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SYSTEMS AND METHODS FOR APPLYING AND MONITORING EYE THERAPY
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to: U.S. Provisional Application No. 61/315,840,
filed March 19, 2010; U.S. Provisional Application No. 61/319,111, filed March 30, 2010;
U.S. Provisional Application No. 61/326,527, filed April 21, 2010; U.S. Provisional
Application No. 61/328,138, filed April 26, 2010; U.S. Provisional Application No.
61/377,024, filed August 25, 2010; U.S. Provisional Application No. 61/388,963, filed
October 1, 2010; U.S. Provisional Application No. 61/409,103, filed November 1, 2010; and
U.S. Provisional Application No. 61/423,375, filed December 15, 2010, the contents of each

of these applications being incorporated entirely herein by reference.
BACKGROUND OF THE INVENTION

Field of the Invention
[0002] The invention pertains to systems and methods for stabilizing corneal tissue, and
more particularly, systems and methods for applying and activating a cross-linking agent in

corneal tissue and monitoring the activation of the cross-linking agent.
Description of Related Art

[0003] A variety of eye disorders, such as myopia, keratoconus, and hyperopia, involve
abnormal shaping of the cornea. Laser-assisted in-situ keratomileusis (LASIK) is one of a
number of corrective procedures that reshape the cornea so that light traveling through the
cornea is properly focused onto the retina located in the back of the eye. During LASIK eye
surgery, an instrument called a microkeratome is used to cut a thin flap in the cornea. The
cornea is then peeled back and the underlying cornea tissue ablated to the desired shape with
an excimer laser. After the desired reshaping of the cornea is achieved, the cornea flap is put
back in place and the surgery is complete.

[0004] In another corrective procedure that reshapes the cornea, thermokeratoplasty
provides a noninvasive procedure that applies electrical energy in the microwave or radio
frequency (RF) band to the cornea. In particular, the electrical energy raises the corneal
temperature until the collagen fibers in the cornea shrink at about 60°C. The onset of

shrinkage is rapid, and stresses resulting from this shrinkage reshape the corneal surface.
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Thus, application of energy according to particular patterns, including, but not limited to,
circular or annular patterns, may cause aspects of the cornea to flatten and improve vision in
the eye.

[0005] The success of procedures, such as LASIK or thermokeratoplasty, in addressing
eye disorders, such as myopia, keratoconus, and hyperopia, depends on the stability of the

changes in the corneal structure after the procedures have been applied.
BRIEF SUMMARY

[0006] Embodiments according to aspects of the present disclosure provide systems and
methods for stabilizing corneal tissue and improving its biomechanical strength, particularly
after desired structural changes have been achieved in the corneal tissue. For example, the
embodiments help to preserve the desired reshaping of the cornea produced by LASIK
surgery, thermokeratoplasty, or other similar treatments.

[0007] According to aspects of the present disclosure, after a treatment produces a
desired change to the shape of a cornea, a cross-linking agent is activated in the treated region
of the cornea. The cross-linking agent prevents the corneal fibrils in the treated regions from
moving and causing undesired changes to the shape of the cornea. An initiating element may
be applied to the treated corneal fibrils to activate the cross-linking agent.

[0008] In some embodiments, for example, the cross-linking agent may be Riboflavin
and the initiating element may be photoactivating light, such as ultraviolet (UV) light. In
these embodiments, the photoactivating light initiates cross-linking activity by irradiating the
applied cross-linking agent to release reactive oxygen radicals in the corneal tissue. In

particular, the cross-linking agent, e.g., Riboflavin, acts as a sensitizer to convert O into

singlet oxygen which causes cross-linking within the corneal tissue.

[0009] The initiating element may be applied according to a selected pattern to stabilize
and strengthen the regions of the cornea where structural changes have been generated by the
treatment. Accordingly, aspects of the present disclosure may include a delivery system that
accurately and precisely delivers the initiating element to corneal fibrils according to a
selected pattern. In embodiments where the initiating element is UV light, the delivery
system may deliver the UV light in the form of a laser.

[0010] In some embodiments, the UV light may be delivered with laser scanning
technologies. Embodiments may also employ aspects of multiphoton excitation microscopy.

Advantageously, the use of laser scanning technologies allows cross-linking to be activated
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more effectively beyond the surface of the cornea, at depths where stronger and more stable
corneal structure is desired. In particular, treatment may generate desired changes in corneal
structure at the mid-depth region. The application of the initiating element is applied
precisely according to a selected three-dimensional pattern and is not limited to a two-
dimensional area at the surface of the cornea. In general, embodiments stabilize a three-
dimensional structure of corneal tissue through selective application and activation of cross-
linking in the corneal tissue.

[0011] Aspects of the present disclosure also provide devices, systems, and approaches
for monitoring the reshaping and strengthening of the corneal tissue, and for activating the
cross-linking in the corneal tissue in an iterative approach. Additionally, some embodiments
may employ a feedback system to determine how to iteratively activate the cross-linking
agent in the corneal tissue, and how to adjust subsequent activations of the cross-linking
agent.

[0012] Aspects of the present disclosure provide a system for controlling activation of a
cross-linking agent applied to an eye. The system includes a feedback system, a controller,
and a cross-linking activation system. The feedback system provides feedback information
indicative of a biomechanical strength of corneal tissue of the eye. The controller receives
the feedback information and automatically determines an indication of an amount of cross-
linking in the corneal tissue based on the received feedback information. The cross-linking
activation system initiates cross-linking in the corneal tissue according to one or more control
signals generated by the controller. The one or more control signals can be generated
according to a function including the determined indication of the amount of cross-linking in
the corneal tissue.

[0013] In some embodiments, the feedback system is an interferometer adapted to
interfere a beam of light reflected from a surface of the eye with a reference beam of light
reflected from a reference surface. The interfering beams of light can pass through a
polarizing filter and create an intensity pattern detected by a camera associated with the
feedback system. The feedback information can be an output from the associated camera.
The feedback system can also include a distance measurement system for monitoring a
distance between the eye and the interferometer and provide an indication of the monitored
distance to the controller. The associated camera can be adapted to detect a plurality of
intensity patterns and the controller can be further adapted to: receive the plurality of detected
intensity patterns; determine a plurality of surface profiles of the surface of the eye associated

with the plurality of detected intensity patterns based on the plurality of detected intensity
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patterns and based on the monitored distance; and determine an amount of dynamic
deformation of the surface of the eye based on the determined plurality of surface profiles.
[0014] Aspects of the present disclosure further provide a method for controllably
activating a cross-linking agent applied to an eye. The method includes receiving feedback
information including electronic signals output from a feedback system adapted to monitor
the eye. The feedback information is indicative of a biomechanical strength of corneal tissue
of the eye. The method also includes automatically analyzing the feedback information to
determine a dosage of light to be applied to the eye. The method also includes activating the
cross-linking agent by conveying light to the eye according to the determined dosage. The
method may also include receiving targeting information indicative of an alignment of the
eye with respect to the conveyed light. The method may also include automatically adjusting
the alignment of the eye with respect to the conveyed light according to the received targeting
information.

[0015] Aspects of the present disclosure further provide a method for activating cross-
linking in corneal tissue of an eye. The method includes applying a cross-linking agent
having a first concentration to the eye. The method also includes allowing, during a first
diffusion time, the cross-linking agent having the first concentration to diffuse within the eye.
The method also includes activating the cross-linking agent with a photoactivating light
applied according to a first dose, the first dose specified by a first power and a first
bandwidth. The method also includes activating the cross-linking agent with the
photoactivating light applied according to a second dose, the second dose specified by a
second power and a second bandwidth.

[0016] Aspects of the present disclosure also provide a system for activating a cross-
linking agent applied to a cornea of an eye. The system includes a light source for emitting
photoactivating light sufficient for activating cross-linking in the corneal tissue by exciting
the cross-linking agent to produce a reactive singlet oxygen from oxygen content in corneal
tissue of the eye. The system also includes a mirror array having a plurality of mirrors
arranged in rows and columns. The plurality of mirrors are adapted to selectively direct the
photoactivating light toward the eye according to a pixelated intensity pattern having pixels
corresponding to the plurality of mirrors in the mirror array. The plurality of mirrors are
alignable according to one or more control signals. The system also includes a controller for
providing the one or more control signals to programmatically align the plurality of mirrors in
the array of mirrors such that the pixelated intensity pattern emerges from the mirror array

responsive to the photoactivating light scanning across the plurality of mirrors.

-4 -
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[0017] Aspects of the present disclosure further include a method of activating a cross-
linking agent applied to an eye. The method includes emitting photoactivating light sufficient
for activating cross-linking in the corneal tissue by exciting the cross-linking agent to
produce a reactive singlet oxygen from oxygen content in corneal tissue of the eye. The
method also includes directing the photoactivating light to be scanned across a mirror array
having a plurality of mirrors arranged in rows and columns. The plurality of mirrors are
adapted to selectively direct the photoactivating light toward the eye according to a pixelated
intensity pattern having pixels corresponding to the plurality of mirrors in the mirror array.
The plurality of mirrors are alignable according to one or more control signals. The method
also includes generating the one or more control signals for programmatically aligning the
plurality of mirrors in the mirror array according to the pixelated intensity pattern.

[0018] Aspects of the present disclosure also provide a system for activating a cross-
linking agent applied to an eye. The system includes a light source for emitting
photoactivating light sufficient for activating cross-linking in the corneal tissue by exciting
the cross-linking agent to produce a reactive singlet oxygen from oxygen content in corneal
tissue of the eye. The system also includes a mask adapted to selectively allow the
photoactivating light to be transmitted therethrough. The regions of the mask allowing the
photoactivating light to be transmitted define a pattern of activation of the cross-linking
agent.

[0019] Aspects further provide a method of activating a cross-linking agent applied to an
eye. The method includes emitting photoactivating light sufficient for activating cross-
linking in the corneal tissue by exciting the cross-linking agent to produce a reactive singlet
oxygen from oxygen content in corneal tissue of the eye. The method further includes
directing the photoactivating light to pass through a mask adapted to selectively allow the
photoactivating light to be transmitted therethrough. The regions of the mask allowing the
photoactivating light to be transmitted defining a pattern of activation of the cross-linking
agent.

[0020] Aspects further provide a system for monitoring an eye. The system includes an
interferometer and a controller. The interferometer includes a light source for providing a
beam of light having a reference polarization state. The interferometer also includes a
corneal imaging lens for directing a beam of light from the light source toward a surface of
the eye and collimating light reflected from the surface of the eye. The interferometer also
includes a reference surface for providing a reference surface to compare with a surface of the

eye. The interferometer also includes one or more beam splitters adapted to split the beam of
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light and direct a first portion to be reflected from the surface of the eye, and direct a second
portion to be reflected from the reference surface; and combine the reflected first portion and
the reflected second portion to form a superimposed beam. The interferometer also includes
a polarizing filter, and a camera for capturing an intensity pattern of the superimposed beam
emerging from the polarizing filter. The controller analyzes the intensity pattern by
determining a phase offset, for a plurality of points in the captured intensity pattern, between
the reflected first portion and the reflected second portion based on the captured intensity
pattern. The controller further analyzes the intensity pattern by determining an optical path
length difference between the reflected first portion and the reflected second portion for the
plurality of points from the phase offsets determined for the plurality of points. The
controller further analyzes the intensity pattern by determining a surface profile of the eye by
comparing a profile of the reference surface to the optical path length differences determined
for the plurality of points.

[0021] Aspects of the present disclosure further provide a method of monitoring an eye.
The method includes emitting a beam of light from a light source having a known
polarization. The method also includes splitting the beam and directing a first portion to be
reflected from a surface of the eye, and directing a second portion to be reflected from a
reference surface. The method also includes interfering the first portion of the beam and
second portion of the beam to create a superimposed beam. The method also includes
directing the superimposed beam through a polarizing filter. The method also includes
capturing an intensity pattern of the superimposed beam emerging from the polarizing filter.
The method also includes analyzing the captured intensity pattern to determine a surface
profile of the surface of the eye.

[0022] Aspects of the present disclosure further provide a system for applying a
controlled amount of cross-linking in corneal tissue of an eye. The system includes an
applicator adapted to apply a cross-linking agent to the eye. The system also includes a light
source adapted to emit a photoactivating light. The system also includes a targeting system
adapted to create targeting feedback information indicative of a position of a cornea of the
eye. The system also includes a mirror array having a plurality of mirrors arranged in rows
and columns. The plurality of mirrors are adapted to selectively direct the photoactivating
light toward the eye according to a pixelated intensity pattern having pixels corresponding to
the plurality of mirrors in the mirror array. The system also includes an interferometer
adapted to monitor an amount of cross-linking in the corneal tissue. The interferometer

monitors the amount of cross-linking in the corneal tissue by interfering a beam of light
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reflected from a surface of the eye with a reference beam of light reflected from a reference
surface. The interferometer monitors the amount of cross-linking in the corneal tissue by also
capturing, via an associated camera, a series of images of interference patterns due to optical
interference between the beam of light and the reference beam of light. The series of images
are indicative of a plurality of profiles of the surface of the eye. The system also includes a
head restraint device for restraining a position of a head associated with the eye. The head
restraint device thereby aligns the eye with respect to the interferometer. The system also
includes a controller. The controller is adapted to receive the targeting feedback information
and receive the generated series of intensity patterns. The controller is also adapted to
analyze the generated series of intensity patterns to determine the plurality of profiles of the
surface of the eye associated therewith. The controller is also adapted to determine an
amount of cross-linking of the corneal tissue based on a dynamic deformation of the surface
of the eye. The dynamic deformation of the eye is indicated by the plurality of profiles of the
surface of the eye. The controller is also adapted to adjust the pixelated intensity pattern
according to data. The data includes at least one of: the targeting feedback information and
the determined amount of cross-linking.

[0023] These and other aspects of the present disclosure will become more apparent from
the following detailed description of embodiments of the present disclosure when viewed in

conjunction with the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 provides a block diagram of an example delivery system for delivering a
cross-linking agent and an activator to a cornea of an eye in order to initiate molecular cross-
linking of corneal collagen within the cornea.

[0025] FIG. 2A provides a flowchart showing an example embodiment according to
aspects of the present disclosure for activating cross-linking within cornea tissue using a
cross-linking agent and an initiating element.

[0026] FIG. 2B provides a flowchart similar to FIG. 2A where Riboflavin may be applied
topically as the cross-linking agent and UV light may be applied as the initiating element.
[0027] FIG. 2C provides a flowchart similar to FIG. 2A, but with an additional step for
placing a mask on the eye described in FIGS. 10A and 10B.

[0028] FIG. 3 provides an example delivery system for delivering light to the cornea 2

employing laser scanning technology.
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[0029] FIG. 4 illustrates a delivery system incorporating a feedback system.

[0030] FIG. 5A illustrates a delivery system for activating cross-linking in the cornea
with the laser scanning device and having a video camera feedback system.

[0031] FIG. 5B illustrates an exemplary operation of the delivery system shown in FIG.
S5A.

[0032] FIG. 6A illustrates a phase-shifting interferometer feedback system adapted to
measures the surface shape of the cornea by comparing a reference beam reflected from a
reference mirror and a signal beam reflected from the corneal surface.

[0033] FIG. 6B symbolically illustrates the operation of the holographic element and the
polarizing mask included in the interferometer configuration shown in FIG. 6A.

[0034] FIG. 6C provides an exemplary interference pattern (i.e., interferogram), which is
the intensity pattern detected by the CCD detector.

[0035] FIG. 6D provides an alternative configuration of an interferometer for performing
profilometry of the corneal surface and providing feedback.

[0036] FIG. 6E provides a symbolic representation of aspects of the pixelated polarizing
mask in the interferometer shown in FIG. 6D.

[0037] FIG. 7A illustrates the increase in Young’s modulus with age and is associated
with cross-linking.

[0038] FIG. 7B provides an approach for calculating birefringence using a corneal
polarimetry system.

[0039] FIG. 7C provides an alternative configuration of a corneal polarimetry system
useful for detecting information indicative of the corneal birefringence.

[0040] FIG. 7D provides another alternative configuration of a corneal polarimetry
system useful for detecting information indicative of the corneal birefringence.

[0041] FIG. 7E schematically illustrates yet another configuration of a corneal
polarimetry system useful in extracting birefringence information of the corneal tissue.

[0042] FIG. 8A illustrates a configuration utilizing multiple slit lamps to perform corneal
topography and pachymetry.

[0043] FIG. 8B schematically illustrates an image of the cornea detected by the camera in
a configuration utilizing four slit lamps.

[0044] FIG. 8C illustrates an exemplary configuration of the bite plate for stabilizing a
patient’s eye during treatment and evaluation.

[0045] FIG. 9A provides a flowchart for activating the cross-linking agent in a staged

procedure according to an aspect of the present disclosure.
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[0046] FIG. 9B provides a flowchart for using an interferometer to conduct pre-operative
and post-operative examination of the corneal structure to be treated with LASIK surgery and
the cross-linking agent.

[0047] FIG. 9C provides an example embodiment for activating cross-linking while
controlling the concentration of the cross-linking agent, the power of the initiating element,
and the time delay between application and activation.

[0048] FIG. 9D provides an example embodiment for iteratively activating cross-linking
and varying the power and time delay between incremental activations with the initiating
element.

[0049] FIG. 9E provides an example embodiment for iteratively activating cross-linking
similar to FIG. 9D, but where the cross-linking agent can be applied repeatedly and at
different concentrations.

[0050] FIG. 9F provides an embodiment similar to the embodiment of FIG. 9C, but
where the diffusion of the cross-linking agent is assisted by use of a neutral compound after
the cross-linking agent has been applied.

[0051] FIG. 9G provides an example embodiment similar to the embodiment shown in
FIG. 9C, and where the bandwidth of the initiating element is also controlled.

[0052] FIG. 10A illustrates a system having a mask positioned over the corneal surface to
control the application of the initiating element.

[0053] FIG. 10B illustrates an example pattern for the mask.

[0054] FIG. 11A illustrates a system having an optical element positioned between the
light source and the eye for applying light to an eye according to a desired pattern.

[0055] FIG. 11B illustrates an example desired pattern for applying the initiating element
to the eye.

[0056] FIG. 12A illustrates an example approach for stabilizing changes in corneal
structure after LASIK treatment.

[0057] FIG. 12B illustrates another example approach for stabilizing changes in corneal
structure after LASIK treatment.

[0058] FIG. 13 illustrates an example system for stabilizing changes in corneal structure

after eye treatment.
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DETAILED DESCRIPTION

[0059] FIG. 1 provides a block diagram of an example delivery system 100 for delivering
a cross-linking agent 130 and an activator to a cornea 2 of an eye 1 in order to initiate
molecular cross-linking of corneal collagen within the cornea 2. Cross-linking can stabilize
corneal tissue and improve its biomechanical strength. The delivery system 100 includes an
applicator 132 for applying the cross-linking agent 130 to the cornea 2. The delivery system
100 includes a light source 110 and optical elements 112 for directing light to the cornea 2.
The delivery system 100 also includes a controller 120 that is coupled to the applicator 132
and the optical elements 112. The applicator 132 may be an apparatus adapted to apply the
cross-linking agent 130 according to particular patterns on the cornea 2 advantageous for
causing cross-linking to take place within the corneal tissues. The applicator 132 may apply
the cross-linking agent 130 to a corneal surface 2A (e.g., an epithelium), or to other locations
on the eye 1. Particularly, the applicator 132 may apply the cross-linking agent 130 to an
abrasion or cut of the corneal surface 2A to facilitate the transport or penetration of the cross-
linking agent through the cornea 2 to a mid-depth region 2B.

[0060] As described below in connection with FIGS. 2A-2B, which describe an
exemplary operation of the delivery system 100, the cross-linking agent 130 is applied to the
cornea 2 using the applicator 132. Once the cross-linking agent 130 has been applied to the
cornea 2, the cross-linking agent 130 is initiated by the light source 110 (i.e. the initiating
element) to cause cross-linking agent 130 to absorb enough energy to release free oxygen
radicals within the cornea 2. Once released, the free oxygen radicals (i.e. singlet oxygen)
form covalent bonds between corneal collagen fibrils and thereby cause the corneal collagen
fibrils to cross-link and change the structure of the cornea 2. For example, activation of the
cross-linking agent 130 with the light source 110 delivered to the cornea 2 through the optical
elements 112 may result in cross-linking in the mid-depth region 2B of the cornea 2 and
thereby strengthen and stiffen the structure of the cornea 2.

[0061] Although eye therapy treatments may initially achieve desired reshaping of the
cornea 2, the desired effects of reshaping the cornea 2 may be mitigated or reversed at least
partially if the collagen fibrils within the cornea 2 continue to change after the desired
reshaping has been achieved. Indeed, complications may result from further changes to the
cornea 2 after treatment. For example, a complication known as post-LASIK ectasia may
occur due to the permanent thinning and weakening of the cornea 2 caused by LASIK

surgery. In post-LASIK ectasia, the cornea 2 experiences progressive steepening (bulging).
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[0062] Aspects of the present disclosure provide approaches for initiating molecular
cross-linking of corneal collagen to stabilize corneal tissue and improve its biomechanical
strength. For example, embodiments may provide devices and approaches for preserving the
desired corneal structure and shape that result from an eye therapy treatment, such as LASIK
surgery or thermokeratoplasty. In addition, aspects of the present disclosure may provide
devices and approaches for monitoring the shape, molecular cross-linking, and biomechanical
strength of the corneal tissue and providing feedback to a system for providing iterative
initiations of cross-linking of the corneal collagen. As described herein, the devices and
approaches disclosed herein may be used to preserve desired shape or structural changes
following an eye therapy treatment by stabilizing the corneal tissue of the cornea 2. The
devices and approaches disclosed herein may also be used to enhance the strength or
biomechanical structural integrity of the corneal tissue apart from any eye therapy treatment.
[0063] Therefore, aspects of the present disclosure provide devices and approaches for
preserving the desired corneal structure and shape that result from an eye treatment, such as
LASIK surgery or thermokeratoplasty. In particular, embodiments may provide approaches
for initiating molecular cross-linking of the corneal collagen to stabilize the corneal tissue
and improve its biomechanical strength and stiffness after the desired shape change has been
achieved. In addition, embodiments may provide devices and approaches for monitoring
cross-linking in the corneal collagen and the resulting changes in biomechanical strength to
provide a feedback to a system for inducing cross-linking in corneal tissue.

[0064] Some approaches initiate molecular cross-linking in a treatment zone of the
cornea 2 where structural changes have been induced by, for example, LASIK surgery or
thermokeratoplasty. However, it has been discovered that initiating cross-linking directly in
this treatment zone may result in undesired haze formation. Accordingly, aspects of the
present disclosure also provide alternative techniques for initiating cross-linking to minimize
haze formation. In particular, the structural changes in the cornea 2 are stabilized by
initiating cross-linking in selected areas of corneal collagen outside of the treatment zone.
This cross-linking strengthens corneal tissue neighboring the treatment zone to support and
stabilize the actual structural changes within the treatment zone.

[0065] With reference to FIG. 1, the optical elements 112 may include one or more
mirrors or lenses for directing and focusing the light emitted by the light source 110 to a
particular pattern on the cornea 2 suitable for activating the cross-linking agent 130. The
light source 110 may be an ultraviolet light source, and the light directed to the cornea 2

through the optical elements 112 may be an activator of the cross-linking agent 130. The
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light source 110 may also alternatively or additionally emit photons with greater or lesser
energy levels than ultraviolet light photons. The delivery system 100 also includes a
controller 120 for controlling the operation of the optical elements 112 or the applicator 132,
or both. By controlling aspects of the operation of the optical elements 112 and the
applicator 132, the controller 120 can control the regions of the cornea 2 that receive the
cross-linking agent 130 and that are exposed to the light source 110. By controlling the
regions of the cornea 2 that receive the cross-linking agent 130 and the light source 110, the
controller 120 can control the particular regions of the cornea 2 that are strengthened and
stabilized through cross-linking of the corneal collagen fibrils. In an implementation, the
cross-linking agent 130 can be applied generally to the eye 1, without regard to a particular
region of the cornea 2 requiring strengthening, but the light source 110 can be directed to a
particular region of the cornea 2 requiring strengthening, and thereby control the region of the
cornea 2 wherein cross-linking is initiated by controlling the regions of the cornea 2 that are
exposed to the light source 110.

[0066] The optical elements 112 can be used to focus the light emitted by the light source
110 to a particular focal plane within the cornea 2, such as a focal plane that includes the
mid-depth region 2B. In addition, according to particular embodiments, the optical elements
112 may include one or more beam splitters for dividing a beam of light emitted by the light
source 110, and may include one or more heat sinks for absorbing light emitted by the light
source 110. The optical elements 112 may further include filters for partially blocking
wavelengths of light emitted by the light source 110 and for advantageously selecting
particular wavelengths of light to be directed to the cornea 2 for activating the cross-linking
agent 130. The controller 120 can also be adapted to control the light source 110 by, for
example, toggling a power switch of the light source 110.

[0067] In an implementation, the controller 120 may include hardware and/or software
elements, and may be a computer. The controller 120 may include a processor, a memory
storage, a microcontroller, digital logic elements, software running on a computer processor,
or any combination thereof. In an alternative implementation of the delivery system 100
shown in FIG. 1, the controller 120 may be replaced by two or more separate controllers or
processors. For example, one controller may be used to control the operation of the
applicator 132, and thereby control the precise rate and location of the application of the
cross-linking agent 130 to the cornea 2. Another controller may be used to control the
operation of the optical elements 112, and thereby control with precision the delivery of the

light source 110 (i.e. the initiating element) to the cornea 2 by controlling any combination
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of: wavelength, bandwidth, intensity, power, location, depth of penetration, and duration of
treatment. In addition, the function of the controller 120 can be partially or wholly replaced
by a manual operation. For example, the applicator 132 can be manually operated to deliver
the cross-linking agent 130 to the cornea 2 without the assistance of the controller 120. In
addition, the controller 120 can operate the applicator 132 and the optical elements 112
according to inputs dynamically supplied by an operator of the delivery system 100 in real
time, or can operate according to a pre-programmed sequence or routine.

[0068] Referring to FIG. 2A, an example embodiment 200A according to aspects of the
present disclosure is illustrated. Specifically, in step 210, the corneal tissue is treated with the
cross-linking agent 130. Step 210 may occur, for example, after a treatment is applied to
generate structural changes in the cornea and produce a desired shape change. Alternatively,
step 210 may occur, for example, after it has been determined that the corneal tissue requires
stabilization or strengthening. The cross-linking agent 130 is then activated in step 220 with
an initiating element 222. In an example configuration, the initiating element 222 may be the
light source 110 shown in FIG. 1. Activation of the cross-linking agent 130, for example,
may be triggered thermally by the application of microwaves or light.

[0069] As the example embodiment 200B of FIG. 2B shows further, Riboflavin may be
applied topically as a cross-linking agent 214 to the corneal tissue in step 210. As also shown
in FIG 2B, ultraviolet (UV) light may be applied as an initiating element 224 in step 220 to
initiate cross-linking in the corneal areas treated with Riboflavin. Specifically, the UV light
initiates cross-linking activity by causing the applied Riboflavin to release reactive oxygen
radicals in the corneal tissue. In particular, the Riboflavin acts as a sensitizer to convert O,
into singlet oxygen which causes cross-linking within the corneal tissue.

[0070] According to one approach, the Riboflavin may be applied topically to the corneal
surface, and transepithelial delivery allows the Riboflavin to be applied to the corneal stroma.
In general, the application of the cross-linking agent sufficiently introduces Riboflavin to
mid-depth regions of the corneal tissue where stronger and more stable structure is desired.
[0071] Where the initiating element is UV light, the UV light may be generally applied to
the corneal surface 2A (e.g. the epithelium) of the cornea 2 to activate cross-linking.
However, regions of the cornea 2 requiring stabilization may extend from the corneal surface
2A to a mid-depth region 2B in the corneal stroma 2C. Generally applying UV light to the
corneal surface 2A may not allow sufficient penetration of the UV light to activate necessary
cross-linking at a mid-depth region of the cornea. Accordingly, embodiments according to

aspects of the present disclosure provide a delivery system that accurately and precisely
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delivers UV light to the mid-depth region 2B where stronger and more stable corneal
structure is required. In particular, treatment may generate desired changes in corneal
structure at the mid-depth region 2B.

[0072] FIG. 3 provides an example delivery system adapted as a laser scanning device
300 for delivering light to the cornea 2 employing laser scanning technology. The laser
scanning device 300 has the light source 110 for delivering a laser beam through an objective
lens 346 into a small focal volume within the cornea 2. The laser scanning device 300 also
includes the controller 120 for controlling the intensity profile of the light delivered to the
cornea 2 using a mirror array 344 and for controlling the focal plane of the objective lens 346.
The light source 110 can be an ultraviolet (UV) light source that emits a UV laser. A beam of
light 341 is emitted from the light source 110 (e.g., UV laser) and passes to the mirror array
344. Within the mirror array 344, the beam of light 341 from the light source 110 is scanned
over multiple mirrors adapted in an array. The beam of light 341 can be scanned over the
mirrors in the mirror array 344 using, for example, one or more adjustable mirrors to direct
the beam of light 341 to point at each mirror in turn. The beam of light 341 can be scanned
over each mirror one at a time. Alternately, the beam of light 341 can be split into one or
more additional beams of light using, for example, a beam splitter, and the resultant multiple
beams of light can then be simultaneously scanned over multiple mirrors in the mirror array
344,

[0073] By rapidly scanning the beam of light 341 over the mirrors in the mirror array
344, the mirror array 344 outputs a light pattern 345, which has a two dimensional intensity
pattern. The two dimensional intensity pattern of the light pattern 345 is generated by the
mirror array 344 according to, for example, the length of time that the beam of light 341 is
scanned over each mirror in the mirror array 344. In particular, the light pattern 345 can be
considered a pixilated intensity pattern with each pixel represented by a mirror in the mirror
array 344 and the intensity of the light in each pixel of the light pattern 345 proportionate to
the length of time the beam of light 341 scans over the mirror in the mirror array 344
corresponding to each pixel. In an implementation where the beam of light 341 scans over
each mirror in the mirror array 344 in turn to create the light pattern 345, the light pattern 345
is properly considered a time-averaged light pattern, as the output of the light pattern 345 at
any one particular instant in time may constitute light from as few as a single pixel in the
pixelated light pattern 345. In an implementation, the laser scanning technology of the
delivery system 300 may be similar to the technology utilized by Digital Light Processing™
(DLP®) display technologies.
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[0074] The mirror array 344 can include an array of small oscillating mirrors, controlled
by mirror position motors 347. The mirror position motors 347 can be servo motors for
causing the mirrors in the mirror array 344 to rotate so as to alternately reflect the beam of
light 341 from the light source 340 toward the cornea 2. The controller 120 can control the
light pattern 345 generated in the mirror array 344 using the mirror position motors 347. In
addition, the controller 120 can control the depth within the cornea 2 that the light pattern 345
is focused to by controlling the location of the focal depth of the objective lens 346 relative to
the corneal surface 2A. The controller can utilize an objective lens position motor 348 to
raise and/or lower the objective lens 346 in order to adjust the focal plane 6 of the light
pattern 345 emitted from the mirror array 344. By adjusting the focal plane 6 of the light
pattern 345 using the objective lens motor 348, and controlling the two-dimensional intensity
profile of the light pattern 345 using the mirror position motors 347, the controller 120 is
adapted to control the delivery of the light source 110 to the cornea 2 in three dimensions.
The three-dimensional pattern is generated by delivering the UV light to selected regions 5 on
successive planes (parallel to the focal plane 6), which extend from the corneal surface 2A to
the mid-depth region 2B within the corneal stroma. The cross-linking agent 130 introduced
into the selected regions 5 is then activated as described above.

[0075] By scanning over selected regions 5 of a plane 6 at a particular depth within the
cornea 2, the controller 120 can control the activation of the cross-linking agent 130 within
the cornea 2 according to a three dimensional profile. In particular, the controller 120 can
utilize the laser scanning technology of the laser scanning device 300 to strengthen and
stiffen the corneal tissues by activating cross-linking in a three-dimensional pattern within the
cornea 2. In an implementation, the objective lens 346 can be replaced by an optical train
consisting of mirrors and/or lenses to properly focus the light pattern 345 emitted from the
mirror array 344. Additionally, the objective lens motor 348 can be replaced by a motorized
device for adjusting the position of the eye 1 relative to the objective lens 346, which can be
fixed in space. For example, a chair or lift that makes fine motor step adjustments and
adapted to hold a patient during eye treatment can be utilized to adjust the position of the eye
1 relative to the objective lens 346.

[0076] Advantageously, the use of laser scanning technologies allows cross-linking to be
activated beyond the corneal surface 2A of the cornea 2, at depths where stronger and more
stable corneal structure is desired, for example, where structural changes have been generated

by an eye therapy treatment. In other words, the application of the initiating element (i.e., the
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light source 110) is applied precisely according to a selected three-dimensional pattern and is
not limited to a two-dimensional area at the corneal surface 2A of the cornea 2.

[0077] Although the embodiments described herein may initiate cross-linking in the
cornea according to an annular pattern defined, for example, by a thermokeratoplasty
applicator, the initiation pattern in other embodiments is not limited to a particular shape.
Indeed, energy may be applied to the cornea in non-annular patterns, so cross-linking may be
initiated in areas of the cornea that correspond to the resulting non-annular changes in corneal
structure. Examples of the non-annular shapes by which energy may be applied to the cornea
are described in U.S. Patent Serial No. 12/113,672, filed on May 1, 2008, the contents of
which are entirely incorporated herein by reference.

[0078] Some embodiments may employ Digital Micromirror Device (DMD) technology
to modulate the application of initiating light, e.g., UV light, spatially as well as a temporally.
Using DMD technology, a controlled light source projects the initiating light in a precise
spatial pattern that is created by microscopically small mirrors laid out in a matrix on a
semiconductor chip, known as a (DMD). Each mirror represents one or more pixels in the
pattern of projected light. The power and duration at which the light is projected is
determined as described elsewhere.

[0079] Embodiments may also employ aspects of multiphoton excitation microscopy. In
particular, rather than delivering a single photon of a particular wavelength to the cornea 2,
the delivery system (e.g., 100 in FIG. 1) delivers multiple photons of longer wavelengths, i.e.,
lower energy, that combine to initiate the cross-linking. Advantageously, longer wavelengths
are scattered within the cornea 2 to a lesser degree than shorter wavelengths, which allows
longer wavelengths of light to penetrate the cornea 2 more efficiently than shorter wavelength
light. For example, in some embodiments, two photons may be employed, where each
photon carries approximately half the energy necessary to excite the molecules in the cross-
linking agent 130 that release oxygen radicals. When a cross-linking agent molecule
simultaneously absorbs both photons, it absorbs enough energy to release reactive oxygen
radicals in the corneal tissue. Embodiments may also utilize lower energy photons such that
a cross-linking agent molecule must simultaneously absorb, for example, three, four, or five,
photons to release a reactive oxygen radical. The probability of the near-simultaneous
absorption of multiple photons is low, so a high flux of excitation photons may be required,
and the high flux may be delivered through a femtosecond laser. Because multiple photons
are absorbed for activation of the cross-linking agent molecule, the probability for activation

increases with intensity. Therefore, more activation occurs where the delivery of light from
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the light source 110 is tightly focused compared to where it is more diffuse. The light source
110 may deliver a laser beam to the cornea 2. Effectively, activation of the cross-linking
agent 330 is restricted to the smaller focal volume where the light source 310 is delivered to
the cornea 2 with a high flux. This localization advantageously allows for more precise
control over where cross-linking is activated within the cornea 2.

[0080] Referring again to FIG. 1, embodiments employing multiphoton excitation
microscopy can also optionally employ multiple beams of light simultaneously applied to the
cornea 2 by the light source 110. For example, a first and a second beam of light can each be
directed from the optical elements 112 to an overlapping region of the cornea 2. The region
of intersection of the two beams of light can be a volume in the cornea 2 where cross-linking
is desired to occur. Multiple beams of light can be delivered to the cornea 2 using aspects of
the optical elements 112 to split a beam of light emitted from the light source 310 and direct
the resulting multiple beams of light to an overlapping region of the cornea 2. In addition,
embodiments employing multiphoton excitation microscopy can employ multiple light
sources, each emitting a beam of light that is directed to the cornea 2, such that the multiple
resulting beams of light overlap or intersect in a volume of the cornea 2 where cross-linking
is desired to occur. The region of intersection may be, for example, in the mid-depth region
2B of the cornea 2, and may be below the corneal surface 2A. Aspects of the present
disclosure employing overlapping beams of light to achieve multi-photon microscopy may
provide an additional approach to controlling the activation of the cross-linking agent 130
according to a three-dimensional profile within the cornea 2.

[0081] Aspects of the present disclosure, e.g., adjusting the parameters for delivery and
activation of the cross-linking agent, can be employed to reduce the amount of time required
to achieve the desired cross-linking. In an example implementation, the time can be reduced
from minutes to seconds. While some configurations may apply the initiating element (i.e.,
the light source 110) at a flux dose of 5 J/cm?, aspects of the present disclosure allow larger
doses of the initiating element, e.g., multiples of 5 J/cm?, to be applied to reduce the time
required to achieve the desired cross-linking. Highly accelerated cross-linking is particularly
possible when using laser scanning technologies (such as in the delivery system 300 provided
in FIG. 3) in combination with a feedback system 400 as shown in FIG. 4, such as a rapid
video eye-tracking system, described below.

[0082] To decrease the treatment time, and advantageously generate stronger cross-
linking within the cornea 2, the initiating element (e.g., the light source 110 shown in FIG. 1)

may be applied with a power between 30 mW and 1 W. The total dose of energy absorbed in
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the cornea 2 can be described as an effective dose, which is an amount of energy absorbed
through a region of the corneal surface 2A. For example the effective dose for a region of the
cornea 2 can be, for example, 5 J/cmz, or as high as 20 J/em® or 30 J/em®. The effective dose
delivering the energy flux just described can be delivered from a single application of energy,
or from repeated applications of energy. In an example implementation where repeated
applications of energy are employed to deliver an effective dose to a region of the cornea 2,
each subsequent application of energy can be identical, or can be different according to
information provided by the feedback system 400.

[0083] Treatment of the cornea 2 by activating cross-linking produces structural changes
to the corneal stroma. In general, the optomechanical properties of the cornea changes under
stress. Such changes include: straightening out the waviness of the collagen fibrils; slippage
and rotation of individual lamellae; and breakdown of aggregated molecular superstructures
into smaller units. In such cases, the application of the cross-linking agent 130 introduces
sufficient amounts of cross-linking agent to mid-depth regions 2B of the corneal tissue where
stronger and more stable structure is desired. The cross-linking agent 130 may be applied
directly to corneal tissue that have received an eye therapy treatment and/or in areas around
the treated tissue.

[0084] To enhance safety and efficacy of the application and the activation of the cross-
linking agent, aspects of the present disclosure provide techniques for real time monitoring of
the changes to the collagen fibrils with a feedback system 400 shown in FIG. 4. These
techniques may be employed to confirm whether appropriate doses of the cross-linking agent
130 have been applied during treatment and/or to determine whether the cross-linking agent
130 has been sufficiently activated by the initiating element (e.g., the light source 110).
General studies relating to dosage may also apply these monitoring techniques.

[0085] Moreover, real time monitoring with the feedback system 400 may be employed
to identify when further application of the initiating element (e.g., the light source 110) yields
no additional cross-linking. Where the initiating element is UV light, determining an end
point for the application of the initiating element protects the corneal tissue from unnecessary
exposure to UV light. Accordingly, the safety of the cross-linking treatment is enhanced.
The controller 120 for the cross-linking delivery system can automatically cease further
application of UV light when the real time monitoring from the feedback system 400
determines that no additional cross-linking is occurring.

[0086] FIG. 4 illustrates a delivery system incorporating the feedback system 400. The
feedback system 400 is adapted to gather measurements 402 from the eye 1, and pass
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feedback information 404 to the controller 120. The measurements 402 can be indicative of
the progress of strengthening and stabilizing the corneal tissue. The measurements 402 can
also provide position information regarding the location of the eye and can detect movement
of the cornea 2, and particularly the regions of the corneal tissue requiring stabilization. The
feedback information 404 is based on the measurements 402 and provides input to the
controller 120. The controller 120 then analyzes the feedback information 404 to determine
how to adjust the application of the initiating element, e.g., the light source 110, and sends
command signals 406 to the light source 110 accordingly. Furthermore, the delivery system
100 shown in FIG. 1 can be adapted to incorporate the feedback system 100 and can adjust
any combination of the optical elements 112, the applicator 132, or the light source 110 in
order to control the activation of the cross-linking agent 130 within the cornea 2 based on the
feedback information 404 received from the feedback system 400.

[0087] The feedback system 400 can be a video eye-tracking system as shown in FIG.
SA, which illustrates a delivery system 500 for activating cross-linking in the cornea 2 with
the laser scanning device 300. The delivery system 500 of FIG. 5A includes a video camera
510 for capturing digital video image data 504 of the eye 1. The video camera 510 generates
the video image data 504 of the eye 1 in real time and tracks any movement of the eye 1. The
video image data 504 generated by the video camera 510 is indicative of photons 502
reflected from the eye 1. The photons 502 can be reflected from the eye 1 from an ambient
light source, or can be reflected from the eye 1 by a light source that is incorporated into the
delivery system 500 adapted to direct light to the eye 1 for reflecting back to the video
camera 510. Delivery systems including the light source can optionally be adapted with the
light source controlled by the controller 120. The delivery system 500 may minimize
movement of the eye 1 by minimizing movement of the head, such as, for example, by use of
a bite plate described below. However, the eye 1 can still move in the socket, relative to the
head.

[0088] The real time video image data 504 (e.g., the series of images captured by the
video camera 510) are sent to the controller 120, which may include processing hardware,
such as a conventional personal computer or the like. The controller 120 analyzes the data
from the video camera 10, for example, according to programmed instructions on computer-
readable storage media, e.g., data storage hardware. In particular, the controller 120
identifies the image of the cornea 2 in the video image data 504 and determines the position
of the cornea 2 relative to the delivery system 500, and particularly relative to the laser

scanning device 300. The controller 120 sends instructions 506 to the laser scanning device
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300 to direct a pattern of UV light 508 to the position of the cornea 2. For example, the
instructions 506 can adjust optical aspects of the laser scanning device 300 to center the
pattern of UV light 508 output from the laser scanning device 300 on the cornea 2. The
pattern of UV light 508 activates the cross-linking agent 130 in desired areas and depths of
corneal tissue according to aspects of the present disclosure described herein.

[0089] In addition, the video image data 504 can optionally include distance information
and the controller 130 can be adapted to further analyze the video image data 504 to
determine the distance to the cornea 2 from the laser scanning device 508 and can adjust the
focal plane of the pattern of UV light 508 directed to the cornea 2. For example, the distance
to the cornea 2 may be detected according to an auto-focus scheme that automatically
determines the focal plane of the cornea 2, or may be determined according to an active
ranging scheme, such as a laser ranging or radar scheme. In an implementation, the video
image data 504 can be a series of images, and the controller 120 can be adapted to analyze
the images in the series of images individually or in combination to detect, for example,
trends in the movement of the cornea 2 in order to predict the location of the cornea 2 at a
future time.

[0090] FIG. 5B illustrates an exemplary operation of the delivery system 500 shown in
FIG. 5A. In step 512, the video camera 510 captures the video image data 504 of the eye 1
based on the photons 502 reflected from the eye 1. In step 514, the video image data 504 is
sent to the controller 120. In step 516, the controller 120 sends the instructions 506 to the
laser scanning device 300 according to the detected position of the cornea 2. In step 518, the
initiating element (e.g., UV light) is applied to the cornea 2 according to the detected position
of the cornea 2. Following step 518, a decision is made whether to continue to gather
feedback data using the video monitoring system. If feedback data continues to be desired,
the exemplary operation returns to step 512 and repeats until it is determined that feedback
information is no longer required, at which point the exemplary operation ceases. In an
implementation, the delivery system 500 can be adapted to operate according to the steps
illustrated in FIG. 5B in real time, and can provide position data about the location of the
cornea 2 continuously, or in response to queries from, for example, the controller 120.

[0091] In general, the system 500 shown in FIG. 5A can correlate pixels of the video
camera 510 with the pixels of the laser scanning device 300, so the real time video image date
504 from the video camera 120 can be employed to direct the pattern of UV light 508 from
the laser scanning device 300 accurately to the desired corneal tissue even if there is some

movement by the eye 1. The system 500 can be employed to map, associate, and/or correlate
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pixels in the video camera 510 with pixels in the laser scanning device 300. Advantageously,
the system 500 does not require mechanical tracking of the eye 1 and mechanical adjustment
(of the laser scanning device 300) to apply the pattern of UV light 508 accurately to the
cornea 2.

[0092] In sum, implementations of aspects of the present disclosure stabilize a three-
dimensional structure of corneal tissue through controlled application and activation of cross-
linking in the corneal tissue. For example, the cross-linking agent 130 and/or the initiating
element (e.g., the pattern of UV light 508) are applied in a series of timed and controlled
steps to activate cross-linking incrementally. Moreover, the delivery and activation of the
cross-linking agent 130 at depths in the cornea 2 depend on the concentration(s) and diffusion
times of the cross-linking agent 130 as well as the power(s) and bandwidths of the initiating
element. Furthermore, systems may employ laser scanning technologies in combination with
a video eye-tracking system to achieve accurate application of the initiating element 222 to
the cornea 2.

[0093] Another technique for real time monitoring of the cornea 2 during cross-linking
treatment employs interferometry with a specialized phasecam interferometer (e.g.,
manufactured by 4dTechnology, Tucson, AZ). The interferometer takes up to 25 frames per
second with a very short exposure so as to substantially minimize motion during an exposure
duration. In an example, the exposure time can be less than one millisecond. As the heart
beats, the intraocular pressure (IOP) in the eye 1 increases and causes the corneal surface to
extend outwardly by a slight amount. The deflection of the cornea 2 is determined by
developing a difference map between the peaks and valleys of the cardiac pulsate flow
cycles. The deflection of the cornea provides an indicator for the strength of the corneal
tissue. The deflection of the cornea 2 may be used to measure changes in the biomechanical
strength, rigidity, and/or stiffness during cross-linking treatment. Additionally, comparisons
of an amount of deflection observed before and after cross-linking treatment is applied to a
cornea 2 may be used to determine a change in biomechanical strength, rigidity, and/or
stiffness of the corneal tissue. In general, however, interferometry may be employed to
measure corneal strength before and after an eye surgery, before and after any eye treatment,
or to monitor disease states. Thus, aspects of the present disclosure employ interferometry as
a non-contact technique to determine the surface shape of the cornea 2 and develop a
difference map to measure the deflection from IOP. The deflection of the cornea can then be

used to determine changes in corneal strength during cross-linking treatment.
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[0094] To provide control over cross-linking activity, aspects of the present disclosure
provide techniques for real time monitoring of the changes in the strength of the corneal
tissue. These techniques may be employed to confirm whether appropriate doses of the
cross-linking agent have been applied during treatment. Moreover, real time monitoring may
be employed to identify when further application of the initiating element yields no additional
cross-linking. Where the initiating element is UV light, determining an end point for the
application of the initiating element protects the corneal tissue from unnecessary exposure to
UV light. Accordingly, the safety of the cross-linking treatment is enhanced. The controller
120 for the cross-linking delivery system (e.g., the delivery system 100 in FIG. 1) can
automatically cease further application of UV light when the real time monitoring determines
that no additional cross-linking is occurring.

[0095] FIG. 6A illustrates a phase-shifting interferometer adapted to measure the surface
shape of the cornea 2 by comparing a reference beam 616 (i.e., reference wavefront) reflected
from a reference mirror 612 and a signal beam 614 (i.e., signal wavefront) reflected from the
corneal surface 2A. Interferometry involves the analysis of an interference pattern created by
the superposition of two or more waves. The interferometer illustrated in FIG. 6A is adapted
as a Twyman-Green interferometer and is adapted to record the interference pattern, i.e.,
interferogram, of the superposition of the reference beam 616 and the signal beam 614 using
a CCD detector 660 such as a camera. Although, the CCD detector 660 may be replaced by
any photosensitive sensor suitable for converting an optical intensity sensed at an array of
pixel locations to an electrical charge or current. The interferometer shown in FIG. 6A
includes a light source 610, a spreading lens 602, a converging lens 604, an angled mirror
606, a polarizing beam splitter (PBS) 622, and a reference mirror 612. The interferometer
also includes two quarter wave plates 608. The quarter-wave plates 608 can be created, at
least in part, from a birefringent material that causes beams of light passing through the
quarter-wave plates 608 to rotate the polarization of light of the beam of light. In particular,
the quarter wave plate 608 can cause an incoming beam of light having a polarization that is a
combination of two orthogonal components, to result in an outgoing beam of light where one
of the two orthogonal polarization components is phase-delayed relative to the other by one-
quarter wavelength. In a configuration, the quarter-wave plates 608 can convert linearly
polarized light to circularly polarized light. The interferometer also has an optical transfer
630, which can include a combination of lenses, filters, and mirrors to focus, align, and direct
a superimposed beam 635 to a holographic element 640. The superimposed beam 635 is a

superposition of the signal beam 614 and the reference beam 616. The holographic element

-22 -



WO 2011/116306 PCT/US2011/029033

640 can split the superimposed beam 635 into four copies for being applied to a polarizing
quad filter 650. The output of the polarizing quad filter 650 is then recorded by the CCD
detector 660. The resulting image or intensity pattern captured by the CCD detector 660 is
then sent to the controller 120 for analysis. The controller 120 can also receive an input from
a distance measurement system 670 adapted to monitor a distance between the eye 1 and
aspects of the interferometer. Additional optical elements may be included at various
locations within the optical path of the interferometer to spread and/or focus the beams of
light.

[0096] In an exemplary operation of the interferometer illustrated in FIG. 6A, a beam of
light is emitted from the light source 610. The beam of light is then spread and collimated
with the lenses 602, 604 such as is appropriate for directing the beam toward the polarizing
beam splitter 622. The spread beam is then reflected on the mirror 606 and directed toward
the polarizing beam splitter 622. A half-wave plate or other suitable birefringent material or
polarizing filter may be inserted in the optical path between the light source 610 and the
polarizing beam splitter (PBS) 622 to cause the beam of light directed to the PBS 622 to have
an appropriate polarization angle relative to the PBS to allow a desired amount of light
having orthogonal polarizations to be transmitted and reflected by the PBS 622. For
example, the polarization of the incoming beam of light can be selected such that the PBS
622 allows roughly equal amounts of light to be reflected and transmitted, with each having
orthogonal linear polarization.

[0097] Upon reaching the PBS 622, the beam of light is divided according to the
polarization of the incoming beam of light, with roughly half directed toward the eye 1 to be
reflected by the corneal surface 2A of the cornea 2. The other half, which may be
orthogonally polarized relative to the beam directed toward the eye 1, is directed toward the
reference mirror 612. The light reflected from the corneal surface 2A is the signal beam 614.
The light reflected from the reference mirror 612 is the reference beam 616. Each of the
beams emitted from the PBS 622 is passed through one of the quarter wave plates 608, which
rotates the signal beam 614 and the reference beam 616 after reflection while retaining their
mutual orthogonal linear polarization states. The configuration of the PBS 622 along with
the quarter wave plates 608 allows the reference beam 616 and the signal beam 614 to be
transmitted through and reflected from the PBS 622 toward the optical transfer 630 along a
common optical path. Additional lenses may be used between the PBS 622 and the eye 1 or
between the PBS 622 and the test mirror 612 in order to appropriately spread or narrow the

beam of light to simultaneously illuminate the entire area of the eye 1 (or the reference mirror
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612) to be measured, and to return substantially collimated beams (e.g., the reference beam
616 and the signal beam 614) back to the PBS 622.

[0098] The light source 610 may emit a linearly polarized beam of light, or may emit a
beam of light which is then filtered to pass a linearly polarized beam of light. The
wavelength of the light emitted from the light source 610 may be chosen to be suitable for the
various optical components in the interferometer and for the CCD detector 660. In addition,
the wavelength of the light source 610 may be chosen to be a wavelength of light that is safe
for being reflected from the corneal surface 2A of the eye 1. Generally, the reference mirror
616 can be any reference surface suitable for reflecting light, and can optionally have a flat
configuration or can have a curved configuration. In particular, the reference mirror 616 may
be shaped according to a desired shape of the corneal surface 2A of the cornea 2, or may be
shaped according to a typical shape of a corneal surface, and may be an aspheric surface. In
an example where the reference mirror 616 is shaped as an ideal or typical corneal surface,
the interference pattern displayed on the interferogram reveals the differences between the
signal beam 614 (i.e., signal wavefront) reflected from the corneal surface 2A of the eye 1
and the reference beam 616 (i.e., reference wavefront) reflected from the ideal or typical or
corneal surface. Implementations utilizing a curved surface as the reference surface can
incorporate a converging lens to direct the beam to the reference surface. In an
implementation where the reference surface is a convex surface, the converging lens is
positioned such that the reference surface is closer to the converging lens than the focus of
the converging lens; however, where the reference surface is a concave surface, the
converging lens is positioned such that the reference surface is further from the converging
lens than the focus of the converging lens.

[0099] The light directed toward the optical transfer 630 is a superposition of the
reference beam 616 and the signal beam 614, which may be orthogonally polarized relative to
one another. In particular, the reference beam 616 and the signal beam 614 can be
orthogonally circularly polarized relative to one another. The optical transfer 630 may
include a combination of lenses, mirrors, and apertures to relay the superimposed beam 635
onto the holographic element 640. The aperture (not separately shown), which can be
incorporated in the optical transfer 630, can be chosen such that the diffraction-limited spot
size at the CCD detector 660 is approximately 2 effective pixels in diameter in order to avoid
aliasing of the interference pattern spatial frequency. An appropriate selection of the aperture
ensures that spatial frequencies higher than the pixel spacing of the CCD detector 660 are not

present in the resulting interferograms measured by the CCD detector 660.
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[00100] FIG. 6B symbolically illustrates the operation of the holographic element 640 and
the polarizing quad filter 650 included in the interferometer configuration shown in FIG. 6A.
With reference to FIGS. 6A and 6B, the superimposed beam 635, which is a superposition of
the reference beam 616 and the signal beam 614 is directed toward the holographic element
640. The signal beam 614 is represented symbolically as having a wavefront delayed from
the wavefront of the reference beam 616 by varying amounts. The signal beam 614 is shown
with a curved line indicating exemplary amounts of delay relative to the reference beam 616
across a profile of the signal beam 614. The amount of delay between the signal beam 614
and the reference beam 616 corresponds to the difference in optical path length between the
path taken by the reference beam 616 and the signal beam 614, and therefore corresponds to
differences between the corneal surface 2A and the reference mirror 612.

[00101] FIG. 6C provides an exemplary interference pattern (i.e., interferogram), which is
the intensity pattern (i.e., image) detected by the CCD detector 660 and output from the
polarizing quad filter 650. In a configuration, the difference in optical path length between
the signal beam 614 and the reference beam 616 may be revealed by the interference pattern
(i.e., interferogram) recorded by the CCD detector, and allows for performing profilometry
(i.e., measuring the absolute three-dimensional profile of a solid object) of the corneal surface
2A of the eye 1. The holographic element 640 splits the superposition beam 635 into four
substantially identical copies and projects the four copies onto the polarizing quad filter 650.
Additional optical elements may be employed to provide a collimated beam to the polarizing
quad filter 650. The polarizing quad filter 650 is divided into four quadrants, with each
quadrant introducing a different effective phase-delay between the reference and test
wavefronts at each pixel. The phase mask may be constructed from a birefringent plate, or
from four separate birefringent plates. Alternatively, the polarizing mask 640 may be
constructed from an array of four polarizers, with each having a different polarizing angle.
[00102] The intensity of two beams having orthogonal circular polarization (e.g., the
reference beam 616 and the signal beam 614) interfered by a polarizer with angle o is given

by Eq. 1.

I(x,y)= %(Ir +Is+ 2\/Ir Iscos(AB(x, y)+2a) )
[00103] (Eq. 1)

[00104] In Eq. 1, Ir and Is are the intensities of the reference beam 616 and the signal
beam 614, respectively and AAx,y) is the phase shift between the reference beam 616 and the

signal beam 614 due to the optical path difference for each pixel array coordinate. In an
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implementation, both /r and Is can vary with x and y. So, by constructing the polarizing quad
filter 650 with polarizers in each quadrant having angles of O degrees, 45 degrees, 90 degrees,
and 135 degrees, the following transfer functions provide the intensity of light transmitted

through each quadrant of the polarizing quad filter 650.

A(x, V) :%(Ir+ls +2\/Ir-lscos(A9(x, y)))

[00105] (Eq. 22)
B(x, V) =%(Ir+ls +2\/Ir-ls cos(AB(x, ) +§))

[00106] (Eq. 2b)
C(x,y) =%(1r+ls+2\/lr-Iscos(AH(x, y)+7z))

[00107] (Eq. 20)
D(x,y) =%(Ir+ls+ 2\/Ir-lscos(A9(x, y) +37”))

[00108] (Eq. 2d)

[00109] The transfer functions provided in Eqs. 2a through 2d provide the intensities
measured at each pixel coordinate for the light transmitted through the polarizing quad filter
650. Eq. 2a may provide the intensity of light passing through the first quadrant of the
polarizing quad filter 650, which has a polarizing angle of O degrees relative to the x, y
orientation of the pixel array. The first quadrant of the polarizing quad filter 650 therefore
interferes in-phase components of the signal beam 614 and the reference beam 616 present in
the superimposed beam 635. Eq. 2b may provide the intensity of light passing through the
second quadrant of the polarizing quad filter 650, which has a polarizing angle of 45 degrees
relative to the x, y orientation of the pixel array. The second quadrant of the polarizing quad
filter 650 therefore interferes in-phase quadrature components of the signal beam 614 and the
reference beam 616. Eq. 2c may provide the intensity of light passing through the third
quadrature of the polarizing quad filter 650, which has a polarizing angle of 90 degrees
relative to the x, y orientation of the pixel array. The third quadrant of the polarizing quad
filter 650 therefore interferes out-of-phase components of the signal beam 614 and the
reference beam 616. Eq. 2d may provide the intensity of light passing through the fourth
quadrature of the polarizing quad filter 650, which has a polarizing angle of 135 degrees
relative to the x, y orientation of the pixel array. The fourth quadrant of the polarizing quad
filter 650 therefore interferes out-of-phase quadrature components of the signal beam 614 and
the reference beam 616.

[00110]  Using the interference pattern detected by the CCD detector 660, methods can be

employed to calculate the phase difference and modulation index to reveal the optical path
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difference between the reference beam 616 and the signal beam 614, and thereby perform
profilometry of the corneal surface 2A of the eye 1. The transfer functions of Eqs 2a through
2d may be used to compute the phase difference between the signal beam 614 and the

reference beam 616 at each x, y location according to a four-bucket algorithm, e.g.:

C(x, y) - Alx, y)j
D(x,y)—B(x,y) (Eq. 3)

[00112] Egs. 2 and 3 provide an example algorithm for computing a phase difference map

AB(x, y)=arctan (
[00111]

for a single exposure of the CCD detector 660. Alternatively, the phase difference at each
spatial coordinate can be computed according to a windowed convolution algorithm. A
windowed convolution algorithm may provide less phase-dependent error, although the
spatial frequency is at least partially filtered by the convolution process and may therefore
have reduced spatial frequency. In addition, implementations utilizing a convolution
algorithm to provide real time phase difference maps may require additional computational
resources.

[00113]  Alternatively, an interferometer may be employed with implementations of the
present disclosure to perform profilometry of the eye 1 by gathering the four interference
patterns without the holographic element and without simultaneously capturing the four
interferograms with a single exposure. Such an interferometer may utilize a configuration
which changes the polarizing mask following each exposure of the CCD detector 660 such
that four subsequent exposures provide interference patterns for each polarizing angle and
allow for computing the phase difference map according to Egs. 2 and 3.

[00114]  Systems implementing algorithms for computing a profile of the corneal surface
2A of the eye 1 from the phase difference map may also take as an input a distance between
the corneal surface 2A and the interferometer (which can be provided, for example, by the
distance measurement system 670). The distance monitored by the distance measurement
system 670 can be used to determine a scaling of the intensity patterns captured by the CCD
detector 660 and to determine a radius of curvature of the cornea 2, and thus the optical
power of the eye 1. The distance measurement system 670 may be implemented by two
cameras focusing on the cornea 2, but oriented at an angle relative to one another, and
separated by a known distance, such that the angle between the orientations of the two
cameras when both are focused on the cornea 2 provides an estimation of the distance
according to standard trigonometric analysis. The distance measurement system 670 may be

implemented as a high resolution camera capturing images from a known position. The high
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resolution camera may be oriented at approximately 90° to the optical axis of the eye 1, such
that the edge of the eye 1 can be mapped to a pixel location of the high resolution camera,
which corresponds to a distance from the interferometer. The distance measurement system
670 may be implemented as a separate interferometer, such as a Michelson interferometer. In
addition, the distance measurement system 670 may be adapted as an active ranging
technique which uses reflected signals correlated with reference signals to measure time
delays, such as a doppler, ultrasound, or optical ranging system. Additionally, the distance
measurement system 670 may be implemented by a configuration having multiple slit lamps,
such as the configuration illustrated by FIG. 8A, which is described below in further detail.
As shown in FIG. 6A, the distance measurement system 670 is adapted to provide an output
indicative of the monitored distance to the controller 120. The distance measurement system
670 can be a system integrated with the interferometer or can be implemented as a separate
from the interferometer and is adapted to provide an input to the algorithms for performing
corneal topography. In some aspects, the output of the distance measurement system 670
may be considered a monitored distance, an estimated distance, or a measured distance, and
may be used interchangeably.

[00115]  The above-described algorithms can be performed automatically by the controller
120 or by one or more separate computers adapted to receive the intensity patterns captured
by the CCD detector 660 and the monitored distance from the distance measurement system
670.

[00116] To be useful for performing profilometry of the cornea surface 2A, the fringes in
the interference pattern (i.e., the interferograms) produced by the phase-shifting
interferometer must be sufficiently stable in the image plane to measure the surface shape of
the cornea 2. Due to changes, for example, in saccadic eye movement and eye fixation, the
corneal surface 2A changes periodically and may not remain sufficiently stable for
conventional phase-shifting interferometers. As such, the phase-shifting interferometer in the
present embodiments shortens the data acquisition time to reduce the amount of relative
motion and effectively freeze the fringe image (i.e., the interferograms) during measurement.
[00117]  In particular, rapid data acquisition can be achieved by dynamic interferometry.
Dynamic interferometry in the present implementations uses polarization to generate the
required phase shift and captures multiple fringe images on a single camera to acquire the
data. Dynamic interferometers can make single-frame phase measurements with short
exposures while capturing the phase changes. Moreover, signal averaging can be

advantageously employed with dynamic interferometry, e.g., to reduce systematic errors.
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[00118]  Advantageously, using the holographic element 640 allows for the interference
patterns corresponding to each of the four polarizing angles to be detected simultaneously
with a single exposure of the CCD detector 660. Simultaneous detection of the
interferograms with a single exposure of the CCD detector 660 offers significant immunity to
vibration, which may occur between separate exposures. Simultaneous detection also allows
for capturing the profile of the corneal surface 2A during an duration of time that does not
exceed the duration of the exposure of the CCD detector 660. In an example, the duration of
the exposure of the CCD detector 660 can be less than one millisecond and can be as low as
thirty microseconds.

[00119] FIG. 6D provides an alternative configuration of an interferometer for performing
profilometry of the corneal surface 2A. The interferometer in FIG. 6D is similar in some
respects to the interferometer shown in FIG. 6A, with the principal difference that the
holographic element 640 and polarizing quad filter 650 as shown in FIG. 6B are replaced
with a pixelated polarizing filter 652. The interferometer shown in FIG. 6D also includes
cornea imaging optics 615 between the PBS 622 and the eye 1 for spreading, diffusing,
focusing, and/or collimating the light directed to and reflected from the eye 1. In particular,
the cornea imaging optics 615 can include a lens or combination of lenses for causing the
beam from the PBS 622 to converges to meet the radius of curvature of the cornea 2, and
then collimate the signal beam 614 after it is reflected from the corneal surface 2A. The
cornea imaging optics 615 can also be employed in connection with the interferometer
configuration illustrated in FIG. 6A.

[00120]  Further illustrated in FIG. 6D are positioning motors 617 for adjusting the corneal
imaging optics 615. The positioning motors 617 may include a single motor or multiple
motors for manipulating a position of one or more aspects of the corneal imaging optics 615
according to input signals from the controller 120. For example, the positioning motors 617
may include a first and second motor for manipulating the position of a convergent lens most
proximate the cornea 2 according to input signals from the controller 120. The positioning
motors may be adapted to adjust the position of the convergent lens in directions wholly or
partially perpendicular to the orientation of the signal beam 614, or in a direction parallel to
the orientation of the signal beam 614. The positioning motors may incorporate piezo
electric crystals for making fine adjustments. The controller 120 may be further adapted to
adjust the position of the corneal imaging optics 615 according to information received by the

camera 660.
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[00121]  For example, the controller 120 may be adapted to determine a centroid position
of the specular reflection of light emerging from the cornea 2. The centroid position may be
determined by combining intensity information detected at adjacent pixels of the camera 660
in order to achieve an estimate of a centroid position with a greater precision than an estimate
of an individual pixel. In an implementation, the centroid position may be determined at a
rate of, for example 200 Hz, and the input signals may be sent to the positioning motors 617
at the same rate (i.e., 200 Hz). Alternatively, the controller 120 may incorporate a separate
camera different from the camera 660 for measuring the centroid position of the specular
reflection. To provide the positioning function, the camera 660 (or the separate camera) need
only have a resolution of, for example, 16 pixels by 16 pixels. A relatively low resolution
allows for processing of the image to determine the centroid position to occur more rapidly.
Once an energy distribution of received intensities is detected by the camera 660, the
controller may be adapted to operate the positioning motors 617 so as to maintain the initially
observed energy distribution. Maintenance of the energy distribution may be achieved by
manipulating the corneal imaging optics 615 in three dimensions.

[00122] Implementations tracking the position of the eye, and adjusting optical elements
according to a monitored (or tracked) position may be further adapted to distinguish a
rotational movement of the eye 1 from a translational displacement of the eye. A rotational
movement of the eye 1 may be determined by monitoring a fourth Pukinje image (Pukinje
IV) of the eye with respect to an aspect of the eye which changes with rotation of the eye,
such as, for example, the outer ring of the pupil of the eye 1. The Pukinje IV image results
from the specular reflection from the back surface of the lens of the eye 1. Monitoring the
Pukinje IV image allows for separately monitoring the rotational and translational aspects of
movements of the eye 1, because the Pukinje IV image does not change much during a
rotational movement of the eye. Separating the rotational and translational movements of the
eye can allow for adjusting optical aspects of the feedback system (or the application system)
based on monitored translational movements, but not based on monitored rotational
movements.

[00123]  Additionally, or alternatively, the tracked position of the eye can be used to adjust
a position of the eye 1. Similar to the description provided in connection with FIGS. 7B and
7C, a bite plate (and/or another head restraint device) may be provided that is coupled to
positioning motors. Adjusting the positioning motors can move the position of the patient’s
head, and thus the position of the patient’s eye. Tracking the position of the eye 1 allows for

aligning the monitoring system and/or the treatment system by moving the eye 1 (e.g., via the
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bite plate 770 connected to positioning motors 772), by moving the monitoring and/or
treatment system (e.g., by adjusting a position of an objective optical element), or any
combination thereof.

[00124] FIG. 6E provides a symbolic representation of aspects of the pixelated polarizing
filter 652 in the interferometer shown in FIG. 6D. The pixelated polarizing filter 652 is in
some respects similar to the polarizing quad filter 650, but in miniature and repeated in an
array. In principle, the pixelated polarizing filter 652 could be constructed from an etched
birefringent plate, but such a device is difficult to manufacture accurately. The pixelated
polarizing filter 652 can be constructed from an array of micropolarizers such that the number
of entries in the array of micropolarizers is similar to, or even identical to, the number of
pixels in the CCD detector 660. FIG. 6E symbolically represents a portion of the pixelated
polarizing filter 652, which is shown as an array, with each set of four pixels forming a group
of linear micropolarizers. In an implementation, the pixelated polarizing filter 652 may be
referred to as a pixelated polarizing plate.

[00125]  Generally, information for conducting profilometry of the eye 1 can be extracted
from a configuration where the effective polarization of the pixelated polarizing plate 652 is
spatially distributed. The effective polarization of the pixelated polarizing filter 652 can have
a regular repeating pattern, with out of phase polarizers alternating along the columns. For
example, pixelated polarizers for interfering at 0 degrees (corresponding to the transfer
function for A(x,y)) and 180 degrees (C) can be arranged in an alternating pattern in one
column, and pixelated polarizers for interfering at 90 degrees (B) and 270 degrees (D) can be
arranged in an alternating pattern in adjacent columns. Alternating the out-of-phase signals
advantageously minimizes the amount of phase-dependent error due to smearing of the
sensing array in the CCD detector 660, which can be particularly prone to smearing effects
for short exposure times. The four interferograms can then be analyzed to compute phase
difference map(s) associated with the surface(s) being monitored and determine surface
profile(s) for the surface(s). The four interferograms can be intensity patterns captured by the
CCD detector 660, each associated with a polarization state (e.g., 0°, 90°, 180°, 270°).

[00126]  The pixelated polarizing filter 652 is illustrated as being positioned adjacent to the
CCD detector 660, however the pixelated polarizing filter 652 can alternatively be positioned
at the focal plane of the optical transfer 630 and additional relay optics can be used to convey
the light transmitted through the pixelated polarizing filter 652 to the CCD detector 660. In
particular, in an implementation where the size of the pixels in the pixelated polarizing filter

652 are larger than the pixels of the CCD detector 660, optical elements may be employed to

-31 -



WO 2011/116306 PCT/US2011/029033

scale the effective pixel size of the CCD detector 660 as desired relative to the pixelated
polarizing filter 652 by introducing magnifying optical elements. Thus, the physical spacing
of the pixelated polarizing filter 652 and the sensor array of the CCD detector 660 do not
need to be equal.

[00127]  The interferograms pictured in FIG. 6E can be created from the output of the
pixelated polarizing filter 652 by combining every fourth pixel in the CCD detector 660 to
create the four interferogram patterns. Similar to the configuration of the interferometer
shown in FIG. 6A, the pixelated polarizing filter 652 allows for the four interferograms to be
captured simultaneously with a single exposure of the CCD detector 660. In an example, the
duration of the exposure of the CCD detector 660 can be less than one millisecond and can be
as low as thirty microseconds.

[00128]  While phase-shifting interferometers have been shown employing polarizing beam
splitters and polarizing masks to compare the phase differences between the reference beam
616 and the signal beam 614 in FIGS. 6A through 6E, generally any interferometer for
comparing the phase shift between a reference beam reflected from a known reference
surface and a signal beam reflected from a surface of the eye 1 can be employed to perform
profilometry of the eye 1.

[00129]  One technique for determining the three-dimensional surface shape of the eye 1,
and particularly the cornea 2, employs an analysis of the phase difference map. The phase
difference map can be created, for example, using the interferograms and Eqs. 2 and 3. The
surface shape of the eye 1 relative to the reference mirror 612 can be extracted from the phase
difference map. The phase difference map may be a table which provides the phase
difference between the reference beam 616 and the signal beam 614 for each effective pixel
position of the four interferograms. As will be appreciated, the phase difference map
includes ambiguities according to the modulo 27z behavior of the arctangent function in Eq. 3.
This ambiguity can be resolved by the process of spatial phase unwrapping. For example, the
difference in the optical path length of the reference beam 616 and the signal beam 614
between two pixels in the phase difference map that both have the same phase, can be a
distance equal to an integer number of wavelengths of the light emitted by the light source
610. Analyzing the phase difference map in the context of surrounding entries allows for
“unwrapping” the phase ambiguity. Generally such analysis can be performed by a computer
or data analysis system adapted to automatically analyze the measurements from the CCD

detector 660 according to a pre-programmed routine. Similar to the description provided
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above in connection with FIG. 6A, the profile of the corneal surface 2A may be estimated
based on the phase difference map and an estimated distance from the corneal surface 2A to
the interferometer, which may be supplied by the distance measurement system 670. The
analysis of the measurements to estimate the profile of the corneal surface 2A may be
performed by the controller 120.

[00130] Once the surface shape of the eye 1 has been measured during a first exposure,
subsequent surface shapes of the eye 1 measured during subsequent exposures can be
compared with the first measured surface shape in order to determine changes in the surface
shape (e.g., a dynamic deformation of the corneal surface), and thereby determine the
biomechanical corneal strength or stiffness. Generally, such an analysis can be performed for
a data array of 1 million pixels at a rate of several frames per second using a 2 GHz Pentium
computer. In an example, an estimation of dynamic deformation of the corneal surface is
estimated based on a series of subsequently captured surface profiles. Generally, however,
where the corneal surface 2A is experiencing an approximately periodic perturbation (such as
perturbations due to changes in IOP, which are rhythmically associated with a subject’s
heartbeat), an estimation of dynamic deformation is advantageously based on samples from
the full phase-space of the perturbation. Systems may incorporate synchronizing devices to
associate corneal surface profile measurements with an indication of a phase of the subject’s
heartbeat. The phase of the subject’s heartbeat may be indicated by a separate cardiac
measurement device, or may be extracted from the series of measurements by a signal
processing technique adapted to effectively wrap or fold measurements on top of one another
according to their associated phase and then optimizing the associated phases to minimize
noise in the phase space modulation. Systems relying on perturbations other than IOP (or in
addition to IOP) may similarly incorporate sensors to synchronize corneal surface profile
estimations with an associated phase of the source of the perturbation.

[00131]  After initial alignment, camera recording may be automatically initiated by
monitoring the blink response of the patient. Furthermore, the embodiments can be adapted
to monitor the blink response of the eye 1 and to report characteristics of the blink response,
such as the blink rate, the blink duration, and characteristics of tear film build-up and break-
up associated with the blink response. In addition, embodiments may be adapted to report
average, minimum, maximum, and median blink rates and blink durations over a period of
time.

[00132]  Aspects may further provide for estimating tear film volume based on a difference

between measured profiles of the corneal surface 2A. In an example, the tear film volume
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estimation can be based on a difference between subsequently measured profiles off the
corneal surface.

[00133] In general, embodiments according to the present disclosure may provide
integrated systems that evaluate additional characteristics of the eye 1 in addition to using an
interferometer to measure the corneal surface 2A and strength of the corneal tissue.
Embodiments may provide analyses of any combination of topography, wavefront,
autorefraction, keratometry, pupillometry, tear film measurement, etc. Indeed, as explained
with reference to FIG. 9B, the pre-operative and post-operative examinations in steps 916 and
918, respectively, may include determining visual acuity, refractive error, pupil size,
intraocular pressure (IOP), corneal thickness, corneal topography, wavefront analysis,
presence of dry eye-related disorders, etc. Aspects of the examination may be conducted at
least in part with configurations of the present disclosure.

[00134] For example, the interferometry techniques described above in connection with
FIGS. 6A through 6E may be employed to measure tear film thickness and evaluate tear film
stability. Problems relating to tear film break-up and dry eye can be diagnosed. Indeed, such
evaluation enables a practitioner to determine during a pre-operative examination whether a
patient is a candidate for refractive surgery, such as LASIK (see step 912 of FIG. 9B). Tear
film measurement can be enhanced with artificial tears containing microbeads of specific
sizes and concentrations. The artificial tears can optionally have fluorescent markers to assist
in measuring tear fluid dynamics by a measurement apparatus sensitive to fluorescence.
[00135]  As described previously, an interferometer can provide data on the strength of the
cornea 2 by measuring deflections of the corneal surface caused cardiac pulsate flow cycles.
In general, changes in diastolic and systolic pressure magnitudes and differences may be
analyzed with data from the interferometer to determine IOP and other biomechanical
characteristics of the cornea 2.

[00136] Rather than relying on cardiac activity, however, the interferometer in other
implementations can provide data on the corneal structure by measuring the response of the
cornea 2 to a deformation that is applied from a controlled external source. For example, an
ultrasonic pulse may be applied to the eye 1. Alternatively or additionally, pulses sweeping
through a range of frequencies may be applied to the eye 1 and the interferometer can look
for resonances that indicate the structural properties of the cornea tissue. In other examples,
the external source is positioned so that it is not in direct contact with the eye, and a puff of

air or the like may be delivered to cause deformation of the cornea 2 in a controlled manner.
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[00137]  In another embodiment of the light source 610 in the interferometry system may
be a multispectral light source. In an implementation, moving a reference arm of the
interferometer, which can adjust a position of the reference surface 612, allows for probing
the different surfaces within the eye. For example, the different surfaces within the eye can
be probed by looking at the different spectral oscillations off of each refractive surface
interface (e.g., the interfaces between the layers associated with the eye 1). The spectral
oscillations can be the constructive and deconstructive interference between the layers at
different wavelengths. In this manner, the surface layer shape as well as layer thickness can
be measured. The surfaces and layers that can be measured include, without limitation: the
tear film layers, the endothelium, Bowman’s membrane, stroma, Descemet's membrane, and
the endothelium. The surfaces that can be measured include the surfaces defined by the
interfaces between each of the refractive layers (e.g., the tear film layers, the endothelium,
Bowman’s membrane, stroma, Descemet's membrane, and the endothelium). In addition,
layers (and associated surfaces defined by interfaces between the layers) may include, for
example, a contact lens and its tear film above and between the contact lens and the
epithelium. Implementations may also measure posterior and anterior surfaces of the lens of
the eye.

[00138]  Further embodiments of the present disclosure may employ a Shack-Hartmann
wavefront sensor, or may employ a Shack-Hartmann sensor in combination with an
interferometer to conduct profilometry of the cornea 2. The Shack-Hartmann wavefront
sensor provides information for the treatment of the cornea 2 by analyzing light emerging
from the optical system of the eye 1 and detecting aberrations of the cornea 2. A Shack-
Hartmann wavefront sensor employs an array of microlenses of the same focal length. A
light source is directed to create a virtual light source near the rear of the eye 1 to provide
light for emerging from the eye 1. Each microlens creates a beam focused onto a spot on a
focal plane where a photon sensor, e.g., a CCD camera, is placed. The displacement of the
spot with respect to a precalibrated position (corresponding to an undisturbed wavefront) is
proportional to the local slope of the wavefront emerging from the eye 1. Detecting the spots
and integrating their displacements across the focal plan provides an estimate of the
wavefront shape, which is itself an estimate of the shape of the corneal surface 2A of the eye
1.

[00139]  Other embodiments according to the present disclosure may combine the use of an
interferometer (and a wavefront sensor) with a Scheimpflug camera, which determines the

thickness of the cornea 2, i.e., corneal pachymetry, as well as the thickness of the intraocular
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lens. Such embodiments provide data on the anterior as well as posterior segments of the
eye, enabling a full biomechanical analysis of the eye particularly after a treatment such as
thermokeratoplasty has been applied. @~ Some embodiments may employ a rotating
Scheimpflug camera to capture, for example, 25 or 50 images, to collect data on the anterior
segment. Alternatively, other embodiments may scan along one plane and then rotate 90
degrees to scan across another plane to define a grid according to which the anterior segment
may be analyzed.

[00140]  Still further embodiments may provide information on the surface of the eye 1
using an interferometer arranged such that the reference beam 614 is reflected from the eye 1
at some incident angle, which allows the interferometer to be sensitive to motion along the
bisector of the incident angle. The motion may be due to, for example, dynamic deformation
of the corneal surface 2A of the eye 1. Comparisons between multiple measurements with
such an angled interferometer configuration can also provide information on the surface
strain of the eye 1.

[00141] The interferometry techniques described above may be employed for real-time
monitoring of cross-linking and may be used with thermokeratoplasty or LASIK surgery.
However, these techniques are not limited to such applications. For example, aspects of the
present disclosure may be employed to treat keratoconus. In particular, data from the
interferometer provides a pattern of the keratoconus that can be used to guide the application
of an initiating element, e.g., via laser scanning and eye tracking technologies, and increase
the amount of cross-linking in desired areas. In general, data from the interferometer can be
used by a controller to guide the hardware that generates cross-linking activity. With
reference to FIG. 4, in an implementation the feedback system 400 may comprise an
interferometer similar to the interferometers provided in FIGS. 6A and 6D. In such a
configuration, the signal beam 614 can be considered the measurements 402, and the data
from the interferometer (i.e., the interferograms) can be considered the feedback information
404.

[00142] The interferometry techniques above may also be employed to monitor other
procedures that surgically or mechanically modify aspects of the eye 1. For example, when
penetrating keratoplasty is used to treat the cornea 2, the biomechanics of the corneal graft
can be monitored and the tensioning of the sutures can be monitored in real-time.

[00143]  Another technique for real time monitoring employs polarimetry to measure
corneal birefringence and to determine the structure of the corneal tissue. In particular, the

technique measures the structure of the corneal tissue by applying polarized light to the
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corneal tissue. Birefringence describes the effect of some materials to retard transmitted light
polarized along an axis of birefringence of the material relative to transmitted light polarized
orthogonal to the axis of birefringence. For example, a birefringent material may receive a
light signal having components polarized both parallel and perpendicular to the axis of
birefringence, and the transmitted light can emerge with one of the components phase
delayed relative to the other. In some implementations, the effect of transmitting linearly
polarized light through a birefringent material is to rotate the polarization of the transmitted
light relative to the incoming light, and the amount of rotation of the polarization can be
adjusted by modifying the orientation of the birefringent material. For example, the effect of
some materials to effectively decompose a light beam into two beams when it passes through
the material that have anisotropic (directionally dependent) structure, can describe the effect
of a birefringent material. If the material has a single axis of birefringence, two refractive
indices can be respectively assigned for polarizations parallel and perpendicular to the axis of
birefringence for an arbitrary incoming light signal. The light of one polarization propagates
more slowly through the birefringent structure than light of the other polarization and
becomes retarded in phase. Thus, parameters characterizing birefringence are the axis of
birefringence and the magnitude of retardation.

{00144 The corneal stroma is anisotropic and its index of refraction depends on direction.
The cornea behaves like a curved biaxial crystal with the fast axis orthogonal to the corneal
surface and the slow axis (or corneal polarization axis) tangential to the corneal surface.
Accordingly, a light beam emerging from the living eye after a double pass through the
ocular optics contains information on the polarization properties of all ocular structures
(except optically inactive humours). In particular, a portion of a light beam which enters the
eye and passes through the cornea may be reflected at the iris and then pass back through the
cornea to exit the eye. The light emerging from the eye has thus completed a double pass of
the cornea. Analysis of the portion of the light beam reflected from the iris and emerging
from the eye can reveal structural information about the cornea 2.

[00145] FIG. 7A illustrates the increase in Young’s modulus with age and is associated
with cross-linking as demonstrated in: Nathaniel E. Knox Cartwright, John R Tyrer, and John
Marshall, Age-Related Differences in the Elasticity of the Human Cornea. Invest.
Ophthalmol. Vis. Sci. September 16, 2010, doi:10.1167/iovs.09-4798, the contents of which is
herein incorporated by reference in its entirety. Young’s modulus provides a measure of the
elasticity or stiffness of a material. Generally, a higher value of Young’s modulus indicates a

greater resistance to deformation under a particular stress load. Young’s modulus can be
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computed as a ratio of applied stress (i.e., tensile or compressive pressure) to measured strain
(i.e., dimensionless measure of deformation) of a material, and can be measured
experimentally by taking a slope of a graph of stress versus strain for a particular material.
Referring to TABLE 1, it has been shown that the stiffening effects of applying Riboflavin
and UV light to initiate cross-linking appears to be equivalent to the effect of aging to the

cornea by more than 500 years.

Condition Young's Modulus Age (Years)
Normal 0.49 80
UV Riboflavin 2.25 600
Glutaraldehyde 3.76 1000
TABLE 1

[00146] Due to the birefringent nature of the anistropic corneal collagen structures, light
emerging from the eye after a double pass through the corneal tissues may be less polarized
than the incoming light. That is, in a system measuring the polarization properties of light
emerging from the eye following a double pass through the corneal tissues, the emerging
light may include a larger fraction of depolarized light than the incoming light. Referring to
TABLE 2, a study has shown that the amount of depolarized light emerging from the eye
following a double pass of the corneal tissue generally correlates with the age of the subjects
in the study. See Bueno, J.M. J. Op. A: Pure Appl. Opt. 6 (2004), S91-S99, the contents of
which is herein incorporated by reference in its entirety. Thus, the degree of polarization
may provide a measure of corneal stiffness, and thus a measure of cross-linking activity. In
particular, a lesser degree of polarization (or equivalently, an increased amount of
depolarized light) may be indicative of an increased amount of corneal stiffness, and thus be

indicative of an increased amount of cross-linking activity.

Subject Age Degree of Polarization
1 24 0.92
2 27 0.76
3 30 0.80
4 32 0.77
5 41 0.74
6 67 0.61
7 70 0.67
TABLE 2
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[00147]  While the tables illustrate relationships between degree of polarization and corneal
stiffness and age, the information gained from the degree of polarization may be used in an
implementation apart from a particular subject’s age. For example, a degree of polarization
of light emerging after a double pass through the corneal tissues of a patient’s eye can
provide information indicative of a baseline amount of corneal stiffness before commencing
an eye therapy treatment. The progress of an eye therapy treatment can then be checked at
intervals by measuring subsequent degrees of polarization, and, if desired, variable
parameters for controlling the application of the eye therapy treatment can be adjusted
according to the corneal stiffness indicated by the subsequent measurements of degree of
polarization.

[00148] FIGS. 7B through 7E provide laboratory set-ups that may be employed to measure
corneal birefringence and polarization properties of light emerging after a double pass
through the corneal tissues. Any of the set-ups and systems provided in FIGS. 7B through 7E
may be coupled to an analysis system adapted to analyze obtained information indicative of
the polarization properties of the cornea 2. The analysis of the information may be carried
out by, for example, solving for a Mueller matrix describing the optical effect of the corneal
tissue on the light reflecting from the iris 5. Collectively, the measurement and analysis
systems for measuring the corneal birefringence of the corneal tissues may be referred to as a
corneal polarimetry system. With additional reference to FIG. 4, the feedback system 400
may comprise a corneal polarimetry system. Information indicative of the polarization
properties of the cornea 2 obtained by any of the systems illustrated in FIGS. 7B through 7E
may provide the measurements 402. In particular, the intensity of light (e.g., the intensity
detected by the CCD camera 760 in FIGS. 7B through 7E) after completing a double pass
through the cornea 2 may comprise the measurements 402. The degree of polarization
computed by the analysis system of the corneal polarimetry system may comprise the
feedback information 404, which is then passed to the controller 120. The controller 120
may be adapted to analyze the feedback information 404 and provide the command signals
406 to the light source 110. As previously discussed, the controller 120 may be further
adapted to provide the command signals 406 to additional components to control the amount
and degree of cross-linking activity being initiated in the cornea 2.

[00149] Once the information indicative of the polarization of the cornea 2 has been
gathered by one of the measurement systems illustrated in FIGS. 7B through 7E, the
birefringence can be calculated. For example, with reference to FIG. 7B, the three images of

the pupil’s plane recorded according to the three independent polarization states of the
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analyzer can be used to provide independent variables to solve the Mueller-Stokes matrix
with retardation A and azimuth o (fast axis).

[00150] Referring to FIG. 7B, an approach for calculating birefringence using a corneal
polarimetry system is shown. See Bueno J.M., et al. Applied Optics (2002), v.41, 116-124,
the contents of which are incorporated entirely herein by reference. The corneal polarimetry
system shown in FIG. 7B includes a laser source 710, which can be a 633 nm He-Ne laser.
The laser source 710 illuminates the eye 1, and light reflected form the iris 5 after a double
pass through the corneal tissue is passed through a liquid-crystal modulator (“LCM”) 730.
The LCM 730 may be an LCM provided by Meadowlark Optics, such as the HEX69. After
passing through the LCM 730, the light is focused by an objective lens 740 onto an imaging
plane of a camera 760. The camera 760 may include a CCD detector. The controller 120
may send and receive signals to both the camera 760 and the LCM 730 and may be adapted
to analyze the intensity information provided by the camera 760 in combination with
different polarization settings of the LCM 730 to determine the birefringence of the cornea 2.
In addition, the controller 120 may receive signals from a reference detector (“RD”) 762 to
account for brightness fluctuations in the laser source 710.

[00151] The polarimetry system of FIG. 7B further includes a beam splitter 712 for
splitting the output of the laser source 710 toward the RD 762, with the rest continuing on
toward the spatial filter 714. The spatial filter 714 is provided to filter and expand the output
of the laser source 710, and may include a microscope objective and a pinhole. The filtered
and expanded light is then directed toward a first lens 716 to collimate the beam. The beam
then passes through an aperture 718, which controls the size of the beam. The aperture 718
may have a diameter of 12 mm. The output of the aperture 718 is then passed through a
linear polarizer 720, which is oriented with its transmission axis of polarization at a 45° to a
horizontal orientation. The beam is then split again by a second beam splitter 722, which
reflects the beam toward the eye 1. Some of the light then completes a double pass of the
cornea 2, with reflection at the iris 5. The reflected light then emerges back through the
cornea 2, and half passes through the second beam splitter 722 to be directed toward the
camera 760. A black diffuser 728 is also provided to reduce undesirable reflection and
scattering from the portions of the beam that are directed to the black diffuser 728 by the
second beam splitter 722. Lenses 724, 726 conjugate the pupil plane of the eye 1 with the
LCM 730, which may be, for example, 15 mm in diameter. A second linear polarizer 732 is

placed behind the LCM 730, and is oriented parallel to the linear polarizer 720. The
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combination of the LCM 730 and the second linear polarizer 732 act as a polarization state
analyzer (“PSA”). The objective lens 740 then focuses the beam on an imaging plane of the
camera 760.

[00152] The LCM 730 may be oriented with a fast axis in a vertical orientation. When
driven with appropriate voltages by the controller 120, which can be defined, for example,
during a calibration of the system shown in FIG. 7B, the LCM 730 may produce three
completely independent polarization states. A series of three images may then be obtained,
with each image indicative of the intensity of light detected by the camera 760 in one of the
three different polarization states. Each pixel of the images corresponds to an area of the
pupil plane. The intensities detected by the camera 760 of the different polarization states
provide information for solving the Mueller matrix of a birefringent sample with retardation
A and fast axis orientation o according to the Mueller-Stokes formalism, the details of which
are provided elsewhere. See, e.g., Bueno J.M., et al. Applied Optics (2002), v.41, 116-124.
[00153]  The position of the eye 1 may be stabilized by a bite plate 770 mounted on a three
axis micrometric positioner 772. When a subject/patient bites down on the bite plate 770, the
position of the subject’s head is stabilized. Moving the bite plate 770 using the micrometric
positioner 772 controls the position of the subject’s eye 1.

[00154] In a system where the corneal polarimetry system provided in FIG. 7B is
integrated into the feedback system 400, the controller 120 may be the same controller as that
shown in FIG. 4. In such a configuration, the controller 120 may be adapted to analyze the
birefringence information extracted by the corneal polarimetry system and map the
birefringence of the cornea 2 to an equivalent amount of cross-linking. The mapping may be
performed according to birefringence information obtained in a preliminary (i.e., pre-
treatment) examination of a subject. The mapping may be calibrated according to additional
measures of corneal stiffness of the subject. Additionally or alternatively, the mapping may
be informed according to average amounts of corneal birefringence observed in subjects with
similar characteristics and profiles to the particular subject being monitored by the corneal
polarimetry system. In an alternative embodiment, the controller 120 may be replaced by a
separate controller different from the controller utilized to control the cross-linking activity.
The separate controller may be adapted to automatically send and receive information to and
from the controller 120, or may be adapted as a completely separate system that provides the

birefringence information to be evaluated by a user, or by a physician.
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[00155] As previously discussed, FIGS. 7C, 7D, and 7E provide alternative
configurations of corneal polarimetry systems useful for detecting information indicative of
the corneal birefringence. Details of the configurations in FIGS. 7C through 7E may be
found in Bueno, J.M. J. Op. A: Pure Appl. Opt. 6 (2004), S91-S99; Richert M., et al. EPJ
Web of Conferences 5 (2010), 1-5; Knighton R.W and Huang, X.R. Invest. Opt. Vis. Sci. 43
(2002), 82-86, respectively, the contents of which are incorporated entirely herein by
reference.

[00156] With reference to FIG. 7C, the laser source 710 may be a collimated infrared laser
beam with 780 nm wavelength and 1.5 mm in diameter. The linear polarizer 720 may be
oriented to vertically polarize the light from the laser source 710. The polarized light is then
directed by the second beam splitter 722 to complete a double pass of the corneal tissues and
collimated by the lenses 724, 726. The lenses 724, 726 may be achromatic doublets. The
beam is then passed through an analyzer unit, which includes a rotatory retarder 734 and a
vertical polarizer 736. An aperture 738 limits the size of the beam to 5 mm, and the objective
740 focuses the beam on the imaging plane of the camera 760. Rotating the rotatory retarder
734 provides different polarization states of the analyzer unit. To extract the birefringence
information of the cornea 2, the analyzer unit may be adapted in four independent
polarization states and images may be recorded with the camera 760 in each orientation. The
images thus obtained can then be analyzed to extract the birefringence information. For
example, the four independent polarization states may correspond to orientations of the
rotatory retarder 734 with the fast axis at -45°, 0°, 30°, and 60°.

[00157]  Either of the corneal polarimetry systems provided in FIGS. 7B or 7C may
optionally further include a video camera to control the correct positioning of the subject’s
eye 1 by use of the micrometric positioner 772. The additional video camera can be adapted
to be connected to a controller (such as the controller 120) which automatically detects the
location of the eye 1 and corrects the position of the eye 1 by adjusting the micrometric
positioner 772, which moves the subject’s head through the bite plate 770. Alternatively, the
video camera can be adapted to display the video feed of the eye 1 on a display and an
operator can use a manual method of manipulating the micrometric positioner 772 according
to the displayed video of the eye 1. For example, the video feed of the eye 1 may be
superimposed on a target or annulus, and an operator may adjust the micrometric positioner

772 with a joystick to maintain the eye 1 in a desirable location relative to the video feed.
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[00158]  Alternatively or additionally, the corneal polarimetry system can be mounted on a
motorized system and can be adapted to move automatically instead of, or in addition to, the
micrometric positioner 772 moving the eye 1.

[00159] FIG. 7D schematically illustrates a further configuration of a corneal polarimetry
system arranged in a backscattering configuration. The corneal polarimetry system of FIG.
7D includes the laser source 710, which may be a Nd-Yag doubled continuous laser from
Spectra Physics that operates at 532 nm. A linear polarizer 751 vertically polarizes the light
from the laser source 710. The linearly polarized light is then passed through two nematic
liquid crystals 752, 753 oriented with their fast axis indicated by the arrows in FIG. 7D
having angles 0; and 0, with the orientation of the linear polarizer 751, respectively. The
linear polarizer 751 and the two nematic liquid crystals 752, 753 may be considered a
polarization state generator. The two nematic liquid crystals 752, 753 act as adjustable
retardance elements. The beam may then optionally be passed through a spatial filter 754.
The beam then completes a double pass the corneal tissue of the eye 1, and is reflected
toward a polarization state analyzer. The polarization state analyzer includes the same
components as the polarization state generator, but the beam passes through in reverse order.
The beam is then focused by the objective lens 740 to an imaging plane of the camera 760.
The values of the orientation and retardance of each of the retardance elements 752, 753 are
chosen in order to minimize the propagation of errors from intensities to the calculus of
Mueller matrices. Similar to the analysis of the corneal polarimetry systems already
discussed, the Mueller matrix of the corneal tissue is obtained by successively generating four
linearly independent states of polarization and by analyzing the backscattering field projected
along the four linearly independent states.

[00160] The corneal polarimetry system having a backscattering configuration of FIG. 7D
may be adapted with an angle of approximately 10° between the input beam and the output
beam, and the laser source 710 may be, for example, approximately 1.5 m from the cornea 2.
[00161] FIG. 7E schematically illustrates yet another configuration of a corneal
polarimetry system useful in extracting birefringence information of the corneal tissue. The
corneal polarimetry system of FIG. 7E includes light-emitting diode (“LED”) 780. The LED
780 can have a peak wavelength of 585 nm and can be oriented 7.1° below the optic axis of
the cornea 2. Light reflected from the poster surface of the cornea 2 formed the so-called
fourth Pukinje image (Prv), which is a small, inverted image of the LED. Identical

achromatic collimating lenses 784, 786 magnify the Pukinje image and focus the image on

_43 -



WO 2011/116306 PCT/US2011/029033

the imaging plane of the camera 760. In an implementation, the camera 760 can be replaced
by an eyepiece for a user to look through and observe the cornea 2. Rotating linear polarizers
781, 782 and linked to a common shaft 783 and are oriented with their axis of polarization
perpendicular to one another. Thus, light from the LED 780 polarized by the first linear
polarizer 781 is blocked by the second linear polarizer 782 unless the light has undergone a
change in polarization.

[00162] At most polarization orientations, the double-pass through the corneal tissue
converts the light emitted from the LED 780 having a polarization oriented according the first
linear polarizer 781 to an elliptical polarization state. A Berek variable retarder (“BVR”) 785
is located in the collimated beam between the collimated lenses 784, 786. The BVR may be
acquired from New Focus of Santa Clara, CA, and may include a tiltable, rotatable plate of
MgF,. The BVR 785 can be adjusted in azimuth and retardance to cancel the effect of
birefringence during a double pass through the corneal tissue. Estimates of the corneal
birefringence may be obtained by the corneal polarimetry system shown in FIG. 7E by first
setting the BVR 785 to zero retardance and observing the Pukinje image. Then, the BVR 785
is rotated until the Pukinje image disappears. The amount of rotation of the BVR 785
required to cancel the Pukinje image provides an indication of the amount of birefringence
associated with the corneal tissue 2.

[00163] The angle of illumination is an important aspect in the techniques directed to
measuring birefringence in the cornea 2, because it affects the observed birefringent pattern.
Accordingly, in one embodiment, the polarized illumination of the eye may be varied from
converging to meet the radius of curvature of the cornea 2 to providing a collimated beam.
By taking images of birefringence as the angle of light is varied, one can obtain a quantitative
measure of the birefringence as a function of illumination angle and de-convolve the
arrangement of lamina, in addition to obtaining a measure of central corneal birefringent
retardation. Advantageously, this approach uses the angle variation to differentiate anomalies
in the stroma more effectively.

[00164] Furthermore, it is understood that the concepts described herein are capable of
varying combinations: birefringence analysis (i.e., corneal polarimetry) only; interferometry
analysis only; corneal topography analysis only; a combination of interferometry and corneal
topography analysis; a combination of birefringence, interferometry, and corneal topography
analysis; and so on. For example, because the beam from the interferometer converges to
meet the radius of curvature of the cornea, this technique may be combined with the

birefringence technique described above.
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[00165] FIG. 8A illustrates a configuration utilizing multiple slit lamps to perform corneal
topography and pachymetry. The multiple slit lamp configuration may also provide targeting
information to implementations of the feedback system 400. The multiple slit lamp
configuration shown in FIG. 8A includes four slit lamps 802, 804, 806, 808. Each of the slit
lamps 802, 804, 806, 808 may be similar to a conventional slit lamp employed in the field of
optometry and ophthalmology to examine a patient’s eye and to diagnose conditions existing
in the layers of the eye. Each of the slit lamps may be adapted to illuminate a portion of the
cornea 2 with light emerging from a slit. The slit may be an aperture having a narrow
dimension and a broad dimension. While the narrow dimension is finite, the light emerging
from the slit lamp may be approximately considered as a sheet of light, which illuminates a
plane of the cornea 2. The four slit lamps 802, 804, 806, 808 may be oriented off-center from
the optical axis of the cornea 2, and may be oriented with each at 45° with respect to the eye
1. Furthermore, the four slit lamps may be positioned such that they are equally spaced
around the eye 1.

[00166]  The first slit lamp 802 may be positioned above the eye 1 and may direct a sheet
of light downward at 45° with respect to the eye 1. The second slit lamp 804 may be
positioned to the left of the eye 1 and may direct a sheet of light rightward at 45° with respect
to the eye 1. The third slit lamp 806 may be positioned below the eye 1 and may direct a
sheet of light upward at 45° with respect to the eye 1. The fourth slit lamp 808 may be
positioned to the right of the eye 1 and may direct a sheet of light leftward at 45° with respect
to the eye 1. In the schematic illustration provided in FIG. 8A, the second slit lamp 804 is
positioned further into the page than the first slit lamp 802 and the third slit lamp 806. The
fourth slit lamp 808 is positioned further out of the page than the first slit lamp 802 and the
third slit lamp 806.

[00167]  The intensity pattern created by the multiple slit lamps illuminating cornea 2 is
directed by the corneal imaging optics 810 to the camera 860. Intensity patterns detected by
the camera 860 are then analyzed by the controller 120 to extract corneal topography and
pachymetry information. An illustrative schematic of an example intensity pattern created by
the four slit lamp configuration is provided in FIG. 8B. The four slit lamps illuminate four
curved lines on the cornea 2. The shape and thickness of the pattern observed on the cornea 2
provides information indicative of the shape of the corneal surface (i.e., corneal topography)
and the thickness of the cornea 2 (i.e., corneal pachymetry). The thickness of the sheets of
light observed with the camera 860 provide an indication of the corneal thickness when the

precise parameters of the slit lamp orientation and position are known, including the
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thickness of the aperture of the slit lamps 802, 804, 806, 808. As the cornea 2 moves in and
out relative to the position of the multiple slit lamps, the illumination pattern observed in the
camera 860 changes as the sheets of light emitted from the slit lamps scan over the surface of
the cornea 2. As the eye 1 moves relative to the slit lamps, the four curved lines sweep out a
grid on the cornea 2. The curvature of the lines provide information indicative of the three
dimensional profile of the eye surface. As the eye moves in and out with respect to the slit
lamps 802, 804, 806, 808, a complete three dimensional profile of the corneal surface may be
extracted.

[00168] According to an aspect of the present disclosure, the light reflected from the
cornea 2 toward the corneal imaging optics 810 includes light reflected from the corneal
surface (i.e., the anterior surface) and from the posterior surface of the cornea 2. With
reference to FIG. 8B, in an implementation where the slit lamp 802 is oriented above the eye
1 and is directing a sheet of light downward toward the eye 1, the cornea 2 is illuminated with
a line 830 having a top edge 831 and a bottom edge 832. The top edge 831 describes the
anterior surface of the cornea 2, and the bottom edge 832 describes the posterior surface of
the cornea 2. Similarly, other lines on the cornea have an edge closer to the direction of the
associated slit lamp (a proximate edge), and an edge further from the direction of the
associated slit lamp (a distal edge), and the proximate edge describes the anterior surface of
the cornea 2 while the distal edge describes the posterior surface of the cornea 2. As some
light is reflected from posterior (internal) surface of cornea, the light emerging from the
cornea 2 and directed toward the camera 860 includes information on the position of the
posterior surface and therefore the thickness of the cornea 2. The emerging light may also
experience some spreading due to the diffusive optical characteristics of the corneal tissue.
Ray tracing may also be employed to trace lines from slit lamps (e.g., the slit lamp 802) to the
camera 860 to provide an estimate of anterior and posterior surfaces of cornea 2, and thus the
shape and thickness of the cornea 2 at multiple locations may be extracted. By defining the
shape and thickness of the cornea 2 at multiple locations, a three-dimensional profile of the
cornea 2 may be determined. Using the camera 860, the surface estimates from the multiple
slit lamp configuration may be matched to corneal surface estimates from an interferometry
system (e.g., the interferometer systems of FIGS. 6A, 6D) to provide an even better estimate
of the full corneal topography.

[00169] By providing a three dimensional profile of the cornea 2, the controller 120 can
determine the center position of the cornea 2. The controller 120 can determine the center

position by, for example, determining the apex of the three dimensional profile of the cornea
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surface. The determined center position may then be used in conjunction with adjustable
optical and mechanical components to align any of the implementations of the feedback
system 400 previously discussed.

[00170]  The multiple slit lamp configuration illustrated in FIG. 8A also includes a distance
measurement system 670 for determining the distance between the multiple slit lamps 802,
804, 806, 808 and the eye 1. In a configuration, the distance (or information indicative of the
distance) is passed to the controller 120. The controller 120 uses the distance provided by the
distance measurements system 670 in combination with the images from the camera 860 to
get the radius of curvature of the eye 1, and thus the optical power of the eye 1. The distance
measurement can also allow for scaling the images observed on the camera 860. The
distance measurement system 670 may be implemented by two cameras focusing on the
surface of the cornea 2, but oriented at an angle relative to one another, and separated by a
known distance, such that the angle between the orientations of the two cameras when both
are focused on the eye 1 provides an estimation of the distance according to standard
trigonometric analysis. The distance measurement system 670 may be implemented as a high
resolution camera capturing images from a known position. The high resolution camera may
be oriented at approximately 90° to the optical axis of the eye 1, such that the edge of the eye
1 can be mapped to a pixel location of the high resolution camera, which corresponds to a
distance from the slit lamps 802, 804, 806, 808. In addition, the distance measurement
system 670 may be adapted according to an active ranging technique which uses reflected
signals correlated with reference signals to measure time delays, such as a doppler,
ultrasound, or optical ranging system.

[00171] Additionally, in a configuration where the positions of the slit lamps 802, 804,
806, 808 are well known, the distance may be estimated directly from the slit lamps, camera,
and optical elements illustrated in FIG. 8A. Such a distance measurement may be performed
by finely adjusting the position of the eye (e.g., via a positioning system mounted to a bite
plate or head restraint similar to the micronometric positioner 772 shown in FIGS. 7B and
7C) until the intensity pattern observed by the camera 860 reflects a characteristic pattern
(e.g., a cross centered on the apex of the cornea 2 formed by an overlap between the light of
the upper and lower slit lamps 802, 806, and an overlap from the light of the side slit lamps
804, 808) that is indicative of a particular known distance. The position of the eye 1 — or the
position of the slit lamps and associated optics — may then be adjusted by known steps

relative to the known distance as desired.
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[00172]  FIG. 8B schematically illustrates an image of the cornea 2 detected by the camera
860 in a configuration utilizing four slit lamps.

[00173] FIG. 8C illustrates an exemplary configuration of the bite plate 770 for stabilizing
a patient’s eye 1 during treatment and evaluation. The bite plate 770 includes a coupling 850
for connecting the bite plate 770 to an external component, such as a stationary rigid member
or a member adapted to be moved by the micrometric positioner 772 of FIGS. 7B and 7C.
With reference to FIG. 8C, an implementation of the bite plate 770 also includes a
deformable material 840 distributed generally in a shape suitable for a user to bite on to.
Alternatively, the bite plate 770 may be implemented as a bar (i.e., a bite bar). In an
implementation, aspects of the bite plate 770 may resemble a protective mouth guard, a
dental bite plate or bite tray, or a similar device. The bite plate 770 desirably fixes the
location of a subject’s head, and thereby fixes the location of the subject’s eye 1, and can be
replaced and/or supplemented by additional mechanical components adapted to restrain a
subject’s head (e.g., head restraint device(s)) and thereby fix the position of the eye 1. In
implementations, the bite plate 770 and/or additional mechanical components for restraining
a subject’s head may be incorporated in the feedback systems (such as the exemplary
interferometer systems described in connection with FIGS. 6A and 6D or the polarimetry
systems described in connection with FIGS. 7B through 7E) or incorporated in cross-linking
activation systems (such as the delivery system 100 described in connection with FIG. 1). By
maintaining a subject’s head (e.g., a patient’s head) in a rigid configuration with respect to
the various cross-linking activation systems and feedback systems described herein, the
application of cross-linking and/or the monitoring of cross-linking activity can be more
accurately performed.

[00174]  With reference to the interferometer configurations shown in FIGS. 6A through
6E, to maximize the fringe contrast of the interferometer, aspects of the present disclosure
may employ a positioning mechanism that fixedly positions the eye 1 and/or patient’s head
relative to the interferometer. The measurements of the deflections of the corneal surface 2A
are more accurate when the patient’s head is absolutely registered over several cardiac cycles.
In one embodiment, the patient bites onto a fixed bite plate (such as the bite plate 770
illustrated in FIG. 8C) that minimizes motion of the patient's head while the images are taken
by the interferometer. The bite plate 770 may be disposable and formed from a moldable
material, e.g., a gel, soft plastic, a heat-moldable material, or the like. The bite plate 770 may
also contain an RFID chip to monitor usage or to allow access to different diagnostic

software modules. With the bite plate 770, even if the patient rotates his or her eyes, the head
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(skull) does not shift. As such, the rotation of the saccadic eye movements can be nulled out,
e.g., by an algorithm, as a tilt in the direction of the motion. Additionally or alternatively, a
chinrest and/or headrest may be employed to maintain cranial fixation and allow for the
measurement of multiple frames over time.

[00175]  The corneal polarimetry systems illustrated in FIGS. 7B through 7E, as well as
other implementations of the feedback system 400 may also utilize the bite plate 770 to
stabilize the patient’s eye 1. Additionally, some embodiments may employ a visible fixation
light source or object to help the patient align his or her eye relative to the interferometer.
This visible fixation light source or object may be incorporated into the interferometer.
[00176]  Furthermore, a camera may be employed to assist in aligning the interferometry
system. The camera may be incorporated within the interferometer and may operate similar
to the video camera 510 in FIG. 5A. The camera may be coaxially or non-coaxially aligned
with the interferometer. The camera may also be employed to capture images that can be
used for repeated future alignment. Additionally or alternatively, the camera may be
employed for achieving alignment for secondary systems or procedures that are combined
with the use of the interferometer. Additional mechanical, optical and or electrical control
systems for course and fine alignment and adjustment of the interferometer to the corneal
surface 2A may be employed, such as by manipulation of the positioning motors 617
described in connection with FIG. 6D.

[00177]  FIG. 9A provides a flowchart for activating the cross-linking agent 130 in a staged
procedure according to an aspect of the present disclosure. It is understood that the
application of the cross-linking agent 130 and the activation of the cross-linking agent 130
described above may occur in a staged procedure. Referring to FIG. 9A, in step 902, heat is
applied in a thermokeratoplasty treatment or LASIK surgery is performed to generate
structural changes in the cornea 2 and produce a desired shape change in a treatment zone
according to a desired pattern. In step 904, a predetermined amount of time passes. The
predetermined amount of time can be, for example, a period of approximately one week and
may correspond to a period of time between a patient’s appointments with a doctor. In one or
more steps 906 after the predetermined period of time of step 904, the changes to the corneal
shape, e.g., refraction, are checked. The changes to the corneal shape can be checked with
one or more of the feedback systems previously described, including a system for performing
profilometry of the cornea 2, such as the interferometry systems of FIGS. 6A through 6E or
the polarimetry systems of FIGS. 7B through 7E.
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[00178]  The steps 906 may correspond to follow up, e.g., weekly, appointments with the
patient after the treatment in step 902. When the patient and doctor are satisfied with the
correction in vision in step 908 and it is determined the corneal structure is ready to be
stabilized by cross-linking, cross-linking is generated in selected areas of the cornea 2 to
stabilize the structural changes in steps 210 and 220, similarly to the techniques described in
connection with FIG. 2. In some cases, the patient may be treated with a slight over-
correction in step 902 to account for any reversal that may occur before the cross-linking is
initiated. If necessary, additional treatment may be applied in step 902 according to decision
step 910 after the treatment zone has been checked in step 906. It is noted that the staged
procedure illustrated in FIG. 9A can be employed when cross-linking is activated within the
treatment zone, or outside the treatment zone as described herein.

[00179]  FIG. 9B provides a flowchart for using an interferometer to conduct pre-operative
and post-operative examination of the corneal structure to be treated with LASIK surgery and
the cross-linking agent 130. In step 912, a pre-operative examination of the eye 1 is
performed. The pre-operative examination may be performed using any of the feedback
systems discussed above, or may be performed according to conventional techniques for
determining whether a patient requires LASIK surgery. In step 914, LASIK surgery is
performed to achieve the shape change desired according to the pre-operative examination in
step 912. In step 916, dynamic interferometry is employed (such as, e.g., the dynamic
interferometry systems described in connection with FIGS. 6A through 6E) to determine
initial structural measurements of the corneal tissue, and particularly to determine the
biomechanical strength or stiffness of the corneal tissue. In steps 210 and 220, the corneal
tissue is treated with the cross-linking agent 130 to and cross-linking is initiated in the
corneal tissue with the initiating element 222. The determination of the corneal strength
performed in step 916 may be used in part to adjust the amount of cross-linking treatment
applied in step 210. In step 918, which may be similar to step 916, the corneal tissue is
evaluated again with dynamic interferometry to determine the biomechanical strength of the
corneal tissue. In step 920, it is determined if the measure of corneal strength or stiffness
indicated in step 918 according to the dynamic interferometry system, is sufficient to halt
further cross-linking treatment, or if cross-linking treatment should continue to further
strengthen the corneal tissue. According to the outcome of the determination made in step
920, the cornea 2 may receive additional cross-linking therapy by a further application of the
initating element 222, and step 918 may be repeated once again. Alternatively, if it is

determined in step 920 that the cornea 2 has been sufficiently strengthened by the cross-
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linking treatment received, then a post-operative examination of the eye 1 is conducted in
step 922.

[00180] According to one approach, the Riboflavin may be the cross-linking agent 130,
and may be applied topically to the corneal surface 2A, and transepithelial delivery allows the
Riboflavin to be applied to the corneal stroma. In configurations where Riboflavin is the
cross-linking agent 130, the application of the cross-linking agent 130 generally sufficiently
introduces Riboflavin to mid-depth regions of the corneal tissue where stronger and more
stable structure is desired.

[00181] Referring to the example embodiment 900C shown in FIG. 9C, the cross-linking
agent 925 having a concentration C; is applied to the cornea 2 in step 924. The cross-linking
agent 925, for example, may be applied topically to the corneal surface 2A (e.g., the
epithelium) of the cornea 2. In step 926, a period of time T is allowed to pass. During the
period of time Ty, the cross-linking agent 925 diffuses into the underlying corneal structure
according to an exponential gradient. The distribution of cross-linking agent, i.e.,
concentration of cross-linking agent 925 at depths at and below the corneal surface 2A,
depends at least on the concentration C; and the period of time T,. The initiating element 929
is applied to the cornea in step 928 with a power P;. As discussed above, in connection with
FIG. 2, the initiating element 929 may be UV light. The power P; of the initiating element
determines the extent to which the distribution of cross-linking agent 925 is activated. For
example, an initiating element applied with a power greater than P; may reach greater depths
below the corneal surface 2A and allow the cross-linking agent 925 to be activated at these
depths. The power P1 may be selected according to the concentration C; and the time Tj.
The parameters C;, P, and T, may be selected to achieve the appropriate amount of cross-
linking at desired depths of the cornea 2.

[00182] Referring to another embodiment 900D shown in FIG. 9D, the cross-linking agent
925 with a concentration C; is applied to the cornea in step 924. In step 930, the cross-
linking agent 925 diffuses into the underlying corneal structure during a period of time Ty;.
The initiating element 933 with power Py, is then applied to the cornea in step 932. Unlike
the embodiment 900C described previously, however, the initiating element is also applied in
one or more additional steps (936, 940) after additional periods of time are allowed to pass.
For example, during step 934, the cross-linking agent 925 applied in step 924 diffuses farther
into the underlying corneal structure during a second period of time T;,. The initiating
element 933 with power P is then applied to the cornea 2 in step 932 to provide further

activation of the cross-linking agent 925. As illustrated in FIG. 9D, the initiating element
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may be applied in any number of additional steps. FIG. 9D illustrates the concluding steps
938 and 940 where the initiating element 941 with power Py, is finally applied after a period
of time Ty,.

[00183] In general, each application of the initiating element occurs after periods of time
Ti1, Ti2, . . ., T1a, respectively, have passed. During the periods of time Ty, Tia, . . ., Tia, the
cross-linking agent diffuses to increasing depths in the underlying corneal structure, and is
incrementally activated with each application of the initiating element with powers P,
P2, ..., P.. In other words, the cross-linking agent is activated as it moves to increasing
depths in the cornea 2. The powers Pjj, P12, . . ., P, may include any combination of the
same and/or different power values. The periods of time Tyj, Ti2, . . ., T1, may include any
combination of the same and/or different time values. The parameters C;; Py, Pra, . . ., Ppa;
and Ty, Ty, . .., T1, may be selected to achieve the appropriate amount of cross-linking at
desired depths of the cornea 2. For example, the periods of time Ty, Ti2, . . ., T1, are
selected to allow the desired amounts of cross-linking agent to reach targeted regions of the
cornea 2. Correspondingly, the powers Py, Pyo, . . ., Py, are selected so that the desired
amount of cross-linking is activated at these regions.

[00184] Referring to yet another embodiment 900E shown in FIG. 9E, the concentration of
C, of the cross-linking agent 925 is applied to the cornea 2 in step 924. Similar to the
embodiment 900D above, the initiating element 945 is applied one or more times in step 944
with powers P;j, Pi», . . ., Py, after respective periods of time Ty, Tio, . . ., Ty, in step 942,
However, in the embodiment 900E, additional concentrations C,, ..., C,of the cross-linking
agent (947, 953) may be applied to the cornea 2. For example, in step 946, the concentration
of C, of the cross-linking agent 947 is applied to the cornea 2. The initiating element 951 is
then applied one or more times in step 950 with powers P,;, P2y, . . ., Py, after respective
periods of time Taj, T, . . ., Ta in step 948. Additional applications of the cross-linking
agent may be applied until the final concentration C, of the cross-linking agent 953 is applied
to the cornea 2 in step 952. The initiating element 957 is then applied one or more times in
step 956 with powers Py, Py, . . ., Poy after respective periods of time Ty, Tho, . . ., Tam in
step 954.

[00185] The concentrations C,, Ca, . .., C, may include any combination of concentration
values. For example, the concentrations C;, C, . . ., C, may be varied to combine varying
distribution gradients and achieve a desired distribution of the cross-linking agent in the

cornea 2. Each application of the concentrations Ci, Cs, . . ., C, of the cross-linking agent
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may be activated by a single application of the initiating element after a period of time. In
this case, the values of a, b, . . ., m in FIG. 9E are equal to 1.

[00186] Alternatively, each application of the concentrations C;, C,, . . ., C, may be
activated by a series of applications of the initiating element with powers Py, . ., P
Psi, .., Pop; and Pyy, . ., Pom, respectively. In this alternative case, the values of a, b, ..., m
in FIG. 9E are greater than 1. However, in other embodiments, the values of a, b, . . ., m may
include other combinations of values. For example, a may equal 1 for a single application of
the initiating element 945 for concentration C;; b may equal 3 for three applications of the
initiating element 951 for concentration Cs; . . .; and m may equal 1 for a single application of
the initiating element 957 for concentration C,. Each application of the initiating element
occurs after respective periods of time Ty, .., Tiy; Toy, .., Top; and Ty, . ., Tom to allow
the cross-linking agent to move to increasing depths before being activated. For example,
step

[00187] The powers P11, .., Pi; Pa, .., Py and Py, .., Py may include any
combination of power values. The periods of time Ty, .., Ty Toy, .., Top; and Ty, ..,
Tam may include any combination of time values. The parameters C;, C,, ..., Cy, P11, ..,
Pia; Pai, .., Pap;and Pri, « o, Pam: T1i, + ., Ty Ta1, + ., Top; and Tay, . ., Tam may be
selected to achieve the appropriate amount of cross-linking at desired depths of the cornea 2.
For example, the periods of time Ty, .., Tia; Ty, .., Top; and Ty, .., Ty are selected to
allow the desired amounts of cross-linking agent at concentrations C;, C,, . . ., C, to reach
targeted regions of the cornea 2. Correspondingly, the powers P11, .., P1a; P21, .., P and
Pai, . ., Pum are selected so that the desired amount of cross-linking is activated at these
regions. In general, varying the combination of concentrations, periods of time, and power
allows the dosage of cross-linking to be spatially tailored.

[00188] The combination of concentrations, periods of time, and power may also be
chosen based in part on feedback information 404 provided by the feedback system 400
shown in FIG. 4. In addition, the combination of concentrations, periods of time, and power
may be computed by the controller 120 automatically based on the feedback information 404
or may be manually input by an operator (such as a doctor) after studying the feedback
information 404. As described above, the feedback information 404 may include images
from a video camera (FIG. 5A), from an interferometer (FIG. 6), from a polarimetry system
(FIG. 7), or from any combination of these.

[00189] In some embodiments, the cross linking agent may be dissolved in a different

carrier to promote delivery across the corneal surface 2A. For example, the cross-linking
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agent may be combined in varying concentrations with another agent, such as EDTA,
benzalkonium chloride, or an alcohol, to promote further delivery across the corneal surface
2A.

[00190] In other embodiments, a second (neutral) compound may be applied after any of
the concentrations C;, Cs, . . ., C, of the cross-linking agent has been applied. The second
compound applies a pressure to the cross-linking agent and promotes diffusion of the cross-
linking agent to depths of the cornea 2. For example, in FIG. 9F, which provides an
embodiment 900F similar to the embodiment 900C, the neutral compound 959 is applied in
step 958 after the cross-linking agent 925 has been applied. However, the neutral compound
959 may be applied at any time during the embodiments described herein. For example, the
neutral compound 959 may be applied at a time when diffusion of the cross-linking agent has
slowed and needs to be encouraged by the neutral compound.

[00191] In embodiments where the initiating element is UV light, the UV light is applied
according to frequencies (or wavelengths) that correspond with an absorption spectrum of the
cross-linking agent, e.g., Riboflavin. Effective absorption of the UV light by the cross-
linking agent results in activation of the cross-linking agent. The absorption spectrum
indicates the amount of absorption exhibited by a given concentration of cross-linking agent
as a function of frequency. An absorption peak in the absorption spectrum indicates the
frequencies at which the UV light is most effectively absorbed by the cross-linking agent.
[00192] In some cases, a spectrophotometer may be employed to apply the UV light
according to frequencies within a narrow bandwidth, e.g., approximately 0.1 nm resolution.
The Beer-Lambert law states that the absorption of the UV light is directly proportional to the
concentration of the absorbing material. At sufficiently high concentrations, however, the
absorption spectra show absorption flattening, where the absorption peak appears to flatten
because close to 100% of the UV light is already being absorbed (saturation). The
phenomenon of absorption flattening can result in deviations from the Beer-Lambert law.
Such deviation may occur when concentrations of cross-linking agent used in the
embodiments are exposed to a narrow bandwidth of frequencies, e.g., approximately 0.1 nm
resolution. With this narrow bandwidth, saturation occurs and the cross-linking agent reaches
a point where no more UV light can be absorbed.

[00193]  Alternatively, a light-emitting diode (LED) may be employed to apply the UV
light to the cross-linking agent. The bandwidth of frequencies from the LED is typically
broader than the bandwidth of frequencies from the spectrophotometer. For example, the

resolution from the LED may be approximately 10 nm. The absorption behavior is different
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when the greater resolution of the LED is employed. The activation of the cross-linking
agent increases with the absorption of additional frequencies in the bandwidth. Accordingly,
the absorption may be controlled by increasing the bandwidth of the excitation source (e.g.,
the light source 110 in FIG. 1), particularly as a function of concentration of the cross-linking
agent (or corneal depth as described previously).

[00194] Referring to the example embodiment 900G shown in FIG. 9G, the cross-linking
agent 961 is applied to the cornea 2 in step 960 with a concentration C. The cross-linking
agent 961, for example, may be applied topically to the corneal surface 2A of the cornea 2.
In step 962, a period of time T is allowed to pass. During the period of time T, the cross-
linking agent 961 diffuses into the underlying corneal structure according to an exponential
gradient. The distribution of cross-linking agent, i.e., concentration of cross-linking agent at
depths at and below the epithelium, depends at least on the concentration C and the period of
time T. The initiating element 965 is applied to the cornea 2 in step 964. As discussed
above, the initiating element 965 may be UV light. As such, the initiating element 965 in
FIG. 9G is applied with a power P and a bandwidth B. The power P and bandwidth B with
which the initiating element is applied determines the extent to which the distribution of
cross-linking is activated.

[00195]  For example, an initiating element applied with a power greater than P may reach
greater depths below the corneal surface 2A and allow the cross-linking agent to be activated
at these depths. Additionally, an initiating element applied according to a relatively greater
bandwidth B of frequencies, e.g., from an LED source with approximately 10 nm resolution,
results in greater absorption of the UV light and activation of the cross-linking agent. The
selection of the power P and bandwidth B may depend on the concentration C and the time T.
The parameters C, P, T, and B may be selected to achieve the appropriate amount of cross-
linking at desired depths of the cornea.

[00196]  As described previously with reference to FIGS. 9D and 9E, the initiating element
may be applied in one or more additional steps after additional applications of cross-linking
agent at one or more concentrations and/or after one or more periods of time to allow the
cross-linking agent to diffuse into the corneal tissue. In addition to selecting a power for each
application of the initiating element, the initiating element, e.g., UV light, may be applied in
the examples above according to one or more selected bandwidths to control the activation of
the cross-linking agent further.

[00197] In embodiments where the initiating element is UV light, the UV light may be

delivered with laser scanning technologies, such as by a laser scanning device 300 described
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in connection with FIG. 3. For example, embodiments may employ aspects of single photon
laser scanning or Digital Light Processing™ (DLP®) technologies. Advantageously, the use
of laser scanning technologies allows cross-linking to be activated more effectively beyond
the surface of the cornea 2, at depths where stronger and more stable corneal structure is
desired. In particular, treatment may activate cross-linking at a mid-depth region after the
cross-linking agent has moved to this region through diffusion after a period of time. Thus,
the application of the initiating element may be applied precisely according to a selected
three-dimensional pattern. The power and bandwidth with which the UV light is applied
determines in part how deeply the scanning laser penetrates into the cornea 2, and as such,
may be varied as described previously.

[00198] In sum, embodiments stabilize a three-dimensional structure of corneal tissue
through controlled application and activation of cross-linking in the corneal tissue. For
example, the cross-linking agent and/or the initiating element are applied in a series of timed
and controlled steps to activate cross-linking incrementally. Moreover, the delivery and
activation of the cross-linking agent at depths in the cornea 2 depend on the concentration(s)
of the cross-linking agent and the power(s) of the initiating element.

[00199] Furthermore, embodiments provide systems, methods, and devices for monitoring
cross-linking activity in the cornea 2 and for monitoring the position of the cornea 2 and the
biomechanical strength of the cornea 2. In embodiments employing any of the incremental
approaches to providing eye therapy and activating cross-linking shown in FIGS. 9A through
9G, the incremental steps may be informed, at least in part, by feedback information 404
from the feedback system 400. The various choices in the incremental approach relating to
decisions whether to perform additional eye therapy or cross-linking treatment can be
determined partially or completely based on the feedback information 404 from the feedback
system 400. Additionally, the various choices relating to the proper amounts of eye therapy
treatment, the concentrations of the cross-linking agent 130, the power, bandwidth, duration,
and time delay of the initiating element 222 can each be determined partially or completely
based on the feedback information 404 from the feedback system 400. As described above,
the feedback system 400 may include a video camera, an interferometer, a polarimetry
system, a wavefront sensor, a Shack-Hartmann sensor, or any combination of these.

[00200] In a still further embodiment of the incremental approaches for activating cross-
linking in the cornea 2 and employing the feedback system 400, the controller 120 may
automatically determine adjustments to parameters (e.g., power, bandwidth, time delay

duration, concentration, etc.). Furthermore, the controller 120 may be adapted to activate the
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cross-linking agent in incremental steps according to the automatically determined
adjustments without intervention from a user of the system. Alternatively, the controller 120
may be adapted to automatically determine the adjustments and to prompt the user before
activating the cross-linking agent before each incremental step, or may prompt the user after
a pre-determined number of incremental activations with no user intervention. The prompt
may display, for example, the proposed parameters with which to apply the next incremental
step(s) and allow the user to either approve, deny, or modify the proposed automatically
determined parameters. In an implementation, the prompt may be displayed via a user
interface system coupled to the controller 120.

[00201] Embodiments may apply a mask to ensure that cross-linking activity is limited to
selected areas of the cornea. As illustrated in the system 1000 in FIG. 10A, a mask 1010 may
be positioned over the corneal surface 2A before the initiating element 222, i.e., the UV light,
from the light source 110 is applied. FIG. 10B illustrates an example pattern 1014 for the
mask 1010. In particular, the mask 1010 may be a device similar to a contact lens that is
approximately 5 mm in diameter. In an example, a zone of structural changes in the cornea 2
may be in an annular pattern. To stabilize the structural changes in the treatment zone, cross-
linking is initiated outside this annular treatment zone. For example, cross-linking may be
initiated in areas in the center and/or periphery of this annular treatment zone. Cross-linking
in the areas outside the annular treatment zone provides the corresponding corneal tissue with
sufficient strength to stabilize the changes to the new structure in the annular treatment zone.
Thus, cross-linking does not have to be initiated directly in the annular treatment zone to
preserve the structural changes in the annular treatment zone.

[00202]  As a result, the mask 1010 of FIG. 10A only allows UV light from the light source
110 to pass to the cornea 2 and the cross-linking agent 130, e.g., Riboflavin, is activated in
areas outside the treatment zone according to the pattern 1014. In particular, a UV-blocking
material 1012 helps to define the pattern 1014 on the mask 1010. This UV-blocking material
1012 corresponds with the treatment zone to minimize the activation of cross-linking within
the treatment zone. In alternative embodiments, the pattern 1014 may be structurally defined
as a cut-out from the mask 1010. In any case, any UV light from the light source 110 outside
this pattern 1014 is blocked by the mask 1010. Accordingly, the mask 1010 provides more
precise activation of the cross-linking agent 130. Accordingly, referring to FIG. 2C, the
cross-linking agent 130 in step 210 may be applied more broadly to the corneal surface 2A.
With the appropriate delivery of the cross-linking agent 130 to the stroma, the mask 1010 is
applied to the eye 1 in step 215 and the initiating element 222 is delivered in step 220 to
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initiate cross-linking according to the pattern in the mask 1010. In other words, the
controlled application of the initiating element 222 determines the areas of cross-linking.
[00203]  Although the mask 1010 is employed to deliver the initiating element 222 to the
cornea 2 according to a particular pattern, masks may also be employed in some
embodiments to deliver the cross-linking agent according to the specific pattern. Thus, the
light source 110 of the initiating element 222 shown in FIG. 10A would be replaced by a
source of the cross-linking agent 130 (such as the applicator 132 of FIG. 1).

[00204] Moreover, although the system 1000 may employ a mask 1010, the devices
employed for patterned initiation of a cross-linking agent is not limited to the use of such
masks. Embodiments include more general systems and methods that activate a cross-linking
agent according to a precise pattern, regardless of the type of device that actually directs the
initiating element to specific areas of the cornea. For example, as shown in FIG. 11A, a
system 1100 transforms the initiating element 222, e.g., UV light, from the light source 110
to define a desired pattern 1114 as shown in FIG. 11B. In contrast to the system 1000, the
system 1100 does not block the initiating element 222 from the light source 110 from
reaching areas outside a pattern. As illustrated in FIG. 11A, an optical device 1110 receives
UV light as a collimated beam 1122 from the light source 110 and transforms the collimated
beam 1122 into the desired pattern of light 1120. The pattern of light 1120 thus delivers the
UV light to the cornea 2 according to a pattern 1114 that corresponds to areas outside the
treatment zone. In other words, the pattern 1114 matches the areas where initiation of the
cross-linking agent is desired. In general, any number or types of optical devices, such as
lenses, beam-splitters, and the like, may be employed to achieve the desired shape for
delivering an initiating element. Moreover, in some embodiments, the use of a mask 1010 as
illustrated in FIG. 10A may be combined with the use of an optical device 1110.

[00205]  Although cross-linking agents, such as Riboflavin, may be effectively applied to
the stroma by removing the overlying epithelium before application, it has been shown that
cross-linking agents can chemically transition across the epithelium into the stroma. Indeed,
Riboflavin may also be delivered to the stroma by applying it topically on the epithelium.
Moreover, in some cases, the epithelium may be treated to promote the transition of the
cross-linking agent through the epithelium. Accordingly, in the embodiments described
herein, no removal of the epithelium is required. Advantageously, this eliminates the post-
operative pain, healing period, and other complications associated with the removal of the

epithelium.
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[00206] The use of Riboflavin as the cross-linking agent and UV light as the initiating
element in the embodiments above is described for illustrative purposes only. In general,
other types of cross-linking agents may be alternatively or additionally employed according
to aspects of the present disclosure. Thus, for example Rose Bengal (4,5,6,7-tetrachloro-
2',4'.5", 7'-tetraiodofluorescein) may be employed as the cross-linking agent 130, or as the
cross-linking agent delivered in varying concentrations 925, 947, 953. Rose Bengal has been
approved for application to the eye as a stain to identify damage to conjunctival and corneal
cells. However, Rose Bengal can also initiate cross-linking activity within corneal collagen
to stabilize the corneal tissue and improve its biomechanical strength. Like Riboflavin,
photoactivating light may be applied to initiate cross-linking activity by causing the Rose
Bengal to convert O, in the corneal tissue into singlet oxygen. The photoactivating light may
include, for example, UV light or green light. The photoactivating light may include photons
having energy levels sufficient to individually convert O, into singlet oxygen, or may include
photons having energy levels sufficient to convert O, into singlet oxygen in combination with
other photons, or any combination thereof.

[00207]  As described herein, aspects of the present disclosure may be employed in
combination with LASIK surgery. In LASIK surgery, an instrument called a microkeratome
is used to cut a thin flap in the cornea. The flap is peeled back and the underlying corneal
tissue is reshaped by the application of an excimer laser. After the desired reshaping of the
cornea is achieved, the cornea flap is put back in place to complete the surgery. According to
aspects of the present disclosure, a cross-linking agent is applied to the regions of the cornea
treated by the LASIK surgery.

[00208] In one embodiment, the outer surface of the cornea, e.g., in the area of the flap, is
treated with a cross-linking agent, e.g., Riboflavin, after the flap is put back in place. The
cross-linking agent is then activated with an initiating element. Activation of the cross-
linking agent, for example, may be triggered thermally by the application of microwaves or
light to corresponding areas of the cornea. Cross-linking occurs in the area of application.
Although the cross-linking agent is applied to the outer surface of the cornea, i.e., the
epithelium, it has been shown that cross-linking agents can chemically transition across the
outer surface into the underlying corneal tissue, i.e., the stroma. Thus, in some embodiments,
the cross-linking agent may be delivered to the underlying corneal tissue by applying the
cross-linking agent topically to the outer surface of the cornea. Moreover, in further
embodiments, the outer surface may be treated to promote the transition of the cross-linking

agent therethrough.
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[00209] In another embodiment, after the flap is peeled back, inner surfaces of the cornea
are exposed for the application of a cross-linking agent. In particular, the inner surface of the
flap as well as the underlying corneal tissue are exposed. Therefore, the inner surface of the
flap and/or the underlying corneal tissue are treated with a cross-linking agent. In other
words, the cross-linking agent may be applied to (i) the inner surface of the flap only, (ii) the
underlying corneal tissue only, or (iii) both the inner surface of the flap and the underlying
corneal tissue. The cross-linking agent is then activated with an initiating element. Again,
activation of the cross-linking agent may be triggered thermally by the application of
microwaves or light. Although the initiating element may be applied before the flap is put
back, the initiating element additionally or alternatively may be applied to the treated areas
after the flap is put back in place. In this case, the initiating element can be delivered through
the outer surface of the cornea.

[00210] According to yet another embodiment, the inner surface of the flap and/or the
underlying corneal tissue are treated with a cross-linking agent after the flap is peeled back.
The cross-linking agent is then activated with an initiating element. As in the previous
embodiment, the cross-linking agent may be applied to (i) the inner surface of the flap only,
(i1) the underlying corneal tissue only, or (iii) both the inner surface of the flap and the
underlying corneal tissue. In addition, the outer surface of the cornea, e.g., in the area of the
flap, is treated with a cross-linking agent after the flap is put back in place. The cross-linking
agent is then activated in step with an initiating element. Again, activation of the cross-
linking agent may be triggered thermally by the application of microwaves or light. In a
variation of this embodiment, the cross-linking agent may be activated with an initiating
element according to a single act, rather than two separate acts. Thus, the initiating element
may be delivered in the single act after the flap is put back in place.

[00211]  Accordingly, a cross-linking agent may be applied and activated in different
regions at different points during LASIK treatment. For example, the cross-linking agent
may be applied to any combination of the outer surface of the cornea, the inner surface of the
flap, and the exposed underlying corneal tissue. Moreover, specially tailored concentrations
of cross-linking agent may be applied in combination with varying levels of initiating
element to these regions to achieve the appropriate amount of stability and strength in the
cornea.

[00212] FIG. 12A illustrates the activation of cross-linking in the regions of the cornea
treated by the LASIK surgery. After the flap is peeled back in act 1210, inner surfaces of the

cornea are exposed for the application of a cross-linking agent. In particular, the underlying
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corneal tissue is exposed. Therefore, in act 1230, the underlying corneal tissue is treated with
a cross-linking agent 1202 after act 1220. The cross-linking agent 1230 may be applied, for
example, by dripping a measured amount and concentration of the cross-linking agent 1202
topically onto the exposed underlying corneal tissue. The cross-linking agent 1202 is then
activated in act 1240 with an initiating element 1204 while the flap remains peeled back.
Activation of the cross-linking agent 1202 may be triggered thermally by the application of
microwaves or light.

[00213] In an example embodiment, Ribloflavin may be applied as the cross-linking agent
1202 to the corneal tissue. In addition, a photoactivating light, such as ultraviolet (UV) light,
may be applied as an initiating element 1204 to initiate cross-linking in the corneal areas
treated with Ribloflavin. To achieve optimal results, an appropriate amount of Riboflavin is
applied to the targeted regions of the cornea and an appropriate amount of UV light is applied
to match the application of Riboflavin. In some cases, damage to the eye may result if too
much Riboflavin and UV light reach the endothelium. This may occur, in particular, if too
much time passes between the application of the Riboflavin in act 1230 and the application of
the UV light in act 1240. The passage of time allows the Riboflavin to diffuse more deeply
into the corneal tissue to the endothelium, and the UV light may reach the Riboflavin at the
endothelium.

[00214] Thus, according to aspects of the present invention further illustrated in FIG. 12B,
embodiments apply the UV light in act 1240 according to a power and duration that ensure
that the application of the UV light does not damage the endothelium. The resulting energy
determines the depth to which the UV light penetrates in the corneal tissue. The power and
duration are based in part on the amount of time that has passed since the application of the
cross-linking agent. Because the rate of diffusion for a given concentration of the cross-
linking agent is known, embodiments can use the time data to calculate how far the cross-
linking agent has traveled into the corneal tissue. Therefore, in act 1232, a time period 77 is
determined from the time # when the cross-linking agent 1202 is applied in act 1230. Based
on this time period 77, a distance d representing how far the cross-linking agent has traveled
into the corneal tissue is determined in act 1234.

[00215] Moreover, the power and duration are also based on the distance that the cross-
linking agent and the UV light can travel though the cornea before reaching the endothelium.
This distance generally corresponds with the thickness of the cornea. Therefore, in act 1236,
the corneal thickness c¢ is determined. By determining the diffusion distance d of the cross-

linking agent and determining the thickness ¢ of the cornea, the appropriate power P and
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duration 7> can be determined in act 1238. The embodiments can apply the UV light to the
cross-linking agent in the cornea in act 1240 while preventing damage to the endothelium.
[00216] When the cross-linking agent is applied and activated while the corneal flap
remains peeled back during LASIK surgery, the amount of corneal tissue through which the
cross-linking agent and the UV light can travel decreases. The risk of damage to the
endothelium may be greater during LASIK surgery. Thus, to ensure that the UV light does
not reach the endothelium, act 1236 may determine an “effective” thickness ¢ by adjusting
for the fact that the corneal flap is peeled back. For example, peeling back the flap may
reduce the effective thickness of the cornea to 120 um, and embodiments may apply the UV
light according to a power P and duration 7> that delivers the UV light to a depth of 100 pum.
[00217]  Referring to FIG. 13, an embodiment 1300 may employ a corneal treatment
system 1310 (e.g., for applying LASIK surgery), a cross-linking agent applicator 1320 (e.g.,
for applying Riboflavin to the cornea), and a light source 1330 (e.g., for delivering the UV
light to the cornea). Advantageously, aspects of the present invention integrate the operation
of the treatment system 1310, the cross-linking agent applicator 1320, and the light source
1330. A controller 1302, e.g., a computer or other processing device, receives input data
from the treatment system 1310 and the cross-linking agent applicator 1320 and determines
parameters for the operation of the light source 1330. In particular, the controller 1302
determines the appropriate power P and duration 7> for the controlled light source 1330 to
apply light to activate the cross-linking agent.

[00218]  Referring to FIG. 13, the treatment system 1310 creates a flap that is peeled back
and reduces the cornea’s effective thickness ¢, and the cross-linking agent applicator applies
the cross-linking agent at a particular time 7. The controller 1302 receives the effective
thickness ¢ and the time ¢ as input data. Applying the process described in FIG. 12B, the
controller 1302 then determines the appropriate power P and duration 7> for the application
of the light by the light source 1330.

[00219]  Although embodiments of the present disclosure may describe stabilizing corneal
structure after treatments, such as LASIK surgery and thermokeratoplasty, it is understood
that aspects of the present disclosure are applicable in any context where it is advantageous to
form a stable three-dimensional structure of corneal tissue through cross-linking.

[00220]  The present disclosure includes systems having controllers for providing various
functionality to process information and determine results based on inputs. Generally, the
controllers (such as the controller 120 described throughout the present disclosure) may be

implemented as a combination of hardware and software elements. The hardware aspects
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may include combinations of operatively coupled hardware components including
microprocessors, logical circuitry, communication/networking ports, digital filters, memory,
or logical circuitry. The controller may be adapted to perform operations specified by a
computer-executable code, which may be stored on a computer readable medium.

[00221]  As described above, the controller 120 may be a programmable processing device,
such as an external conventional computer or an on-board field programmable gate array
(FPGA) or digital signal processor (DSP), that executes software, or stored instructions. In
general, physical processors and/or machines employed by embodiments of the present
disclosure for any processing or evaluation may include one or more networked or non-
networked general purpose computer systems, microprocessors, field programmable gate
arrays (FPGA’s), digital signal processors (DSP’s), micro-controllers, and the like,
programmed according to the teachings of the exemplary embodiments of the present
disclosure, as is appreciated by those skilled in the computer and software arts. The physical
processors and/or machines may be externally networked with the image capture device(s)
(e.g., the CCD detector 660, camera 760, or camera 860), or may be integrated to reside
within the image capture device. Appropriate software can be readily prepared by
programmers of ordinary skill based on the teachings of the exemplary embodiments, as is
appreciated by those skilled in the software art. In addition, the devices and subsystems of
the exemplary embodiments can be implemented by the preparation of application-specific
integrated circuits or by interconnecting an appropriate network of conventional component
circuits, as is appreciated by those skilled in the electrical art(s). Thus, the exemplary
embodiments are not limited to any specific combination of hardware circuitry and/or
software.

[00222] Stored on any one or on a combination of computer readable media, the
exemplary embodiments of the present disclosure may include software for controlling the
devices and subsystems of the exemplary embodiments, for driving the devices and
subsystems of the exemplary embodiments, for enabling the devices and subsystems of the
exemplary embodiments to interact with a human user, and the like. Such software can
include, but is not limited to, device drivers, firmware, operating systems, development tools,
applications software, and the like. Such computer readable media further can include the
computer program product of an embodiment of the present disclosure for performing all or a
portion (if processing is distributed) of the processing performed in implementations.
Computer code devices of the exemplary embodiments of the present disclosure can include

any suitable interpretable or executable code mechanism, including but not limited to scripts,
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interpretable programs, dynamic link libraries (DLLs), Java classes and applets, complete
executable programs, and the like. Moreover, parts of the processing of the exemplary
embodiments of the present disclosure can be distributed for better performance, reliability,
cost, and the like.

[00223] Common forms of computer-readable media may include, for example, a floppy
disk, a flexible disk, hard disk, magnetic tape, any other suitable magnetic medium, a CD-
ROM, CDRW, DVD, any other suitable optical medium, punch cards, paper tape, optical
mark sheets, any other suitable physical medium with patterns of holes or other optically
recognizable indicia, a RAM, a PROM, an EPROM, a FLASH-EPROM, any other suitable
memory chip or cartridge, a carrier wave or any other suitable medium from which a
computer can read.

[00224] While the present disclosure has been described in connection with a number of
exemplary embodiments, and implementations, the present disclosure is not so limited, but

rather cover various modifications, and equivalent arrangements.
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WHAT IS CLAIMED IS:

1. A system for controlling activation of a cross-linking agent applied to an eye,
comprising:

a feedback system for providing feedback information indicative of a biomechanical
strength of corneal tissue of the eye;

a controller for receiving the feedback information and automatically determining an
indication of an amount of cross-linking in the corneal tissue based on the
received feedback information; and

a cross-linking activation system for initiating cross-linking in the corneal tissue
according to one or more control signals generated by the controller, the one
or more control signals generated according to a function including the

determined indication of the amount of cross-linking in the corneal tissue.

2. The system of claim 1, wherein the feedback system comprises an interferometer
adapted to interfere a beam of light reflected from a surface of the eye with a reference beam
of light reflected from a reference surface, the interfered with beams of light passing through
a polarizing filter and creating an intensity pattern detected by a camera associated with the
feedback system, and wherein the feedback information comprises an output from the

associated camera.

3. The system of claim 2, wherein the polarizing filter includes a pixelated polarizing
filter for simultaneously capturing, via the associated camera, intensity patterns associated

with four polarization states.

4. The system of claim 2, wherein the associated camera is adapted to capture one or
more intensity patterns indicative of a plurality of polarized interference patterns in an

exposure having a duration less than one millisecond.
5. The system of claim 2, wherein the feedback system further comprises a distance

measurement system for monitoring a distance between the eye and the interferometer and

providing an indication of the monitored distance to the controller.
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6. The system of claim 3, wherein the associated camera is adapted to detect a plurality
of intensity patterns and wherein the controller is further adapted to:
receive the plurality of detected intensity patterns,
determine a plurality of surface profiles of the surface of the eye associated
with the plurality of detected intensity patterns based on the plurality
of detected intensity patterns and based on the monitored distance, and
determine an amount of dynamic deformation of the surface of the eye based

on the determined plurality of surface profiles.

7. The system of claim 3, wherein the associated camera is adapted to detect a plurality
of intensity patterns and wherein the controller is further adapted to:
receive the plurality of detected intensity patterns,
determine a plurality of surface profiles of the surface of the eye associated
with the plurality of detected intensity patterns based on the plurality
of detected intensity patterns and based on the monitored distance, and
estimate a volume of tear-film associated with the eye based on a difference
between a first and second profile of the surface of the eye taken from

the plurality of surface profiles of the surface of the eye.

8. The system of claim 1, wherein the feedback system is adapted to direct light emitted
by a light source to complete a double-pass of the corneal optics, direct emerging light that
emerges from the eye through a polarizing filter, and capture an intensity pattern indicative of

a degree of polarization of the emerging light.

9. The system of claim 1, wherein the cross-linking activation system includes:

a light source for emitting light suitable for activating cross-linking in the corneal
tissue by exciting the cross-linking agent to produce a reactive singlet oxygen
from oxygen content in the corneal tissue; and

corneal optics for conveying the emitted light to the eye according to the one or more

control signals.

10. The system of claim 7, wherein the corneal optics are operable to convey the emitted
light to the eye according to a non-uniform intensity pattern, and wherein the one or more

control signals specify the non-uniform intensity pattern.
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11. The system of claim 7, wherein the emitted light is conveyed to the eye via a laser

scanning device.

12. The system of claim 7, wherein the emitted light is conveyed to the eye according to a

multi-photon technology.

13. The system of claim 1, wherein the feedback system comprises:
one or more lamps emitting narrow slits of light directed toward the eye,
a video camera adapted to monitor the eye, and
a distance measurement system adapted to monitor a distance from the eye to the
video camera,

wherein the feedback information comprises an output of the video camera.

14. The system of claim 13, wherein the one or more lamps include:

a first lamp and a second lamp are situated above and below the eye, respectively, and
illuminate the eye with light emitted at a downward and an upward angle,
respecitvely, and

a third lamp and a fourth lamp are situated on opposing sides of the eye, respectively,

and emit light angled toward the eye from the respective opposing sides.

15. The system of claim 13, wherein the video camera is adapted to begin capturing video

images of the eye responsive to the eye blinking.

16. The system of claim 1, wherein one or more of the feedback system or the cross-

linking activation system includes a head restraint device to rigidly align the eye.

17. The system of claim 16, wherein the head restraint device comprises a bite plate.

18. The system of claim 1, wherein the cross-linking agent is Riboflavin or Rose Bengal

and the cross-linking activation system includes an ultraviolet light source.

19. A method of controllably activating a cross-linking agent applied to an eye,

comprising:

- 67 -



WO 2011/116306 PCT/US2011/029033

receiving feedback information comprising electronic signals output from a feedback
system adapted to monitor the eye, the feedback information indicative of a
biomechanical strength of corneal tissue of the eye;

automatically analyzing the feedback information to determine a dosage of light to be
applied to the eye; and

activating the cross-linking agent by conveying light to the eye according to the

determined dosage.

20. The method of claim 19, further comprising:
receiving targeting information indicative of an alignment of the eye with respect to
the conveyed light; and
automatically adjusting the alignment of the eye with respect to the conveyed light

according to the received targeting information.

21. The method of claim 19, wherein the feedback system comprises an interferometer
adapted to interfere a beam of light reflected from a surface of the eye with a reference beam
of light reflected from a reference surface, the interfered with beams of light passing through
a polarizing filter and creating an intensity pattern detected by a camera associated with the
feedback system, the feedback system adapted to allow the associated camera to detect a
plurality of intensity patterns, and wherein the feedback information comprises the plurality
of detected intensity patterns, and wherein the automatically analyzing the feedback
information is carried out by:
receiving the plurality of detected intensity patterns,
determining a plurality of surface profiles of the surface of the eye associated
with the plurality of detected intensity patterns based on the plurality
of detected intensity patterns and based on a distance between the
surface of the eye and the interferometer, and
determining an amount of dynamic deformation of the surface of the eye based
on the determined plurality of surface profiles, the amount of dynamic

deformation related to the dosage of light to be applied to the eye.

22. The method of claim 21, wherein the polarizing filter includes a pixelated polarizing

filter for capturing intensity patterns associated with four polarization states, and wherein
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intensity patterns associated with four different polarizations states are simultaneously

detected by the associated camera.

23. The method of claim 21, further comprising:
capturing, via a photosensitive detector, a specular reflection related to the plurality of
intensity patterns detected by the associated camera;
analyzing the specular reflection to determine targeting information associated with
the alignment of the eye with respect to the conveyed light;
adjusting the alignment of the eye with respect to the conveyed light according to the

determined targeting information.

24. The method of claim 22, wherein targeting information is determined by solving for a

centroid position of the captured specular reflection.

25. The method of claim 22, wherein the targeting information is determined by solving

for an energy distribution of the captured specular reflection.

26. The method of claim 22, wherein the adjusting the alignment and the receiving the
targeting information are carried out in real time to stabilize an initial fringe pattern captured

by the associated camera.

27. The method of claim 19, wherein the feedback system is adapted to direct light
emitted by a light source to complete a double-pass of the corneal optics, direct emerging
light that emerges from the eye through a polarizing filter, and capture an intensity pattern
indicative of a degree of polarization of the emerging light, and wherein the feedback

information comprises the degree of polarization.

28. The method of claim 19, wherein the receiving feedback information, the
automatically analyzing the feedback information, and the activating the cross-linking agent

are carried out repeatedly.

29. The method of claim 28, wherein the repeated carrying out of the activating the
cross-linking agent is ceased responsive to the biomechanical strength of the cornea indicated

by the feedback information attaining a desired value.

-69 -



WO 2011/116306 PCT/US2011/029033

30. The method of claim 19, wherein the light is conveyed to the eye via a laser scanning
device.
31. The method of claim 19, wherein the light is conveyed to the eye according to a

multi-photon technology.

32. The method of claim 19, wherein the cross-linking agent is Riboflavin or Rose Bengal

and the light conveyed to the eye is ultraviolet light.

33. A method for activating cross-linking in corneal tissue of an eye, comprising:

applying a cross-linking agent having a first concentration to the eye;

allowing, during a first diffusion time, the cross-linking agent having the first
concentration to diffuse within the eye;

activating the cross-linking agent with a photoactivating light applied according to a
first dose, the first dose specified by a first power and a first bandwidth;

activating the cross-linking agent with the photoactivating light applied according to a
second dose, the second dose specified by a second power and a second

bandwidth.

34. The method of claim 33, wherein the second dose is applied responsive to monitoring
the corneal tissue with a feedback system to determine an amount of cross-linking of the

corneal tissue.

35. The method of claim 33, further comprising:
applying a cross-linking agent having a second concentration to the eye; and
allowing, during a second diffusion time, the cross-linking agent having the second

concentration to diffuse within the eye.

36. The method of claim 33, wherein the applying, the allowing, and one or more of the

activating the cross-linking agent are carried out repeatedly.
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37. The method of claim 33, wherein the first dose or the second dose is applied such that
an amount of energy of the photoactivating light is applied to a surface of the eye exceeding 5

J/em?,

38. A system for activating a cross-linking agent applied to a cornea of an eye,
comprising:

a light source for emitting photoactivating light;

a mirror array having a plurality of mirrors arranged in rows and columns, the
plurality of mirrors adapted to selectively direct the photoactivating light
toward the eye according to a pixelated intensity pattern having pixels
corresponding to the plurality of mirrors in the mirror array, the plurality of
mirrors alignable according to one or more control signals; and

a controller for providing the one or more control signals to programmatically align
the plurality of mirrors in the array of mirrors such that the pixelated intensity
pattern emerges from the mirror array responsive to the photoactivating light

scanning across the plurality of mirrors.

39. The system of claim 38, further comprising:
a camera for capturing an image of the eye, wherein the captured image of the eye
includes pixels that are mapped to the pixels corresponding to the plurality of

mirrors.

40. The system of claim 38, wherein the plurality of mirrors in the mirror array are
selectively alignable to reflect light from the light source alternately toward the eye or toward
a heat sink for controlling an amount of energy of light applied to a corresponding plurality of

locations of the eye.

41. The system of claim 38, wherein an intensity of each pixel in the pixelated intensity
pattern is proportionate to an amount of time each corresponding mirror in the mirror array is
aligned to direct the photoactivating light toward the eye while the photoactivating light scans

across the corresponding mirror.

42. The system of claim 38, further comprising:
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an objective lens for focusing the pixelated intensity pattern to a focal plane at least

partially within the corneal tissue of the eye.

43. The system of claim 42, further comprising:
a camera for capturing video images of the eye;
a head restraint device for restraining a head associated with the eye; and
a motorized mount adapted to adjust a position of the objective lens according to a
targeting signal, the targeting signal generated according to the captured video

images.

44, The system of claim 38, wherein the pixelated intensity pattern is non-uniform over

the surface of the eye.

45. The system of claim 38, wherein the cross-linking agent is Riboflavin or Rose Bengal

and the photoactivating light is an ultraviolet laser light source.

46. The system of claim 38, wherein the light source is an ultraviolet laser light source
and the photoactivating light is sufficient for activating cross-linking in the corneal tissue by
exciting the cross-linking agent to produce a reactive singlet oxygen from oxygen content in

corneal tissue of the eye.

47. A method of activating a cross-linking agent applied to an eye, comprising:

emitting photoactivating light;

directing the photoactivating light to be scanned across a mirror array having a
plurality of mirrors arranged in rows and columns, the plurality of mirrors
adapted to selectively direct the photoactivating light toward the eye according
to a pixelated intensity pattern having pixels corresponding to the plurality of
mirrors in the mirror array, the plurality of mirrors alignable according to one
or more control signals; and

generating the one or more control signals for programmatically aligning the plurality

of mirrors in the mirror array according to the pixelated intensity pattern.

48. The method of claim 47, further comprising:
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receiving, from a feedback system, feedback information indicative of an amount of
cross-linking in the corneal tissue; and

adjusting the one or more control signals based on the feedback information to
thereby modify the pixelated intensity pattern applied to the eye via the mirror

array.

49. The method of claim 47, further comprising:
receiving video images of the eye from a video camera, the video images having

pixels mapped to the pixels corresponding to the plurality of mirrors.

50. The method of claim 47, further comprising:
conveying the pixelated intensity pattern to the surface of the eye via one or more
optical elements;
receiving an image of the eye from a camera;
analyzing the received video images to determine targeting information; and
adjusting an alignment of the eye to the one or more optical elements according to the

determined targeting information.

51. The method of claim 47, wherein the photoactivating light activates cross-linking in
the corneal tissue by exciting the cross-linking agent to produce a reactive singlet oxygen

from oxygen content in corneal tissue of the eye.

52. A system for activating a cross-linking agent applied to an eye, comprising:
a light source for emitting photoactivating light; and
a mask adapted to selectively allow the photoactivating light to be transmitted
therethrough, the regions of the mask allowing the photoactivating light to be

transmitted defining a pattern of activation of the cross-linking agent.

53. The system of claim 52, wherein the mask comprises a circular lens adapted to be
placed on a surface of the eye, the circular lens having a coating applied to at least a portion
of the circular lens, the coating substantially blocking the photoactivating light from being

transmitted through the circular lens to the eye.
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54. The system of claim 52, wherein the photoactivating light has sufficient energy to
activate cross-linking in the corneal tissue by exciting the cross-linking agent to produce a

reactive singlet oxygen from oxygen content in corneal tissue of the eye.

55. A method of activating a cross-linking agent applied to an eye, comprising:
emitting photoactivating light; and
directing the photoactivating light to pass through a mask adapted to selectively allow
the photoactivating light to be transmitted therethrough, the regions of the
mask allowing the photoactivating light to be transmitted defining a pattern of

activation of the cross-linking agent.

56. The method of claim 55, wherein the mask comprises a circular lens adapted to be
placed on a surface of the eye, the circular lens having a coating applied to at least a portion
of the circular lens, the coating substantially blocking the photoactivating light from being

transmitted through the circular lens to the eye.

57. The method of claim 56, wherein the coating is applied according to a predetermined

or prescribed pattern.

38. The method of claim 55, wherein the photoactivating light activates cross-linking in
the corneal tissue by exciting the cross-linking agent to produce a reactive singlet oxygen

from oxygen content in corneal tissue of the eye.

59. A system for monitoring an eye, comprising:
an interferometer comprising:

a light source for providing a beam of light having a reference polarization
state,

a corneal imaging lens for directing a beam of light from the light source
toward a surface of the eye and collimating light reflected from the
surface of the eye,

a reference surface for providing a reference surface to compare with a surface
of the eye,

one or more beam splitters adapted to:
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split the beam of light and direct a first portion to be reflected from the
surface of the eye, and direct a second portion to be reflected
from the reference surface, and
combine the reflected first portion and the reflected second portion to
form a superimposed beam,
a polarizing filter, and
a camera for capturing an intensity pattern of the superimposed beam
emerging from the polarizing filter; and
a controller for analyzing the intensity pattern by:
determining a phase offset, for a plurality of points in the captured intensity
pattern, between the reflected first portion and the reflected second
portion based on the captured intensity pattern,
determining an optical path length difference between the reflected first
portion and the reflected second portion for the plurality of points from
the phase offsets determined for the plurality of points, and
determining a surface profile of the eye by comparing a profile of the
reference surface to the optical path length differences determined for

the plurality of points.

The system of claim 59, wherein the polarizing filter includes a pixelated polarizing

filter for simultaneously capturing, via the associated camera, intensity patterns associated

with four polarization states.

61.

62.

63.

The system of claim 59, further comprising:
a distance measurement system for providing an indication of a distance between the

surface of the eye and the interferometer.

The system of claim 59, further comprising:
a head restraint device for restraining a position of a head associated with the eye, the
head restraint device thereby aligning a position of the eye with respect to the

interferometer.

The system of claim 59, wherein the camera is adapted to detect a plurality of

intensity patterns in sequence, and wherein the controller is further adapted to:
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receive the plurality of detected intensity patterns,

determine a plurality of surface profiles of the surface of the eye associated
with the plurality of detected intensity patterns, and

determine an amount of dynamic deformation of the surface of the eye based

on the determined plurality of surface profiles.

64. The system of claim 59, further comprising a photosensitive detector for capturing a
specular reflection of a fringe pattern of the superimposed beam, and wherein the controller is
further adapted to:
analyze the captured specular reflection and solve for a centroid position of the
captured specular reflection,
determine an amount of adjustment desirable between an alignment of the
interferometer and the eye, and
provide alignment control signals to a motorized adjustment device adapted to

align the interferometer with the eye in real time.

65. The system of claim 64, further comprising:
a head restraint device for restraining a position of a head associated with the eye, the

head restraint device thereby aligning a position of the eye with respect to the

interferometer.
66. The system of claim 65, wherein the head restraint device comprises a bite plate.
67. A method of monitoring an eye, comprising:

emitting a beam of light from a light source having a known polarization;

splitting the beam and directing a first portion to be reflected from a surface of the
eye, and directing a second portion to be reflected from a reference surface;

interfering the first portion of the beam and second portion of the beam to create a
superimposed beam;

directing the superimposed beam through a polarizing filter;

capturing an intensity pattern of the superimposed beam emerging from the polarizing
filter;

analyzing the captured intensity pattern to determine a surface profile of the surface of

the eye.
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68. The system of claim 67, wherein the polarizing filter includes a pixelated polarizing
filter for simultaneously capturing, via an associated camera, intensity patterns associated

with four polarization states.

69. The method of claim 67, wherein the analyzing the captured intensity pattern
includes:
determining a phase offset, for a plurality of points in the captured intensity
pattern, between the reflected first portion and the reflected second
portion based on the captured intensity pattern;
determining an optical path length difference between the reflected first
portion and the reflected second portion for the plurality of points from
the phase offsets determined for the plurality of points; and
determining a surface profile of the eye by comparing a profile of the
reference surface to the optical path length differences determined for

the plurality of points.

70. The method of claim 67, further comprising:
capturing a plurality of sequential intensity patterns;
determining a plurality of surface profiles of the surface of the eye associated with the
plurality of detected intensity patterns; and
determining an amount of dynamic deformation of the surface of the eye based on the

determined plurality of surface profiles.

71. A system for applying a controlled amount of cross-linking in corneal tissue of an
eye, comprising:
an applicator adapted to apply a cross-linking agent to the eye;
a light source for emitting photoactivating light;
a targeting system adapted to create targeting feedback information indicative of a
position of a cornea of the eye;
a mirror array having a plurality of mirrors arranged in rows and columns, the
plurality of mirrors adapted to selectively direct the photoactivating light
toward the eye according to a pixelated intensity pattern having pixels

corresponding to the plurality of mirrors in the mirror array;
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an interferometer adapted to monitor an amount of cross-linking in the corneal tissue
by:
interfering a beam of light reflected from a surface of the eye with a reference
beam of light reflected from a reference surface, and
capturing, via an associated camera, a series of images of interference patterns
due to optical interference between the beam of light and the reference
beam of light, the series of images being indicative of a plurality of
profiles of the surface of the eye;
a head restraint device for restraining a position of a head associated with the eye,
thereby aligning the eye with respect to the interferometer; and
a controller adapted to:
receive the targeting feedback information,
receive the generated series of intensity patterns,
analyze the generated series of intensity patterns to determine the plurality of
profiles of the surface of the eye associated therewith,
determine an amount of cross-linking of the corneal tissue based on a dynamic
deformation of the surface of the eye, the dynamic deformation of the
eye indicated by the plurality of profiles of the surface of the eye, and
adjust the pixelated intensity pattern according to data comprising at least one
of: the targeting feedback information and the determined amount of

cross-linking.
72. The system of claim 71, wherein the series of images comprise fringe patterns having

fringes, the fringes defining continuous bands of relatively uniform intensity and

corresponding to regions of the surface of the eye equidistant from the camera.
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