphically illustrate a presbyopia-mitigating prescription derived so as

to provide appropriate effective powers at two differing viewing conditions for a particular

patient.
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[0074] Figs. 42 and 43 graphically illustrate a presbyopia-mitigating prescription derived so as
to provide appropriate effective powers at three differing viewing conditions for a particular

patient.

[0075] Figs. 44 and 45 graphically illustrate a presbyopia-mitigating prescription derived so as
to provide appropriate effective powers at four differing viewing conditions for a particular

patient.

[0076] Figs. 46A and 46B graphically illustrate different presbyopia-mitigating prescriptions
which provide differing effective power variation characteristics during pupil size changes under

differing viewing conditions.

[0077] Figs. 47 and 48 graphically illustrate effects of different pupil sizes on derived

presbyopia-mitigating prescriptions and their optical characteristics.

[0078] Fig. 49 illustrates simulated eye-chart letters as viewed with a presbyopic eye treated

with a presbyopia-mitigating prescription derived for a particular patient.

[0079] Figs. S0A and 50B illustrate an exemplary power/pupil correlation and corresponding

presbyopia prescription.

DETAILED DESCRIPTION OF THE INVENTION
[0080] Although the methods, devices, and systems of the present invention are described
primarily in the context of a laser eye surgery system, it should be understood that the techniques
of the present invention may be adapted for use in other eye treatment procedures and systems
such as contact lenses, intra-ocular lenses, radial keratotomy, collagenous corneal tissue thermal

remodeling, removable corneal lens structures, glass spectacles, corneal ring implants, and the

like.

[0081] Turning now to the drawings, Fig. 1 illustrates a laser eye surgery system 10 of the
present invention, including a laser 12 that produces a laser beam 14. Laser 12 1s optically
coupled to laser delivery optics 16, which directs laser beam 14 to an eye E of patient P. A
delivery optics support structure (not shown here for clarity) extends from a frame 18 supporting
laser 12. A microscope 20 is mounted on the delivery optics support structure, the microscope

often being used to image a cornea of eye E.

[0082] Laser 12 generally comprises an excimer laser, ideally comprising an argon-fluorine

laser producing pulses of laser light having a wavelength of approximately 193 nm. Laser 12
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will preferably be designed to provide a feedback stabilized fluence at the patient's eye, delivered
via delivery optics 16. The present invention may also be useful with alternative sources of
ultraviolet or infrared radiation, particularly those adapted to controllably ablate the corneal
tissue without causing significant damage to adjacent and/or underlying tissues of the eye. Such
sources include, but are not limited to, solid state lasers and other devices which can generate
energy in the ultraviolet wavelength between about 185 and 205 nm and/or those which utilize
frequency-multiplying techniques. Hence, although an excimer laser is the illustrative source of

an ablating beam, other lasers may be used in the present invention.

[0083] Laser system 10 will generally include a computer or programmable processor 22.
Processor 22 may comprise (or interface with) a conventional PC system including the standard
user interface devices such as a keyboard, a display monitor, and the like. Processor 22 will
typically include an input device such as a magnetic or optical disk drive, an internet connection,
or the like. Such input devices will often be used to download a computer executable code from
a tangible storage media 29 embodying any of the methods of the present invention. Tangible
sforage media 29 may take the form of a floppy disk, an optical disk, a data tape, a volatile or
non-volatile memory, RAM, or the like, and the processor 22 will include the memory boards
and other standard components of modern computer systems for storing ;:md executing this code.
Tangible storage media 29 may optionally embody wavefront sensor data, wavefront gradients, a
wavefront elevation map, a treatment map, a corneal elevation map, and/or an ablation table.
While tangible storage media 29 will often be used directly in cooperation with a input device of -
processor 22, the storage media may also be remotely operatively coupled with processor by

means of network connections such as the internet, and by wireless methods such as infrared,

:Bluetooth, or the like.

[0084] Laser 12 and delivery optics 16 will generally direct laser beam 14 to the eye of patient
P under the direction of a computer 22. Computer 22 will often selectively adjust laser beam 14
to expose portions of the cornea to the pulses of laser energy so as to effect a predetermined
sculpting of the cornea and alter the refractive characteristics of the eye. In many embodiments,
both laser beam 14 and the laser delivery optical system 16 will be under computer control of
processor 22 to effect the desired laser sculpting process, with the processor effecting (and
optionally modifying) the pattern of laser pulses. The pattern of pulses may by summarized in
machine readable data of tangible storage media 29 in the form of a treatment table, and the
treatment table may be adjusted according to feedback input into processor 22 from an

automated image analysis system in response to feedback data provided from an ablation
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monitoring system feedback system. Optionally, the feedback may be manually entered into
the processor by a system operator. Such feedback might be provided by integrating the
wavetront measurement system described below with the laser treatment system 10, and
processor 22 may continue and/or terminate a sculpting treatment in response to the
feedback, and may optionally also modify the planned sculpting based at least in part on the
feedback. Measurement systems are further described in U.S. Patent No. 6,315,413.

[0085] Laser beam 14 may be adjusted to produce the desired sculpting using a variety of
alternative mechanisms. The laser beam 14 may be selectively limited using one or more
variable apertures. An exemplary variable aperture system having a variable iris and a
variable width slit is described in U.S. Patent No. 5,713,892. The laser beam may also be
tailored by varying the size and offset of the laser spot from an axis of the eye, as described

in U.S. Patent Nos. 5,683,379, 6,203,539, and 6,331,177.

[0086] Still further alternatives are possible, including scanning of the laser beam over
the surface of the eye and controlling the number of pulses and/or dwell time at each
location, as described, for example, by U.S. Patent No. 4,665,913; using masks in the optical
path of laser beam 14 which ablate to vary the profile of the beam incident on the cornea, as
described 1n U.S. Patent No. 5,807,379; hybrid profile-scanning systems in which a variable
size beam (typically controlled by a variable width slit and/or variable diameter iris
diaphragm) is scanned across the cornea; or the like. The computer programs and control
methodology for these laser pattern tailoring techniques are well described in the patent

literature.
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[0087] Additional components and subsystems may be included with laser system 10, as
should be understood by those of skill in the art. For example, spatial and/or temporal
integrators may be included to control the distribution of energy within the laser beam, as
described in U.S. Patent No. 5,646,791. Ablation effluent evacuators/filters, aspirators, and
other ancillary components of the laser surgery system are known in the art. Further details of
suitable systems for performing a laser ablation procedure can be found in commonly
assigned U.S. Patent Nos. 4,665,913, 4,669,466, 4,732,148, 4,770,172, 4,773,414, 5,207,668,
5,108,388, 5,219,343, 5,646,791 and 5,163,934. Suitable
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systems also include commercially available refractive laser systems such as those manutactured
and/or sold by Alcon, Bausch & Lomb, Nidek, WaveLight, LaserSight, Schwind, Z.eiss-Meditec,
and the like. Basis data can be further characterized for particular lasers or operating conditions,

by taking into account localized environmental variables such as temperature, humidity, airtlow,

and aspiration.

[0088] Fig. 2 is a simplified block diagram of an exemplary computer system 22 that may be
used by the laser surgical system 10 of the present invention. Computer system 22 typically
includes at least one processor 52 which may communicate with a number of peripheral devices
via a bus subsystem 54. These peripheral devices may include a storage subsystem 56,
comprising a memory subsystem 58 and a file storage subsystem 60, user interface input devices
62, user interface output devices 64, and a network interface subsystem 66. Network interface
subsystem 66 provides an interface to outside networks 68 and/or other devices, such as the

wavefront measurement system 30.

[0089] User interface input devices 62 may include a keyboard, pointing devices such as a
mouse, trackball, touch pad, or graphics tablet, a scanner, foot pedals, a joystick, a touchscreen
incorporated into the display, audio input devices such as voice recognition systems,
microphones, and other types of input devices. User input devices 62 will often be used to
download a computer executable code from a tangible storage media 29 embodying any of the
methods of the present invention. In general, use of the term “input device” is intended to
include a variety of conventional and proprietary devices and ways to input information into

computer system 22.

[0090] User interface output devices 64 may include a display subsystem, a printer, a fax
machine, or non-visual displays such as audio output devices. The display subsystem may be a
cathode ray tube (CRT), a flat-panel device such as a liquid crystal display (LCD), a projection
device, or the like. The display subsystem may also provide a non-visual display such as via
audio output devices. In general, use of the term “output device” is intended to include a variety
of conventional and proprietary devices and ways to output information from computer system

22 to a user.

[0091] Storage subsystem 56 can store the basic programming and data constructs that provide
the functionality of the various embodiments of the present invention. For example, a database
and modules implementing the functionality of the methods of the present invention, as

described herein, may be stored in storage subsystem 56. These software modules are generally
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executed by processor 52. In a distributed environment, the software modules may be stored on
a plurality of computer systems and executed by processors of the plurality of computer systems.

Storage subsystem 56 typically comprises memory subsystem 58 and file storage subsystem 60.

[0092] Memory subsystem 58 typically includes a number of memories including a main
random access memory (RAM) 70 for storage of instructions and data during program execution
and a read only memory (ROM) 72 in which fixed instructions are stored. File storage
subsystem 60 provides persistent (non-volatile) storage for program and data files, and may
include tangible storage media 29 (Fig. 1) which may optionally embody wavefront sensor data,
- wavefront gradients, a wavefront elevation map, a treatment map, and/or an ablation table. File
storage subsystem 60 may include a hard disk drive, a floppy disk drive along with associated
removable media, a Compact Digital Read Only Memory (CD-ROM) drive, an optical drive,
DVD, CD-R, CD-RW, solid-state removable memory, and/or other removable media cartridges
or disks. One or more of the drives may be located at remote locations on other connected
computers at other sites coupled to computer system 22. The modules implementing the

functionality of the present invention may be stored by file storage subsystem 60.

[0093] Bus subsystem 54 provides a mechanism for letting the various components and
subsystems of computer system 22 communicate with each other as intended. The various
subsystems and components of computer system 22 need not be at the same physical location but
may be distributed at various locations within a distributed network. Although bus subsystem 54,
is shown schematically as a single bus, alternate embodiments of the bus subsystem may utilize

multiple busses.

[0094] Computer system 22 itself can be of varying types including a personal computer, a
portable computer, a workstation, a computer terminal, a network computer, a control system in
a wavefront measurement system or laser surgical system, a mainframe, or any other data
processing system. Due to the ever-changing nature of computers and networks, the description
of computer system 22 depicted in Fig. 2 is intended only as a specific example for purposes of
illustrating one embodiment of the present invention. Many other configurations of computer

system 22 are possible having more or less components than the computer system depicted in

Fig. 2.

[0095] Referring now to Fig. 3, one embodiment of a wavefront measurement system 30 1s
schematically illustrated in simplified form. In very general terms, wavefront measurement

system 30 is configured to sense local slopes of a gradient map exiting the patient’s eye. Devices
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based on the Hartmann-Shack principle generally include a lenslet array to sample the gradient
map uniformly over an aperture, which is typically the exit pupil of the eye. Thereafter, the local

slopes of the gradient map are analyzed so as to reconstruct the wavefront surface or map.

[0096] More specifically, one wavefront measurement system 30 includes an image source 32,
such as a laser, which projects a source image through optical tissues 34 of eye E so as to form
an image 44 upon a surface of retina R. The image from retina R is transmitted by the optical
system of the eye (e.g., optical tissues 34) and imaged onto a wavefront sensor 36 by system
optics 37. The wavefront sensor 36 communicates signals to a computer system 22' for
measurement of the optical errors in the optical tissues 34 and/or determination of an optical
tissue ablation treatment program. Computer 22' may include the same or similar hardware as
the computer system 22 illustrated in Figs. 1 and 2. Computer system 22' may be 1n
communication with computer system 22 that directs the laser surgery system 10, or some or all
of the components of computer system 22, 22' of the wavefront measurement system 30 and
laser surgery system 10 may be combined or separate. If desired, data from wavefront sensor 36
may be transmitted to a laser computer system 22 via tangible media 29, via an I/O port, via an

networking connection 66 such as an intranet or the Internet, or the like.

[0097] Wavefront sensor 36 generally comprises a lenslet array 38 and an image sensor 40. As
the imagé from retina R is transmitted through optical tissues 34 and imaged onto a surface of
image sensor 40 and an image of the eye pupil P is similarly imaged onto a surface of lenslet
array 38, the lenslet array separates the transmitted image into an array of beamlets 42, and (in
combination with other optical components of the system) images the separated beamlets on the
surface of sensor 40. Sensor 40 typically comprises a charged couple device or “CCD,” and
senses the characteristics of these individual beamlets, which can be used to determine the
characteristics of an associated region of optical tissues 34. In particular, where image 44
comprises a point or small spot of light, a location of the transmitted spot as imaged by a beamlet

can directly indicate a local gradient of the associated region of optical tissue.

[0098] Eye E generally defines an anterior orientation ANT and a posterior orientation POS.
Image source 32 generally projects an image in a posterior orientation through optical tissues 34
onto retina R as indicated in Fig. 3. Optical tissues 34 again transmit image 44 from the retina
anteriorly toward wavefront sensor 36. Image 44 actually formed on retina R may be distorted
by any imperfections in the eye’s optical system when the image source is originally transmitted
by optical tissues 34. Optionally, image source projection optics 46 may be configured or

adapted to decrease any distortion of image 44.
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[0099] In some embodiments, image source optics 46 may decrease lower order optical
errors by compensating for spherical and/or cylindrical errors of optical tissues 34. Higher
order optical errors of the optical tissues may also be compensated through the use of an
adaptive optic element, such as a deformable mirror (described below). Use of an image
source 32 selected to define a point or small spot at image 44 upon retina R may facilitate the
analysis of the data provided by wavefront sensor 36. Distortion of image 44 may be limited
by transmitting a source image through a central region 48 of optical tissues 34 which is
smaller than a pupil 50, as the central portion of the pupil may be less prone to optical errors
than the peripheral portion. Regardless of the particular image source structure, it will be

generally be beneficial to have a well-defined and accurately formed image 44 on retina R.

[0100] In one embodiment, the wavefront data may be stored in a computer readable
medium 29 or a memory of the wavefront sensor system 30 in two separate arrays containing
the x and y wavefront gradient values obtained from image spot analysis of the Hartmann-
Shack sensor images, plus the x and y pupil center offsets from the nominal center of the
Hartmann-Shack lenslet array, as measured by the pupil camera 51 (Fig. 3) image. Such
information contains all the available information on the wavefront error of the eye and 1s
sufficient to reconstruct the wavefront or any portion of it. In such embodiments, there is no
need to reprocess the Hartmann-Shack image more than once, and the data space required to
store the gradient array is not large. For example, to accommodate an image of a pupil with
an 8§ mm diameter, an array of a 20 x 20 size (i.e., 400 elements) is often sufficient. As can be
appreciated, in other embodiments, the wavefront data may be stored in a memory of the

wavetront sensor system in a single array or multiple arrays.

[0101] While the methods of the present invention will generally be described with
reference to sensing of an image 44, a series of wavefront sensor data readings may be taken.
For example, a time series of wavefront data readings may help to provide a more accurate
overall determination of the ocular tissue aberrations. As the ocular tissues can vary in shape
over a brief period of time, a plurality of temporally separated wavefront sensor

measurements can avoid relying on a single snapshot of the optical characteristics as the
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basis for a refractive correcting procedure. Still further alternatives are also available,
including taking wavefront sensor data of the eye with the eye in differing configurations,
positions, and/or orientations. For example, a patient will often help maintain alignment of
the eye with wavefront measurement system 30 by focusing on a fixation target, as described
in U.S. Patent No. 6,004,313. By varying a position of the fixation target as described in that
reference, optical characteristics of the eye may be determined while the eye accommodates

or adapts to image a field of view at a varying distance and/or angles.

[0102] The location of the optical axis of the eye may be verified by reference to the data
provided from a pupil camera 52. In the exemplary embodiment, a pupil camera 52 images
pupil 50 so as to determine a position of the pupil for registration of the wavefront sensor

data relative to the optical tissues.

[0103] An alternative embodiment of a wavefront measurement system is illustrated in
Fig. 3A. The major components of the system of Fig. 3A are similar to those of Fig. 3.
Additionally, Fig. 3A includes an adaptive optical element 53 in the form of a deformable
mirror. The source image is reflected from deformable mirror 98 during transmission to
retina R, and the deformable mirror is also along the optical path used to form the transmitted
1mage between retina R and imaging sensor 40. Deformable mirror 98 can be controllably
deformed by computer system 22 to limit distortion of the image formed on the retina or of
subsequent 1mages formed of the images formed on the retina, and may enhance the accuracy

of the resultant wavefront data. The structure and use of the system of Fig. 3A are more fully
described in U.S. Patent No. 6,095,651.

[0104] The components of an embodiment of a wavefront measurement system for

¥ available

from VISX, INCORPORATED of Santa Clara, California. One embodiment includes a
®

measuring the eye and ablations may comprise elements of a VISX WaveScan

WaveScan~ with a deformable mirror as described above. An alternate embodiment of a
wavefront measuring system is described in U.S. Patent No. 6,271,915. It is appreciated that

any wavefront aberrometer could be employed for use with the present invention.
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[0105] The present invention is useful for enhancing the accuracy and efficacy of
photorefractive keratectomy (PRK), laser in situ keratomileusis (LASIK), laser assisted

epithelium keratomileusis (LASEK), and the like. The present invention can provide

enhanced optical correction approaches by improving the methodology for scaling an optical

5 shape, or by generating or deriving new optical shapes, and the like.

[0106] The techniques of the present invention can be readily adapted for use with
existing laser systems, including the VISX Excimer laser eye surgery systems commercially
available from VISX of Santa Clara, California. Other suitable laser systems are

manufactured by Alcon, Bausch & Lomb, Wavelight, Schwind, Zeiss-Meditec, Lasersight,
10  Nidek and the like. By
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providing improved corneal ablation profiles for treating optical defects, the present invention
may allow enhanced treatment of patients who have heretofore presented difficult or complicated
treatment problems. When used for determining, deriving, and/or optimizing prescriptions for a
particular patient, the systems and methods may be implemented by calculating prescriptions for
a range of patients, for example, by calculating discrete table entries throughout a range of
patient characteristics, deriving or empirically generating parametric patient
characteristic/prescription correlations, and the like, for subsequent use in generating patient-

specific prescriptions.

[0107] When designing a prescriptive shape for an eye treatment, 1t 1s useful to select a
mathematical gauge of optical quality appropriate for the vision condition for use as a goal
function. This allows for quantification and optimization of the shape, and for comparison
among different shapes. The present invention provides methods for establishing a customized
optical shape for a particular patient based on a set of patient parameters per the goal function.
By incorporating iterative optimization algorithms, it is also possible to generate a shape having

an optimized level of optical quality for the particular patient.

[0108] Selecting A Goal Function Appropriate For A Vision Condition

[0109] The goal function relates to optical quality, and it can be, for example, based on, or a
function of (or related to) optical metrics such as Strehl ratio (SR), modulation transter function
(MTF), point spread function (PSF), encircled energy (EE), MTF volume or volume under MTF
surface (MTFV), or contrast sensitivity (CS); and optionally to new optical metrics which are
appropriate to vision conditions such as presbyopia; for instance, compound modulation transfer
function (CMTF) as described below. In optical terms, the goal function should make sense.
That is to say, minimization or maximization of the goal function should give a predictable
optimized optical quality of the eye. The goal function can be a function with a certain number

of free parameters to be optimized (minimized) through an optimization, or minimization,

algorithm.

[0110] Although there are many types of goal functions available for use with the present
invention, the discussion below generally touches on two broad schools of goal functions. Ina
Diffraction Theory based approach, the shape is considered as a wave aberration. Typically, a
Fourier transform is employed for calculating optical quality related parameters, such as Strehl
ratio (SR), modulation transfer function (MTF), MTF volume or volume under MTF surface
(MTFV), compound modulation transfer function (CMTF), or contrast sensitivity (CS), encircled
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energy (EE) (based on point spread function), as well as special cases that combine one or more
of these parameters, or values of the parameters in specific situations (such as MTF at spatial
frequency or encircled energy at a field of view), or integration of any parameters (volume of
MTF surface at all frequencies or up to a cutoff frequency, for example 60 cycles/degree or 75
cycles/degree, because 60 cycles/degree is the retina cone’s limiting spatial frequency). Ina
Geometrical Optics approach, or the so-called ray tracing approach, the optical effect is based on
ray tracing. With both the Diffraction Theory and the Geometrical Optics approaches,
polychromatic point spread function with Stiles-Crawford effect, chromatic aberrations as well

as retina spectral response function can be used.

[0111] Monochromatic point spread function (PSF) has been used for describing optical
defects of optical systems having aberrations. Due to the simple relationship between wave
aberrations and the PSF for an incoherent light source, Fourier transform of the generalized pupil
function has been used in the calculation of point spread functions. Most optical applications,
however, do not use a monochromatic light source. In the case of human vision, the source 1s
essentially white light. Thus, there are limitations associated with the use of monochromatic PSF .

as a goal function.

[0112] Polychromatic point spread function (PSF) with correct chromatic aberrations, Stiles-
Crawford effect as well as retina response function, can be used for optical modeling of human
eyes. Here, chromatic aberrations arise because light composed of different wavelengths will
focus either in front of the retina or behind it. Only portions of the light will focus exactly on the
retina. This gives the eye an extended depth-of-focus, i.e., if one has focusing error of some
amount, the eye is still capable of focusing at least for some wavelengths. Therefore, chromatic
aberrations in fact help the correction of presbyopia. If the depth-of-focus is sufficiently large,
there would be no presbyopia problem. Unfortunately, the chromatic aberrations are not large
enough and it also varies with the wavelength. Stiles-Crawford effect, also known as pupil
apodization, is due to the waveguide property of the retinal cones. Light from the pupil
periphery has a slightly less chance of being detected by the retina because the ray of light might
not reach the bottom of the cone, due to a slight incident angle. As for the retinal spectral
response function, it is known that the cones, which are responsible for daylight vision, have
different sensitivity to different wavelengths. Only green light is absorbed by the eye almost
completely. Both blue light and red light are absorbed by the eye partially.

[0113] Once the PSF is calculated, calculation of the Strehl ratio is straightforward. Strehl
ratio can be defined as the ratio of the peak of the point spread function (PSF) of an optical
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system to the peak of a diffraction-limited optical system with the same aperture size. An
example of a Strehl ratio is shown in Fig. 27A. A diffraction-limited optical system i1s typically
a system with no aberrations, or optical errors. It can be an ideal or perfect optical system,

having a Strehl ratio of 1.

[0114] The goal function can also be a function of modulation transter function (MTF).
Modulation transfer function can be used to predict visual performance. Typically, the MTF at
one spatial frequency corresponds to one angular extend of features of targets. The modulation

transfer function (MTF) can be calculated with the following formulations:

MTF(u,v) = FT[PSF(x,y)]

MTF(u,v) = Re[GPF(x,y) ® GPF(x,y)]
where u and v represent spatial frequencies, Re represents the real part of a complex number, FT

represents a Fourier Transform, GPF represents a generalized pupil function, and x and y

represent position or field of view. An example of an MTF is shown in Fig. 27B.

[0115] Modulation transfer function (MTF) is a measure for how much spatial details are
transferred from pupil space to imaging space (retina in the case of human eye). MTF can be

related to contrast sensitivity (CS). Mathematically MTF can be defined as the Fourier transform

of the point spread function as

h(u,v) = [ [iCx, y)exp[-i2n (ux +vy)]dxdy ,

where i(x,y) is the point spread function (PSF). Calculation of PSF can be done with the Fourier

transform of the generalized pupil function.

[0116] MTF at a specific spatial frequency can represent the percentage of the sinusoidal wave
of a specific spatial frequency that is preserved after going through the optical system. MTF at
30 cycles/degree and at 60 cycles/degree are considered as important because 30 cpd
corresponds to 20/20 visual acuity and 60 cpd corresponds to 20/10 visual acuity, the highest
spatial resolution the cones in the retinal can process. MTYF at other spatial frequencies may also

be useful.

[0117] The volume under the MTF surface up to a certain spatial frequency (such as 60 cpd)

can be meaningful as it includes all spatial frequency information. In some cases, it is desirable
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to use the volume under MTF surface within a band (i.e. from one specific spatial frequency to

another specific spatial frequency).

Compound Modulation Transfer Function

[0118] Compound MTF can be calculated as a linear combination of MTF at certain spatial

frequencies, normalized at diffraction-limited MTF, and can be represented by the following

formula

where 7 is the number of MTF curves, ¢; is the reciprocal of the ith diffraction-limited MTF, and
h; is the ith MTF curve. The selection of certain spatial frequencies can depend on the
importance of each frequency. For example, in the case of presbyopia, 20/40 vision may be
more important than 20/20 as the distance vision is often compromised by the improved near
vision. Figs 4A and 4B show an examples of an CMTF curve as well as it’s individual MTF
curves at different specific spatial frequencies. In a perfect optical system, CMTF is equal to

one.

[0119] In arelated embodiment, the compound MTF can be calculated as

FO) = (o, MTF, + a,MTF, + 0., MTF,)/3
where MTF;, MTF,, and MTFj; are the MTF values at 10 cycles/degree, 20 cycles/degree and 30
cycles/degree, respectively. These correspond to Snellen eye chart of 20/60, 20/40 and 20/20

visions, respectively. The weighting coefficients o, o, o3 can be chosen so that 1/a, 1/0, 1/a3

are the diffraction-limited MTF at these spatial frequencies, respectively. Theretfore, in the

diffraction-limited case, the compound MTF F(v) can have a maximal value of unity.

[0120] Where MTF at one spatial frequency corresponds to one angular extend of features of
targets, compound MTF can be calculated as linear combination of MTF at different spatial
frequencies normalized by a diffraction-limited MTF, and can similarly be used to predict visual

outcome. Another general formula for the calculation of CMTF as a function of visual vergence

(nu) is

CMTF (v) = L > o, MTF,(v)
()

i=l1
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where a; is the reciprocal of the i-th diffraction-limited MTF. This formula can provide CMTF
for all possible vergence. In some cases, three MTF curves at 10, 20 and 30 cycles per degree
are used. An ideal value of CMTF can be about 1. Good values can be about 0.2 or about 0.3.
In a healthy eye, the spatial frequency limit can be about 60 cycles per degree due to the
configuration of retina cones. However, in the treatment of presbyopia, for example, it may not
be necessary to provide a treatment corresponding to this limit, as the treatment will often
involve a compromise of good distance and near sight. Optionally, a minimum distance vision
gauge desired target may be provided, with near sight being optimized and, as needed,

compromised.

[0121] Fig. 4A illustrates an example of the compound MTTF over a vergence of 3 diopters
(upper panel) versus its corresponding individual MTF curves at 15, 30, and 60 cycles per degree
(lower panel). Fig. 4B illustrates an example of the compound MTF over a vergence ot 3
diopters (upper panel) versus its corresponding individual MTF curves at 10, 20, and 30 cycles
per degree (lower panel). Compound MTF can correlate well with visual acuity and contrast
sensitivity at the same time, at least optically. In some embodiments, the compound modulation
transfer function is determined for individual MTF curves at 30, 45, and 60 cpd. The selection of
the individual MTF curve values can involve a linear combination based on the optical response

of the eye.

[0122] In general, there can be two different types of cutoff spatial frequencies, and each
involves a factors that affect acuity. Cutoff spatial frequency can correspond to the maximum
spatial frequency, above which information can no longer be used. Whereas most individuals
can discern information from objects having very low spatial frequency, as the spatial frequency
increases, it is typically increasingly more difficult for an individual to discern information from
such objects. At some threshold, an increased spatial frequency no longer yields increased

information.

[0123] A first type of cutoff spatial frequency is related to aperture dimension. In this case, a
system having a larger aperture (e.g. an eye with a larger pupil) will correspond to a larger cutoft
spatial frequency. Conversely, a system having a smaller aperture (e.g. an eye with a smaller
pupil) will correspond to a smaller cutoff spatial frequency. Often, such cutoff spatial
frequencies will be linearly dependent on a pupil dimension, for example the pupil diameter.

Smaller pupil sizes typically correspond to an extended, or larger, depth of focus. Relatedly,
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smaller pupil sizes often result in lower resolution. Assuming there are no aberrations, a larger

pupil size is thought to confer increased resolution.

[0124] A second type of cutoff spatial frequency typically depends on the spacing of cones on
the retina of the eye. With this type of cutoff spatial frequency, the standard value is 30 cpd,
which corresponds to 20/20 vision. Another value, 60 cpd, corresponds to 20/10 vision and 1S
often considered a physiological limit. In such cases, the retinal cones are very closely spaced.

The spacing of retinal cones will vary among individuals.

[0125] In the example of presbyopia treatment, it may be desirable to maintain a lower spatial
frequency. In some cases, presbyopia will involve a compromise between distance and near
vision. It may be difficult to achieve high spatial resolution, thus enhancing the desirability of
emphasizing lower and medium spatial frequency information. In other words, high spatial
frequency information may be sacrificed in order to improve the combination of near and

distance vision.

[0126] As noted above, a compound modulation transfer function can include individual MTF
curves at various combinations of spatial frequencies, such as 15, 30, and 60 cycles per degree
and 10, 20, and 30 cycles per degree. An individual MTF can have a value ranging from about 5
cycles per degree to about 75 cycles per degree. In many instances, at least one individual MTF
of a CMTF will range from about 10 cycles per degree to about 30 cycles per degree, and can
often be about 20 cycles per degree. Where a CMTF includes three individual MTF’s, a first
individual MTF can range from about 5 cycles per degree to about 20 cycles per degree, a second
individual MTF can range from about 15 cycles per degree to about 45 cycles per degree, and a
third individual MTF can range from about 30 cycles per degree to about 75 cycles per degree.

In some circumstances, the upper limit of an individual MTF can be about 60 cycles per degree.

[0127] In some cases, the CMTF will be based on an average of the individual MTF curves. In
some embodiments, the present invention provides compound modulation transfer functions that
correspond to three, four, five, or any number of individual modulation transfer functions. For
example, a CMTF can include from about 2 to about 7 individual MTF’s. A CMTF can also
include from about 3 to about 6 individual MTF’s.

[0128] Individual MTEF’s can correspond to a curve through a certain vergence. Typically, a
target at a far distance corresponds to a small vergence value. As a target moves closer to the
eye, the vergence increases. The individual MTF’s can be based on a value ranging from about

zero to about three diopters.
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[0129] The individual MTF’s can be selected based on any number of criteria, such as
empirical data or clinical observations. Relatedly, individual MTF’s can be chosen for pure
testing purposes. The CMTF can provide a parameter to evaluate the effectiveness of a treatment
for a vision condition, such as presbyopia. Often, the CMTF will correlate with a particular

visual outcome.

[0130] To establish an optically optimized shape appropriate for a vision condition, at least one
of the goal functions, such as Strehl ratio, encircled energy, or MTF, MTF volume or volume
under MTF surface (MTFV), compound modulation transfer function (CMTF), or contrast
sensitivity (CS) should be maximized. For improved vision condition treatment, the optical
metric can be maximized in all target vergence, that is, for targets at all distances. Furthermore,
it is also desirable to minimize the fluctuation of the goal function. Therefore, the goal function,

which is incorporated into the optimization algorithm of the optimizer, can be defined as

f"aﬁ;

J':O Fv)dv

O(C],Cz,...,PAR) =(I+oc)(I+PV)

where O is the goal function; ¢, ¢», ... are the polynomial coefficients; PAR is presbyopia-add to
pupil ratio (described below); v is the vergence; F(v) is one of the optical metrics; o 1s the
standard deviation of F(v), PV is the peak-to-valley of F(v); and vy is the end point of the

vergence range, which may be (for example) between 15 and 100 cm, such as 40 cm. Because

jdv is a constant, either a smaller ¢ or a larger I F(v)dv can minimize the goal function O.

[0131] The formulas given here are examples of the many formulae that can be used as the
goal function. The basic approach will often be to provide a goal function that is optimized to

give as practical a solution as possible for correction or treatment of the vision condition.

[0132] The compound MTF may reflect to what extent information is being modulated when
passing through an optical system. For example, CMTF can represent the percentage of

information at different spatial frequencies that is retained.

Selecting An Iterative Optimization Algorithm

[0133] Any of a number of optimization algorithms may be used by the optimizer to maximize,
minimize, or otherwise globally or locally optimize the goal function. Because many numerical
algorithms use function minimization concept, it is often convenient, but not necessarily

required, to use minimization of the goal function. As examples, N-dimensional minimization
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algorithms such as the Downhill Simplex method, the Direction Set method, and the
Simulated Annealing method can be used to optimize the goal function. Likewise, the
algorithm described by Press et al., in “Numerical Recipes in C++”, Cambridge University

Press, 2002 can also be used. Algorithms such as those listed above are often used for

function optimization in multi-dimensional space.

[0134] The Downhill Simplex method starts with an initialization of N+1 points or
vertices to construct a simplex for an N-dimensional search, and in every attempt tries to
retlect, stretch, or shrink the simplex by geometrical transformation so that a close-to-global
minimum <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>