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SYSTEMS AND METHOD FOR EVALUATING TREATMENT TABLES
FOR REFRACTIVE SURGERY

[0001] This Patent Cooperation Treaty application claims the benefit of U.S. Non-Provisional
Application No. 12/749,751, filed on March 30, 2010, and assigned to the assignee of the present
application. The disclosure of these applications are hereby incorporated herein by reference in

their entirety.

BACKGROUND OF THE INVENTION
[0002] Embodiments of the present invention relate generally to the field of optical correction,
and in particular encompass methods, devices, and systems for evaluating treatment tables for

use in treating patients presenting vision conditions.

[0003] In a typical refractive surgical procedure, aberrations of the patient's eye are examined
with wavefront analysis or other measurement procedures. In turn, the measurement information
can be used to generate a treatment table for the patient. Laser eye surgery systems and other

vision treatment techniques often involve the use of such treatment tables.

[0004] A laser treatment table can include, for example, a listing of coordinate references for
delivery of a laser beam during an ablation of the cornea. In some cases, a treatment table
includes the value of the discrete radial and angular positions of the optomechanical elements
used to scan an image over a portion of the anterior corneal surface. Treatment tables may also
contain laser pulse instructions such as size, location, sequence, and the number of laser pulses
per position. In order to provide a patient with an effective, predictable, and safe surgical

procedure, it is important to generate and implement a treatment table which is accurate.

[0005] Although current and proposed treatment devices and methods may provide real
benefits to patients in need thereof, still further advances would be desirable. For example, there
continues to be a need for improved ablation systems and methods that accurately assess, verify,
and validate treatment tables. Embodiments of the present invention provide solutions that
address certain limitations which may be associated with known techniques, and hence provide

answers to at least some of these outstanding needs.
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BRIEF SUMMARY OF THE INVENTION
[0006] Embodiments of the present invention encompass systems and methods for validating
or qualifying treatment tables for use in refractive surgery procedures. These techniques ensure
that treatment tables are generated as intended for a particular patient, and are not created
unexpectedly. Exemplary validation techniques involve the use of a standalone, independent
procedure which includes comparing an intended refraction with an expected optical refraction
based on a treatment table that is intended for use with the patient. In some cases, the treatment
table is qualified or approved to be released for use only if the difference between the intended
refraction and the expected refraction is within a pre-defined tolerance. Hence, embodiments of
the present invention provide improvements in ablation control, laser, ablation profile generation,
treatment generation, and process or software verification and validation. Relatedly, techniques
for evaluating a treatment table as described herein can be used to increase the safety of an

ophthalmologic refractive surgery.

[0007] In an exemplary approach, laser pulse instructions, which may include size, location,
and sequence information, can be used to derive an expected optical refraction, which is then
compared with an intended refraction for the patient. Some evaluation or verification methods
may include inputting a treatment table containing laser ablation instructions, and calculating an
expected optical refraction based on the laser instructions, where the expected refraction includes
sphere, cylinder, and axis components. Methods may also include inputting an intended optical
refraction for a patient, where the intended refraction includes sphere, cylinder, and axis
components, and evaluating or verifying the treatment table by comparing the expected and
intended refractions. If the expected refraction is sufficiently similar to the intended refraction,
the treatment table may be approved for use. If the expected refraction deviates significantly
from the intended refraction, however, the treatment table can be disqualified. Hence,
embodiments of the present invention provide a beneficial safety feature for refractive surgery

procedures.

[0008] In a first aspect, embodiments of the present invention encompass methods of
evaluating a treatment table for use in an ophthalmologic refractive surgery for a patient.
Methods may include, for example, inputting a treatment table containing laser ablation
instructions for treating the patient into a treatment instructions module, determining a simulated
ablation for the patient based on the laser ablation instructions with a simulation ablation

module, inputting a pupil dimension of the patient into a pupil dimension module, and
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determining an expected optical refraction for the patient based on the pupil dimension and the
simulated ablation with an expected optical refraction module, where the expected optical
refraction for the patient is dependent on a sphere ophthalmic term characterized by a set of
second radial order polynomial terms, a cylinder ophthalmic term characterized by the set of
second radial order polynomial terms, and an axis ophthalmic term characterized by the set of
second radial order polynomial terms, and where the expected optical refraction profile is
independent of a piston ophthalmic term characterized by a zero radial order polynomial term, an
x-tilt ophthalmic term characterized by a set of first radial order polynomial terms, and a y-tilt
ophthalmic term characterized by the set of first radial order polynomial terms. Methods may
further include inputting an intended optical refraction for the patient into an intended refraction
module, where the intended optical refraction for the patient is dependent on a sphere ophthalmic
term, a cylinder ophthalmic term, and an axis ophthalmic term, and where the intended optical
refraction profile is independent of a piston ophthalmic term, an x-tilt ophthalmic term, and a y-
tilt ophthalmic term. Additionally, methods may include evaluating the treatment table by
comparing the expected and intended optical refractions for the patient with a comparison
module. In some cases, the set of second radial order polynomial terms includes a set of second
radial order Zernike polynomial terms, the zero radial order polynomial term includes a zero
radial order Zernike polynomial term, and the set of first radial order polynomial terms includes
a set of first radial order Zernike polynomial terms. In some cases, the set of second radial order
polynomial terms includes a set of second radial order Seidel power series terms, the zero radial
order polynomial term includes a zero radial order Seidel power series term, and the set of first
radial order polynomial terms includes a set of first radial order Seidel power series terms.
Optionally, the expected optical refraction and the intended optical refraction each correspond to
a common plane. In some instances, the expected optical refraction and the intended optical
refraction each correspond to a corneal plane. In some instances, the pupil dimension of the
patient corresponds to a wavefront diameter related to a wavescan of the patient. In some
instances, the pupil dimensional of the patient comprises a pupil diameter that is equivalent to the
wavefront diameter. According to some embodiments, the pupil dimension of the patient is a
pupil diameter of about 4 mm. Methods may also include determining if a difference between
the expected and intended optical refractions for the patient is within a pre-defined tolerance.
Methods may also include qualifying the treatment table for use in the ophthalmologic refractive

surgery for the patient if the difference between the expected and intended optical refractions is
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within the pre-defined tolerance. Some method may include disqualifying the treatment table for
use in the ophthalmologic refractive surgery for the patient if the difference between the

expected and intended optical refractions is not within the pre-defined tolerance.

[0009] In another aspect, embodiments of the present invention encompass systems for
evaluating a treatment table for use in an ophthalmologic refractive surgery for a patient.
Exemplary systems may include a treatment instructions module that accepts a treatment table
containing laser ablation instructions for treating the patient, a simulation ablation module
having a tangible medium embodying machine-readable code that determines a simulated
ablation for the patient based on the laser ablation instructions, a pupil dimension module that
accepts a pupil dimension of the patient, and an expected optical refraction module having a
tangible medium embodying machine-readable code that determines an expected optical
refraction for the patient based on the pupil dimension and the simulated ablation, where the
expected optical refraction for the patient is dependent on a sphere ophthalmic term
characterized by a set of second radial order polynomial terms, a cylinder ophthalmic term
characterized by the set of second radial order polynomial terms, and an axis ophthalmic term
characterized by the set of second radial order polynomial terms, and where the expected optical
refraction profile is independent of a piston ophthalmic term characterized by a zero radial order
polynomial term, an x-tilt ophthalmic term characterized by a set of first radial order polynomial
terms, and a y-tilt ophthalmic term characterized by the set of first radial order polynomial terms.
Systems may further include an intended refraction module that accepts an intended optical
refraction for the patient, where the intended optical refraction for the patient is dependent on a
sphere ophthalmic term, a cylinder ophthalmic term, and an axis ophthalmic term, and where the
intended optical refraction profile is independent of a piston ophthalmic term, an x-tilt
ophthalmic term, and a y-tilt ophthalmic term. Additionally, systems may include a comparison
module having a tangible medium embodying machine-readable code that evaluates the
treatment table by comparing the expected and intended optical refractions for the patient. In
some system embodiments, the set of second radial order polynomial terms includes a set of
second radial order Zernike polynomial terms, the zero radial order polynomial term includes a
zero radial order Zernike polynomial term, and the set of first radial order polynomial terms
includes a set of first radial order Zernike polynomial terms. In some systems, the expected
optical refraction and the intended optical refraction each correspond to a common plane. In

some systems, the expected optical refraction and the intended optical refraction each correspond
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to a corneal plane. Exemplary systems may also include a validation module having a tangible
medium embodying machine-readable code that determines if a difference between the expected
and intended optical refractions for the patient is within a pre-defined tolerance, and a
qualification module having a tangible medium embodying machine-readable code that qualifies
the treatment table for use in the ophthalmologic refractive surgery for the patient if the
difference between the expected and intended optical refractions is within the pre-defined

tolerance.

[0010] In another aspect, embodiments of the present invention encompass a computer
program product embodied on a tangible computer readable medium that includes computer code
for inputting a treatment table containing laser ablation instructions for treating the patient,
computer code for determining a simulated ablation for the patient based on the laser ablation
instructions, computer code for inputting a pupil dimension of the patient, and computer code for
determining an expected optical refraction for the patient based on the pupil dimension and the
simulated ablation, where the expected optical refraction for the patient is dependent on a sphere
ophthalmic term characterized by a set of second radial order polynomial terms, a cylinder
ophthalmic term characterized by the set of second radial order polynomial terms, and an axis
ophthalmic term characterized by the set of second radial order polynomial terms, and where the
expected optical refraction profile is independent of a piston ophthalmic term characterized by a
zero radial order polynomial term, an x-tilt ophthalmic term characterized by a set of first radial
order polynomial terms, and a y-tilt ophthalmic term characterized by the set of first radial order
polynomial terms. Computer program products may also include computer code for inputting an
intended optical refraction for the patient, where the intended optical refraction for the patient is
dependent on a sphere ophthalmic term, a cylinder ophthalmic term, and an axis ophthalmic
term, and where the intended optical refraction profile is independent of a piston ophthalmic
term, an x-tilt ophthalmic term, and a y-tilt ophthalmic term, and computer code for evaluating
the treatment table by comparing the expected and intended optical refractions for the patient
with a comparison module. For some computer program products, the set of second radial order
polynomial terms includes a set of second radial order Zernike polynomial terms, the zero radial
order polynomial term includes a zero radial order Zernike polynomial term, and the set of first
radial order polynomial terms includes a set of first radial order Zernike polynomial terms. For
some computer program products, the expected optical refraction and the intended optical

refraction each correspond to a common plane. For some computer program products, the
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expected optical refraction and the intended optical refraction each correspond to a corneal plane.
Exemplary computer program products may also include computer code for determining if a
difference between the expected and intended optical refractions for the patient is within a pre-
defined tolerance, and computer code for qualifying the treatment table for use in the
ophthalmologic refractive surgery for the patient if the difference between the expected and

intended optical refractions is within the pre-defined tolerance.

[0011] For a fuller understanding of the nature and advantages of the present invention,
reference should be had to the ensuing detailed description taken in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] Fig. I illustrates a laser ablation system according to an embodiment of the present

invention.

[0013] Fig. 2 illustrates a simplified computer system according to an embodiment of the

present invention.

[0014] Fig. 3 illustrates a wavefront measurement system according to an embodiment of the

present invention.

[0015] Fig. 3A illustrates another wavefront measurement system according to an embodiment

of the present invention.

[0016] Fig. 4 shows aspects of an evaluation system according to embodiments of the present

invention.

[0017] Fig. 4A depicts aspects of an evaluation method according to embodiments of the

present invention.

[0018] Fig. 5 shows aspects of an evaluation system according to embodiments of the present

invention.

[0019] Fig. 6 illustrates aspects of residual error according to embodiments of the present

invention.
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[0020] Fig. 7 illustrates aspects of residual sphere and cylinder according to embodiments of

the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0021] Embodiments of the present invention include systems and methods which use
treatment table content (e.g. laser pulse instructions) to derive or generate an expected optical
refraction, and compare that expected refraction with an intended refraction for the patient
Typically, optical refractions include sphere, cylinder, and axis components. In addition to the
treatment table laser instructions, the derived expected refraction may also take into account the
treatment or vertex plane, for example to ensure that the derived refraction plane matches the
intended refraction plane. Further, embodiments of the present invention provide systems and
methods for treatment table validation that implement a separate, independent set of code to
ensure that a planned refraction in the treatment table is consistent with the desired refraction.
Thus, an exemplary method may involve inputting an intended refraction for a patient, inputting
a treatment table containing laser ablation instructions, calculating an expected optical refraction
based on the treatment table and optionally a vertex or treatment plane parameter, comparing the
expected optical refraction with the intended refraction, and evaluating the treatment table based
on the comparison of the expected optical refraction with the input refraction. If the expected
optical refraction deviates significantly from the intended refraction, the treatment table will be

disqualified.

[0022] In some cases, an intended optical refraction is dependent upon ophthalmic sphere,
cylinder, and axis terms that are not based on Zernike values, whereas an expected optical
refraction is dependent on sphere, cylinder, and axis terms that are based on Zernike values.
Intended optical refractions, such as those dependent on ophthalmic sphere, cylinder, and axis
terms, can be related to Zernikes (e.g. wavefront-guided), or physician input (e.g. VSS
Refractive™ technique, non-wavefront guided, or manifest refraction). Optionally, wavefront-

guided or nonwavefront-guided data can be used on conjunction with a physician adjustment.

[0023] Embodiments of the present invention can be readily adapted for use with existing laser
systems, wavefront measurement systems, and other optical measurement devices. Although the
systems, software, and methods of the present invention are described primarily in the context of

a laser eye surgery system, it should be understood the present invention may be adapted for use
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in alternative eye treatment procedures, systems, or modalities, such as spectacle lenses,
intraocular lenses, accommodating IOLs, contact lenses, corneal ring implants, collagenous
corneal tissue thermal remodeling, corneal inlays, corneal onlays, other corneal implants or
grafts, and the like. Relatedly, systems, software, and methods according to embodiments of the
present invention are well suited for customizing any of these treatment modalities to a specific
patient. Thus, for example, embodiments encompass custom intraocular lenses, custom contact
lenses, custom corneal implants, and the like, which can be configured to treat or ameliorate any
of a variety of vision conditions in a particular patient based on their unique ocular
characteristics or anatomy. Aspects of techniques described herein can be implemented in a
variety of laser and aberrometer devices, including without limitation the VISX WaveScan
WaveFront® System and VISX STAR S4® Excimer Laser System, the Wavelight® Alegretto
and Tscherning-based aberrometer; the Alcon Ladarvision® lasers and Ladarwave®
aberrometer; the Bausch and Lomb Zyoptix® laser and related aberrometer, and the Zeiss® laser

and WASCA® aberrometer.

[0024] 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 is 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.

[0025] 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
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.
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[0026] 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
storage 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 and 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 an 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.

[0027] 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
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 wavefront
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, the full disclosure of which is incorporated

herein by reference.
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[0028] 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 full disclosure of which is incorporated
herein by reference. 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, the full disclosures of which are incorporated herein by reference.

[0029] 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, the full disclosure of which is
incorporated herein by reference; 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 in U.S. Patent No. 5,807,379,
the full disclosure of which is incorporated herein by reference; 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.

[0030] 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, the full disclosure of which is incorporated herein by
reference. 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. Pat. 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, the complete disclosures of which are incorporated herein by reference. Suitable
systems also include commercially available refractive laser systems such as those manufactured
and/or sold by Alcon, Bausch & Lomb, Nidek, WaveLight, LaserSight, Schwind, Zeiss-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, airflow,

and aspiration.

10
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[0031] 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.

[0032] 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.

[0033] 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.

[0034] 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
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.

11
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[0035] 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.

[0036] 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.

[0037] 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.

[0038] Referring now to FIG. 3, one embodiment of a wavefront measurement system 30 is
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

based on the Hartmann-Shack principle generally include a lenslet array to sample the gradient
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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.

[0039] 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 in
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 1/O port, via an

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

[0040] Wavefront sensor 36 generally comprises a lenslet array 38 and an image sensor 40. As
the image 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.

[0041] 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
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by optical tissues 34. Optionally, image source projection optics 46 may be configured or

adapted to decrease any distortion of image 44.

[0042] 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.

[0043] 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 is 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 wavefront sensor system in a

single array or multiple arrays.

[0044] 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 basis for a refractive

correcting procedure. Still further alternatives are also available, including taking wavefront
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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, the full
disclosure of which is incorporated herein by reference. 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.

[0045] 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.

[0046] 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 image
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 images
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, the full disclosure of which is incorporated herein by reference.

[0047] The components of an embodiment of a wavefront measurement system for measuring
the eye and ablations may comprise elements of a WaveScan® system, available from VISX,
INCORPORATED of Santa Clara, California. One embodiment includes a WaveScan system 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, the full disclosure of which is incorporated
herein by reference. It is appreciated that any wavefront aberrometer could be employed for use
with the present invention. Relatedly, embodiments of the present invention encompass the
implementation of any of a variety of optical instruments provided by WaveFront Sciences, Inc.,
including the COAS wavefront aberrometer, the ClearWave contact lens aberrometer, the

CrystalWave IOL aberrometer, and the like.
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[0048] Fig. 4 depicts aspects of an evaluation system 400 according to embodiments of the
present invention. As shown here, system 400 may include an Input Refraction module 412, a
Wavefront module 422, a Zernike Reconstruction module 424, a Wavefront Refraction module
426, a Physician Adjustment module 432, a Nomogram Adjustment module 434, an Intended
Refraction module 436, a Treatment Instructions module 442, a Pupil Dimension module 443, a
Simulated Ablation module 444, a Zernike Decomposition module 446, an Expected Refraction

module 448, and a Comparison module 452.

Input Refraction

[0049] The Input Refraction module 412 can operate to receive, process, and transmit
information related to original refractions from the patient, such as VSS Refractive™ technology
(Variable Spot Scanning) data, or manifest or subjective refraction. This information can
correspond to non-wavefront guided data. According to some embodiments, Input Refraction
module 412 can be configured to receive information regarding the refractive error of a patient.
Such refractive error information may include sphere, cylinder, cylinder axis, and vertex distance
data. Hence, low order aberration information can be used. For example, refractive error
information may correspond to input cases such as myopia or hyperopia. In some cases, the
refractive error information may be obtained at or correlated with a spectacle plane (e.g. 12.5
mm vertex). Input Refraction module 412 can also be configured to convert the input refractive
error information to refractive error information relative to the corneal plane. Such plane
conversion techniques are discussed in G.-m. Dai, Wavefront Optics for Vision Correction (SPIE
Press, 2008), which is incorporated herein by reference. Plane conversion techniques can
correspond to a vertex distance change or adjustment. Embodiments of the present invention
encompass systems and methods for converting between treatment planes, user-defined or
physician-defined planes, spectacle planes, corneal planes, pupil planes, and other planes of
interest. Further, Input Refraction module 412 can be configured to output or transmit the
corneal plane refractive error information, which may include sphere, cylinder, cylinder axis, and
vertex distance components. In some cases, the refractive error information can be presented in
the following format: sphere value DS/ cylinder value DC x axis value @ vertex distance value.
Optionally, Sphere and Cylinder can be represented in terms of diopters of power, Axis can be
represented in terms of angle or degrees, and Vertex Distance can be represented in terms of
millimeters. Sphere typically presents a measurement of lens power for myopia (negative) or

hyperopia (positive), and cylinder typically presents a measurement of lens power for
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astigmatism. Hence, this refraction information and other eye measurements can be processed,
as described herein, and compared with processed treatment table information to qualify the

treatment table.

Wavefront

[0050] The Wavefront module 422 can operate to receive, process, and transmit information
related to CustomVue™ technology or wavefront guided data. According to some embodiments,
Wavefront module 422 can be configured to receive information regarding the wavefront error of
a patient. Such wavefront error information may include wavefront map and wavefront diameter
data. In some cases, the wavefront error information may be obtained at or correlated with a
pupil plane. Wavefront module 422 can also be configured to process Hartmann-Shack spot
diagram data, for example as described in G.-m. Dai, Wavefront Optics for Vision Correction
(SPIE Press, 2008). Hartmann-Shack data can correspond to wavefront map data and wavefront
diameter data. Typically, Hartmann-Shack data provides x and y shift information
corresponding to array lenslets, and a wavefront data map can be derived from the
Hartmann-Shack data. The map may optionally be associated with a particular wavefront
diameter, particularly when the map is described with Zernike terms. In some cases, the map
may be represented by a discrete matrix. Hence, Wavefront module 422 can be configured to

output or transmit wavefront slope data, which may include x- and y- slope information.

Zernike Reconstruction

[0051] The Zernike Reconstruction module 424 can operate to receive information such as
wavefront slope data, including for example x- and y-slope data. Zernike Reconstruction module
424 can also be configured to process the wavefront slope data with a Zernike reconstruction
technique to obtain Zernike coefficient data, for example as described in G.-m. Dai, Wavefront
Optics for Vision Correction (SPIE Press, 2008). Further, Zernike Reconstruction module 424

can be configured to output or transmit the Zernike coefficient information.

Wavefront Refraction

[0052] The Wavefront Refraction module 426 can operate to receive Zernike coefficient
information, such as data related to z3, z4, and z5 Zernike coefficients. Wavefront Refraction
module 426 can also be configured to receive wavefront diameter information. What is more,

Wavefront Refraction module 426 can be configured to determine or calculate wavefront
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refraction information, for example based on Zernike coefficients and wavefront diameter, as
discussed in G.-m. Dai, Wavefront Optics for Vision Correction (SPIE Press, 2008). The
wavefront refraction information can be generated so as to correlated with a pupil plane, or with
a corneal plane. Further, Wavefront Refraction module 426 can transmit or output the wavefront

refraction information.

Physician Adjustment

[0053] The Physician Adjustment module 432 can be configured to receive information related
to additional refractive correction at the user vertex or plane which may be selected or desired by
a physician or operator. The selected plane can correspond to the pupil plane, the cornea plane,
the spectacle plane, or some other user-defined plane. The Physician Adjustment can be applied
at the selected or user-defined plane. For example, if the user vertex or plane corresponds to a
spectacle plane, the physician can apply the adjustment at the spectacle plane as well. Hence, if
the physician desired to add another diopter of treatment, the additional diopter could be applied
at the spectacle plane when the physician is planning for a particular treatment. The adjustment
is combined with the correction, and the combination can be converted to another plane, for
example the corneal plane. Physician Adjustment module 432 can also be configured to convert
the physician adjustment to the corneal plane, as described in G.-m. Dai, Wavefront Optics for
Vision Correction (SPIE Press, 2008). Moreover, Physician Adjustment module 432 can be
configured to transmit or output information relating the physician adjustment at the corneal
plane. Such information corresponding to the corneal plane, or another selected plane, can be

used for comparison and evaluation as discussed elsewhere herein.

Nomogram Adjustment

[0054] The Nomogram Adjustment module 434 can be configured to receive information
related to a percentage of a treatment target multiplication factor. Nomogram Adjustment
module 434 can also be configured to multiply the nomogram factor. The multiplication factor
can be determined by the sum of one plus the nomogram adjustment percentage. For example, if
the nomogram adjustment percentage is 8%, the multiplication factor can be calculated as one
plus 8/100, or 1.08. According to some embodiments, the nomogram adjustment percentage can
be a value within a range from about -10% to about +10%. Relatedly, according to some

embodiments, the multiplication factor can be a value within a range from about 0.9 to about 1.1.

18



10

15

20

25

30

WO 2011/123556 PCT/US2011/030570

Further, the Nomogram Adjustment module 434 can be configured to transmit or output

information corresponding to a multiplied treatment target.

Intended Refraction

[0055] The Intended Refraction module 436 can operate to receive information directly from
Wavefront Refraction module 426, or from Physician Adjustment module 432 or Nomogram
Adjustment module 434. According to some embodiments, Intended Refraction module 436 can
be configured to receive information that is similar to or the same as the input refraction
discussed above in relation to the Input Refraction module 412. For example, Intended
Refraction module 436 can be configured to receive information regarding the refractive error of
a patient. Such refractive error information may include sphere, cylinder, cylinder axis, and
vertex distance data. In some cases, the refractive error information may be obtained at or
correlated with a spectacle plane. Typically, the refractive error information or intended
refraction information is based on a correction that is planned for application to the patient’s eye.
Such intended or desired refractive correction information can also be represented in terms of
ocular or optical refraction data. Intended Refraction module 436 can also be configured to
convert the input refractive error information to refractive error information relative to the
corneal plane. Such plane conversion techniques are discussed in G.-m. Dai, Wavefront Optics
for Vision Correction (SPIE Press, 2008). Further, Intended Refraction module 436 can be
configured to output or transmit the corneal plane refractive error information, which may
include sphere, cylinder, cylinder axis, and vertex distance components. For example, Intended
Refraction module 436 can be configured to transmit refractive information that is dependent
upon or correlated with a sphere ophthalmic term, a cylinder ophthalmic term, and an axis

ophthalmic term.

[0056] In some cases, the intended optical refraction can be related to Zernike terms, and in
some cases the intended optical refraction can be related to manifest refraction which is used in
VSS refractive. For example, the intended optical refraction can be dependent upon ophthalmic
terms such as sphere, cylinder, and axis that are not directly related to Zernike terms. In some
instances, the resolution of a wavefront aberrometer device may be greater than that of a
phoropter device. Hence, a patient receiving a wavefront aberrometer exam that provides a
result of 3.75 diopters, may also receive a phoropter exam that provides a result of 3.50 diopters.

Either of the wavefront or manifest refraction results may be used.
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Treatment Instructions

[0057] The Treatment Instructions module 442 can be configured to receive information
related to a treatment target. Further, Treatment Instructions module 442 can operate to process
the treatment target information according to a simulated annealing least squares algorithm
(SALSA) to obtain a treatment table or set of laser ablation instructions for a patient, as
described in G.-m. Dai, Wavefront Optics for Vision Correction (SPIE Press, 2008). The
treatment table may include laser instruction parameters such as iris size, x- and y-scanning
positions or locations, shot-to-shot or beam pulse delay time, pulse or beam size, and other
ablation instruction parameters. The laser parameters can be used to deliver an ablation that
corresponds to the Zernike polynomial terms, or other basis function terms such as Seidel series
terms. A refraction typically corresponds to a second order polynomial, and basis functions such
as Zernike polynomials and Seidel series are well suited for characterizing refractions based on
calculation of second order coefficients. Treatment Instructions module 442 may also be
configured to transmit or output laser ablation instructions, such as iris size, x- and y-scanning
positions, shot-to-shot delay time, and the like. The treatment table may characterize
information that has been processed via a table generation engine. When the ablation is
simulated based on the ensemble of laser instructions, the resulting volumetric information

corresponds to the Zernike terms.

Pupil Dimension

[0058] The Pupil Dimension module 443 can operate to process information related to a pupil
dimension of the patient. In some cases, Pupil Dimension module 443 can be configured to
receive a selected wavefront or pupil diameter, and to calculate a refraction corresponding to the
pupil dimension. Such information can be transmitted to a Zernike Decomposition module, as
discussed elsewhere herein. In some cases, a pupil diameter can correspond with a wavefront
diameter used during a wavefront exam, for example a wavefront exam which may be performed
in conjunction with the operation of Wavefront module 422. The pupil dimension may in some
instances have a value within a range from about 3 mm to about 7 mm. In some cases, the pupil
dimension is a pupil diameter of about 4 mm. Hence, embodiments encompass techniques that
calculate a refraction over a 4 mm pupil diameter, as well as other pupil dimensions. Exemplary
aspects of pupil dimension selection are discussed in US 7,460,288, which is incorporated herein

by reference.
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Simulated Ablation

[0059] The Simulated Ablation module 444 can be configured to receive information related to
laser ablation instructions, such as iris size, x- and y-scanning positions or tracking distances,
shot-to-shot delay time, and the like. Simulated Ablation module 444 can also be configured to
process information related to a simulated laser ablation or laser ablation instructions to obtain a
simulated volume or tissue volume planned for removal, based on basis data. Often, specific
basis data information is available for corresponding specific iris sizes. Hence, for each
particular iris size there can be a corresponding basis data information. Further, Simulated
Ablation module 444 can be configured to output or transmit the simulated volume or tissue

volume intended to be removed.

Zernike Decomposition

[0060] The Zernike Decomposition module 446 can be configured to receive information
related to a pupil dimension and a tissue volume being removed. Zernike Decomposition
module 446 can also be configured to process the pupil dimension and tissue volume information
according to a singular value decomposition method to obtain Zernike coefficient and wavefront
diameter information. In some cases, Zernike Decomposition module 446 generates data related
to a set of second radial order Zernike polynomial terms. The second order Zernike polynomials,
z3 z4, and z5 are analytically related to sphere, cylinder, and axis. The group of z3 z4, and z5
terms can be used to determine sphere. Similarly, the group of z3 z4, and z5 terms can be used
to determine cylinder. Further, the group of z3 z4, and z5 terms can be used to determine axis.
Aspects of a singular value decomposition method are discussed in G.-m. Dai, Wavefront Optics
for Vision Correction (SPIE Press, 2008). Further, Zernike Decomposition module 446 can be
configured to transmit or output information related to the Zernike coefficients and wavefront
diameter. As discussed elsewhere herein, embodiments may encompass techniques that involve
other basis function coefficients or second order radial polynomials, for example Seidel power

Series.

Expected Refraction

[0061] The Expected Refraction module 448 can be configured to receive information
regarding Zernike coefficients (e.g. z3, z4, and z5 terms) and a pupil dimension. Expected
Refraction module 448 can be configured to determine a wavefront refraction based on the

Zernike coefficient and pupil dimension information. Aspects of a wavefront refraction
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determination are discussed in G.-m. Dai, Wavefront Optics for Vision Correction (SPIE Press,
2008). Further, Expected Refraction module 448 can be configured to transmit or output
information related to an expected optical refraction for the patient, which may include for
example a sphere ophthalmic term characterized by a set of second radial order Zernike
polynomial terms, a cylinder ophthalmic term characterized by the set of second radial order
Zernike polynomial terms, and an axis ophthalmic term characterized by the set of second radial
order Zernike polynomial terms. Optical refraction information typically corresponds to second
order wavefront data or low order aberrations, and is distinctly different from a surface shape,
height, or topography. For example, when piston is added, the surface shape changes, however
the curvature or refraction does not. Similarly, if a surface is tilted, the surface changes, however
the curvature or refraction does not. Piston corresponds to a zero order Zernike polynomial, and
represents upward or downward displacement of a wavefront. Relatedly, tilt corresponds to a

first order Zernike polynomial.

Comparison

[0062] The Comparison module 452 can operate to compare intended refraction information
with expected optical refraction information. For example, intended spherical equivalent (which
corresponds to sphere and cylinder) can be compared with expected spherical equivalent,
intended cylinder can be compared with expected cylinder, and intended axis can be compared
with expected axis. In some cases, Comparison module 452 can be configured to receive
information regarding an intended refraction and an expected or achieved refraction, optionally
adjusted to or characterized in terms of a common or user-defined plane such as the corneal

plane, pupil plane, or spectacle plane.

[0063] Because refractions are typically dependent upon the vertex plane, it may be desirable
to compare intended and expected optical refraction information that corresponds to a common
or specific vertex plane. Exemplary vertex or refraction conversions which may be used are
described in US Patent No. 7,296,893, incorporated herein by reference. Hence, if the input
refraction data corresponds to the spectacle plane, and the wavefront data corresponds to the
pupil plane, embodiments of the present invention encompass techniques for converting this data
so that it may be compared with data corresponding to a common plane, such as the corneal
plane. Comparison module 452 can also be configured to compare the intended refraction and

expected optical refraction information. For example, Comparison module 452 can operate to
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determine an algebraic difference for the sphere, cylinder, and axis ophthalmic terms, and
compare the differences with a tolerance for the ophthalmic term. Comparison module 452 can
also be configured to qualify or disqualify a treatment table based on the comparison between the

respective refraction differences and tolerances.

[0064] Typically, comparison module 452 operates to compare low order aberration
information related to the intended refraction with low order aberration information related to the
expected refraction. Embodiments of the present invention also encompass techniques that
involve the comparison of high order aberration information related to the intended refraction

with high order aberration information related to the expected refraction.

[0065] Hence, comparison techniques can involve comparing an expected optical refraction for
the patient, which is based on a pupil dimension and a simulated ablation, with an intended
optical refraction for the patient. The expected optical refraction can be dependent on a sphere
ophthalmic term characterized by a set of second radial order Zernike polynomial terms, a
cylinder ophthalmic term characterized by the set of second radial order Zernike polynomial
terms, and an axis ophthalmic term characterized by the set of second radial order Zernike
polynomial terms. The expected optical refraction profile can also be independent of a piston
ophthalmic term characterized by a zero radial order Zernike polynomial term, an x-tilt
ophthalmic term characterized by a set of first radial order Zernike polynomial terms, and a y-tilt
ophthalmic term characterized by the set of first radial order Zernike polynomial terms. The
intended optical refraction for the patient can be dependent on a sphere ophthalmic term, a
cylinder ophthalmic term, and an axis ophthalmic term. Further, the intended optical refraction
profile can be independent of a piston ophthalmic term, an x-tilt ophthalmic term, and a y-tilt

ophthalmic term.
Scaling

[0066] With continued reference to FIG. 4, evaluation techniques can be implemented in
various ways. For example, in a VSS refractive treatment, an evaluation technique may be
implemented by using a scaling factor to scale down the refraction from the treatment table,
without using a scaling factor to boost the treatment target. Such approaches are well suited for
use with a Munnerlyn shape which is deeper than a parabolic shape. Relatedly, in a
CustomVue® treatment, an evaluation technique may be implemented by using a scaling factor,

for example of 1.11, to boost the treatment target, without using a scaling factor to scale down
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the refraction from the treatment table, for example without a parabolic or Munnerlyn scaling.
With regard to the VSS technique, scaling can be applied in a linear fashion, to a Munnerlyn or
parabolic shape. In some case, a Munnerlyn shape can be scaled so as to approach or
approximate a parabolic shape. A parabolic shape represents a second order shape, and a
Munnerlyn represents a second order shape as supplemented with higher orders. Hence, for the
same refraction, a Munnerlyn shape and a parabolic shape can differ. A comparison can be
performed either at the corneal plane or at the vertex plane, or both. According to some
embodiments, the treatment table should qualify or pass if the difference between the refraction
from the table and the initial input refraction is smaller than the criteria used for wavefront exam
selection during the treatment table creation phase. In some cases, embodiments of the present
invention provide systems and methods for qualifying a VSS refractive treatment. Exemplary
techniques can implement a treatment qualification validation process whereby a refraction from
a simulated tissue ablation is compared with an input refraction, for example to ensure that no
abnormal tables have been created. Because the Munnerlyn shape and a parabolic shape may
differ, it may be useful to convert a Munnerlyn refraction to a parabolic refraction. Munnerlyn
shapes are discussed generally at C.. R. Munnerlyn, S. J. Koons, and J. Marshall,
“Photorefractive keratectomy: A technique for laser refractive surgery,” J. Cataract Refract.
Surg. 14, 46-52 (1988), the entire content of which is incorporated herein by reference.
Embodiments of the present invention encompass different types of scaling. For example, the
techniques disclosed herein may include refraction scaling or shape scaling, both of which
involve multiplication. In some cases, it is possible to use scaling factors of 1.015 for myopic
sphere, 1.025 for hyperopic sphere, and 1.015 for cylinder to scale a refraction, for example as
discussed in relation to Egs. (9) to (11) provided elsewhere herein. In some cases, it is possible

to use a scaling factor of 1.11 to scale a shape.

[0067] FIG. 4A illustrates an exemplary method 400a of evaluating a treatment table for use in
an ophthalmologic refractive surgery for a patient. As shown here, such evaluation, verification,
or qualification techniques may include inputting a treatment table containing laser ablation
instructions for treating the patient, as depicted by step 410a. Methods may also include
determining a simulated ablation for the patient based on the laser ablation instructions as
indicated by step 420a, and inputting a pupil dimension of the patient as indicated by step 430a.
In an exemplary embodiment, an evaluation method may include determining an expected

optical refraction for the patient based on the pupil dimension and the simulated ablations, as
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indicated by step 440a, wherein the expected optical refraction for the patient is dependent on a
sphere ophthalmic term characterized by a set of second radial order Zernike polynomial terms, a
cylinder ophthalmic term characterized by the set of second radial order Zernike polynomial
terms, and an axis ophthalmic term characterized by the set of second radial order Zernike
polynomial terms. Optionally, the expected optical refraction profile can be independent of a
piston ophthalmic term characterized by a zero radial order Zernike polynomial term, an x-tilt
ophthalmic term characterized by a set of first radial order Zernike polynomial terms, and a y-tilt
ophthalmic term characterized by the set of first radial order Zernike polynomial terms. Method
embodiments may also include inputting an intended optical refraction for the patient, as
indicated by step 450a, wherein the intended optical refraction for the patient is dependent on a
sphere ophthalmic term, a cylinder ophthalmic term, and an axis ophthalmic term, and wherein
the intended optical refraction profile is independent of a piston ophthalmic term, an x-tilt
ophthalmic term, and a y-tilt ophthalmic term. Further, methods may include comparing the
expected and intended optical refractions for the patient, as indicated by step 460a. The
refractions can be adjusted to or correlated with a common plane, such as the treatment plane,
pupil plane, corneal plane, or spectacle plane, prior to the comparison. In some cases, methods
may include evaluating the treatment table based on the comparison between the expected and
intended optical refractions for the patient, as indicated by step 470a, and qualifying or
disqualifying the treatment table based on the evaluation, as indicated by step 480a. For
example, evaluation methods may include determining a difference between the intended optical
refraction and the expected optical refraction, and comparing that difference to a predefined
tolerance. If the difference between the intended optical refraction and the expected optical
refraction is within the tolerance, the method may include qualifying or passing the treatment
table, or otherwise approving the treatment table for use. Such qualification techniques can
provide an enhanced level of safety during a patient treatment, for example by helping to ensure

that a treatment table has not been altered or hacked.

[0068] Information corresponding to any of a variety of inputs may be processed, such as data
related to a spectacle plane parameter, a corneal plane, a pupil plane, or any other desired vertex

plane or distance parameter.

[0069] FIG. 5 depicts aspects of an evaluation system 500 according to embodiments of the

present invention. As shown here, system 500 may include a Table Generation DLL module
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510, a Treatment Validation DLL module 520, a Treatment Table module 530, an Independent
Table Validation module 540, and a Final Table module 550.

[0070] As shown here, for a Table Generation DLL 510 or treatment generation engine, a
validation process can be performed by a Treatment Validation DLL 520 whereby a validation is
conducted for various possible simulation annealing solutions. Moreover, a process to validate a
ready-to-use treatment corresponding to Treatment Table 530 can provide a separate,
independent step for validating a treatment table. Such an independent validation technique can
operate separately from a treatment table generation engine or a treatment table generation
algorithm which may involve a simulated annealing process, and therefore does not incorporate
possible error which may result, for example, due to unexpected error from third-party DLLs,
from mal-operation of the users that is not captured in the fault tree analysis during the software
design phase, or from other possible sources of error. For example, due to possible unknown
bugs or errors in the high level software code or embedded in third-party libraries (DLLs), or due
to inappropriate operation of the software, it is possible that a software that is verified and
validated by Treatment Validation DLL 520 may still produce an unwanted treatment table that
can potentially result in a suboptimal treatment. Hence, embodiments of the present invention
encompass validation techniques for addressing situations where third party components such as
operating systems, computers, or DLL’s introduce error or are malfunctioning, and other sources

that introduce unforeseeable or incorrect results.

[0071] According to some embodiments, the validation of a treatment table can be
implemented in connection with the table generation system or software. In some cases, the
validation of a treatment table can be implemented in connection with the laser system or
software, such as validation software residing in the laser system. For instance, a VSS-based
validation as described elsewhere herein, which may optionally be in relation with an
aberrometer or wavefront system, can also be implemented in a laser system. Hence, it is
possible to validate a treatment table after it is generated and saved, and it is also possible to
validate a treatment table prior to use in treating a patient. Hence, if a treatment table has been
corrupted for some reason, validation and qualification can be performed prior to laser delivery

of the ablation pulses, and the treatment can be canceled if disqualification is appropriate.

[0072] According to some embodiments, the validation of a treatment table can be

implemented in connection with software residing in a diagnostic device such as WaveScan®
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and iDesign™ devices. System and method embodiments disclosed herein can also be
configured to validate treatment tables for topographic driven treatment, refraction driven or

conventional treatment, and wavefront driven treatment.

[0073] Table Generation DLL module 510 can operate to process information related to
treatment table generation, Treatment Validation DLL module 520 can operate to process
information related to treatment validation, Treatment Table module 530 can operate to process
information related to a treatment table, and Table Validation module 540 can operate to process
information related to table validation. In some instances, Table Validation module 540 is
configured to embody or implement techniques described elsewhere herein in relation to
Comparison module 452. Final Table module 550 can operate to process information related to a
final table. According to some embodiments, a final table corresponding to Final Table module
550 will be the same as a treatment table corresponding to Treatment Table module 530, in the
event that the treatment table corresponding to Treatment Table module 530 is validated or

qualified by Table Validation module 540.

Passing Criteria for Treatment Table Qualification

[0074] Any of a variety of exam selection criteria can be used to qualify a treatment table
generated by the VSS Refractive™ technique. Numerous Monte Carlo simulations have been
performed which support the suitability of such exam selection criteria for treatment table

qualification.

[0075] According to some embodiments, the difference in spherical equivalent (SE), cylinder,

and cylinder angle can be set or predetermined to satisfy the following qualification conditions.
|[dSE|=| dS +0.5dC |4 S, = S, +0.5C, —0.5C, |< 0.625 (1)
ldCl< ¢, -C, <05 )
|[dA| < —1.1538( C, | +| C, )/2+15.577 (for |Cy[>0.5 and |C,[>0.5, or ignorc) (3)

[0076] As described here, Eq. 1 represents a comparison or difference between spherical
equivalent, Eq. 2 represents a comparison or difference between cylinder, and Eq. 3 represents a

comparison or difference between axis.

[0077] For example, if C; =0.55 D, C; = 0.5 D, then according to Eq. 1, the cylinder
difference is less than 0.5, and thus there may be no need to check cylinder angle. For another
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example, if Cy=0.9 D, C; = 0.8 D, then d4 must be smaller than 14.6 degree in order to qualify.
Also note that for Eq. (2), it is generally desirable that both use the same cylinder notation before
the difference can be taken. For example, it is desirable that both Cj and C; be positive, or that

both Cy and C; be negative.

Evaluation and Monte Carlo Simulation

[0078] Treatment qualification systems and methods according to embodiments of the present
invention can be implemented in a variety of ways. There is typically inter-correlation between
sphere and cylinder as well as the vertex correction. A scaling factor between a Munnerlyn
power and a parabolic power may in some cases depend not only upon the sphere refraction, but
also upon on the cylinder refraction. As described in G.-m. Dai, Wavefront Optics for Vision
Correction (SPIE Press, 2008), the Munnerlyn shape may differ from a parabolic shape. For
example, as described at page 90, supra, the Munnerlyn shape can be 11% deeper than parabolic

shape, when a spherical myopia is considered.

[0079] Embodiments of the present invention encompass empirically adjusted and theoretically
based systems and methods for implementing a treatment qualification technique. Such
approaches can include processing a set of input refractions (e.g. with sphere between -15 D and
+7 D and cylinder between -6 D and +6 D) with Munnerlyn shapes, decomposing the data into
Zernike polynomials. Zernike decomposition may involve processing pupil dimension and tissue
volume information to obtain Zernike coefficient and wavefront diameter information, such as
data related to a set of second radial order Zernike polynomial terms, and determining the
refractions based on the Zernike information. In this way, it is possible to determine an expected

refraction, based on the Zernike coefficient and pupil dimension information.

[0080] Further, these approaches can include regressing the input Munnerlyn refraction against
a calculated parabolic refraction using multivariate linear and quadratic parameters to obtain
theoretical scaling factors for both sphere and cylinder. Still further, these approaches can
include using a theoretical algorithm to test in a full implementation with vertex correction,
cosine effect using random keratometry values, and the like, using Monte Carlo simulation with
multiple (e.g. 5000) samples. Moreover, these approaches can include refining the theoretical
algorithm based on the Monte Carlo simulation. What is more, these approaches can include

retesting the revised algorithm for a new set of Monte Carlo simulation with multiple (e.g. 5000)
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samples. According to some embodiments, such approaches may be implemented in a

production software.

[0081] The following formulas give an algorithm for sphere (f;) and cylinder (f.) scaling:

£, =1.028-0.00275S - 0.00448C (S<0) 4)
/., =1.028-0.003265 - 0.00018C (§>0) (5)
f.=1.011-0.00574S5 —0.00142C (6)

[0082] As indicated here, both S and C can be refractions on the corneal plane. In some cases,
it may be desirable to convert the input refractions on vertex plane to the corneal plane before
these equations are used. Supposing the refractions on the vertex plane are Sy and Cy,
respectively, it is possible to write:
S= — S
1-0.0018,d
C S, +C, _g
1-0.001(S, + C,)d

(7)

(8)

[0083] When f; and f. are calculated, they can be applied to refractions on the corneal plane.
For example, suppose the input refractions are -15 DS/-5.75 DC x 64 @ 12.5 mm vertex. They
are used to generate the Munnerlyn shape, which has more power than the corresponding
parabolic shape. From Equations (7) and (8), it is possible to obtain the refractions on the
corneal plane as -12.63 DS/-3.84 DC x 64 (@ 0 mm vertex. Using Equations (4) and (6), it is
possible to obtain f; = 1.0799 and f. = 1.0889. These are scaling factors which may be
determined via Monte Carlo simulation. Further, such scaling factors can be applied to an input
refraction. It can be assumed that the Zernike decomposed refractions from the treatment table

are -13.68 DS/-4.09 DC x 64 (@ 0 mm vertex.

[0084] According to some embodiments, for the CustomVue® technique or Wavefront input
data, there may be no need to use a scaling factor for refractions, however it may be beneficial to
scale the treatment shape 11% to achieve a similar target depth corresponding to that of

conventional or VSS Refractive™ input data.

[0085] The scaling factors for these refractions can be applied to obtain -12.67 DS/-3.76 DC x

64 @ 0 mm vertex, which may correspond to a scaled refraction on the treatment plane or
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corneal plane. It is possible to convert these refractions to a 12.5 mm vertex using Equations (7)
and (8), setting d = -12.5 mm. Such conversion corresponds to propagation to the spectacle
plane. Hence, -12.67 DS/-3.76 DC x 64 (@ 0 mm vertex propagated to the spectacle plane is -
15.05 DS/-5.62 DC x 64 @ 12.5 mm vertex. Conversions are useful when comparing
refractions, such as an intended refraction and an expected refraction, and this example illustrates
that it is possible to compare refractions in, for example, a user vertex (e.g. spectacle) plane.
Hence, a treatment table power of -13.68/-4.09 x 64 at 0 mm vertex can be vertex corrected to
obtain the refraction as -15.05DS/-5.62 DC x 64 at 12.5 mm vertex. This leaves a residual error
of -0.05 DS/0.13 DC.

[0086] The difference in SE can be calculated as (-15.05-5.62/2+15+5.75/2) = 0.02D, the
difference in Cylinder can be calculated as -5.62 + 5.75 = 0.07D, and the difference in axis can
be calculated as 0. If the tolerance for SE is 0.625D and the tolerance for cylinder is 0.5D, then
these SE and Cylinder values are within the tolerances, and hence the treatment can be approved

for release to treat the patient.

[0087] FIG. 6 shows a residual error for 5000 simulated cases with 6 mm OZ. The left panel
shows residual sphere, and the right panel shows residual cylinder, after correction of the scaling
factors for 5000 simulated realistic cases. If the four outliers are excluded, the spread of sphere
is within (-0.4D, +0.1D) and that of cylinder is within (-0.2D, +0.3D), both are in about half a
diopter range. Without the exclusion, the range is still within the criteria listed in Egs. (1) to (3).

[0088] Table 1 provides the residual error or residual refractions (in diopters) from a Monte
Carlo simulation after implementing the algorithm shown in Eqgs. (4) to (6), for optical zones of 7

mm, 6 mm, 5 mm, and 4 mm.

Table 1
0z 7 (mm) 6 (mm) 5 (mm) 4 (mm)
Rx Sphere | Cylinder | Sphere | Cylinder | Sphere | Cylinder | Sphere | Cylinder
N 5000 5000 5000 5000 5000 5000 5000 5000

Mean | -0.043 0.015] -0.043 0.014 | -0.045 0.016 | -0.013 0.017

Stdev 0.054 0.044 ] 0.054 0.044 | 0.057 0.047 ] 0.045 0.035

Max 0.206 0.480 ] 0.090 0476 | 0.149 0432 0.132 0.265

Min -0.564 -0.330 | -0.622 | -0.215] -0.610 0.245] -0376| -0.171

[0089] For the criteria for treatment table qualification, because the residual errors shown in
Table 1 are within the exam selection criteria, it may be desirable to use the exam selection

criteria to qualify treatment tables in terms of the refraction check. Embodiments of the present
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invention encompass techniques for qualifying an exam, which may involve the application of
treatment table qualification criteria, and selecting the exam for treatment generation, which may

involve the application of exam selection criteria.

Verification with Production Code and Revised Formulas

[0090] Egs. (4) to (6) were implemented in a production code, and tested with about 1000
cases with each pupil sizes of 4 mm, 5 mm, 6 mm, and 7 mm. Occasional discrepancies were
discovered, and it was determined that such discrepancies may be due to some implementation
differences between the C++ code and the Matlab code. Subsequently, a set of new examples
were generated and regression ran. Results for the new examples were much more linear, and

the nonlinear behavior previously observed was absent.

[0091] Table 2 shows the linear factor for different pupil sizes. Scaling factor data for sphere

(fs) and cylinder (f;) was regressed from data obtained with the production code for various pupil

sizes.
Table 2
Pupil Minus Sph | Plus Sph Cylinder
4 mm 0.999 1.022 1.010
5 mm 1.014 1.037 1.023
6 mm 1.026 1.026 1.014
7 mm 1.023 1.014 1.014
Average 1.015 1.025 1.015

[0092] Based on the information in Table 2, the original Egs. (4) to (6) were adjusted as

follows. These equations can override equations (4)-(6).

£=1015 (S<0) (9)
£=1.025 (S>0) (10)
£.=1.015 (11)

[0093] As a verification that this new implementation narrows the spread of the residual error
both in sphere and cylinder, the same 5000 samples for each pupil which were used before, were
again used running with the production code. This is the revised code based on the adjustments
described above. FIG. 7 shows the results obtained for a 6 mm pupil using the revised code,
compared with the previous results obtained using the original code. Specifically, the upper
panels of FIG. 7 show the residual sphere (left panel) and residual cylinder (right panel) for a 6

mm pupil after correction of the scaling factors for 5000 simulated realistic cases using the
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original Egs. (4) to (6). In comparison, the lower panels of FIG. 7 show the residual sphere (left
panel) and cylinder (right panel) for a 6 mm pupil after correction of the scaling factors for 5000
simulated realistic cases using the revised Egs. (9) to (11). From FIG. 7, it can be seen that after
the scaling factor revision, the spread of the residual error in sphere and cylinder becomes
tighter. Therefore, in a normal condition, it is not expected that any treatment would fail.
However, if a treatment does not satisfy a validation test, it can be inferred that something
unexpected may have happened. In such instances, the treatment table can be disqualified, and
the treatment will not be applied to the patient. Hence, this example illustrates that for validating
treatment tables, a set of numerical formulas can be developed and validated with multiple

Monte Carlo simulations of 5000 cases for each optical zone of 4, 5, 6, and 7 mm.

[0094] Embodiments of the present invention encompass systems and methods for estimating
or determining a scaling factor. Such techniques may involve constructing a theoretical
Munnerlyn shape for all refractive cases covered by the VSS Refractive™ technique (e.g. S and
C with increment of 0.25 D), calculating a decomposed refraction over a 4 mm diameter, and
regressing using a multivariate quadratic regression model. Embodiments may also include
calculating a wavefront refraction over a pupil dimension (e.g. assuming the wavefront diameter
is not smaller than the pupil dimension), and converting the refraction to a vertex distance.
Embodiments may also include calculating a 2D Munnerlyn shape, decomposing a surface into
Zernike coefficients, calculating Zernike polynomials of each term, calculating Zernike

polynomials of arbitrary size and returning a 2-D surface mesh.

[0095] Embodiments of the present invention further encompass systems and methods based
on validation with a Monte Carlo Simulation. Exemplary techniques may involve performing a
validation using Monte Carlo simulation which ensures that implementation of a validation
technique passes all regular cases within a proposed range, for example a proposed -15 to +7 DS
and -6 to +6 DC range for the VSS Refractive™ procedure. Such approaches can be based on a
proposed tolerance that is the same as or similar to a an exam qualification, such as 0.625 D for
SE and 0.5 D for cylinder. For example, for a 6 mm optical zone (OZ) and 12.5 mm vertex, it is
possible to input sphere, cylinder, and axis data corresponding to a vertex plane, and sphere,
cylinder, and axis data corresponding to a corneal plane. Similarly, it is possible to output
sphere, cylinder, and axis data corresponding to a corneal plane. Embodiments also encompass
determining scaling factors for sphere, cylinder, and axis, and calculating scaled sphere, cylinder,

and axis values for corneal and vertex planes. Further, embodiments include determining

32



10

15

20

25

30

WO 2011/123556 PCT/US2011/030570

differences between sphere, cylinder, and axis values at a corneal plane. A Monte Carlo
simulation can be run with multiple (e.g. 1000) random refractions. Embodiments include
calculating a predicted refraction versus a decomposed refraction from the treatment targets.
Embodiments may also include calculating a refraction on the corneal plane. In some cases,
embodiments encompass determining sphere and cylinder scaling factors. Embodiments may
also include determining an empirical scaling factor for Munnerlyn power, where S and C
represent the refraction on a corneal surface. Refractions can be converted to the corneal plane,

and scaling factors can be calculated based on corneal refractions.

[0096] The methods and apparatuses of the present invention may be provided in one or more
kits for such use. The kits may comprise a system for profiling an optical surface, such as an
optical surface of an eye, and instructions for use. Optionally, such kits may further include any
of the other system components described in relation to the present invention and any other
materials or items relevant to the present invention. The instructions for use can set forth any of

the methods as described herein.

[0097] Each of the calculations or operations described herein may be performed using a
computer or other processor having hardware, software, and/or firmware. The various method
steps may be performed by modules, and the modules may comprise any of a wide variety of
digital and/or analog data processing hardware and/or software arranged to perform the method
steps described herein. The modules optionally comprising data processing hardware adapted to
perform one or more of these steps by having appropriate machine programming code associated
therewith, the modules for two or more steps (or portions of two or more steps) being integrated
into a single processor board or separated into different processor boards in any of a wide variety
of integrated and/or distributed processing architectures. These methods and systems will often
employ a tangible media embodying machine-readable code with instructions for performing the
method steps described above. Suitable tangible media may comprise a memory (including a
volatile memory and/or a non-volatile memory), a storage media (such as a magnetic recording
on a floppy disk, a hard disk, a tape, or the like; on an optical memory such as a CD, a CD-R/W,
a CD-ROM, a DVD, or the like; or any other digital or analog storage media), or the like.

[0098] All patents, patent publications, patent applications, journal articles, books, technical
references, and the like discussed in the instant disclosure are incorporated herein by reference in

their entirety for all purposes.
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[0099] While the above provides a full and complete disclosure of the preferred embodiments
of the present invention, various modifications, alternate constructions and equivalents may be
employed as desired. Therefore, the above description and illustrations should not be construed

as limiting the invention, which can be defined by the appended claims.
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WHAT IS CLAIMED I8S:

1. A method of evaluating a treatment table for use in an ophthalmologic
refractive surgery for a patient, the method comprising:

inputting a treatment table containing laser ablation instructions for treating the
patient into a treatment instructions module;

determining a simulated ablation for the patient based on the laser ablation
istructions with a simulation ablation module;

inputting a pupil dimension of the patient into a pupil dimension module;

determining an expected optical refraction for the patient based on the pupil
dimension and the simulated ablation with an expected optical refraction module, wherein the
expected optical refraction for the patient is dependent on a sphere ophthalmic term
characterized by a set of second radial order polynomial terms, a cylinder ophthalmic term
characterized by the set of second radial order polynomial terms, and an axis ophthalmic term
characterized by the set of second radial order polynomial terms, and wherein the expected
optical refraction profile is independent of a piston ophthalmic term characterized by a zero
radial order polynomial term, an x-tilt ophthalmic term characterized by a set of first radial order
polynomial terms, and a y-tilt ophthalmic term characterized by the set of first radial order
polynomial terms;

inputting an intended optical refraction for the patient into an intended refraction
module, wherein the intended optical refraction for the patient is dependent on a sphere
ophthalmic term, a cylinder ophthalmic term, and an axis ophthalmic term, and wherein the
intended optical refraction profile is independent of a piston ophthalmic term, an x-tilt
ophthalmic term, and a y-tilt ophthalmic term; and

evaluating the treatment table by comparing the expected and intended optical

refractions for the patient with a comparison module.

2. The method according to claim 1, wherein the set of second radial order
polynomial terms comprises a set of second radial order Zernike polynomial terms, the zero
radial order polynomial term comprises a zero radial order Zernike polynomial term, and the set
of first radial order polynomial terms comprises a set of first radial order Zernike polynomial

terms.
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3. The method according to claim 1, wherein the set of second radial order
polynomial terms comprises a set of second radial order Seidel power series terms, the zero
radial order polynomial term comprises a zero radial order Seidel power series term, and the set
of first radial order polynomial terms comprises a set of first radial order Seidel power series

terms.

4. The method according to claim 1, wherein the expected optical refraction

and the intended optical refraction each correspond to a common plane.

5. The method according to claim 1, wherein the expected optical refraction

and the intended optical refraction each correspond to a corneal plane.

6. The method according to claim 1, wherein the pupil dimension of the

patient corresponds to a wavefront diameter related to a wavescan of the patient.

7. The method according to claim 6, wherein the pupil dimensional of the

patient comprises a pupil diameter that is equivalent to the wavefront diameter.

8. The method according to claim 1, wherein the pupil dimension of the

patient comprises a pupil diameter of about 4 mm.

9. The method according to claim 1, further comprising determining if a
difference between the expected and intended optical refractions for the patient is within a pre-

defined tolerance.

10.  The method according to claim 9, further comprising qualifying the
treatment table for use in the ophthalmologic refractive surgery for the patient if the difference

between the expected and intended optical refractions is within the pre-defined tolerance.

11.  The method according to claim 9, further comprising disqualifying the
treatment table for use in the ophthalmologic refractive surgery for the patient if the difference

between the expected and intended optical refractions is not within the pre-defined tolerance.

12. A system for evaluating a treatment table for use in an ophthalmologic

refractive surgery for a patient, the system comprising:
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a treatment instructions module that accepts a treatment table containing laser
ablation instructions for treating the patient;

a simulation ablation module comprising a tangible medium embodying machine-
readable code that determines a simulated ablation for the patient based on the laser ablation
mstructions;

a pupil dimension module that accepts a pupil dimension of the patient;

an expected optical refraction module comprising a tangible medium embodying
machine-readable code that determines an expected optical refraction for the patient based on the
pupil dimension and the simulated ablation, wherein the expected optical refraction for the
patient is dependent on a sphere ophthalmic term characterized by a set of second radial order
polynomial terms, a cylinder ophthalmic term characterized by the set of second radial order
polynomial terms, and an axis ophthalmic term characterized by the set of second radial order
polynomial terms, and wherein the expected optical refraction profile is independent of a piston
ophthalmic term characterized by a zero radial order polynomial term, an x-tilt ophthalmic term
characterized by a set of first radial order polynomial terms, and a y-tilt ophthalmic term
characterized by the set of first radial order polynomial terms;

an intended refraction module that accepts an intended optical refraction for the
patient, wherein the intended optical refraction for the patient is dependent on a sphere
ophthalmic term, a cylinder ophthalmic term, and an axis ophthalmic term, and wherein the
intended optical refraction profile is independent of a piston ophthalmic term, an x-tilt
ophthalmic term, and a y-tilt ophthalmic term; and

a comparison module comprising a tangible medium embodying machine-
readable code that evaluates the treatment table by comparing the expected and intended optical

refractions for the patient.

13. The system according to claim 12, wherein the set of second radial order
polynomial terms comprises a set of second radial order Zernike polynomial terms, the zero
radial order polynomial term comprises a zero radial order Zernike polynomial term, and the set
of first radial order polynomial terms comprises a set of first radial order Zernike polynomial

terms.

14.  The system according to claim 12, wherein the expected optical refraction

and the intended optical refraction each correspond to a common plane.
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15.  The system according to claim 12, wherein the expected optical refraction

and the intended optical refraction each correspond to a corneal plane.

16.  The system according to claim 12, further comprising a validation module
comprising a tangible medium embodying machine-readable code that determines if a difference
between the expected and intended optical refractions for the patient is within a pre-defined
tolerance, and a qualification module comprising a tangible medium embodying machine-
readable code that qualifies the treatment table for use in the ophthalmologic refractive surgery
for the patient if the difference between the expected and intended optical refractions is within

the pre-defined tolerance.

17. A computer program product embodied on a tangible computer readable
medium, comprising:

computer code for inputting a treatment table containing laser ablation
instructions for treating the patient;

computer code for determining a simulated ablation for the patient based on the
laser ablation instructions;

computer code for inputting a pupil dimension of the patient;

computer code for determining an expected optical refraction for the patient based
on the pupil dimension and the simulated ablation, wherein the expected optical refraction for the
patient is dependent on a sphere ophthalmic term characterized by a set of second radial order
polynomial terms, a cylinder ophthalmic term characterized by the set of second radial order
polynomial terms, and an axis ophthalmic term characterized by the set of second radial order
polynomial terms, and wherein the expected optical refraction profile is independent of a piston
ophthalmic term characterized by a zero radial order polynomial term, an x-tilt ophthalmic term
characterized by a set of first radial order polynomial terms, and a y-tilt ophthalmic term
characterized by the set of first radial order polynomial terms;

computer code for inputting an intended optical refraction for the patient, wherein
the intended optical refraction for the patient is dependent on a sphere ophthalmic term, a
cylinder ophthalmic term, and an axis ophthalmic term, and wherein the intended optical
refraction profile is independent of a piston ophthalmic term, an x-tilt ophthalmic term, and a y-

tilt ophthalmic term; and
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computer code for evaluating the treatment table by comparing the expected and

intended optical refractions for the patient with a comparison module.

18.  The computer program product according to claim 17, wherein the set of
second radial order polynomial terms comprises a set of second radial order Zernike polynomial
terms, the zero radial order polynomial term comprises a zero radial order Zernike polynomial
term, and the set of first radial order polynomial terms comprises a set of first radial order

Zernike polynomial terms.

19. The computer program product according to claim 17, wherein the
expected optical refraction and the intended optical refraction each correspond to a common

plane.

20. The computer program product according to claim 17, wherein the

expected optical refraction and the intended optical refraction each correspond to a corneal plane.

21.  The computer program product according to claim 17, further comprising:

computer code for determining if a difference between the expected and intended
optical refractions for the patient is within a pre-defined tolerance; and

computer code for qualifying the treatment table for use in the ophthalmologic
refractive surgery for the patient if the difference between the expected and intended optical

refractions is within the pre-defined tolerance.

39



PCT/US2011/030570

WO 2011/123556

(%3]

]

L,

Tl

ity

&

it

AL

\\_\\\\\w

2L,
&3

5t

m

%

%
G
e

o

S gersootss/

!

5
a“\ e
\‘ o o
=

reg

I
%

s
T
CH”H.\\\ e

il s

: “\N“\\

——— N g o ity

A

N iriad

’



WO 2011/123556

279

PCT/US2011/030570

o,
. T o

STORAGE
Se\,,h_w SUBSYSTEY

é:wa%g
SUBSYSTEM

g

L

FiLE
STORAGE
QgquThh

o .

wiy
i
i
i
i
3
3
3
3
3
:\ o

70

o)
)

1OV ] TSNS P § %
BUS SUBSYSTEM =,
Ja ==
. NETWORK USER INTERFACE
oR { - 1 WY
_ fPROCESSOR(S) | | INTERFACE | ¢ OUTPUT DEVICES
52 68 54
e ”E;:a.

COMMUNICATION
NETWORK

4

T ¥ & ™
=ia
N B 0 e




PCT/US2011/030570

WO 2011/123556

g o)
Y | e o
ot e { b oy
- 5 & & — (n
I 2 nF v
£ M s “

i i § o
—@ e

% £ ™ }

&

= g™

m %
\\“\\\\N

N

éiis/.,w.. e ol
N

23
e
™y

tfpresinikiniiis

Ti(
=
Z

Lo
6%



WO 2011/123556 PCT/US2011/030570

T,
e

i §
Y ¥ E SN Y
il ~ § &N
3 }_,..m QLU
R & K A

R
22

{ENS FABRICATION OR
SURGICAL PROCEDURE

vy
7%
4
P
m
H
;’fb;



WO 2011/123556

412

¢

INPUT REFRACTION
(V58 RKFRA{Z”NE

A

Fitrrsssanstss s

J1
..
25

WAVEFRONT

e 422

(CUSTOMVUE]

N

ZERNIKE

RECONSTRUCTION

e 424

i.,

WAVEFRONT
REFRACTION

avnd
-‘“’*{meégt}

Pod

443

y,

PCT/US2011/030570

TREATMENT
INSTRUCTIONS

3T R ‘ﬁf"z

\

NO %E{}GRAM
ADJUSTMERY

PUPIL
DIMENSION

SIMULATED
A“‘AT ON

434

INTENDED
REFRACTION

~

“(\

4\3&-

¢

7

COMPARE

& ?’!\

DECOMPORTION




PCT/US2011/030570

WO 2011/123556

INPUTTING A TREATMENT TABLE CONTAINING LASER ABLATION 4102

iﬂéb??id@?@?ﬂé@ FOR TREATING THE PATIENT

e 4303

%
DETERMINING A SIMULATED ABLATION FOR THE PATIENT BASED ONTHE L 30
(ASERABLATIONINSTRUCTIONS
:
INPUTTING A PUPIL DIMENSION OF THE PATIENT

y

DETERMINING AN EXPECTED OPTICAL REFRACTION FOR THE PATIENT
{BASED ON THE PUPIL DIMENSION AND THE SIMULATED ABLATION, WHEREIN
{THE EXPECTED OPTICAL REFRACTION FOR THE PATIENT {S DEPENDENT ON

A SPHERE OPHTHALMIC

RADIAL ORDER ZERNIKE POLYNCMIAL TERMS, A CYLINDER OPHTHALMIC
TERM {33 ARACTERIZED BY THE SET OF SECOND RADIAL ORD ‘
AND AN AXIS OPHTHALMIC TERM CHARAC

POLYNOMIAL TERMS,
THE SE? QOF SECOND RADIAL ORDER ZERNIKE POLYNOMIAL TER)

NEUTTNG AN

TENDED OPTICAL |._ 430

‘REERACTION FOR
THE PATIENT

TNy

COMPARING THE EXPECTED AND INTENDED OPTICAL REFRACTIONS FOR
THE PATIENT

&
SVALUATING THE TREATMENT TABLE BASED ON THE CGM?&RESQ?@ |

R
et Wolen ek /
e 4503

VATING
BUETWEEN THE EXPECTED AND INTERDED OFTICAL REFRACTIONS FOR THE
PAT wE\ i

%,”Mn

C TERM CHARACTERIZED BY ASET OF SECOND | 4 40a

{4702

QUALIFYING OR DISQUALIFYING Y HE REATMENT TABLE BASED ON THE
E‘VALK;& 3 \JN ,,,,,,

4808

% 2
P

””‘f/”é
s
/f/ﬂ
)
3
D
e
o



WO 2011/123556 PCT/US2011/030570
749

510 530 £00
o S

TABLE TREATMENRT
ION DLL = TABLE

N i
i % s
i v ¥
b

TREATMENT - INDEPENDENT | EINAL TABLE
VALIDATION DLL TABLE VALIDATIONT 1 FINALTABLE

i
e
e

o
L5
Lowr]

rt
¥ s
L]
Py
=Y
£

52
%

Snigrary,
77
3
s
7
0
Y,
L 4

i:y )gr;g



PCT/US2011/030570

WO 2011/123556

iy P oAy
¢t wm W
%t B b n

e OO

&
e it

ka7
W ......... ‘qu\\wk\m\\vxm %\\\\\\\

2 o,
® i . as
.‘ : - @W«Mn,ﬁ - M - .

Z0 W 9 YO HIONITAD TSy 70 Wit  HO4 3YFHdS VNS



PCT/US2011/030570

WO 2011/123556

?‘h\\\
=
R
g
&
\\\\\\“

S

m s

g\\\

001 - .
T~ ew§&§w

V%
1%

s

nrierenssnrrsersses s e AP

v
;1%

%,

L 005

7%
T e
L

©

ot
St
s

6L 006,

e
v

<3
§

o D O
L'g'\

e iy

Z0 W8 G HOL HA0NTNAD T

HALAY

20 Wl G UG FHAS T

o

i)

o

}

5 o,
By

-
SRR Nt

%

Z0 WG HOA HA

FIAS TS

IATAY AR

F044¢

VUL




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/030570

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61F9/01
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

A61F

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

figure 10

the whole document

X,P WO 2010/049157 Al (TECHNOLAS PERFECT 1-21
VISION GMBH [DE]; YOUSSEFI GERHARD [DE];
HEGELS ERNS) 6 May 2010 (2010-05-06)

X DE 10 2005 006897 Al (ZEISS CARL MEDITEC 1-21
AG [DE]) 24 August 2006 (2006-08-24)
paragraphs [0022], [0054] - [0056],
[0117], [0152], [0155] - [0157]

Relevant to claim No.

US 2005/096640 Al (DAI GUANGMING [US] ET
AL) 5 May 2005 (2005-05-05)

abstract

claim 1

paragraphs [0002], [0093], [0177],
[0184], [0185], [0194], [0196]

figure 6

1-21

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr:ts, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

1 August 2011

Date of mailing of the international search report

10/08/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Jansen, Birte

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/030570
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2008/033408 Al (BUELER MICHAEL [CH] ET 1-21
AL) 7 February 2008 (2008-02-07)
abstract

paragraphs [0067], [0072], [0074],
[0076], [0082], [0084]
figure 7

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2011/030570
Patent document Publication Patent family Publication
cited in search report date member(s) date
DE 102005006897 Al 24-08-2006  NONE
WO 2010049157 Al 06-05-2010 CA 2740541 Al 06-05-2010
DE 102008053827 Al 12-05-2010
US 2005096640 Al 05-05-2005 US 2011166558 Al 07-07-2011
US 2008033408 Al 07-02-2008  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - wo-search-report
	Page 52 - wo-search-report
	Page 53 - wo-search-report

