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MANIVEST REFRACTION TREATMENT SYSTEMS AND METHODS

CROSS-REFERENCES TO RELATED APPLICATIONS
[p081]  This application is a non-provisional of and claims the benefit of priority to ULS.
Provisional Patent Application No. 61/509,669 filed July 20, 2011, This application is alsn
refated to UL, Patent Application Nos. 12/418,841 filed April 6, 2009, and 6}:’428,6@4 filed
December 30, 2010. The entire content of each of the above referenced filings is incorporated

herein by reference.

BACKGROUND OF THE INVENTION
[0002]  Embodiments of the present invention relate to systems and methods for vision
correction, and in particular to technigues for planning a prescription treatment for a patient’s

eye,

{0663} As light rays enter the eye, they are bent by the anterior portion of the eye before
reaching (e retina. This refraction of the light is a consequence of the optical power of the
cornea and fens. If there are refractive errors in the eye, incoming light does not properly
converge ai the retina. For example, the eye may present spherical or eylindrical irregularities
that prevent the proper focusing of light. Manifest refraction, such as that measured by a
phoropter device. is an indication of how much spherical and cylindrical error shows up as a
person perceives vision, Currently available vision treatment approaches often rely upon
manually measured subjective manifest refraction for determining or adjusting a patient
prescription. For example, a treatment provider can manually evaluate the subjective manifest
refraction of the patient corresponding to a spectacle cotrection. convert that manifest refraction
to the corneal plane using a vertex distance adjustment, and use the resulting manifest refraction

for determining the preseription.

[0004]  Although these and other proposed vision 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 treatment systems and methods that provide for the

plannimg of vision prescriptions that deliver enhanced optical performance. Embodiments of the
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present invention provide solutions that address certain inefficiencies or shortcomings which
may be associated wilh known techniques, and hence provide answers (o at least some of these

ouistanding needs.

5 BRIEF SUMMARY OF THE INVENTION

10905} Embodiments of the present invention encompass systems and methods for determining
a vision prescription or planning & refractive treatment for a patient, based on a pre-treatment
refractive measurement. without aliering the prescription in response to any measured subjective
manifest refraction. In some instances, subjective manifest refraction may be measured but not

10 faciored into the prescription generation process. That can be the case even where the subjective
manifest refraction measurement differs significantly from the objective manifest refraction
measurement. [n some instances, subjection manifest refraction may be measured and used as a
safety check. Optionally, a prescription can be generated for a patient based on an objective
optical manifest refraction measurement, without taking a measurement of the subjective

15 manifest refraction at all. Such techniques are well suited for use in any of a variety of vision
treatment modalities based on manifest refraction measurements, including without limitation
laser ablation treaiments, contact lens treatments, spectacle treatments, surgical vision treatments

or modifications, intraccilar lens and custom intraocular lens treatments, and the like.

{0006]  In one aspect, embodiments of the present invention encompass methods and systems
20 for treating an eve of a patient. An exemplary method includes measuring, with a manifest
refraction instrument, an objective optical manifest refraction of the eye of the patient,
transmitting the objective optical manifest refraction measurement from the manifest refraction
instrument {o a treatment planner, determining, with the treatment planner, a prescription based

on the objective optical manifest refraction measurement, without altering the preseription in

2
th

response to any subjective manifest refraction measurement of the eye, and transmitting the
preseription from the treatment planner so as to facilitate surgically altering the eye per the
preseription. In some cases, the objective optical manifest refraction measurement includes 2
wavefront evaluation of the eve. In some cases, the objective optical manifest refraction
measurement ineludes a combined wavefront and topographic evaluation of the eye. In some
30 cases, methods may include interactively. in response to subjective input from the patient,
measuring the subjective manifest refraction of the eye, the subjective manifest refraction
measurement differing significantly from the optical manifest refraction measurement. In some

2
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cases, the objective optical manifest refraction measurement transmitted from the manifest
refraction strament may differ from the subjective manifest refraction measurement by more
than about 0.10 Diopters. In some cases. the objective optical manifest refraction measurement
transmitted from the manifest refraction instrument may differ from the subjective manifest
refraction measurement by more than about 0.25 Diopters. In some cases, the objective optical
mapifest refraction measurement transmitted from the manifest refraction instrument may differ
from the subjective manifest refraction measurement by more than about 0.37 Diopters. In some
cases, the objective optical manifest refraction measurement transmitted from the manifest
refraction instrurnent may differ from the subjective manifest refraction measarement by more
than about 0.50 Dhopters. Optionally, the subjective manifest refraction measurement includes a
phoropter evaluation of the eve. In some instances, the subjective manifest refraction
measurement includes a irial frame evaluation of the eye. In some instances, the subjective
manifest refraction measurement includes a trial lens evaluation of the eye. According to some
embodiments. the objective optical manifest refraction includes an objective optical sphere
value, and the subjective manifest refraction includes a subjective sphere value that differs from
the vptical sphere value by greater than about 0.3 Diopters. In some cases, the difference may be
between about 0.5 Diopters and about 1.0 Diopters. In some cases, the difference may be greater
than about 1.5 Diopters. Methods may further include repeating at least one of the subjective
manifest refraction measurement and the objective manifest refraction measurement in response
to the difference in objective optical and subjective sphere values. Methods may also include
determining and imposing the prescription on the eye without altering the objective optical
manifest refraction or the transmitied prescription in response 1o the subjective manifest
refraction measurement(s). According to some embodiments, the eye is surgically altered under
direction of & treating physician Relatedly, the eye can be surgically altered without the treating
physician measuring subjective manifest refraction of the eye or otherwise obtaining the

subjective manifest refraction of the eye in preparation for the surgical alteration.

{0067} In another aspect, embodimsents of the present invention encompass methods for
treating an eye ot a patient, which include measuring, with a manifest refraction instrument, an
objective optical manifest refraction of the eve of the patient, transmitting the objective optical
manifest refraction measurement from the manifest refraction instrument to a treatment planner,
reviewing a subjective manifest refraction measurement of the eve, where the subjective

manitest refraction differing significantly from the objective manifest refraction, determining,
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with the freatment planner, & prescription based on the objective optical manifest refraction
measurement, without altering the prescription in response to the subjective manifest refraction
measurement of the eye, and transmitting the prescription from the treatment planner so as to
facilitate surgically altering the eye per the prescription. In some instances, he palient remains
well rested throughout the duration in which the subjective manifest refraction measurement of
the eye is performed. The subjective manifest refraction measurement can be determined using z
phoropter having a lens, where the patient is able to effectively evaluate vision provided by the
lens, where the patient is in good health and able to provide sufficient input to effectively
determine the subjective manifest refraction measurement, and where the patient is manure
enough to be able to provide sufficient input to effectively determine the subjective manifest

refraction measirement.

{0608]  In still another aspect, embodiments of the present invention encompass methods for
treating an eye of a patient which inelude receiving an objective optical manifest refraction of the
eve of the patient, fransmitting the objective optical manifest refraction measurement from the
manifest refraction instrument (o a treatment planner, determining, with the treatment planner, a
prescription based on the objective optical manifest refraction measurement, without altering the
preseription in response to any subjective manifest refraction measurement of the eve, and
transmitting the prescription from the treatment planner so as to facilitate surgically altering the
eye per the prescription. In some cases, methods may further include measuring the objective

oplical manifest refraction of the eye of the patient.

0009} In yet another aspect, embodiments of the present invention encompass systems for
deriving a prescription for an eyc of a patient. Exemplary systems may include a manifest
refraction instrument that measures an objective optical manifest refraction of the eye of the
patient, and a freatment planner that determines a prescription based on the objective optical
nanifest refraction measurement, without altering the prescription in response to any subjective
manifest refraction measurement of the eye. The treatment planner can be coupled with the
manifest refraction instrument so as 1o receive the objective optical manifest refraction
thereirom, Systems may also include a surgical device that alters the eye per the prescription.
T'he surgical device can be coupleable with the treatment planner so as to receive the prescription
from the treatment planner. In some instances, the objective optical manifest refraction
measurement includes a wavefront evaluation of the eye. In some instances, the objective optical

manifest refraction measurement includes a combined waveftont and topographic evaluation of
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the eye. In some instances, the freatment planner can be configured to determine the prescription
based on the objective optical manifest refraction measurement when the subjective manifest
refraction measurement differs significantly from the optical manifest refraction measurement.
In some instances. the treatment planner can be configured to determine the preseription based
on the objective optical manifest refraction measurement when the objective optical manifest
refraction measurement differs from the subjective manifest refraction measurement by more
than about 0.1} Dicpters. In some instances, the treatment planner can be configured to
determmne the prescription based on the objective optical manifest refraction measurement when
the objective optical manitest refraction measurement differs from the subjective manifest
refraction measurement by more than about 0.25 Diopters. In some instances, the treatment
planner can be contigared to determine the prescription based on the objective optical manifest
refraction measurement when the objective optical manifest refraction measurerment differs from
the subjective manifest refraction measurement by more than gbout (.37 Diopters. In some
instances, the treatment planner can be configured to determine the prescription based on the
objective optical manifest refraction measurement when the objective optical manifest refraction
measurement differs from the subjective manifest refraction measurement by more than about
0.50 Diopters. In some instances, the treatment planner can be configured to determine the
prescription based on the ohjective optical manifest refraction measurement when the objeciive
optical manifest refraction measuremerit differs from the subjective manifest refraction
measurement by more than about one standard deviation associated with the subjective manifest

refraction measurement.

{0010]  In another aspect, embodiments of the present invention encompass sysiems for
deriving a prescription for an eve ol a patient that include a wavefront-based instrument that
measures a wavelront-derived objective optical manifest refraction measurement of the eye of
the patient. The wavefront-derived manifest refraction can include a sphere component, a
cylinder component, and an axis component. Systems may also include a treatment planner that
determines a prescription based on the objective optical manifest refraction measurement,
without aligring the prescription in response to any subjective manifest refraction measurement
of the eye. Systems may also include a surgical device that alters the eye per the presceiption. In
some cases, systems can include a memory that receives the subjective manifest refraction
measurernent of the eye. In some cases, the wavelront-based instrument can include the

memory. In some cases, the treatment planner can include the memory. In some cases, the

LA



A

)
]

WO 2013/013175 PCT/US2012/047655

surgical device can include the memory. According to some embodiments, systems may include
i processor that calculates a difference between the wavefroni-derived objective oplical manifest
sefraction measurement and the subjective manifest refraction measurement. Systems may alsc
include & prompling mechanism that presents a signal if the difference exceeds a threshold.
According 1o some embodiments, systems may include an input that receives a physician
acknowledgement of the difference. According to some embodiments, systems may include an

inpul that receives a re-measurement instruction from the physician.

{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

accompanyling drawings,

BRIEF DESCRIPTION OF THE DRAWINGS
[0012]  Fig 1 illostrates a laser ablation system according to an embodiment of the present

invention,

[60613]  Fig. 2 iHlustrates a stmplified computer syster according to an embodiment of the

present invention.

f0014]  Fig 3 illusirates a wavefront measurement system according to an embodiment of the

present invention

[0815] Fig. 3A illustrates another wavefront measurement system according to an embodiment

af the present invention.

[0016] Fig. 4 illustrates aspects of prescription methods according to embodiments of the

present mvention.

{0017} Fligs. 5A and 5B depict aspects of refraction study results according o embodiments of

the present invention,

[B0I8]  Fig. 6 depicts aspects of refraction study results according to embodiments of the

present mvention.

[0G19]  Fig. 7 depicts aspects of refraction study results according to embodimenis of the

present inveation.

6
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{0201 Fig. § depicts aspects of refraction study results according to embodiments of the

present invention.

{0021} Fig. 9 depicts aspects of refraction study results according to embodiments of the

present mvention.

5 [8022] Fig. 10 depicts aspects of refraction study resulis according to embodiments of the

present invention.

[06823]  Pig. 11 depicts aspects of refraction study results according to embodiments of the

present vention.

[6624] Figs. 12A and 12B depict aspects of refraction study results according to embodimenis

10 of the present invention,

DETAILED DESCRIPTION OF THE INVENTION
{0625]  CExemplary systems and methods as described herein involve the use of an objective
optical manifest refraction, such as that measured with a wavefront device, for devﬁ;i@ping a
15 viston prescription for a patient without altering the prescription in response to any subjective

mantfest refraction, such as that measured with a phoropter device.

[0026] Embodiments of the present invention can be readily adapted for use with existing laser
systems and other optical treatment devices, Although system, software, and method
embodiments of the present invention are described primarily in the context of a laser eve

20 surgery systern, it should be understood that embodiments of the present invention may be
adapted for use in alternative eye treatment procedures, systems, or modalities, such as spectacle
tenses, intraccular lenses, accommodating 10Ls, contact lenses, corneal ring impiants,
collagenous corneal tissue thermal remodeling, corneal inlays, comneal onlavs, other comeal
implants or grails, and the like. Relatedly, systems, software, and methods according to

25 embodiments of the present invention are well suited for customizing any of these treatment
modalitics to a specific patient. Thus, for example, embodiments encompass custom intraccular
lenses, custom contact lenses, custom corneal implants, and the like, which can be configured to
ireat or ameliorate any of a variety of vision conditions in a particular patient based on their

unigue ecular characteristics or anatomy.



10

,.‘.
LA

20

[
L

30

WO 2013/013175 PCT/US2012/047655

{027} Turning now fo the drawings, FIG. 1 iHlustrates a laser eve surgery system 10 of the
present mvention, including a laser 12 that produces a laser beam 14. Laser 12 is optically
coupied to laser delivery optics 16, which directs laser beam 14 10 an eve B of patient P. A
delivery optics support structure (not shown here for clarity) extends from a frame 18 supporting
faser 12. A microscope 20 is mounted on the delivery optics support structure, the microscope

often being used to image a comea of eye E.

13028]  Laser 12 generaily 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 wseful with alternative sources of
uitraviolet or infrared radiation, particularly those adapted to controliably 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 siate 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 techmiques. Hence, although an excimer laser is the illusirative source of

an ablating beam, other Jasers may be used i the present invention.

{0029} 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 iniernet connection,
or the fike. 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
aon-volatile memory, RAM, or the like, and the processor 22 will inciude the memory boards
and other standard compenents 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,
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0838} Laser 17 and delivery optics 16 will generally direct laser beam 14 to the eye of patient
I 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 lager energy so as to efiect a predetermined
sculpting of the cornea and alter the refractive characteristics of the eye. In many embodiments,
both laser bearn 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
ireatment 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 feadback may be munually 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
alsa modify the planned sculpting based at least in part on the feedback. Measurement systems
are further described in ULS, Patent No. 6,315,413, the full disclosure of which is incorporated

herem by reference.

{0031}  Laser bearn 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 deseribed in U8, Patent No. 5,713,892, the full disclosure of which is incorporated
herein by refersnce. The laser beam may also be tailored by varying the size and offset of the
luser spot from an axis of the eye, as deseribed 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.

[0032]  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 U8, Patent No. 5,807,379,
the full disciosure 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

9
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control methodology for these taser pattern tailoring techniques are well deseribed in the patent

fiterature,

[0033]  Additional components and subsystems may be included with laser svstem 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 1n UK, 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 sysiem are known in the art. Further details of suitable systems for performing a
laser ablation procedure can be found in commonly assigned U8, Pat. Nos. 4,665,813,
4.669.466. 4,732,148, 4.770,172, 47773414, 5207 ,608, 5,108,288, 5,219,343, 5,646,791 and
5.163,934, the complete disclosures of which are incorporated hercin by reference. Suitable
systems also include commercially available refractive laser systemns such as those manufactured
and/or seld 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.

[60341  Fig. Z 15 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 36,
comprising a memory subsystem 58 and a file storage subsystem 60, user inferface input devices
62, user interface output devices 64, and a network interface subsystem 66. Network interface
subsystem 66 provides an mterface to outside networks 68 and/or other devices, such as the

wavelront measurement system 30.

[B035]  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
mmcorporated inte 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 (o
downlead & computer exceutable 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

10
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include a variety of conventional and proprietary devices and ways to input information mto

computer system 22

[0036]  User interface output devices 64 may include a display subsystem, a printer, a fax
machine, or nen-visual displays such as audio output devices. The dispiay 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 propyietary devices and ways to output information from computer systen

22 1o auser.

{0837]  Storage subsystem 56 can store the basic programming and data constructs that provide
the tunctionalizy 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 heremn, may be stored in storage subsystem 56. These software modules are generally
executed by processor 32. In a distributed environment, the software modules may be stored on
a phurality of computer systems and executed by processors of the plurality of computer systems.

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

{038]  Memory subsystem 38 typically includes a number of memories including s main
rankom 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,
BVDL CB-R, CD-RW, solid-state removable memory, and/or other removable media cartridges
or disks. Ove or more of the drives may be located at remote locations on other connected
corpuiers af other sites coupled o computer system 22, The modules implementing the

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

[0039]  Bus subsysiem 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

i



o

[
s

WO 2013/013175 PCT/US2012/047655

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,

[0040]  Comouter system 22 itself can be of varying types including a personal computer, a
portable compruter, a workstation, a computer terminal, a network computer. a control svstem in

a wavelront measurement system or laser surgical system, a mainframe, or any other data

processing system. Due to the cver-changing nature of computers and networks, the description

of compuiter system 22 depicted in FIG. 2 is intended only as a specific example for purposes of
Hlustrating one embodiment of the present invention. Many other configurations of computer
system 22 are possible having more or less components than the computer system depicled in

FIG. 2

[0041]  Referring now to FI1G. 3, one embaodiment of a wavefront measurement system 30 is
schematically ilfustrated in simplified form. In very general terms, wavefront measurement
system 30 is configured to sense Iocal slopes of a gradient map exiting the patient’s eye. Devices
based on the Hartmann-Shack principle generally include a fenslet array to sampie the gradient
map uniformly over an aperture, which is typically the exit pupil of the eve. Thereafter, the local

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

[004Z] More specifically, one wavefront measurement system 30 includes an image source 32,
such as a laser, which projects a souree image through optical tissues 34 of eve E so as to form
an image 44 upon « surface of retina R, The image from retina R is transmitted by the optical
system of the eve (e.g., optical tissues 34) and imaged onto a wavefront sensor 36 by system
optics 37, The wavefront sensor 36 communicates signals to a compuier 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 svstem 22 illusirated in FIGS. 1 and 2. Computer system 22’ may he in
comptunication 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
taser surgery system 10 may be combined or separate. If desired, data from wavefront sensor 36
may be transmitied to s taser computer system 22 via tangible media 29, via an /O port, via an

networking connection 66 such as an intranet or the Internet, or the like.
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10437 Waveftont sensor 36 generally comprises a lenslet array 38 and an image sensor 40, As
the image from retina R s transmitted through optical tissues 34 and hmaged 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 beamiets 42, and (in
combination with other optical components of the system) images the separated beamlets on the
surlace 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
commprises a peint or small spot of light, a location of the transmitted spot as imaged by a beamles

can directly indicate 8 local gradient of the associated region of optical tissue.

[0044]  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 reting R may be distorted
by any imperfections ui the eye’s optical system when the image source is originally {ransmitted
by opiical tissues 34. Optionally, image source projection optics 46 may be configured or

adapted to decrease any distortion of image 44.

[0045]  In some embodiments, image source optics 46 may decrease lower order optical errors
by compensating for spherical and/or cylindrical ervors of optical tissues 34. Higher order
ophical errors of the optical tissues may also be compensated through the use of an adaptive optic
clement, such as a deformable mirror (described below). Use of an image source 32 seleeted 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 2 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

weli-defined and accurately formed image 44 on retina R.

{0046]  In one embodiment, the wavefront data may be stored in a computer readable medivm
29 or a memory of the wavefront sensor system 30 in two separate arrays containing the x and y
wavelront 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
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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 eve 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
2 20 x 20 sive (1.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 systerm in a

single array or multiple arrays.

[0847]  While the methods of the present invention will generally be described with reference
io 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 fissue 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. Stl further alternatives are also available, including taking wavefront
sensor data of the eye with the eye in differing configurations, positions, and/or orientations. For
example, a patient will often help maintain alignment of the eve 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
larget as described in that reference, optical characteristics of the eve may be determined while

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

[0048] '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
30 50 as to determine a position of the pupil for registration of the wavefront sensor data relative

to the optical tissues,

[6049]  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. 34 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 controilably deformed by
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computer systern 22 1o 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
wavelront data. The structure and use of the system of FIG. 3A are more fully described in U8,

Patent No. 6,095,651, the full disclosure of which is incorporated herein by reference.

[3056]  The components of an embodiment of & wavefront measurement system for measuring
the eve and ablations may comprise elements of 2 WaveScan® syslem, available from VISX,
INCORPORATED of Santa Clara, California. One embodiment includes a WaveScan system with a
deformable mirror as desceribed above. An alternate embodiment of a wavefront measuring
system 18 described in ULS. Patent No. 6,271,915, the full disclogure of which is incorporated
herein by reference. 1t is appreciated that any wavelront 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, Ing..
ncluding the COAS wavetront aberrometer, the ClearWave contact lens aberrometer, the

Crystal Wave 101 aberrometer, and the like.
{1031} L Pre-Treatment Refractive Measurement

{8052}  When developing a treatment for a patient’s vision condition. it is helpful to evaluate or
consider the optical properties of the eve prior to the treatment. These optical properties can be
used when determining a treatment for the patient’s eye. Various measurement modalities can
be used 10 assess the eve, mcluding waveiront aberrometry, keratometry, topography.
pupilometry. relractornetry (e.g. measurement of manifest refraction), pachymetry, biometry, and

the tike. Such measurements are made prior to treating or refreating the eve.

{#033]  In many current approaches, a subjective eye examination is performed so as to provide
an initial measurement of a patient’s low order aberrations. These subjective measurements can
be taken using a standard phoropter, trial frames and lenses, or the like, and the manifest
refraction identified during these measurements relics to a large extent on the patient’s subjective
evaluation of vision quality through a candidate corrective lens, most often by selection hetween

altermnative candidate lenses.

[0054]  Once the standard sphere, cylindrical power, and eylinder angle have been identificd,
current approackes may optionally include a wavefront examination, with the wavefront

measurements specifically being performed to provide an additional assessment of the patient’s
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eye. The wavelronl measurement may utilize the results of the standard, subjective manifest
measurements.  For example. many wavefront aberrometers include optical elements which
adjust or precompensate for standard optical errors of the eye being measured so as to more
accurately and reliably measure the high-order aberrations, for example, by avoiding cross-over
between local gradient-indicating spots from one element of the Hartmann-Shack lenslet array
being misinterpreted as being associated with another element of the array. Before finalizing a
weatment based on the wavefront examination, subjective manifest refraction examination may

again be separately performed.

[0855] Notwithstanding any use of a subjectively-measured manifest refraction in obtaining an
nstrument-based objective measurement of the eye, embodiments of the present invention
encompass techniques wherein the treatment is based only upon the resulis of an objective
optical manifest refraction, which can be determined for example based on a wavefront
examination. In some cases, the results of the objective optical manifest refraction examination
override the results of any measured subjective manifest refraction. Optionally, a prescription
can be determined without measuring the subjective manifest refraction. Thus, even where there
is a significant difference between a subjective manifest refraction and an objective optical
manifest refraction, such as a 0.2 or 0.3 sphere difference, the objective optical manifest
refraction can be used to determine the treatment, and subjective manifest refraction can be

disregarded.

16056) In some cases, subjective manifest refraction results can also be used to develop a filter
for a wavefront examination procedure. Wavefront analysis typically captures both low order
and high order aberrations, whereas subjective manifest refraction captures low order
aberrations. In some instances, the presence of low order aberrations can limit the ability of a
wavelront mechanism to aceurately evaluate the high order aberrations, Using the results of 2
subjective manifest refraction examination, however, it is possible to develop a low order filter.
The filter may include, for example, a set of one or more lenses that are placed between the
ravefront mechanism and the patient’s eye. The filter operates to cancel out or counteract the
low order abervations {e.g. cylinder), and thus only information corresponding {0 the high order
aberrations reaches the wavefront mechanism. Optionally, a filter can be implemented by
software or hardware modules of a treatment system. For example, a subjective manifest

refraction measurement can be inputted into a freatment system, which in turn compensates for
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fow order aberrations present in the subjective manifest when performing a wavefront

examination oy evaluating wavefront examination results.

[0057}  Henee, subjective manifest refraction measurements can be performed in order to
establish a filter or cancelation factor or mechanism for a wavefront examination, to establish a
baseline or starting point for a wavefront examination, or 1o establish an adjustment factor or
mechanism for a wavefront examimation. Embodiments of the present invention encompass
methods in which a subjective manifest refraction is not performed at all, or in which a
subjective manifest refraction is performed bul not used in combination with a wavefront
examination when adjusting or generating a prescription for a patient’s eye. A measured
subjective manifest refraction may, however, be used as a basis for, or to facilitate. a wavefront

evaluation.

[0058]  F1G. 4 shows aspects of an exempiary method 400 for treating an eye of a patient.
Method 400 meludes nieasuring an objective optical manifest refraction of the patient’s eye, as
indicated by step 410, Measurement of the manifest refraction can be performed with a manifest
refraction instrament 420, The manifest refraction instrument can be an apparatus such as a
wavetront measurement assembly, a combined wavefront and topography measurement
assembly, an aberrometer assembly, and the like. The method also includes transmitting
objective optical manifest refraction measurement data, as indicated by step 430, from the
mantfest refraction instrument to a freatment planner 440. The treatment method further includes
determining a prescription for the patient’s eye based on the objeclive optical manifest refraction,
without altering the prescription in response to any measured subjective manifest refraction, as
indicated by step 430, Determination of the prescription can be performed with treatment
planmer 440. Method 400 additionally includes transmitting the preseription from the treatment
planner, as indicated by step 460, so as to facilitate surgically altering the eve per the
prescription. In some instances, the manifest refraction instrument and the treatment planner can
be contigured as components of a single system that can perform measurement, planning, and

treatment procedures, for example.
|54 A, Refractometry Measurement (Objective Manifest)

[0066]  The objective optical manifest refraction measurement can be based on or determined
by a wavefront evaluation of the eye. U.S. Patent Nos. 6,808,266 and 7,029,119 describe

approaches for objectively obtaining a manifest refraction value of a patient’s eve based on
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certain Zermke wavefront aberration data. Relatedly, U.S. Patent Nos. 6,761,434, 7,114,808,
7,461,938, and 7,490,940 describe techniques for determining sphere and cylinder components
of subjective refraction using an objective wavefront measurement. Additionally, techniques for
predicting refraction from wavefront aberrations are discussed in Thibos, “Accuracy And

Precision Of Objective Refraction From Wavefront Aberrations” J. Vision 4:329-351 {2004},

[0061] Typically, wavefront examination involves passing a wave of light info the patient’s
eye, and analyzing the quality of light which is reflected back out of the patient’s eve. In this
way, il is possible fo analyze the optical propertics of the patient’s visual based on how the eye
fransforms or alfers the light wave. Wavefront examination ts particularly useful in diagnosing
vision conditions or ¢haracterizing vision performance in an eve of a patient, In some cases, the
objective optical manifest refraction measurement can be based on or determined by a wavefront
evaluation of the eve. In some cases, the objective optical manifest refraction measurement can
be based on or determined by a combined wavefront and topographic evaluation of the eve.
Topographic examination is typically used to evaluate the surface curvature or shape of the
patient’s cornea, which can play a significant role in the focusing ability of the eye. Hence,
wavelront techniques, optionally in combination with comeal topography, can provide an
objective optical basis for evaluating the optical propertics of the patient’s eve, In some cases,
waveiront evaluation data may be used to determine a vision freatment for a patient. In some
cases, waveiront evaluation data in combination with fopographic evaluation data can be used to
determine a vision treatment for a patient. Hence, wavetront techniques, optionally in
combination with corneal topography, can provide an objective optical basis for determining a
vision treatment for an eye of a patient. It has been discovered that an objective optical manifest

refraction measurement can be used solely or primarily to derive a prescription for a patient.
|0062] B. Refractometry Measurement (Subjective Manifest)

[0063] Exemplary vision treatment techniques may inchide measuring the subjective manifest
refraction of the eye, interactively in response to subjective input from the patient. For example,
the subjective manilest refraction measurement can be based on or determined by a phoropter
evaluation of the eye. Phoropter mechanisms typically inciude a series of lenses which foecus or
refract light into the patient’s eve, thus allowing the operator to calculate how much sphere.
cylinder, and axiy is needed to treat the patient’s refractive error. In some cases, the subjective

manifest refraction measurement can be based on or determined by a trial frame evaluation of the
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eve. Optionally, the subjective manifest refraction measurement can be based on or determined

by a trial lens evaluation of the eye.

[0864]  In some cases, subjective manifest can be measured manually. Optionally, subjective
manifest can be measured using a computer. Typically. measurement of subjective manifest
takes into account the effect of patient neural signals or processing, and may reflect particular
aspects of the patient’s perception of vision, what the patient is accustomed to seeing, or specific
vision preferences of the patient. The subjective measurement of manifest refraction therefore
may present some level of uncertainty or unpredictability, for example with regard to how light
is received at the patient’s retina, how nerve signals corresponding to that light are transmitted to
the brain via the optic nerve, and how the signals are perceived or processed by neural tissue

such as the brain.

00651  Optionally, subjective manifest can be measured with an autorefractor. In some
instances. subjoctive manifest can be determined based on a combined manual and autorefractor
evaluation of the eye. For example, an operator may use an awtorefractor to determine a baseline
refraction of the eye, and a manual phoropter to determine the actual prescription, taking into

asccount the resuls of the autorefractor examination.

[B066] The subjective manifest refraction measurement may differ significantly from the
optical manifest refraction measurement. For example, the objective optical manifest refraction
measurement may differ from the subjective manifest refraction measurement by more than
about £1.10 DHopters. In some cases, the objective optical manifest refraction measurement may
differ from the subjective manifest refraction measurement by more than about .25 Diopters.
Similarly, the ebjective optical manifest refraction measurement may differ from the subjective
manifest refraction measurement by more than about 0.37 Diopters. Relatedly, the objeciive
optical manifest refraction measurement may differ from the subjective manifest refraction
measurement by more than about (.50 Diopters. Despite such significant differences between
the objective optical manifest refraction measurement and the subjective manifest refraction
measurement, a prescription for the patient’s eye can be determined effectively hased on the
objective optical manifest refraction, without altering the prescription in response to the
measured subjective manifest refraction. In some cases, techniques may involve remeasuring the
objective manifest, the subjective manifest, or both, when there is a significant difference

between the measured objective and subjective manifest refractions.
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[067]  According to some embodiments, the eye can be surgically altered under direction of a
treating physician, such that the eve is surgically altered without the treating physician measuring
subjective manifest refraction of the eve or otherwise obtaining the subjective manifest refraction

of the eye in preparation for the surgical alteration,

[B068]  Although subjective manifest measurements can be used as a safety check, to establish
a filter, or to establish a baseline for objective optical measurements, it is possible to ignore or

disregard the subjective manifest when developing a preseription for treatment purposes,

[0069] By determining a prescription or treatment for a patient based on an objective optical
manilest refraction as measured by an objective instrument, without attering the prescription or
treatment based on a subjective manifest refraction measurement as measured by a subjective
manual procedure, it is possibie to directly transmit objective optical manifest refraction
measurement data from the objective instrument directly to a treatment planner. Hence, the
prescription or treatment can be generated without manually measuring the subjective manifest,

or manually entering the subjective manifest into a planner, or both,

{G070]  Incontrast to a subjective manifest refraction approach, objective manifest refraction
embodiments ol the present invention involve an optical technique that does not involve the
uncertain or unpredictable aspects of the subjective manifest. Hence, the optical approach can

provide enhanced accuracy when preparing a prescriplion for the patient.
{71} . Objective Manifest with Subjective Aspects

[0872]  In some instances, objective optical manifest refraction measurements may melude
technigues having a subjective or neural adaptation component that are not related ta phoropters
or other traditional subjective manifest refraction devices. For example, objective optical
manifest refraction measurements can be based on results obtained from a device having
deformable mirror optics, such as an adaptive optics system. Resulis from such wavefront or
abjective measuraments may reflect a subjective or patient-input based element. In some cases,
an adaplive optics system or similar vision simulator may be used to provide the patient with a
preview of the sffect a particular vision treatment (e.g. negating or diminishing aberrations) may

have on their vision.

{00733 ¥, Manifest Parameters (Sphere)
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[0074] Manifest relraction can include a sphere component. Hence, an objective optical
manifest refraction can include an objective optical sphere value, and a subjective manifest
refraction can include a subjective sphere value. Exemplary techniques can include determining
a prescription for the patient’s eye based on an objective optical manifest sphere value, without
altering the preseription in response fo any measured subjective manifest refraciion sphere value.
The objective sphere value may differ from the subjective sphere value by more than about 0.3
Diopters. In some cases, the difference may be between about (.5 Diopters and about 1.0
Diopters. in some cases. the difference may be greater than about 0.5 Diopters. Despite such
significant dificrences between the objective sphere measurement and the subjective sphere
measurement, a prescription for the patient’s eye can be determined effectively based on the
objective sphere vafue, without altering the prescription in response to the measured subjective

sphere value.

[0075]  Hence. embodiments encompass techniques for determining a prescription where the
results from an objective optical manifest examination override any results from a subjective
manilest examination. Relatedly, embodiments encompass approaches for determining a
preseription based upon the results from an objective optical manifest examination, in the
absence of performing a subjective manifest examination. Systems for performing such
techniques may include a manifest refraction instrument in cooperative association with a
treatment planner. The manifest refraction instrument can operate to measure an objective
optical manifest refraction of the eye of the patient, and the freatment planner can operate 1o
determine a prescription for the patient, based on the objective optical manifest refraction
measurement. The prescription can be used to facilitate a surgical alteration of the cye. The
system may include an input for receiving a subjective manifest refraction of the eve, which can
be used as a salety check or low order filter as described elsewhere herein. Optionally, the
system may be configured to receive the subject manifest refraction, but not to use the subjective
manifest when determining a prescription. In some instances, the systent may have no input that

receives a subjective manifest refraction.
[0076] 1L Refractive Treatment Planning

{0077} Embediments of the present invention encompass any of a variety of pre-treatment
refractive measurements that can be used to for planning a desired refractive treatment for the

patient. For example, embodiments may include aspects of measurement and planning
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techniques such as those described in U8, Patent Application Nos, 12/418,841 filed April 6,
2009, and 61/428,644 filed December 30, 2010, the contents of which are incorporated herein by

reference.

[078]  Exemptary treatment planners can use objective optical manifest refraction
measurement data obtained from a manifest refraction instnument to generate a prescription or
{reatment for the patient. Such prescriptions can be determined without alteration in response (©

any subjective manifest refraction measurement of the eye.
0079 A. Variability in Subjective Manifest Refraction Measurements

{0080]  Studies have shown the existence of significant clinician variability in measurements of
subjective refraction. For example, with regard to the repeatability of clinician refraction, a
mean spherical equivalent between two clinicians was observed to have a distribution of -0.12
Diopters with a standard deviation of 0.41 Diopters. In some cases, clinical variability in
subjective refraction may be due to inconsistencics associated with the patient’s visual
perception. In some cases, the standard deviation may be within a range from about 0.25

Diopters to about .50 Diopters.
[0081] B. Accuracy in Objective Manifest Refraction Measurements

[0082] Embodiments of the present invention provide for objective manifest refraction
measurements having a standard deviation of about 0,15 Diopters. Hence, the instant techniques
provide for the measurement of objective optical manifest refraction, to standard deviations
significantly less than the 0.37 Diopter standard deviation associated with a subjective manifest
refraction measurement of the eye. In some cases, the standard deviation may be within a range
from about 0.25 Diopiers to about 0.50 Diopters. These objective measurements are much more
repeatable and accurate than the currently used subjective manifest refraction measurements
obtained with phoropters or the like. Contrary to current practices in prescription development,
which ofien are based in large part upon incorporating the results of phoropter evaluations and
other subjective manifest refraction measurements, the techniques disclosed herein are well
suited for use in generating prescriptions without relying upon any subjective manifest refraction

GEASUremes,

[0O83} 1t is possible 1o achieve such accurate obiective measurements by using high resolution

waveiront sysiems having dense arrays, with short focal lengths that provide no aliasing.
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Exemplary high resolution wavefront systems and techniques are discussed by Neal et al. in
“Effect of lenslet resolution on the aceuracy of ocular wavefront measurements” Proc. SPI
4245, 78-91 (2001}, “Shack-Hartmann wavefront sensor precision and accuracy” Proc. SPIE
4779, 148-160 (2002}, and U.S, Patent Nos. 6,550,917 and 6,634,750, the contents of which are
incorporated herein by reference. These accurate objective measurements can allow for the
development of more precise treatments. For example, higher confidence in the accuracy of the
measurement allows the operator or physician to plan and administer more aggressive
prescription shapes based on those measurements, In some instances, such treatments may
include contract lens prescriptions, scleral lens prescriptions, laser sculpting or treatment
prescriptions, TOL prescriptions including custom IOL prescriptions, and spectacle prescriptions
including prescriptions that invelve different pairs of glasses for different uses {¢.g. low ambient

lighting conditions, high ambient lighting conditions).

[0084]  As noted elsewhere herein, although the subjective manifest refraction measurement
may differs from the optical manifest refraction measurement, exemplary techniques involve
developing a prescription for the patient based on the objective optical manifest refraction,
without altering the prescription in response to the measured subjective manifest refraction.
Such approaches can be implemented even where there is a significant difference, for example
(.37 Dnopters or more, between the subjective and objective optical manifests, Likewise, such
approaches can be implemented even where the objective measurement differs from the
subjective measurement by more than a standard deviation associated with subjective
measurement. Hence. instead of generating and applying a prescription that reflects the patient’s
neural pmwssiﬁg for vision, a prescription is based on optical faciors alone. In some instances,
the difference between the subjective and objective optical manifests can be more than about
.40 or 0.50 Diopters. The ability to generate effective prescriptions in such circumstances by
disregarding the subjective manifest, or by determining the prescription independently of the

subjective manifest, is surprising and unexpected.

[0085]  In some cases, techniques may involve repeating an objective measurement, a
subjective measurement, or both, when there is a significant difference between original
objective and subjective measurements. Relatedly, significant differences between objcetive and
subjective measurements (e.g. 0.50 Diopters) can be used as part of a safety check or a reference,
where a decision is made whether to proceed with 4 treatment based on an objective
measurement.
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[0086] o some cases, objective and subjective results can be compared, for example, by
providing a patient with an objective-based treatment in one eye, and 2 subiective-based
freatment in the other eve. In some cases, objective-based treatments and subjective-based

ireatments can be compared using adaptive optics or similar vision simulation techniques.
8T} B. Visual Acuity and Contrast Sensitivity

[0088] I some cases, it is possible to evaluate the difference between prescriptions based on
objective and subjective manifest refraction measurements, without administering the
prescription to the patient in a surgical procedure. For example, the visual acuity can be
determined based on objective and subjective manifest refraction measurements, without
surgically treating the patient. A wavefront based refraction that provides a better visual acuity
can be considered as more aceurate than a phoropter based refraction that provides a worse

visual acuity.

[0089]  In some instances, the accuracy or precision of the objective manifest refraction
measurement can be evaluaied based on visual acuity or comirast sensitivity techniques.
Likewise. the accuracy or precision of an objective measurement approach can be compared with

the accuracy or precision of a subjective measurement approach,
{80941 . Adaptive Optlies

[#091]  Adapiive optic techniques can be used to evaluate the difference between an objective-
based treatment {e.g prescription determined by wavefront measurement) and a subjective-bagsed
treatment {e.g. prescription determined by phoropter). In some instances, adaptive technique
evaluations can be performed after the patient treatment is allowed to stabilize. Embodiments of
the present mvention therefore encompass techniques that involve the use ot adaptive optics for

diagnostic applications as well as development applications.
[0092] . Cylinder

[6093] Cylinder can be used as a prescription measure for astigmatism, and is a low order
aberration. In some cases, currently used techniques may involve undercorrecting or
undermeasuring cylinder. 1t has been reported 1hzuﬁthe uge of conventional manifest refraction in
excimer laser vision treatment can resulf in an undercorrection of cylinder. For example, Choi et
al., “Excimer Luaser Photorefractive Keratectomy for Astigmatism”™ Korean J. Ophthalmel., Vol

7:20-24 (1993 ) reports a mean refractive cylinder change from 1.62 Diepters o 0.48 Diopiers
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following a manifest-guided ablation procedure, In contrast, by using objective manual manifest
refraction measurements, it is possible to compensate for the full eylinder component of the
vision measurement, and correcting for all of the cylinder on the comea can lead to a better
treatment outeome. Henee, objective optical manifest refraction techniques are well suited for
correcting for cylinder, Tn some cases, exemplary techniques may inchude fully measuring
cylinder {e.g. with little or no under-measurement) and fully correcting eylinder (e.g. with little
or no under-correction). Such techniques can be applied even where a patient may already be
accustomed 1o, or otherwise express an initial preference for, an under-correction for cylinder. It
has been observed that autorefractors may be particularly effective in obtaining cylinder
measurements (see e.g. Cheng et al. “Predicting subjective judgment of best focus with objective
image quality metrics™ Journal of Vision, 4, 310-321 (2004), the content of which is incorporated

herein by refercnce.
[6094] . Hegistration and Combination

10095]  Embodiments of the present invention encompass fechniques for registering or
combining objective optical manifest refraction measurements with other measwrements
provided by pupillometry, aberrometry, topography, and other evaluation modatities for the
dgevelopment of treatment preseriptions. Such evaluation modalities can reside on a single
wsfrument or system,ﬁnd can be registered to each other, for example as described in U.S.

Patent Application No. 12/418,841 filed April 6, 2009 (Atty, Docket Ne. 18158C-037410U8).
18096] ¥, Hefraction Study Results
{6097] i. 4 mm Sphere Correlation te Manifest Refraction

{0098]  As depicted in FIGS. 3A and 5B, the root mean square (RMS) crror in fit is dominated
by uncertainty in the manifest refraction (RMS=0.34D; Slope=1.09; Intercept=-0.06D; R*=0.89).
A wider range of manifest refraction (MR) may be useful in a ficld study. Three or more

manifest refraction measurements per eye may be useful to mitigate MR uncertainty. More than

three sphere measurements per eye may be helpful for a field study,
[0099] 2. 4 mm Sphere Repeatability

{010668]  FIG. 6 shows the results of a first study involving thirty five eves, where fourteen
measurements per eve were performed. All eves with fourteen or more measurements were

included. The sphere repeatabilily was observed to be about 0.12 Diopters. FIG., 7 shows the
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results of a second study involving thirty eight eyes, where three measurements per eve were
performed. All eyes with three or more measurements were included. The sphere repeatability

was observed 1o be about 0.14 Diopters.
[0101] 3. 4 mm Sphere Variability and Age

[0162]  FiG. 8 provides the results of a first study showing that sphere variability is greater for
younger patients. As depicted in the lower panel, the repeatability is 0.12 Diopters and there iz a
slight trend with age. FIG. 9 provides the results of a second study also showing that sphere
varability is greater for younger patients. As depicted in the lower panel, the repeatability is

(.14 Diopters and there is a slight trend with age.
0103} 4. 4 mm Cylinder Repeatability

[0104] FIG. 10 shows the results of a first study, where cylinder repeatability was observed to
be about 0.088 Dioplers. FIG. 11 shows the results of a second study, where cylinder
repeatability was observed to be about 0.085 Diopters. The cylinder repeatabilities of the first

and second studies are similar.
[01D5] &, 4 mm Sphere and Cylinder Correlation to Manifest Refraction

[0106] FIGS. 12A and 12B, depict correlation between subjective {e.g. Manilest Refraction)
and objective (e.g. wavefront-derived) measurement methods for a group of 108 pre-operative
eyes enrolled in a clinical study. FIG. 12A shows pre-operative manifest refraction versus pre-
operative objective refraction for sphere, The comparison characterizes an ability to accurately
measure the optics of the eye, when asing either wavefront-derived values of sphere or those
obiained by & manifest refraction method. Refractions were caleulated over a 4 mum pupil at 12.5
mm vertex. FIG. 128 shows pre-operative manifest refraction versus pre-operative objective
refraction for cylinder. The comparison characterizes an ability to accurately measure the optics
of the eye, when using either wavefront-derived values of cylinder or those obtained by a
manifest refraction method. Refractions were caleulated over a 4 mm pupil at 12.5 mm vertex.
The data shows a strong correlation (R-square of 0.9794 and 0.9754, respectively) between the
manifest measurement and the wavefront-derived measurement of sphere and cylinder for the

SAIC ©YE,

[0107]  In the studies represented by FIGS. 5A to 12B. some corrections may have been

applied to the data. Spherical equivalent (SEQ) and Cylinder results are from Study 1 which was

26



1

1

0

5

25

3

WO 2013/013175 PCT/US2012/047655

corrected. One correction was for Lane Length to the MRS, Also, the correct assigmment of 4

fliers and one measurement where the subject later admitted to intentionally not comply,

{0108} This data supports the finding that repeatability of aberrometers is better than manifest
refraction across the study populations. It may be noted that later studies concentrated on
increased pupil size at the slight expense of sphere precision. In practice, it may be desirable to
separate patients who accommodate from patients who do not (e.g. presbyopes). Repeatability
with presbyopic patients is believed to correlate with insirument repeatability. Measuremenis on
presbyopes allow the issue of chromalic correction to be precisely addressed. Young patients
can be assessed separately. An asymmetric distribution skewed to the myopic side may be
expected. It is helpful to avoid accommodation during the measurement process prior to the
developmeni and administration of a prescription treatment, particularly in young patients,
Relatedly, it is helpful to ensure that an appropriate or maximum amount of information from
one or more measurements is used to set the autorefraction level. For example, it may be useful
to not autorefract {0 a significantly more myopic setting than was previously measured, Further,
it may be desirable to dynamically track a sphere reading and provide feedback to operator, a
patient, or both. Moreover, it may be helpful to allow a patient to participate more aclively in the
measurement, for example, by gating the measurement when ready, triggering measurement,
providing a placebo button, and the like. Also, it may be useful to evaluate dynamically

changing fixation targets.

(0169}  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 deseribed 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.

[0110]  Each ofthe calculations or operations described hercin 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
digial 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

pertorm one or more of these steps by having appropriate machine programming code associated

(R
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therewith, the modules for two or more steps (or portions of two or more steps) being integrated
into a single processor board or separated inte 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.

{0111]  All patents, patentt publications, patent applications, journal articles, books, technical
references, and the like discussed in the instant disclosure are incorpotated herein by reference in

their entirety fov all purposes.

[6112] Whils the above provides a full and complete disclosure of the preferred embodiments
of the present invention, vasious modifications, alternate constructions and equivalents may be
employed as desired. Therefore, the above deseription and itlustrations should net be construed

as limiting the invention, which can be defined by the claims.

28



1

[

L

-

fotrd

[

fuod

o

Lad

fa

1ol

WO 2013/013175 PCT/US2012/047655

WHAT IS CLAIMELD IS:

1. A method for treating an eye of a patient, the method comprising:

measuring, with a manifest refraction instrument, an objective optical manifest refraction
of the eye of the patient:

transmitting the objective optical manifest refraction measurement from the manifest
refraction iastrument 1o a treatment planner;

determining, with the treatment planner, a prescription based on the objective optical
manifest refraction measurement. without altering the preseription in response to any subjective
manifest refraction measurement of the eye; and

transmitting the preseription from the treatment planner so as to facilitate surgically

altering the eve per the prescription.

2. The method according 1o claim 1, wherein the objective optical mamifest

refraction measurement comprises a wavefront evaluation of the eve.

~

3, The method according to claim 1, wherein the objective optical manifest

refraction measurement comprises a combined wavefront and topographic evaluation of the eye.

4. The method according to claim 1, further comprising interactively, in
response (o subjective tnput from the patient, measuring the subjective manifest refraction of the
eye, the subjective manifest refraction measurement differing significantly from the optical

manifest refraction measurement.

5. The method according to claim 4, wherein the objective optical manifest
refraction measurement transmitted from the manifest refraction instrument differs from the

subjective manifest refraction measurement by more than about (.10 Diopters.

6. The method according te claim 4, wherein the objcctive optical manifest
refraction measurement transmitted from the manifest refraction instrument differs from the

subjective manifest refraction measurement by more than about {1.25 Diopters.

7. The method according to claim 4, wherein the objective optical manifest
refraction measurement transmitted from the manifest refraction instrument differs from the

subjective manifest refraction measurement by more than about 0.37 DHonters,
i P
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8. The method according to claim 4, wherein the objective optical manifest
refraction megsurement transmitted from the manifest refraction instrument differs from the

subjective manifest refraction measurement by more than about 0.50 Diopters.

g, The method according to claim 4, wherein the sithjective manifest

refraction measurement comprises a phoropter evaluation of the eve.

10. - The method according to claim 4, wherein the subjective manifest

refraction measurement comprises a trial frame evaluation of the eye.

1t The methed according to claim 4, wherein the subjective manifest

refraction measurcment comprises a trial lens evaluation of the eye.

il The method according to claim 1, wherein the objeciive optical manifest
refraction comprises an objective optical sphere value, and the subjective manifest refraction
comprises @ subjective sphere value that differs from the optical sphere value by greater than
about 0.5 Diopters. the method further comprising:

repeating at least one of the subjective manifest refraction mieasurement and the objective
manifest refraction measurement in response to the difference in objective optical and subjective
sphere values; and

determining and imposing the prescription on the eye without altering the objective
optical manifest refraction or the transmitted prescription in response to the subjective manifest

relraction measurement(s).

13 The method according to claim 1. wherein the eye is surgically altered
under direction of a treating physician, and wherein the eye is surgically altered without the
treating physician measuring subjective manifest refraction of the eve or otherwise obtainin g the

subjective manifest refraction of the eye in preparation for the surgical alteration,

H4. A method for treating an eye of a patient, the method comprising:
nreasuring, with a manifest refraction instrument, an objective optical manifest refraction
of the eve of the patient;
transmitling the objective optical manifest refraction measurement from the manifest

refraction instrument to a treatment planner;
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reviewing a subjective manifest refraction measurement of the eve, the subjective
manifest refraction differing significantly from the objective manifest refraction;

determining. with the treatment planner, a prescription based on the objective optical
manifest refraction measurement, without altering the prescription in response to the subjective
manifest refraction measurement of the eye; and

transmitting the preseription from the treatment planner so as to facilitate surgically

altering the eys per the prescription.

15, The method according to claim 14, wherein the patient remains well rested
throughout the duration in which the subjective manifest refraction measurement of the eve 15
performed, wherein the subjective manifest refraction measurement is determined using a
phoropter having a lens, wherein the patient is able to effectively evaluate vision provided by the
fens, wherein the patient is in good health and able to provide sufficient input to effectively
determine the subjective manifest refraction measurement, and wherein the patient is mature
encugh to be able to provide sufficient input to effectively determine the subjective manifest

refraction measurement,

16, A method for treating an eye of a patient, the method comprising:

receiving an objective optical manifest refraction of the eye of the patient;

transmitling the objective optical manifest refraction measurement from the manifest
refraction instrument o a treatment planner;

determining, with the treatiment planner, a prescription based on the objective optical
manifest refraction measurement, without alftering the prescription in response to any subjective
nyani fest refraction measurement of the eve; and

transmitiing the prescription from the treatment planner so as to facilitate surgically

altering the eye per the prescription.

7. The method according to claim 16, further comprising measuring the

objective optical manifest refraction of the eve of the patient.

i3 A system for deriving a prescription for an eye of a patient, the systemn
comprising:
a inanifest refraction instrument that measures an objective optical manifest

refraction of the eye of the patient;

ek
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4 lreatment planner that determines a preseription based on the objective optical
manifest refraction measurernent, without altering the prescription in response o any subjective
manifest refraction measurement of the eye, the treatment planner coupled with the manifest
refraction instrument so as to receive the objective optical manifest refraction therefrom:

a surgical device that alters the eye per the prescription, the surgical device
coupleable with the treatrnent planner so as to receive the prescription from the treatment

planner.

19, The sysiem according 1o claim 18, wherein the objective optical manifest

refraction measurement comprises a wavefront evaluation of the eye.

20. The system according to claim 18, wherein the objective optical manifest

refraction measurement comprises a combined wavefront and tepographic evaluation of the eye.

21, The system according to claim 18, wherein the treatment planner is
configured to determine the prescription based on the objective optical manifest refraction
measurernent waen the subjective manifest refraction measurement differs significantly from the

optical manitest refraction measurement.

22 'The system according 1o claim 18, wherein the treatment planger is
configured fo determine the presceription based on the objective optical manifest refraction
measurement when the objective optical manifest refraction measurement differs from the

subjective manifest refraction measurement by more than about 0,10 Diopters.

25, The system according to claim 18, wherein the treatment planner is
configured io determine the prescription based on the objective optical manifest refraction
measurement when the objective optical manifest refraction measurement differs from the

subjective manifest refraction measurement by more than about 0.25 Diopters.

24. The system according to claim 18, wherein the treatment planner is
configured to determine the prescription based on the objective optical manifest refraction
measurement when the objective optical manifest refraction measurement differs from the

subjective manifest refraction measurement by more than about (.37 Diopters.
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25, The system according to claim 18, wherein the treatment planner is
configured to determine the prescription based on the objective optical manifest refraction
measurement when the objective optical manifest refraction measurement differs from the

subjective manifest refraction measurement by more than about 0.50 Diopters.

26. The system according to claim 18, wherein the treatment planner is
contigured to determine the prescription based on the objective optical manifest refraction
measurernent when the objective optical manifest refraction meagurement differs from the
subjective manifest refraction measurement by more than about one standard deviation

associated with the subjective manifest refraction measurement.

27. A system for deriving a prescription for an eve of a patient, the system
comprising:

a wavelront-based instrument that measures a wavefront-derived objective optical
manifest refraction measurement of the eve of the patient, the wavefront-derived manifest
refraction comywising a sphere component, a cylinder component, and an axis component;

a treatment planner that determines a prescription based on the objective optical
manifest refraction measurement, without altering the preseriplion in response to any subjective
manifest refraction measurement of the eve; and

a surgical device that alters the eye per the prescription.

28, The system according to claim 27, further comprising a memory that

receives the subjective manifest refraction measurement of the eye.

2% The system according to claim 28, wherein the wavefroni-based

instrument comprises the memory.

. The system according to claim 28, wherein the treatment planner

comprises the memory,

31 The system according to claim 28, wherein the surgical device comprises

the memory.,

32, The system according to claim 28, further comprising:
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a processor that calculates a difference between the wavefront-derived objective
optical manifest reftaction measurement and the subjective manifest refraction measurement: and
a prompting mechanism that presents a signal if the ditference exceeds a

threshold,

33, The system according to claim 32, further comprising an input that

receives a physician acknowledgement of the difference.

34, The system according to claim 32, further comprising an input that

receives a re-measurement instruction from the physician.
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