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EYE THERAPY SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application No. 61/098,489,

filed September 19, 2008, and U.S. Provisional Application No. 61/101,503, filed September

30, 2008, the contents of these applications being incorporated entirely herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The invention pertains to the field of keratoplasty and, more particularly, to the

operation of a device configured to treat one or more eye disorders by applying energy in

multiple steps to cause corrective reshaping of an eye feature.

Description of Related Art

[0003] A variety of disorders, such as myopia, hyperopia, and presbyopia, involve

refractive disorders in the eye. For example, with myopia, the shape of the cornea causes the

refractive power of an eye to be too great and images to be focused in front of the retina,

affecting visualization of far objects. Meanwhile, hyperopia is a refractive condition

characterized by a flattened corneal curvature or short eyeball that focuses light to a point

behind the retina and prevents visualization of near objects.

[0004] In addition to glasses and contact lenses, invasive surgical procedures, such as

laser-assisted in-situ keratomileusis (LASIK), may be employed to reshape the cornea to treat

disorders, such as myopia and hyperopia. Such surgical procedures, however, typically

require a healing period after surgery. In addition, such surgical procedures may result in

complications, such as problems related to the lamellar flap or dry eye syndrome caused by

the severing of corneal nerves. Moreover, LASIK is an ablative, subtractive procedure and,

as such, is not ideal for treating hyperopia, because steepening the cornea to treat hyperopia

requires the removal of a substantial amount of peripheral tissue.

[0005] Conductive keratoplasty (CK), the current surgical standard of care for hyperopia

treatment, is an invasive procedure that involves applying low-level, radio frequency (RF)

energy through needle electrodes placed in a circular pattern on the outer part of the cornea.

The RF energy causes corneal fibers to shrink where applied, causing central steepening of

the cornea. CK does not necessitate tissue removal but suffers from limits to the



predictability of the outcomes and the durability of the results, in addition to the possibility of

astigmatism induction from improper electrode placement.

[0006] Unlike hyperopia and myopia which are refractive dysfunctions caused by eyeball

geometry and corneal shape, presbyopia is a refractive disorder that is caused by age-related

changes in the crystalline lens and results in the loss of accommodation, i.e., an impaired

ability to focus on near objects. In addition to glasses and contact lenses, three main surgical

methods exist for the treatment of this disorder: (1) multifocal intraocular lenses (MIOLs), (2)

monovision treatment employing LASIK or CK, and (3) multifocal LASIK (PresbyLASIK).

The latter two are variations on refractive surgeries in current practice, while the former is the

replacement of the natural lens with an artificial alternative.

[0007] Monovision treatment provides both near and distance vision by adapting one eye

for distance, usually the dominant eye, and a second eye for near vision. Both LASIK and

CK may be employed for monovision treatment. The monovision approach is not without

limitations, however, as not all patients tolerate having each eye focused on a different plane.

Indeed, it is recommended that patients undergo careful personality screening and experience

simulated monovision with contact lenses before proceeding with refractive surgery. Those

who do get the treatment have a 60-70% success rate with the main limitations being

problems with night driving, impairment of stereopsis, and inability to focus on objects at an

intermediate distance (e.g., computer monitors). These limitations have motivated the

development of multifocal correction techniques, with the aim of preserving binocular vision.

[0008] The most common refractive surgery technique for bilateral multifocal correction

is PresbyLASIK, a modified version of LASIK which treats presbyopia by creating both near

and distance vision in a single cornea. Originally, multifocal laser ablation used

photorefractive keratectomy (PRK), however, few modern approaches use this surface

ablation technique anymore, with one reviewer suggesting that this is most likely due to

complications with epithelial regrowth. LASIK avoids these compensatory reactions. Three

different LASIK ablation profiles that induce both near and distance vision are described in

the literature, each with their own advantages and disadvantages.

[0009] Transitional PresbyLASIK is characterized by an intentional decentration of the

near vision zone to create a pattern reminiscent of a bifocal spectacle. However, the

technique was not widely accepted by the surgical community as it required the creation of a

significant vertical coma in the cornea and most surgeons were not comfortable with this

approach.



[0010] Central PresbyLASIK steepens the center of the cornea to provide near vision,

while flattening the periphery to provide distance vision. The ablative nature of LASIK

makes this approach particularly attractive as it requires the removal of the least amount of

tissue. However, this technique is prone to inducing corneal aberrations.

[0011] Peripheral PresbyLASIK produces the inverse zonal arrangement with distance

vision through the central cornea and near vision through the periphery. This method

potentially provides the greatest amount of pseudoaccomodation. However, because LASIK

is subtractive, a significant amount of corneal tissue must be removed.

[0012] Moreover, a significant drawback of current multifocal treatments such as

PresbyLASIK is the discontinuity of corneal curvature at the boundary of the near and

distance vision zones. This results in instantaneous differences in refractive power that can

cause visual aberrations such as starbursts and halos, adversely affecting night vision.

Another drawback is the absence of an intermediate distance vision zone, resulting in an

inability to focus on objects at an intermediate distance.

SUMMARY OF THE INVENTION

[0013] In view of the foregoing, there is a need for an eye therapy that precisely and

accurately reshapes the cornea to treat a variety of refractive disorders, such as myopia,

hyperopia, and presbyopia, in a wide range of patients without the disadvantages of the

approaches described previously. Moreover, there is a need for an eye therapy that treats a

combination of these disorders. For example, there is a strong clinical need for a refractive

procedure which can treat the presence of both hyperopia and presbyopia, without

compromising the structural integrity of the cornea, sacrificing the depth of field associated

with natural binocular vision, or creating sudden discontinuities in corneal curvature. To

address these and other needs, embodiments according to aspects of the present invention

apply energy to the cornea in multiple precise and measured steps to achieve a desired change

in the shape of the cornea.

[0014] For example, a method applies an initial amount of energy to an eye feature and

then determines whether or not the specified shape change has been achieved. The energy

causes the targeted area of the eye to conform to a new shape. If the specified amount of

reshaping has not been achieved, then the method applies one or more additional amount of

energy to the eye feature to cause further reshaping.



[0015] In another example, a method applies an initial amount of energy to an eye feature

according to an initial pattern at an initial location. The method determines whether a

specified amount of reshaping has been achieved due to the application of energy to the eye

feature. If the specified amount of reshaping has not been achieved, the method applies one

or more additional amounts of energy according to one or more additional patterns and/or

locations to cause further reshaping.

[0016] Accordingly, the cornea may be shaped more precisely and accurately according

to incremental and measured steps using measurements of the results of each application of

energy as feedback. Moreover, the cornea may be shaped according to varying amounts of

energy in varying patterns and/or at varying locations to achieve a customized reshaping of

the cornea to address the specific needs of an individual patient.

[0017] In a further example, a method may form lesions that provide multifocal reshaping

to treat more than one disorder. For example, one step may form a substantially circular

lesion to flatten a first portion of the cornea to treat presbyopia, while another step may form

a substantially circular and concentric lesion having a greater diameter to steepen a second

portion of the cornea to treat hyperopia. Advantageously, continuous transitional regions are

formed relative to the reshaped portions to provide vision for intermediate distances as well.

Thus, this multifocal treatment may be employed to treat a patient having both hyperopia and

presbyopia.

[0018] These and other aspects of the present invention will become more apparent from

the following detailed description of the preferred embodiments of the present invention

when viewed in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 illustrates an example system for applying energy to a cornea of an eye to

cause reshaping of the cornea.

[0020] FIG. 2 illustrates another example system for applying energy to a cornea of an

eye to cause reshaping of the cornea.

[0021] FIG. 3A illustrate a high resolution image of a cornea after energy has been

applied.

[0022] FIG. 3B illustrate another high resolution images of the cornea of FIG. 3A.

[0023] FIG. 3C illustrates a histology image of the cornea of FIG. 3A.



[0024] FIG. 3D illustrates another histology image of the cornea of FIG. 3A.

[0025] FIG. 4 illustrates an example multi-step operation of a system such as that of

FIG. 1 according to aspects of the present invention.

[0026] FIG. 5 illustrates another example multi-step operation of a system such as that of

FIG. 1 according to aspects of the present invention.

[0027] FIG. 6 illustrates yet another example multi-step operation of a system such as

that of FIG. 1 according to aspects of the present invention.

[0028] FIG. 7 illustrates the results of applying the multi-step operation of FIG. 6

according to aspects of the present invention.

DESCRIPTION

[0029] FIG. 1 illustrates an example system for applying energy to a cornea 2 of an eye 1

to generate heat and cause reshaping of the cornea. In particular, FIG. 1 shows an applicator

110 with an electrical energy conducting element 111 that is operably connected to an

electrical energy source 120, for example, via conventional conducting cables. The electrical

energy conducting element 111 extends from a proximal end HOA to a distal end HOB of the

applicator 110. The electrical energy conducting element 111 conducts electrical energy

from the source 120 to the distal end HOB to apply energy to the cornea 2, which is

positioned at the distal end HOB. In particular, the electrical energy source 120 may include

a microwave oscillator for generating microwave energy. For example, the oscillator may

operate at a microwave frequency range of 400 MHz to 3000 MHz, and more specifically at a

frequency of around 915 MHz or 2450 MHz. As used herein, the term "microwave"

corresponds to a frequency range from about 10 MHz to about 10 GHz.

[0030] As further illustrated in FIG. 1, the electrical energy conducting element 111 may

include two microwave conductors, or electrodes, 11IA and 11IB, which extend from the

proximal end 11OA to the distal end HOB of the applicator 110. In particular, the conductor

11IA may be a substantially cylindrical outer conductor, while the conductor 11IB may be a

substantially cylindrical inner conductor that extends through an inner passage extending

through the outer conductor 11IA. With the inner passage, the conductor 11IA may have a

substantially tubular shape. The outer conductor 11IA and inner conductor 11IB may be

formed, for example, of aluminum, stainless steel, brass, copper, other metals, coated metals,

metal-coated plastic, or any other suitable conductive material.



[0031] With the concentric arrangement of conductors H lA and H lB, a substantially

annular gap 111C of a selected distance is defined between the conductors 11IA and 11IB.

The annular gap 111C extends from the proximal end 11OA to the distal end HOB. A

dielectric material H ID may be used in portions of the annular gap 111C to separate the

conductors 11IA and 11IB. The distance of the annular gap 111C between conductors 11IA

and 11IB determines the penetration depth of microwave energy into the cornea 2 according

to established microwave field theory. Thus, the microwave conducting element 111

receives, at the proximal end 11OA, the electrical energy generated by the electrical energy

source 120, and directs microwave energy to the distal end HOB, where the cornea 2 is

positioned.

[0032] The outer diameter of the inner conductor 11IB is preferably larger than the pupil.

In general, the outer diameter of the inner conductor 11IB may be selected to achieve an

appropriate change in corneal shape, i.e., keratometry, induced by the exposure to microwave

energy. Meanwhile, the inner diameter of the outer conductor 11IA may be selected to

achieve a desired gap between the conductors 11IA and 11IB. For example, the outer

diameter of the inner conductor 11IB ranges from about 2 mm to about 10 mm while the

inner diameter of the outer conductor 11IA ranges from about 2.1 mm to about 12 mm. In

some systems, the annular gap 111C may be sufficiently small, e.g., in a range of about 0.1

mm to about 2.0 mm, to minimize exposure of the endothelial layer of the cornea (posterior

surface) to elevated temperatures during the application of heat by the applicator 110.

[0033] A controller 140 may be employed to selectively apply the energy any number of

times according to any predetermined or calculated sequence. The controller 140 may

include a computer device to control the application of energy according to instructions

provided via a computer-readable storage medium. In addition, the controller 140 may

include a monitor and keyboard, or other user interface devices for receiving instructions

from an operator.

[0034] Depending on the instructions, the energy may be applied for any length of time.

Furthermore, the magnitude of energy being applied may also be varied. Adjusting such

parameters for the application of energy determines the extent of changes that are brought

about within the cornea 2 . The system attempts to limit the changes in the cornea 2 to an

appropriate amount of shrinkage of collagen fibrils in a selected region. When employing

microwave energy to generate heat in the cornea 2, for example with the applicator 110, the

microwave energy may be applied with low power (of the order of 40 W) and in long pulse



lengths (of the order of one second). However, other systems may apply the microwave

energy in short pulses. In particular, it may be advantageous to apply the microwave energy

with durations that are shorter than the thermal diffusion time in the cornea. For example, the

microwave energy may be applied in pulses having a higher power in the range of 500 W to 3

KW and a pulse duration in the range of about 10 milliseconds to about one second.

[0035] Referring again to FIG. 1, at least a portion of each of the conductors HlA and

11IB may be covered with an electrical insulator to minimize the concentration of electrical

current in the area of contact between the corneal surface (epithelium) 2A and the conductors

HlA and 11IB. In some systems, the conductors 11IA and 11IB, or at least a portion

thereof, may be coated with a material that can function both as an electrical insulator as well

as a thermal conductor. A dielectric layer HOD may be employed along the distal end HOB

of the applicator 110 to protect the cornea 2 from electrical conduction current that would

otherwise flow into the cornea 2 via conductors 11IA and 11IB. Such current flow may

cause unwanted temperature effects in the cornea 2 and interfere with achieving a maximum

temperature within the collagen fibrils in a mid-depth region 2B of the cornea 2 .

Accordingly, the dielectric layer HOD is positioned between the conductors 11IA and 11IB

and the cornea 2 . The dielectric layer HOD may be sufficiently thin to minimize interference

with microwave emissions and thick enough to prevent superficial deposition of electrical

energy by flow of conduction current. For example, the dielectric layer HOD may be a

biocompatible material deposited to a thickness of about 5 1 µm (0.002 inches). In general,

an interposing layer, such as the dielectric layer HOD, may be employed between the

conductors 11IA and 11IB and the cornea 2 as long as the interposing layer does not

substantially interfere with the strength and penetration of the microwave radiation field in

the cornea 2 and does not prevent sufficient penetration of the microwave field and

generation of a desired heating pattern in the cornea 2 . The dielectric material may be elastic,

such as polyurethane and silastic, or nonelastic, such as Teflon® and polyimides. The

dielectric material may have a fixed dielectric constant or varying dielectric constant by

mixing materials or doping the sheet, the variable dielectric being spatially distributed so that

it may affect the microwave hearing pattern in a customized way. The thermal conductivity

of the material may have fixed thermal properties (thermal conductivity or specific heat), or

may also vary spatially, through mixing of materials or doping, and thus provide a means to

alter the heating pattern in a prescribed manner. Another approach for spatially changing the

heating pattern is to make the dielectric sheet material of variable thickness. The thicker



region will heat less than the thinner region and provides a further means of spatial

distribution of microwave heating.

[0036] The system of FIG. 1 is provided for illustrative purposes only, and other systems

may be employed to apply energy to cause reshaping of the cornea. Other systems are

described, for example, in U.S. Patent Application Serial No. 12/208,963, filed September 11,

2008, which is a continuation-in-part application of U.S. Patent Application Serial No.

11/898,189, filed on September 10, 2007, the contents of these applications being entirely

incorporated herein by reference.

[0037] As described in U.S. Patent Application Serial No. 12/208,963, a cooling system

may be employed in combination with the applicator 110 to apply coolant to the cornea 2 and

determine how the energy is applied to the cornea 2 . For example, the applicator 110 may

include, internally or externally, at least one coolant delivery element in fluid communication

with a coolant supply, or reservoir. The coolant delivery element delivers a coolant, or

cryogen, from the coolant supply to the distal end of the applicator. In some embodiments,

the coolant may be applied more directly to the dielectric layer HOD disposed along the

distal end HOB, if the dielectric layer HOD substantially encloses the distal end HOB of the

applicator 110. In general, the applicator may be employed to apply coolant to selectively

cool the surface 2A of the cornea 2 positioned at the distal end HOB. The delivery of coolant

from the coolant delivery element toward the corneal surface 2A, in sequence with the

application of heat to the cornea 2, permits the corneal temperature to be increased to cause

appropriate shrinkage of the collagen fibers in the targeted mid-depth region 2B and reshape

the cornea 2, while also minimizing injury to the outer layer 2A, i.e. the epithelium, of the

cornea 2 .

[0038] In addition, as described in U.S. Patent Application Serial No. 12/208,963, the

applicator 110 may include replaceable components. In particular, as shown in FIG. 2, the

applicator 110 may include a replaceable end piece 2 1IE that defines the energy conducting

element 2 11 at the distal end HOB. The end piece 2 1IE is removably attached at a

connection 2 1IF with the rest of the energy conducting element 2 11 using any conductive

coupling that permits energy to be sufficiently conducted to the cornea 2 . For example, the

end piece 2 1IE may be received via threaded engagement, snap connection, other mechanical

interlocking, or the like. Accordingly, end pieces 2 1IE having different dimensions and/or

shapes may employed with a single applicator 110. As such, a single applicator 110 may

deliver energy to the cornea 2 according to varying patterns defined by replaceable end pieces



2 1IE with different dimensions. Furthermore, the end pieces 2 1IE may be disposable after a

single use to promote hygienic use of the applicator 110. Other aspects of end pieces are

employable with the applicator 110 are described, for example, in U.S. Patent Application

Serial No. 12/018,473, filed January 23, 2008, the contents of which are incorporated herein

by reference.

[0039] In operation, the distal end HOB of the applicator 110 as shown in FIG. 1 is

positioned on or near the corneal surface 2A. Preferably, the applicator 110 makes direct

contact with the corneal surface 2A. In particular, such direct contact positions the

conductors HlA and 11IB at the corneal surface 2A, though a thin interposing dielectric

layer HOD may be disposed between the conductors 11IA and 11IB and the corneal surface

2A. Accordingly, direct contact helps ensure that the pattern of microwave heating in the

corneal tissue has substantially the same shape and dimension as the gap 111C between the

two microwave conductors 11IA and 11IB.

[0040] Prior to positioning of the applicator 110 in contact with the corneal surface 2A,

the corneal surface 2A may be scanned to make a topographical map showing the shape and

curvature of the surface of the cornea. Then, with the conductors 11IA and 11IB positioned

flush with the corneal surface 2A, the treatment may apply durations of microwave pulses to

heat and reshape collagen and coolant pulses to protect the corneal surface. In one aspect, the

treatment attempts to shrink the collagen in the cornea 2 and form a precisely controlled

annular lesion in approximately the upper 150 µm of the stroma. The microwave treatment

raises the temperature of an annulus, just below the surface of the cornea, to a temperature in

the range of approximately 60 to 75°C. Using evaporative surface cooling techniques, the

system cools the surface of the cornea during treatment to isolate and protect the epithelium

and Bowman's membrane from microwave heating. Thus, the treatment is noninvasive, as

there is no cutting or penetration of the eye. In one example application, the applicator 110

predictably flattens the central cornea to achieve mild-to -moderate myopic correction (-0.5 to

-3.5 diopters, D) without compromising the biomechanical integrity of the cornea.

[0041] Accordingly, embodiments according to aspects of the present invention may use

microwave energy emitted from the applicator 110, e.g., in a ring-shaped pattern, around the

pupil to shrink stromal collagen and modify the dioptric power of the cornea, while a cooling

system acts on the corneal surface to minimize thermal damage to the epithelium. In

particular, electric field lines form a fringing pattern that extends into the corneal stroma to a

depth determined by the applied power and applicator geometry. This electric field causes



the polar water molecules to align themselves with the field; the rapid reversal of the

sinusoidally-varying field causes factional heating by these molecules as they rotate in place.

This effect does not require a conduction current to flow through a point of electrical contact

between a conductor and tissue; heating is caused by a displacement current.

[0042] FIGS. 3A-D illustrate an example of the effect of applying heat to corneal tissue

with a system for applying heat, such as the systems illustrated in FIG. 1 and FIG. 2 . In

particular, FIGS. 3A and 3B illustrate high resolution images of cornea 2 after heat has been

applied. As FIGS. 3A and 3B show, a lesion 4 extends from the corneal surface 3A to a mid-

depth region 3B in the corneal stroma 3C. The lesion 4 is the result of changes in corneal

structure induced by the application of heat as described above. These changes in structure

result in an overall reshaping of the cornea 2 . It is noted that the application of heat,

however, has not resulted in any heat-related damage to the corneal tissue.

[0043] As further illustrated in FIGS. 3A and 3B, the changes in corneal structure are

localized and limited to an area and a depth specifically determined by an applicator as

described above. FIGS. 3C and 3D illustrate histology images in which the tissue shown in

FIGS. 3A and 3B has been stained to highlight the structural changes induced by the heat. In

particular, the difference between the structure of collagen fibrils in the mid-depth region 3B

where heat has penetrated and the structure of collagen fibrils outside the region 3B is clearly

visible. Thus, the collagen fibrils outside the region 3B remain generally unaffected by the

application of heat, while the collagen fibrils inside the region 3B have been rearranged and

formed new bonds to create completely different structures. In other words, unlike processes,

like orthokeratology, which compress areas of the cornea to reshape the cornea via

mechanical deformation, the collagen fibrils in the region 3B are in an entirely new state.

[0044] Clinical studies involving a system similar to that in FIG. 1 have been conducted

for the treatment of spherical myopia. In particular, the clinical studies evaluated the safety

and the efficacy correcting spherical myopia ranging up to 6.0 D. The study enrolled 25

subjects, 16 white females and 9 white males, and treatments were performed on 25 eyes.

Enrollment criteria included 1.0 D or more of spherical equivalent myopia and the

availability of subjects for follow-up examinations for 12 months post procedure. Exclusion

criteria included history of herpes keratitis, autoimmune disease or diabetes mellitus, etc.

[0045] An aim of the clinical studies was to meet the safety endpoints, which require less

than 10% of the treated eyes (1) losing more than 2 lines of best spectacle correction visual

acuity (BSCVA), (2) manifesting a refractive astigmatism of greater than 2.0 D, or (3)



undergoing any adverse device effects. Another aim was to meet the efficacy endpoint which

requires a refractive predictability of at least 50% of eyes achieving a manifest refraction

spherical equivalent (MRSE) of ± 1.00 D of the attempted treatment.

[0046] In the results of the clinical studies, all the safety endpoints were met with no eyes

losing more than 2 lines of BSCVA or having astigmatism of 2.00 D. At one month, 80% of

subjects were within ± 1.00 D of intended correction, 87% had UCVA < 20/40, no subjects

lost more than 2 lines of BSCVA, and 60% exhibited improved contrast sensitivity. The

results of the studies showed a predictable relationship between the energy delivered to the

eye and the refractive correction achieved. Furthermore, these studies with human patients

demonstrated that the post-treatment anterior corneal surface has no sudden inflections. This

indicated that, when combining a hyperopia and myopia treatment on a single eye, it is

possible to create a transitional region providing intermediate distance vision as well.

[0047] FIG. 4 illustrates a method 400 for operating a system similar to that of FIG. 1.

For example, the applicator 110 and the controller 140 described previously may be

employed to deliver energy to the cornea 2 of the eye 1 according to the method 400. In

particular, the method 400 incrementally applies heat to the cornea 2 in precise and measured

steps to achieve a desired change in the shape of the cornea 2 . In step 402, a first amount of

energy Ei is delivered to the cornea 2 . The energy Ei may be delivered according to any

power level for any amount of time and any number of pulses. Although the application of

energy Ei causes changes in corneal structure, the changes may not be sufficient to achieve

the desired amount corneal reshaping. For instance, the reshaping may not completely

correct a myopic condition. Thus, the results of applying energy Ei in step 402 may be

intraoperatively measured in step 404. In some embodiments, the measurement in step 404

may be achieved with a keratometer, topographer, autorefractor, aberrometer, interferometer,

or any instrument that can measure the shape of the corneal surface or the refractive power of

the eye. In step 406, the measurement of step 404 is compared to the desired amount of

corneal reshaping, e.g., a threshold measurement. If the desired amount of corneal reshaping

has not been achieved, another amount of energy En may be applied in step 408 to cause

further changes in corneal structure. The amount of energy En depends at least on the results

measured in step 404. The energy En represents any amount of energy, which may also be

delivered according to any power level for any amount of time and any number of pulses.

Steps 404, 406, and 408 may be repeated iteratively until the corneal is reshaped as desired.



For instance, the energy En may be applied one or more times until any residual myopia is

removed.

[0048] In some embodiments of method 400, the application of energy Ei in step 402

may purposely under-treat the cornea 2 so that further corneal reshaping is required through

the application of the energy En in step 408. Accordingly, the cornea 2 may be shaped more

precisely and accurately according to incremental and measured steps using measurements of

the results of each application of energy as feedback.

[0049] FIG. 5 illustrates another method 500 for operating a system similar to that of

FIG. 1. For example, the applicator 110 and the controller 140 described previously may be

employed to deliver energy to the cornea 2 of the eye 1 according to the method 500. In

particular, the method 500 achieves a desired change in the shape of the cornea 2 by

incrementally applying energy to the cornea 2 in precise and measured steps according to

different patterns and/or at different locations of the cornea 2 . As described previously, the

applicator 110 may employ more than one end piece 11IE as shown in FIG. 2, each having a

different dimension and/or shape to deliver energy to the cornea 2 according to varying

patterns. As such, each incremental step may employ a different end piece H l E with the

applicator 110. Alternatively, rather than employ replaceable end pieces, the entire applicator

110 may be replaced for each application of energy.

[0050] Referring again to FIG. 5, a first amount of energy Ei is delivered to the cornea 2

according to a first pattern Pi at a first location Li in step 502. The energy Ei may be

delivered according to any power level for any amount of time and any number of pulses.

The amount of energy applied to the cornea 2 determines the lesion depth and thus the

resulting shape change in the cornea 2 . Accordingly, the first amount of energy E1, the first

pattern P1, and the first location Li determine the depth, shape, and location of the first lesion

in the cornea 2 . Although the application of energy Ei with pattern Pi at location Li causes

changes in corneal structure, the changes may not achieve the desired cornea reshaping.

Thus, the results of applying energy Ei in step 402 are intraoperatively measured in step 504.

In some embodiments, the measurement in step 504 may be achieved with a keratometer,

topographer, autorefractor, aberrometer, interferometer, or any instrument that can measure

the shape of the corneal surface or the refractive power of the eye.

[0051] In step 506, the measurement of step 504 is compared to the desired amount of

corneal reshaping, e.g., a threshold measurement. If the desired amount of corneal reshaping

has not been achieved, another amount of energy En as well as another pattern Pn and/or



location Ln are determined in step 508 according to the results measured in step 504. The

energy En may then be applied in step 510 with the pattern Pn and/or at location Ln to cause

further changes in corneal structure. In particular, the amount of energy En, the first pattern

Pn, and the first location Ln determine the depth, shape, and location of a subsequent lesion in

the cornea 2 . The energy En represents any amount of energy, which may also be delivered

according to any power level for any amount of time and any number of pulses. Steps 504,

506, 508, and 510 may be repeated iteratively until the corneal is reshaped as desired. For

instance, the energy En may be applied one or more times according to varying patterns Pn

and/or locations Ln until the desired shape correction is achieved. The energy En, patterns Pn,

and/or locations Ln at each step are selected according to the changes to the refractive state of

the eye caused by previous applications of energy. Accordingly, the cornea 2 may be shaped

more precisely and accurately according to incremental and measured steps using

measurements of the results of each application of energy as feedback.

[0052] It has been observed that when the cornea is flattened with a substantially circular

pattern, for example, most of the flattening of the cornea occurs where the pattern is actually

applied, and less flattening occurs at the center and outside the pattern. The amount of

residual myopia, for example, remaining at the center of the pattern is a function of the

diameter of the pattern and the initial refractive state of the cornea. According to aspects of

the present invention, it is possible to select an additional patterns of different diameters for

subsequent applications of energy to produce a customized reshaping of the cornea.

[0053] Although some embodiments may employ a measurement step, e.g., step 504,

before applying another amount of energy En, it is understood that the result of applying

another amount of energy En with the pattern Pn and/or at location Ln may be relatively

predictable, so that a measurement step is not necessary. As such, it may be possible to select

apriori the energy conducting elements for delivering energy according particular patterns P

without requiring a measurement step. In general, the cornea may be reshaped in multiple

steps according to varying amounts of energy in varying patterns and/or at varying locations

to achieve a customized reshaping of the cornea to address the specific needs of an individual

patient.

[0054] In an example implementation, embodiments produce a multifocal correction by

applying microwave heating to produce a small diameter lesion within a concentric larger

diameter lesion. In particular, in step 602, energy Ei is applied to the cornea 2 employing an

applicator 110 with a first diameter Di (pattern Pi) to produce a substantially circular lesion



corresponding to a first diopter. In subsequent step 604, energy E2 is applied to the cornea

according to employing an applicator 110 with a second diameter D (pattern P2) to produce

another substantially circular lesion corresponding to another diopter. In particular, the

diameter Di is larger than the diameter D2. Referring to FIG. 7, panel A illustrates an

untreated eye; panel B illustrates the application of the pattern Pi of diameter Di to form a

lesion that steepens an aspect of the cornea 2; and panel C illustrates the further application of

a pattern P2 of diameter D2 to form a lesion that flattens another aspect of the cornea 2 . In

this example, the lesions may be concentric about the corneal apex. Depending on how far

from the corneal apex the lesion is formed, the central region of the cornea can be either

flattened or steepened. Therefore, by forming two lesions of different diameters and lesion

depths to the same cornea, a prolate multifocal cornea is created. For example, one particular

treatment may employ electrode diameters on the order of 4.0 mm for flattening and 8.0 mm

for steepening, allowing 1.9 mm radial spacing between the lesions. Thus, embodiments

according to aspects of the present invention provide a corrective treatment that produces

continuously graded prolate corneas with multifocal zones for both near and distance vision.

Advantageously, the absence of sudden inflections in the corneal surface when two lesions

are applied provides a transitional region that allows intermediate distance vision as well.

[0055] Unlike LASIK, for example, application of treatment according to aspects of the

present invention does not affect the biomechanical integrity of the cornea. The dimensional

stability of the cornea, of primary importance for maintaining clear vision, results from the

cornea's mechanical resiliency and is directly attributable to the composition and structure of

the extracellular matrix of the stroma, the connective tissue layer that comprises most of the

cornea's thickness and which is made up of several hundred superimposed stromal lamellae.

[0056] Unlike CK, application of treatment according to aspects of the present invention

is predictable and repeatable in part because of the single continuous pattern, e.g., a single

continuous circular lesion versus a series of spots to form a circular pattern. It can also be

used to create true multifocal corrections by creating smoothly graded corneal curvatures that

transition from near to distance vision while providing intermediate distances in between.

[0057] In addition, application of treatment according to aspects of the present invention

offers the inherent advantages of a peripheral PresbyLASIK zonal arrangement (distance

vision via the center of the cornea, near vision via the periphery of the cornea) but does not

require any tissue ablation. The approach allows graded flattening or steepening of the

central and peripheral regions, producing multifocal zones for both near and distance vision.



Because the prolate shape of the cornea is maintained, the full range of intermediate distance

is also provided and the risk of visual aberrations is minimized.

[0058] Ex vivo studies were performed to evaluate the feasibility of a system similar to

that of FIG. 1 to effect corneal steepening (as a basis for hyperopia correction) and concentric

lesions (as a basis for multifocal correction). Specifically, hyperopia correction requires the

ability to induce corneal steepening. Using a wavefront abberometer (iTrace, Tracey

Technologies, Houston, TX) porcine eyes were screened for hyperopia (i.e. spherical > 0.0

D). Six were selected and measured three times to establish a pre-treatment refraction. All

eyes were then were treated using an applicator having a 6.0 mm diameter, 200 µm thickness,

and an energy of approximately 4 J . Finally, each eye was measured three times with the

wavefront abberometer to establish a post-treatment refraction. Using the equations shown

below:

Seq = S+C/2 (1)

C+ = 0.5Ccos(2A) (2)

Cx = 0.5Csin(2A) (3)

where S is spherical component, C is the cylindrical component, and A is the axis, the

induced correction was calculated. The results showed an average steepening of 1.33 ± 0.84

D and very little induced astigmatism (C+ -0.09 ± 0.33 D; Cx 0.19 ± 0.20 D). Five of the six

eyes showed steepening of at least 1.0 D. These results demonstrated the feasibility of

inducing corneal steepening according to aspects of the present invention, the effects of

which would be enhanced with an even larger diameter electrode.

[0059] As described further below, dual concentric lesions may be formed according to

an multifocal application of the present invention to produce desired corneal reshaping.

Accurate placement of thermal lesions may be an important aspect for treatment involving

dual concentric lesions. To evaluate the feasibility of this approach, dual lesions were created

on a single porcine eye with an applicator having a 5.0 mm diameter, followed by an

applicator having a 5.5 mm diameter and 200 µm thickness. The eye was then studied with

Scheimpflug imaging (Galilei Dual Scheimpflug Analyzer, Zeimer Ophthalmic System AG,

Allmendstrasse, CH), demonstrating excellent concentricity. To avoid overlapping lesions, a

concentricity of 150 µm was maintained, accounting for the 100-200 µm range of lesion

thickness. These ex vivo results demonstrate the feasibility of multifocal treatment according

to aspects of the present invention. For example, one particular treatment may employ outer

conductor diameters on the order of 4.0 mm for flattening and 8.0 mm for steepening,



allowing 1.9 mm radial spacing between the lesions. Proper positioning of the applicator

makes acceptable concentricity possible.

[0060] In general, the amount of energies Ei and En as well as patterns Pi and Pn and

locations Li and Ln in the examples above may be determined according to patient

characteristics, including, but not limited to, age, gender, corneal thickness, and other similar

factors that affect how corneal changes may be induced. Data relating to such factors and

corresponding energies Ei and En as well as patterns Pi and Pn and locations Li and Ln may

be compiled from clinical observations and may be reduced to a nomogram, look-up table, or

the like. This compiled data may then serve as a guide for determining the parameters for

providing treatments according to aspects of the present invention.

[0061] An understanding of the cornea's biomechanics is important to the development

of predictive models of refractive procedures. A computational biomechanics model of the

cornea's response to the embodiments described herein may be developed to guide the

design, fabrication, and testing of microwave electrodes for both hyperopic and multifocal

correction. The acts for developing such a model may include, for example:

• Developing a finite element analysis (FEA) structural model of the cornea's

response, including:

1. Modeling flattening of the central cornea in response to a small

diameter (< 5 mm) thermal lesion, validating and refining the model

using patient data from myopia studies.

2 . Extending the model to steepening of the central cornea in response to

a large diameter (> 5 mm) thermal lesion and continuously graded

curvature in response to combined small and large diameter thermal

lesions.

3 . Based on these numerical studies, developing CAD models of

candidate electrode configurations.

• Fabricating feasibility prototypes and characterize ex vivo performance of large

diameter electrodes in producing a steepening hyperopic treatment with porcine

eyes, including developing a nomogram correlating treatment parameters (e.g.,

energy E, pattern P, location L) with target diopters of hyperopic correction.

• Characterizing ex vivo performance of combined small and large diameter

electrodes in producing a continuously graded corneal curvature, including



developing a nomogram correlating treatment parameters with corneal shape

change.

[0062] Although the embodiments described herein may apply energy to the cornea

according to an annular pattern defined by an applicator such as the applicators 110 and 210,

the pattern in other embodiments is not limited to a particular shape. Indeed, energy may be

applied to the cornea in non-annular patterns. Examples of the non-annular shapes by which

energy may be applied to the cornea are described in U.S. Patent Serial No. 12/1 13,672, filed

on May 1, 2008, the contents of which are entirely incorporated herein by reference.

[0063] While the present invention has been described in connection with a number of

exemplary embodiments, and implementations, the present inventions are not so limited, but

rather cover various modifications, and equivalent arrangements.



What is claimed is:

1. A method for applying therapy to an eye, the method comprising:

positioning a contact area of an energy conducting element at a surface of an eye, the

energy conducting element being operably connected to an energy source at the proximal

end and extending to the contact area at a distal end, the energy conducting element

including:

an outer conductor extending to the distal end; and

an inner conductor extending to the distal end and disposed within the outer

conductor, the outer conductor and the inner conductor being separated by a gap;

applying, with the energy conducting element, an initial amount of energy to the eye,

the initial amount of energy causing an initial reshaping of an aspect of the eye; and

in response to the specified amount of reshaping not being achieved, applying, with

the energy conducting element, one or more additional amounts of energy to the eye to cause

further reshaping.

2 . The method according to claim 1, wherein the step of applying the initial amount of

energy comprises applying the initial amount of energy according to a pattern defined by the

distal end of the outer conductor and the inner conductor of the energy conducting element,

and the step of applying one or more additional amounts of energy comprises applying the

one or more additional amounts of energy according to the same pattern.

3 . The method according to claim 1, further comprising applying a coolant to the eye in

association with at least one of the application of the initial amount of energy and the

application of the one or more additional amounts of energy.

4 . The method according to claim 1, further comprising determining at least one of the

initial amount of energy and the one or more additional amounts of energy according to

patient characteristics, including age, gender, and corneal thickness.

5 . The method according to claim 1, further comprising determining, with a

measurement device, whether a specified amount of reshaping of has been achieved by the

initial amount of energy



6 . The method according to claim 5, wherein the measurement device is a keratometer, a

topographer, an autorefractor, or an interferometer.

7 . The method according to claim 1, wherein the reshaping of the eye is caused by the

shrinkage of corneal fibers.

8. The method according to claim 1, wherein at least a portion of the gap includes a

dielectric.

9 . A method for applying therapy to an eye, the method comprising:

applying, with an initial energy conducting element, an initial amount of energy

according to an initial pattern to an eye, the initial amount of energy and the initial pattern

causing an initial reshaping of an aspect of the eye; and

in response to the specified amount of reshaping not being achieved, applying, with

one or more additional energy conducting elements, one or more additional amounts of

energy according to one or more additional patterns to the eye to cause further reshaping.

10. The method according to claim 9, wherein the step of applying the initial amount of

energy comprises applying the initial amount of energy according to an initial pattern that is

centered about an initial location, and the step of applying one or more additional amounts of

energy comprises applying the one or more additional amounts of energy according to one or

more additional patterns that are substantially centered about the initial location.

11. The method according to claim 9, wherein the step of applying the initial amount of

energy comprises applying the initial amount of energy according to an initial pattern that is

centered about an initial location, and the step of applying one or more additional amounts of

energy comprises applying the one or more additional amounts of energy according to one or

more additional patterns that are centered about one or more additional locations.

12. The method according to claim 9, wherein the initial energy conducting element and

the one or more additional energy conducting elements each include an outer conductor and

an inner conductor disposed within the outer conductor, the outer conductor and the inner

conductor being separated by a gap, a distal end of the outer conductor and the inner

conductor defining the initial pattern or the one or more additional patterns, respectively.



13. The method according to claim 12, wherein at least a portion of the gap includes a

dielectric.

14. The method according to claim 9, further comprising applying a coolant to the eye in

association with at least one of the application of the initial amount of energy and the

application of the one or more additional amounts of energy.

15. The method according to claim 9, wherein an applicator includes the first energy

conducting element and the one or more additional energy conducting elements, the

applicator comprising an outer conductor and an inner conductor disposed within the outer

conductor, the outer conductor and the inner conductor being separated by a gap, a distal end

of the outer conductor and the inner conductor being modifiable by a plurality of applicator

end pieces, the applicator end pieces being removably attachable to the energy conducting

element, the initial energy conducting element being defined by an initial applicator end

piece, and the one or more additional energy conducting elements being defined by one or

more additional applicator end pieces, respectively.

16. The method according to claim 15, wherein at least a portion of the gap includes a

dielectric.

17. The method according to claim 9, further comprising determining at least one of the

initial amount of energy and the one or more additional amounts of energy according to

patient characteristics, including age, gender, and corneal thickness.

18. The method according to claim 9, further comprising determining, with a

measurement device, whether a specified amount of reshaping has been achieved by the

initial amount of energy and the initial pattern.

19. The method according to claim 18, wherein the measurement device is a keratometer,

a topographer, an autorefractor, or an interferometer.

20. The method according to claim 9, further comprising selecting the one or more

additional patterns according to a result of previous applications of energy, the result being a

function of at least an initial refractive state of the eye and previous patterns for the previous

applications of energy.



2 1. A method for applying therapy to an eye, the method comprising:

forming a first lesion on the eye corresponding to a first diopter by delivering, with a

first energy conducting element, a first application of energy to the eye, the first lesion

reshaping a first portion of the eye; and

forming a second lesion on the eye corresponding to a second diopter by delivering,

with a second energy conducting element, a second application of energy to the eye, the

second lesion reshaping a second portion of the eye,

wherein reshaping the first portion of the eye and the second portion of the eye

provides a multifocal correction of the eye.

22. The method according to claim 21, wherein the first lesion and the second lesion are

substantially circular and are substantially concentric.

23. The method according to claim 22, wherein the first lesion has a larger diameter than

the second lesion, the first lesion steepening the first portion of the eye and providing

visualization of objects at a first distance range, the second lesion flattening the second

portion of the eye and providing visualization of objects at a second distance range, the first

distance range being farther from the eye than the second distance range.

24. The method according to claim 23, wherein a continuous transitional region is formed

relative to the first portion of the eye and the second portion of the eye, the transitional region

providing visualization of objects at an intermediate distance range between the first distance

range and the second distance range.

25. The method according to claim 24, wherein the first lesion and the second lesion are

determined according to patient characteristics, including age, gender, and corneal thickness.

26. The method according to claim 21, further comprising selecting the second energy

conducting element according to a result of the first application of energy to the eye, the

result being a function of at least an initial refractive state of the eye and a shape of the first

energy conducting element.

27. The method according to claim 21, wherein the first energy conducting element and

the second conducting element each include an outer conductor and an inner conductor



disposed within the outer conductor, a distal end of the outer conductor and the inner

conductor defining a shape of the first lesion or the second lesion, respectively.

28. A system for applying therapy to an eye, the system comprising:

a first energy conducting element that delivers an initial amount of energy according

to an initial pattern to an eye, the initial amount of energy and the initial pattern causing a

reshaping of an aspect of the eye; and

one or more additional energy conducting elements that delivers one or more

additional amounts of energy according to one or more additional patterns to the eye to cause

further reshaping.

29. The system according to claim 28, wherein the initial pattern and the one or more

additional patterns are substantially centered about a same location on the eye, and the

deliveries of the initial amount of energy and the one or more additional amounts of energy

are centered about the same location.

30. The system according to claim 28, wherein the initial pattern is centered about an

initial location on the eye, and the one or more additional patterns are centered about one or

more additional locations on the eye.

31. The system according to claim 28, wherein the first energy conducting element and

the one or more additional energy conducting elements each include an outer conductor and

an inner conductor disposed within the outer conductor, the outer conductor and the inner

conductor being separated by a gap, a distal end of the outer conductor and the inner

conductor defining the initial pattern or the one or more additional patterns, respectively.

32. The system according to claim 31, wherein at least a portion of the gap includes a

dielectric.

33. The system according to claim 28, wherein the first energy conducting element and

the one or more additional energy conducting elements each include a coolant delivery

system to deliver coolant to the eye in association with the application of the initial amount of

energy or the application of the one or more additional amounts of energy, respectively.

34. The system according to claim 28, wherein an applicator includes the first energy

conducting element and the one or more additional energy conducting elements, the



applicator comprising an outer conductor and an inner conductor disposed within the outer

conductor, the outer conductor and the inner conductor being separated by a gap, a distal end

of the outer conductor and the inner conductor being modifiable by a plurality of applicator

end pieces, the applicator end pieces being removably attachable to the energy conducting

element, the initial energy conducting element being defined by an initial applicator end

piece, and the one or more additional energy conducting elements being defined by one or

more additional applicator end pieces, respectively.

35. The system according to claim 34, wherein at least a portion of the gap includes a

dielectric.

36. The system according to claim 28, further comprising a measurement device that

determines whether a specified amount of reshaping has been achieved by the initial amount

of energy and the initial pattern.

37. The system according to claim 36, wherein the measurement device is a keratometer,

a topographer, an autorefractor, or an interferometer.

38. The system according to claim 28, wherein the first energy conducting element and

the one or more additional energy conducting elements are substantially circular and are

substantially concentric.

39. The system according to claim 28, wherein the initial pattern and the one or more

additional patterns define different shapes.

40. The method according to claim 28, wherein the one or more additional patterns are

selected according to a result of previous applications of energy, the result being a function of

at least an initial refractive state of the eye and previous patterns for the previous applications

of energy.
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