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SYSTEMS AND METHODS FOR MONITORING TIME BASED PHOTO ACTIVE
AGENT DELIVERY OR PHOTO ACTIVE MARKER PRESENCE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of, and priority to, U.S. Provisional Patent
Application Serial No. 61/492,553, filed June 2, 2011; U.S. Provisional Patent Application
Serial No. 61/566,976, filed December 5, 2011; and U.S. Provisional Patent Application
Serial No. 61/594,796, filed February 3, 2012, the contents of these applications being

incorporated entirely herein by reference.
BACKGROUND
Field of the Invention

[0002] The invention pertains to systems and methods for monitoring corneal tissue, and
more particularly, to systems and methods for monitoring an eye for the presence and

distribution of a photo active 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.

Thus, application of energy according to particular patterns, including, but not limited to,
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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.
SUMMARY

[0006] Aspects of the present disclosure provide for monitoring an eye for the presence
of a photo-active marker. In one example, a system includes a treatment system that provides
a treatment to a corneal tissue. The treatment system includes an applicator that applies a
photo-active marker to the corneal tissue. The system also includes an excitation source that
directs light to the corneal tissue treated with the photo-active marker. The light causes the
photo-active marker to fluoresce. The system additionally includes an image capture system
that captures one or more cross-sectional images of the corneal tissue in response to the
excitation source directing the light to the corneal tissue. Each cross-sectional image shows
the fluorescing photo-active marker along a respective cross-section of the corneal tissue.
The system further includes a controller that receives the one or more cross-sectional images
and determines information relating to a distribution of the photo-active marker at varying
depths across the corneal tissue. The controller provides the distribution information to the
treatment system. The treatment system adjusts the treatment of the corneal tissue in
response to the distribution information.

[0007] In some embodiments, the excitation source directs the light to the corneal tissue
as slits of light, and the image capture system includes at least one camera that captures an
image of a section of the corneal tissue defined by the slits of light. The at least one camera
is offset from an axis defined by the slits of light and is oriented such that an image plane of
the at least one camera intersects a focal plane corresponding to the section of the corneal
tissue. The image capture system may include two cameras, where the two cameras combine
to capture the image of the section of the corneal tissue defined by the slits of light. The
excitation source may include a digital micro-mirror device (DMD) to selectively direct the
light to the corneal tissue as the slits of light. Alternatively, the excitation source may include
a multiple line generator using an optical grating or a scanning mirror system to selectively
direct the light to the corneal tissue as the slits of light. The image capture system may

further include a lens corresponding to the at least one camera, where the at least one camera
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captures the image of the section of the corneal tissue via the lens and the image plane of the
at least one camera and the focal plane intersect a lens plane of the lens at a common line.
An arrangement of the image plane, the lens plane, and the focal plane may minimize a depth
of focus. The focal plane may be approximately tangential to a point of a boundary of the
corneal tissue at a mid-point of the section being captured by the at least one camera. The
excitation source and the image capture system may rotate about the corneal tissue to capture
a plurality of cross-sectional images of the corneal tissue.

[0008] In other embodiments, the excitation source directs the light to the corneal tissue
as slits of light, and the image capture system includes at least one camera configured
according to the Scheimpflug principle employing a range of camera angles of approximately
5 to approximately 85 degrees and approximately -5 to approximately 85 degrees.

[0009] In yet other embodiments, the controller determines a distribution of the photo-
active marker at varying depths across the corneal tissue over a period of time, thereby
determining a rate of uptake of the photo-active marker by the corneal tissue.

[0010] In further embodiments, the photo-active marker is a cross-linking agent. The
treatment system may adjust the treatment of the eye by applying a pattern of ultraviolet light
to the corneal tissue to activate cross-linking activity in the corneal tissue. The treatment
system may apply the pattern of ultraviolet light via a digital micro-mirror device (DMD).
Alternatively, the treatment system may apply the pattern of ultraviolet light via a scanning
mirror system.

[0011] In additional embodiments, the treatment system adjusts the treatment of the
corneal tissue by applying additional photo-active marker to achieve a desired distribution of
the photo-active marker. After the application of the additional photo-active marker, the
image capture system may capture additional cross-sectional images of the corneal tissue in
response to the excitation source directing additional light to the corneal tissue, and the
controller determines additional information relating to the distribution of the photo-active
marker at varying depths across the corneal tissue to determine whether the desired
distribution has been achieved. The treatment system may modify an uptake of the photo-
active marker by the corneal tissue. The treatment system may include a permeability
regulation system that modifies a permeability of the corneal tissue by applying ultrasound
energy or a pattern of radiation to the corneal tissue to increase an uptake of the photo-active
marker by the corneal tissue. The permeability regulation system may apply the pattern of

radiation via a digital micro-mirror device (DMD). Alternatively, the permeability regulation
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system may apply the pattern of radiation via a scanning mirror system. The treatment
system may apply a diffusion-influencing substance to the corneal tissue.

[0012] In other embodiments, the excitation source includes a plurality of slit lamps
arranged about the eye tissue, the image capture system capturing the one or more cross-
sectional images of the corneal tissue in response to the plurality of slit lamps directing the
light to the corneal tissue

[0013] In yet other embodiments, the excitation source directs the light to the eye tissue
as a slit at an incident angle in a range from approximately 20 degrees to approximately 70
degrees relative to the image capture system.

[0014] 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

[0015] 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.

[0016] 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.

[0017] 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.
[0018] FIG. 3 provides an example delivery system adapted as a laser scanning device for
delivering light to the cornea employing laser scanning technology.

[0019] FIG. 4 illustrates a delivery system incorporating a feedback system.

[0020] FIG. 5A illustrates an example fluorescence dosimetry system.

[0021] FIG. 5B provides a schematic view of example cross-sectional images of an eye
that can be captured via a rotating dual imaging Scheimpflug optical system.

[0022] FIG. 6 provides another exemplary implementation of a fluorescence dosimetry
system utilizing a thin slit excitation source.

[0023] FIG. 7A illustrates a configuration utilizing multiple slit lamps to perform corneal

topography and pachymetry.
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[0024] FIG. 7B schematically illustrates an image of the cornea detected by the camera in
a configuration utilizing four slit lamps.

[0025] FIG. 8A provides an exemplary embodiment according to the present disclosure.
[0026] FIG. 8B provides another exemplary embodiment with reference to aspects of the
present disclosure.

[0027] FIG. 9 illustrates an implementation of the present disclosure that provides for
monitoring the distribution of a cross-linking agent which is also a photo-active marker in
order to provide feedback information while initiating cross-linking within an eye.

[0028] FIG. 10A is a block diagram of an exemplary system for controlling the
distribution of the cross-linking agent within the eye through permeability regulation
system(s) according to feedback information from fluorescence dosimetry feedback
system(s).

[0029] FIG. 10B is a cross-linking agent distribution regulation system that includes a
dual off-axis Scheimpflug fluorescence dosimetry system.

[0030] FIG. 11A illustrates an emission spectrum for Riboflavin when excited by a 450
nm excitation source.

[0031] FIG. 11B illustrates the transmission spectrum for the Straw colored filter.

[0032] FIG. 12 illustrates the results of a procedure to extract the concentration of
Riboflavin as a function of distance within the eye at different pre-soak durations.

[0033] FIG. 13 illustrates the results of a procedure to extract the concentration of
Riboflavin as a function of distance within the eye at different Riboflavin concentrations.
[0034] FIG. 14 illustrates the observed fluorescence intensity as a function of depth
within the eye for varying applications of the quenching agent.

[0035] FIG. 15A illustrates the total (cumulative) intensity observed for both sample eye
1 and sample eye 2 after applying the quenching agent for varying durations.

[0036] FIG. 15B illustrates the maximum intensity observed for both sample eyes after
applying the quenching agent for varying durations.

[0037] FIG. 16A illustrates results comparing the maximum intensity observed in an eye
after applying UVA to the eye for varying durations and compared with a control eye.

[0038] FIG. 16B illustrates results comparing the total cumulative intensity observed in
an eye after applying UVA to the eye for varying durations and compared with a control eye.
[0039] FIG. 17A illustrates an example system for measuring the intensity of the
Riboflavin florescence in profile through the cornea.

[0040] FIG. 17B illustrates a focal plane range for the example system of FIG. 17A.
-5-



WO 2012/167260 PCT/US2012/040758

[0041] FIG. 17C illustrates a focal plane range for the example system of FIG. 17A based
on movement of the eye along an axis.

[0042] FIG. 17D illustrates a focal plane range for the example system of FIG. 17A based
on movement of the eye along another axis.

[0043] FIG. 18A illustrates another example system for measuring the intensity of the
Riboflavin florescence in profile through the cornea.

[0044] FIG. 18B illustrates a focal plane range for the example system of FIG. 18A based
on movement of the eye along an axis.

[0045] FIG. 18C illustrates a focal plane range for the example system of FIG. 18A based

on movement of the eye along another axis.
DETAILED DESCRIPTION

[0046] 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 fibrils 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. The applicator 132 may also be an eye dropper or similar device useful for applying
drops of liquid to an eye.

[0047] 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 generate free radicals
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within the cornea 2. Once generated, the free radicals 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.

[0048] 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).
[0049] 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.
[0050] 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.
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[0051] 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.

[0052] 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
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.

[0053] 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
-8-
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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.

[0054] In an implementation, the controller 120 may include hardware and/or software
clements, 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 therecof. 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
of: wavelength(s), spectral bandwidth(s), intensity(s), power(s), location(s), depth(s) of
penetration, and duration(s) 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.

[0055] 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.

[0056] 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
-9-
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initiate cross-linking in the corneal areas treated with Riboflavin. Specifically, the UV light
initiates cross-linking activity by causing the applied Riboflavin to generate reactive
Riboflavin radicals and reactive oxygen radicals in the corneal tissue. The Riboflavin thus
acts as a sensitizer to radical Riboflavin and to convert molecular oxygen to singlet oxygen,
which in turn causes cross-linking within the corneal tissue.

[0057] 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.
[0058] 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 2B of the cornea 2. Accordingly, aspects of the present
disclosure provide a delivery system that accurately and precisely 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.

[0059] 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

-10 -



WO 2012/167260 PCT/US2012/040758

beams of light can then be simultaneously scanned over multiple mirrors in the mirror array
344.

[0060] 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
cach 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.

[0061] 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 (e.g., alternately directed to be part of
the pattern of light delivered to the cornea 2 via one or more optical elements). 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. For example, the controller 120
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
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stroma. The cross-linking agent 130 introduced into the selected regions 5 is then activated
as described above.

[0062] 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.

[0063] 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
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.

[0064] 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.

[0065] Some embodiments may employ Digital Micromirror Device (DMD) technology
to modulate the application of initiating light, e.g., UV light, spatially as well as temporally.
Using DMD technology, a controlled light source is selectively reflected to provide 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 reflected light. The power and duration at which the light is
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reflected to provide the pixelated intensity pattern is determined as described elsewhere.
Alternatively, some embodiments may employ a scanning mirror system to apply the patterns
of initiating light.

[0066] 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 generate radicals and reactive oxygen radicals. When a cross-linking
agent molecule simultaneously absorbs both photons, it absorbs enough energy to generate
reactive Riboflavin radicals and/or reactive oxygen radicals in the corneal tissue, and thereby
initiate cross-linking. 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 generate reactive Riboflavin radicals and/or reactive oxygen radicals. 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 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.

[0067] 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
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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.

[0068] Aspects of the present disclosure can be employed to reduce the amount of time
required to achieve the desired cross-linking. For example, parameters for delivery and
activation of the cross-linking agent 130 can be adjusted to reduce the amount of time
required to achieve 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/ecm?, 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.

[0069] 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
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/em?, 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,
cach subsequent application of energy can be identical, or can be different according to
information provided by the feedback system 400.

[0070] Treatment of the cornea 2 by activating cross-linking produces structural changes
to the corneal stroma. In general, the opto-mechanical properties of the cornea 2 changes

under stress. Such changes include: straightening out the waviness of the collagen fibrils;
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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 130 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.

[0071] 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.

[0072] 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.

[0073] 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
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
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feedback information 404 received from the feedback system 400. As will be described
further below, the feedback system 400 can be a measurement system for determining a
distribution of a fluorescent marker in the eye 1.

[0074] FIG. 5A illustrates an example fluorescence dosimetry system 500. The
fluorescence dosimetry system 500 includes an applicator 532 for applying a photo-active
marker 530 to an eye 1, having a cornea 2. The applicator 532 can be similar to the
applicator 132 described in connection with FIG. 1, and can be a device suitable for
instillation of the photo-active marker 530 to the eye 1. For example, the applicator 532 can
be an eye dropper or similar device that applies the photo-active marker 530 to the corneal
surface 2A in drops. The fluorescence dosimetry system 500 also includes an excitation
source 510, which can be a light source such as a UV light source. The excitation source 510
is generally conveyed to the eye 1 via optical elements to advantageously apply the excitation
source 510 according to a desired pattern. The optical elements can include, for example,
mirrors, lenses, apertures, filters, and the like. In an implementation the excitation source can
be a light source in the UVA wavelength range, such as 365nm to 370nm. The excitation
source 510 is advantageously selected such that the light and/or energy applied to the eye 1 is
suitable for exciting the photo-active marker 530 to cause the photo-active marker 530 to
fluoresce within the tissue of the eye 1. Depending on the particular photo-active marker
utilized in a particular implementation of the fluorescence dosimetry system 500, the
excitation source 510 may be suitably chosen so as to complement the particular photo-active
marker employed.

[0075] The fluorescence dosimetry system 500 also includes an optical system 540 for
capturing one or more images of the eye 1 while the photo-active marker 1 is excited to
fluoresce. The presence of light at the characteristic fluorescence emission frequencies of the
photo-active marker 530 in the images captured via the optical system 540 is therefore
indicative of the presence and/or distribution of the photo-active marker 530 in the eye 1. As
will be further described below, the optical system 540 may be implemented as a
Scheimpflug single or dual imaging and/or rotating optical system or as one or more slit
lamps to illuminate cross-sectional portions of the cornea 2. In such an implementation, each
image provides an indication of the presence of the photo-active marker 530 along a
particular cross-section of the cornea 2. An image processor 520 is also provided to analyze
the images acquired via the optical system 540 and determine, based on the series of images
information regarding the presence and/or distribution of the photo-active marker 530 in the

eye 1. The fluorescence dosimetry system 500 can also incorporate a filter 542 to
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advantageously block wavelengths of light corresponding to the excitation source 510. By
selecting the filter 542 such that the light applied to the eye 1 via the excitation source 510
(i.e., the exciting light) is blocked while wavelengths corresponding to the excitation
emission wavelengths are allowed to pass (i.e., the emissive light), the image(s) captured by
the optical system 540 indicate the emissive light. For example, the filter 542 can be
configured to transmit the exciting light while substantially blocking the emissive light (from
the distributed photo-active marker 530). Thus, the filter 542 can improve the signal to noise
of the fluorescence dosimetry system 500 by isolating the light emitted from the photo-active
marker 530 from the light applied by the excitation source 510.

[0076] FIG. 5B provides a schematic view of example cross-sectional images of an eye 1
that can be captured via a rotating dual imaging Scheimpflug optical system 540°. The
rotating dual Scheimpflug optical system 540’ includes two cameras and light applied to the
eye 1 via a narrow slit (“aperture”). As is commonly understood in a Scheimpflug system,
the two cameras are oriented such that their respective image planes intersect with the object
plane of the features of the eye 1 being imaged. A dual Scheimpflug system 540’ allows for
an enhanced depth of focus relative to an imaging system oriented with optical and image
planes parallel. The dual Scheimpflug system 540’ is utilized to extract a series of planes of
the cornea 2, such as the planes 544a, 544b, 544c schematically illustrated in FIG. 5B. In an
implementation, the dual Scheimpflug system 540’ can rotate about an axis of the eye 1 such
that a series of images for cross-sectional portions of the eye 1 are captured as the dual
Scheimpflug system 540’ travels through 180 degrees. Properly filtered, such as with the
filter 542, the cross-sectional images extracted by the rotating dual imaging Scheimpflug
optical system 540’ are each indicative of a concentration of the photo-active marker 530 in
the eye 1 along each imaged cross-section (e.g., the cross sections 544a, 544b, 544c¢).

[0077] While the dual imaging Scheimpflug optical system 540’ is provided for example
purposes, it is acknowledged that implementations of the present disclosure are not limited to
dual imaging Scheimpflug systems, and apply to a variety of optical systems suitable for
capturing intensity profiles indicative of intensities at a variety of depths within an eye. For
example, single imaging Scheimpflug systems, slit lamp systems (as described further
below), optical coherence tomography (OCT) systems, and optically similar systems adapted
to capture images of cross-sectional portion of the eye 1 can be utilized as the optical system
540 illustrated in FIG. 5A. Furthermore, aspects of the present disclosure apply to optical

systems that are adapted to capture a single cross-sectional image of the eye 1.
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[0078] FIG. 6 provides another exemplary implementation of a fluorescence dosimetry
system 600 utilizing a thin slit excitation source 640. The system 600 includes a high
resolution live eye camera 630 that is oriented to capture images of the eye 1 via the mirror
632. The thin slit excitation source 640 is oriented to convey the excitation light 642 to the
eye 1 at a high incident angle. For example, the excitation light 642 can be delivered to the
eye 1 at an incident angle in a range of approximately 20 degrees to approximately 70
degrees, e.g., a 45 degree incident angle. The excitation source 640 can be a light source
suitable for generating the excitation light 642 that excites the photo-active marker 530 and
can be conveyed to the eye 1 in a beam formed as a narrow slit so as to illuminate a cross-
sectional portion of the eye 1. The system 600 also includes UVA light delivery and cross-
linking optics 610 which directs UVA light to the eye 1 via a dichroic mirror 612. The
dichroic mirror 612 advantageously reflects light corresponding to the excitation light 642,
but allows light corresponding to the fluorescence emission of the photo-active marker 530 to
pass. For example, where the excitation light 642 is 365nm to 370nm UVA light, the
dichroic mirror 612 can reflect light with those wavelengths, while having a long pass
characteristic above 430 nm. Implementations of the present disclosure may optionally
utilize one or more filters to provide similar spectral characteristics to the dichroic mirror
612. The camera 630 can be utilized to detect images of the eye 1 while the eye 1 is
illuminated with the excitation light 642. Because the excitation light 642 is blocked by the
dichroic mirror 612, the images detected by the camera 630 are due to the fluorescence of the
photo-active marker 530 in the cross-sectional portion of the eye 1 illuminated by the thin slit
excitation source 640. For example, the camera 630 can periodically capture one or more full
resolution image(s) indicative of the distribution of the photo-active marker 530 (e.g.,
fluorescent dosimetry images), while providing targeting (“positioning”) information from
low resolution images captured in between the full resolution dosimetry images. In addition,
the thin slit excitation source 640 can be flashed to only periodically illuminate the eye 1 with
the excitation light 642 during and/or prior to intervals when the camera 630 is capturing the
fluorescent dosimetry images.

[0079] The system 600 optionally further provides for the position of the eye 1 to be
fixed via a bite bar 670. The bite bar can be a deformable material for a patient to bite down
on with their jaw to thereby fix the position of a patient’s head and prevent the patient’s head
from moving relative to the bite bar 670. The bite bar 670 can be coupled to a 3d positioner
672 that incorporates motors and the like to manipulate the bite bar 670 in three dimensions

to correct and/or compensate the position of the eye 1 during a cross-linking operation
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according to the monitoring (“targeting”) information provided via the camera 630. Thus, the
camera 630 can be utilized to both provide targeting (‘“positioning”) information and provide
images indicative of the distribution of the photo-active marker 530. While the camera 630 is
providing targeting information, the resolution of the camera 630 can be sub-sampled to
allow for more rapid data collection and analysis in order to actively compensate for
movement of the eye 1 during cross-linking activation. Implementations including active
targeting and positioning feedback may allow for the patient to receive cross-linking therapy
while sitting upright rather than lying down. Cross-linking can be done with a patient lying
on their back during a surgical procedure. With the patient lying on their back, gravity
directs the applied drops (e.g., drops of cross-linking agent, photo-active marker, etc.) to the
eye 1 and to increase uniformity of their application.

[0080] Implementations of the present disclosure also apply to systems lacking the bite
bar 670. The system 600 also includes an infrared light source 620, which is oriented to
illuminate the eye 1 with infrared radiation. Infrared radiation from the eye 1 can then be
detected by the camera 630 to monitor the position of the eye 1 during a cross-linking
operation (e.g., provide targeting and active tracking). The UVA light delivery system 610
can then be adjusted in real time according to the dynamically monitored position (via the
camera 630 and associated image processing system(s)) such that the delivered light is
directed to the eye in a substantially constant and location, with respect to the eye 1, even as
the location of the eye 1 changes. For example, one or more mirrors and/or lenses associated
with the UVA delivery system 610 can be dynamically adjusted according to the positioning
information such that the delivered light tracks the position of the eye 1. The infrared
radiation advantageously allows for illumination of the eye 1 (to provide positioning
feedback) without distracting the patient, because the infrared radiation is not perceived by
the patient. The infrared light source 620 and the camera 630 can also be utilized during a
diagnostic interval to topographically characterize the cornea 2 prior to initiation of cross-
linking. For example, the camera 630 can be utilized in combination with a multiple slit lamp
configuration such as the configuration illustrated in FIG. 7A.

[0081] FIG. 7A 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. 7A includes four slit lamps 702, 704, 706, 708. Each of the slit
lamps 702, 704, 706, 708 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
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in the layers of the eye. Each of the slit lamps may be adapted to illuminate a portion of the
cornca 2 with light emerging from a slit. The slit may be an aperture having a narrow
dimension and an elongated dimension. While the narrow dimension is finite, the light
emerging from the slit lamp may be approximately considered as a sheet (“plane”) of light,
which illuminates a plane of the cornea 2. The four slit lamps 702, 704, 706, 708 may be
oriented off-center from the optical axis of the cornea 2. For example, each may be oriented
at 45° with respect to the corneal optical axis. Furthermore, the four slit lamps may be
positioned such that they are equally spaced around the eye 1. As used herein, the corneal
optical axis can be an axis extending outward from the center of the cornea 2 and passing
through the center-point of the eye 1. In a substantially symmetrical cornea 2, the corneal
optical axis can be defined by a ray extending outward from the center-point of the cornea 2
such that the corneal optics are substantially rotationally symmetric about the ray.

[0082] From the viewpoint of an observer facing the eye 1, from the behind the slit lamps
702, 704, 706, 708: the first slit lamp 702 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 704 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 706 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 708 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.
Thus, in the schematic illustration provided in FIG. 7A, the second slit lamp 704 is positioned
further into the page than the first slit lamp 702 and the third slit lamp 706. Similarly, the
fourth slit lamp 708 is positioned further out of the page than the first slit lamp 702 and the
third slit lamp 706.

[0083] The intensity pattern created by the multiple slit lamps illuminating the cornea 2 is
directed to the camera 760 by the corneal imaging optics 710. The intensity pattern(s)
detected by the camera 760 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. 7B. 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). For
example, the thickness of the bands of light observed with the camera 760 provides an
indication of the corneal thickness, because the light observed at the camera 760 is reflected

at both the posterior and anterior surfaces of the cornea 2. Thus, a thicker (“broader”) line
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corresponds to a thicker corneal layer. When the precise parameters of the slit lamp
orientation and position are known, including the thickness of the aperture of the slit lamps
702, 704, 706, 708, the observed corneal thickness can be approximated from the resulting
intensity pattern. As the cornea 2 moves in and out relative to the position of the multiple slit
lamps, the illumination pattern observed in the camera 760 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 702, 704, 706, 708, a complete three
dimensional profile of the corneal surface may be extracted. In some examples, look up
tables can be empirically established to map observed characteristics to physical parameters
(e.g., line thickness to corneal thickness, line curvature to corneal curvature, etc.).

[0084] FIG. 7B schematically illustrates an image of the cornea 2 detected by the camera
760 in a configuration utilizing four slit lamps. The light reflected from the cornea 2 toward
the corneal imaging optics 710 can include light reflected from the outer corneal surface (i.e.,
the anterior surface) and from the posterior surface of the cornea 2. With reference to FIG.
7B, in an implementation where the slit lamp 702 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 730 having
a top edge 731 and a bottom edge 732. The top edge 731 is indicative of the anterior surface
of the cornea 2, and the bottom edge 732 is indicative of the posterior surface of the cornea 2.
Thus, the top edge 731 is nearest (“proximate”) the slit lamp, while the bottom edge 732 is
furthest (“distal”) the slit lamp. Similarly, other lines on the cornea 2 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). Generally, the proximate edge(s) describe
the anterior surface of the cornea 2 while the distal edge(s) describe the posterior surface of
the cornea 2. By extracting the shape and/or position of the posterior (internal) surface of the
cornea 2, and comparing with the shape and/or position of the anterior (outer) surface, the
three-dimensional thickness of the cornea can be determined. Thus, the light emerging from
the cornea 2 and directed toward the camera 760 includes information on the position of the
posterior surface and therefore the thickness of the cornea 2.

[0085] The emerging light may also undergo spreading due to the diffusive optical
characteristics of the corneal tissue, which influences the width(s) of the observed line(s).
For example, observing relatively thicker line(s) can indicate a greater degree of optical

diffusion, and thus greater corneal thickness. Ray tracing may also be employed to trace
-21 -



WO 2012/167260 PCT/US2012/040758

lines from slit lamps (e.g., the slit lamp 702) to the camera 760 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 (e.g., the locations illuminated by the slit lamps) may be extracted. By
defining the shape and thickness of the cornea 2 at multiple locations, a three-dimensional
profile of the cornea 2 can be determined. Using the camera 760, the surface estimates from
the multiple slit lamp configuration may be matched to corneal surface estimates from an
interferometry system to provide an even more accurate estimate of the full corneal
topography and/or thickness.

[0086] By providing a three dimensional profile of the cornea 2, the controller 120 can
determine the center position of the cornea 2 and/or the location and/or orientation of the
corneal optical axis. The controller 120 can determine the center position by, for example,
determining the apex of the three dimensional profile of the corneal 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.

[0087] The multiple slit lamp configuration illustrated in FIG. 7A also includes a distance
measurement system 770 for determining the distance between the multiple slit lamps 702,
704, 706, 708 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 770 in combination with the images from the camera 760 to
get the radius of curvature of the cornea 2, and thus the optical power of the eye 1. The
distance measurement can also allow for scaling the images observed on the camera 760
(e.g., mapping pixels to distances). The distance measurement system 770 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
770 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 702, 704, 706, 708. In
addition, the distance measurement system 770 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.
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[0088] Additionally, in a configuration where the positions of the slit lamps 702, 704,
706, 708 are well known, the distance may be estimated directly from the slit lamps, camera,
and optical elements illustrated in FIG. 7A. Such a distance measurement may be performed
by finely adjusting the position of the eye 1 (e.g., via a positioning system mounted to a bite
plate or head restraint similar to the three dimensional positioner 672 shown in FIGS. 7A)
until the intensity pattern observed by the camera 760 is a characteristic pattern that is
indicative of a known distance. For example, the characteristics pattern can be a cross
centered on the apex of the cornea 2 formed by an overlap between the light of the upper and
lower slit lamps 702, 706, and an overlap from the light of the side slit lamps 704, 708). In
other examples, the position of the slit lamps and associated optics can be adjusted by
translating the slit lamps toward and away from the eye 1, in a direction generally parallel to
the corneal optical axis, until the characteristic pattern is detected. 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.

[0089] In addition to utilizing the four slit lamp apparatus described in connection with
FIGS. 7A and 7B for targeting, the configuration can be utilized to illuminate cross-section
portions of the eye 1 with excitation light (e.g., the excitation light 642 in FIG. 6). Similar to
the description of the single thin slit excitation source 640 in FIG. 6, the four slit lamps 702,
704, 706, 708 can be flashed to periodically illuminate the eye 1 with light sufficient to excite
a photo-active marker applied to the eye 1. The four slit lamp configuration can
advantageously simultancously or serially excite distinct cross-sectional portions of the eye 1
to allow the controller 120 to estimate the distribution of the photo-active marker 530
throughout the tissue of the eye 1. For example, the controller 120 can estimate the full
distribution of the photo-active marker from the observed intensity from four illuminated
regions (e.g., the illuminated lines shown in FIG. 7B) by interpolating between measurement
points. The multiple slit lamp configuration also allows for the controller 120 to analyze the
captured images to determine the distribution of the photo-active marker 530 as a function of
depth within the tissue of the eye 1. An example of extracting distribution information by
combining cross-sectional intensity profiles with solutions to the diffusion equation is
provided in connection with equation 1 and 2 below.

[0090] FIG. 8A provides an exemplary embodiment 800A according to the present
disclosure. With reference to the systems 500 and 600 in FIGS 5 and 6, respectively, a
photo-active marker 812 is applied to corneal tissue of an eye 1 (810). The eye 1 is

illuminated with an excitation source 822 to initiate fluorescence of photo-active marker
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(820). Images of the eye 1 are captured with an optical system 832 (830). The optical system
832 generally includes an image capture device having a photo sensitive detector, such as a
CCD detector. The images are analyzed to determine the presence and/or distribution of the
photo-active marker 812 in the eye 1 (840).

[0091] In FIG. 8B, another exemplary embodiment 800B is illustrated with reference to
aspects of the present disclosure. In the embodiment 800B, the photo-active marker can be
Riboflavin 814, the excitation source can be UV light 824, and the optical system can be a
Scheimpflug system 834. However, it is understood that aspects of the present disclosure are
not so limited and can include implementations where the photo-active marker 812 is Rose
Bengal or another substance suitable for application to the eye 1 that is capable of exhibiting
fluorescence upon excitation with wavelengths suitable for being applied to an eye 1. In
addition, the excitation source 822 can be appropriately chosen to correspond to the photo-
active marker 812 such that the photo-active marker 812 is excited and caused to fluoresce by
the excitation source 822. Furthermore, the optical system 834 can include one or more slit
lamps, a Scheimpflug system, or combinations thereof to provide images that characterize the
intensity of the photo-active marker 812. The optical system 832 desirably allows for
imaging the intensity of the photo-active marker 812 along cross-sectional portions of the eye
1 in order to extract information indicative of the distribution of the photo-active marker 812
at depths of the eye 1.

[0092] Aspects of the present disclosure further provide for repeatedly implementing the
embodiment 800A to study the distribution of the photo-active marker 812 in the eye 1 over
time, and to extract information indicative of the rate of uptake of the photo-active marker
812. In some implementations, the presence, distribution, and/or uptake rate of the photo-
active marker 812 can be indicative of a disease pathology of the eye 1.

[0093] FIG. 9 illustrates an implementation 900 of the present disclosure that provides for
monitoring the distribution of a cross-linking agent 914 which is also a photo-active marker
in order to provide feedback information while initiating cross-linking within an eye 1. In
block 910, the corneal tissue is treated with the photo-active marker / cross-linking agent 914.
For example purposes, the marker / agent 914 can be Riboflavin, but it is understood that
other suitable treatment options can be implemented. In block 920, the eye 1 is illuminated
with excitation source / initiating element 924 to initiate fluorescence of photo-active marker.
For example purposes the excitation source / initiating element 924 can be UV light, such as
365 nm to 370 nm UVA light, but it understood that other suitable treatment options can be

implemented. In block 930 images of the eye 1 are captured using a Scheimpflug optical
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system 934 and an associated camera to capture a series of cross-sectional images of the eye
1. In block 940, the captured images are analyzed to determine the presence and/or
distribution of photo-active marker 914 in the eye 1.

[0094] In the decision block 950, the determined distribution of the marker / agent 914 is
compared with a desired distribution of the cross-linking agent. If the distribution is as
desired, cross-linking is initiated in block 960. If the distribution is not as desired, the
distribution can be adjusted prior to initiating cross-linking. The distribution of the marker /
agent 914 can be adjusted by modifying the permeability (i.e., the susceptibility to uptake) of
the cornea 2 in block 970 and returning to block 910 to apply additional marker/agent 914.
The adjustment to the corneal permeability (970) can be carried out via a permeability
regulation system 972, such as, for example, an infrared, microwave, or laser system that
applies a pattern of radiation to the cornea to heat the corneal tissue according to the applied
pattern. Because the permeability of the corneal tissue is enhanced at increased temperatures,
the permeability of the corneal tissue is modified according to the applied pattern of heat
energy. The permeability regulation system 972 can additionally or alternatively include, for
example, an ultrasound system to apply ultrasound energy to increase the permeability of the
corneal tissue, and which can optionally include microspheres to direct and/or focus the
ultrasound energy. For example, the permeability regulation system 972 can be a
thermokeratoplasty applicator for conveying microwave heat energy to the cornea 2.
Exemplary permeability regulation systems and schemes for operating the same are described
in U.S. Patent Application Serial No. 13/475,175, filed May 18, 2012, the contents of which
is hereby incorporated herein by reference in its entirety. In some examples, the permeability
regulation system includes an infrared (“IR”) radiation source that is directed to a digital
micro-mirror device (“DMD?”) to selectively reflect the infrared radiation and provide a time-
averaged beam profile according to a desired pixelated pattern. For example, the DMD for
patterning the IR to adjust the permeability of the corneal tissue can also be employed to
pattern UVA on the corneal tissue to activate cross-linking (e.g., the DMD 344 of FIG. 3
and/or the patterning light delivery optical system 610 of FIG. 6). Thus, in some
embodiments, a UVA source and an IR source can be arranged to be convey radiation
incident on a common digital micro-mirror device, such as via one or more adjustable
mirror(s) and/or other optical elements to selectively block radiation from the UVA and/or IR
sources from reaching the DMD, for example. Alternatively, patterns of radiation, e.g., from

UVA and/or IR sources, may be applied with a scanning mirror system.
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[0095] Furthermore, while not separately illustrated in the embodiment 900 of FIG. 9, the
permeability of the corneal tissue can be adjusted via the permeability regulation system 972
prior to the initial instillation of the marker / agent 914 in block 910. For example, an initial
patterned application of heat energy (e.g., a pixelated pattern of IR radiation reflected from a
DMD) can be applied to provide preferential uptake of the applied marker / agent 914 in
desired regions. For example, region(s) of the corneal tissue with relatively greater corneal
thickness, epithelial thickness, etc., and/or region(s) where relatively greater cross-linking is
desired to occur according to a determined treatment plan, can be modified so as to increase
the uptake rate and/or capacity of the corneal tissue to the marker / agent 914.

[0096] Additionally or alternatively, the distribution of the marker / agent 914 can be
adjusted by applying a reverse osmotic fluid to the surface 2A of the cornea 2 to draw the
marker / agent 914 away from the surface 2A or by applying quenching agent to inhibit,
deactivate, or degrade the marker / agent 914. Example quenching agents and methods of
utilizing them are described in U.S. Patent Application Serial No. 13/475,175, filed May 18,
2012. Generally, applying either quenching agents, reverse osmotic fluids, or other chemical
agents to the eye 1 can modify the distribution of the marker / agent 914 within the eye 1.
Applying the various agents can be utilized to modify the distribution prior to activation of
cross-linking, or can be utilized to modify the rate of cross-linking reactions as a function of
depth within the eye 1. For example, applying a reverse-osmotic fluid may decrease cross-
linking near the surface 2A. Additionally or alternatively, applying a quenching agent may
inhibit the marker / agent 914 from being sensitized to react and thereby generate cross-
linking. To create desired reaction rates and/or distributions, the concentrations of the
applied substances and the duration of their application can also be adjusted. Generally, the
distribution of the marker / agent 914 and/or the efficacy of the marker / agent 914 to act as a
sensitizer to generate cross-linking reactions can be adjusted as a function of depth within the
eye 1 through the use of quenching agents, reverse-osmotic fluids, other ophthalmological
fluids, and the like alone or in combination with the permeability regulation system 972 of
FIG. 9.

[0097] Once the distribution is determined to be as desired in block 950, block 960 can be
carried out. The cross-linking block 960 can be carried out to apply the initiating element
222 according to a predetermined set of parameters including duration (“T”), spectral
bandwidth (“B”), quencher (“Q”), and intensity pattern (“I”’). The cross-linking block 960
can also be carried out in an iterative fashion to repeatedly apply the initiating element 222 to

the eye 1 a set number of times (“N”’) with B, T, I all fixed. Additionally or alternatively, the
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cross-linking block 960 can call for repeated application of the initiating element 222
according to distinct parameters during duration(s) (“T[k]”), spectral bandwidth(s) (“B[k]”),
quencher(s) (“Q[k]”), and intensity pattern(s) (“I[k]”), with k defined from 1 to N and each of
the respective T[k], B[k], Q[k], and I[k] being optionally dis-similar from one another.
Furthermore, in implementations where the cross-linking block 960 is itself iterative, the
cross-linking block 960 can itself be interrupted to provide a fluorescence dosimetry reading
(e.g., return to block 920) to monitor the distribution of the marker / agent before completing
the cross-linking block 960.

[0098] Furthermore, some embodiments of the present disclosure provide for capturing
cross-sectional views of the corneal tissue via an optical coherence tomography (“OCT”)
system. By photo-activating cross-linking agent and providing suitable filters over the light
detecting portions of the OCT system, the cross-sectional views captured by the OCT system
can be indicative of the distribution of photo-activated cross-linking agent (or another photo-
activated marker) within the corneal tissue. Exemplary OCT systems are described, for
example, in U.S. Provisional Patent Application Serial No. 61/542,269, filed October 2,
2011; U.S. Provisional Patent Application Serial No. 61/550,576, filed October 24, 2011; and
U.S. Provisional Patent Application Serial No. 61/597,137, filed February 9, 2012, the
contents of each of these applications being incorporated herein by reference in its entirety.
Thus, aspects of the present disclosure generally provide for determining a distribution of
photo-active cross-linking agent according to cross-sectional images of the cornea while the
cross-linking agent undergoes fluorescence. The distribution of cross-linking agent within
the tissue can be determined based on the cross-sectional intensity profiles such as described
in connection with equations 1 and 2, for example.

[0099] While it is appreciated that aspects of the present disclosure for measuring a
distribution of a photo-active marker through fluorescence dosimetry are not limited to
particular photo-active markers, excitation sources, or optical systems for capturing images,
an experimental apparatus is described next to illustrate an exemplary measurement scheme
and system therefore in connection with FIGS. 10A and 10B.

[00100] FIG. 10A is a block diagram of an exemplary system 1000a for controlling the
distribution of the cross-linking agent 1032 within the eye 1 through permeability regulation
system(s) 1060 according to feedback information from fluorescence dosimetry feedback
system(s) 1050. The system 1000a includes a controller 1020, a drug application device
1030, and an initiating element 1040 (and any associated optical elements for conveying the

initiating element 1040 to the eye 1). Similar to the system 100 described in connection with
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FIG. 1, the controller 1020 operates the initiating element 1040 and/or associated optical
elements to apply the initiating element 1040 to the eye 1 according to specified intensity
patterns, energy doses, and/or timing intervals. In the system 1000a, the controller 1020 is
configured to control the permeability regulation system(s) 1060 to provide a desired three
dimensional distribution of the cross-linking agent 1032 within the corneal tissue 2. For
example, the controller 1020 can operate the system 1000a according to any of the methods
provided by the embodiments described above in connection with FIGS. 8-9, for example.
[00101] In an exemplary operation of the system 1000a, the permeability regulation
system(s) 1060 apply energy to the corneal tissue 2 to increase the permeability of the corneal
tissue 2 to the cross-linking agent 1032. The permeability regulation system(s) 1060 can
adjust the permeability of the corneal tissue 2 via heat application 1060a and/or ultrasound
energy application 1060b. In some examples, the heat application 1060a can be achieved via
a laser radiation system, a near infrared radiation system, a microwave thermokeratoplasty
system, etc. Exemplary permeability regulation systems, and operation schemes therefore are
described, by way of example, in U.S. Patent Application Serial No. 13/475,175, filed May
18, 2012. Thus, the controller 1020 operates the permeability regulation system(s) 1060 to
control the permeability (e.g., uptake rate and/or amount) of the corneal tissue 2 to the cross-
linking agent 1032. By applying energy from the permeability regulation system(s) 1060
according to a non-uniform pattern, the permeability of the corneal tissue 2 can be adjusted
with some regions becoming relatively more permeable to the cross-linking agent than other
regions, which regions are based on the applied non-uniform pattern. Modifying the corneal
permeability according to a non-uniform pattern allows the cross-linking agent 1032 that
diffuses into the corneal tissue 2 to penetrate (“absorb”) according to a non-uniform pattern
corresponding to the non-uniform pattern of the permeability regulation system(s) 1060.
[00102] The system 1000a further includes the fluorescence dosimetry system(s) 1050.
The dosimetry system(s) 1050 are configured to dynamically monitor the distribution of
cross-linking agent in the corneal tissue 2. Generally, the dosimetry system(s) 1060 include
sensors (e.g., cameras) to measure characteristics of the corneal tissue 2 (e.g., images
indicating fluorescence activity), and outputs to convey signals indicative of the measured
characteristics to the controller 1020 such that the distribution of the cross-linking agent can
be determined by analyzing the measured characteristics. The dosimetry system(s) 1060 can
capture cross-sectional images of fluorescence activity (which indicates the distribution of the
cross-linking agent along the cross-sectional region) via an Optical Coherence Tomography

(“OCT”) system 1050a and/or a Scheimpflug system 1050b.
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[00103] Additionally, the system 1000a can optionally include an additional feedback
system (not shown) for monitoring biomechanical properties of the corneal tissue 2. For
example, the feedback system(s) can monitor observable factors influencing (or indicative of)
the distribution of cross-linking agent or the progress of cross-linking activity within the
corneal tissue 2. Generally, the feedback system(s) include sensors to measure characteristics
of the corneal tissue 2, and outputs to convey signals indicative of the measured
characteristics to the controller 1020. In some examples, feedback system(s) include an
interferometry system, a multi-camera Scheimpflug system, an Ocular Coherence
Tomography (OCT) system, a Supersonic Shear Imaging (SSI) system, or another monitoring
system for characterizing biomechanical properties of the eye 1. For example, an
interferometry system can characterize the corneal topography by comparing interference
patterns of light reflected from the corneal surface with light reflected from a reference
surface. Observing the corneal topography over time allows for characterization of the
dynamic deformation of the corneal tissue 2 in response to subtle perturbations, such as
changes in intraocular pressure, external stimuli, etc. The rate and/or amount of deformation
provide an indication of biomechanical strength or stiffness (e.g., a measure of the resistance
to deformation) of the corneal tissue. Thus, feedback systems operative to provide
indications of the biomechanical strength of the corneal tissue 2 can indicate the progress of
cross-linking activity in the eye, and thus indicate the need for additional cross-linking
activity. The feedback system can optionally include systems for detecting additional
biomechanical properties of the eye 1, such as corneal thickness. Further the feedback
system may include a video system for monitoring the position of the cornea 2 and aligning
optical elements conveying the initiating element 1040 according to the position information.
[00104] The feedback system can alternatively or additionally include an OCT system or
Scheimpflug system configured to dynamically characterize the deformation response of
corneal tissue 2 to subtle perturbations and thereby determine the biomechanical strength of
the corneal tissue. Systems and methods relating to monitoring the distribution of cross-
linking agent and aspects of cross-linking activity are described, for example, in U.S. Patent
Application No. 13/051,699, filed March 18, 2011; U.S. Provisional Patent Application No.
61/492,553, filed June 2, 2011; U.S. Provisional Patent Application No. 61/542,269, filed
October 2, 2011; U.S. Provisional Patent Application No. 61/550,576, filed October 24,
2011; and U.S Provisional Patent Application No. 61/597,137, filed February 9, 2012; the

contents of these applications being incorporated entirely herein by reference.
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[00105]  Furthermore, the distribution of cross-linking agent and aspects of cross-linking
activity may be dynamically monitored via the dosimetry system(s) 1060. For example,
indications of the presence and/or distribution of the cross-linking agent 1032 within the
cornca 2 may be detected via fluorescence of the cross-linking agent 1032. In some
examples, the distribution of the cross-linking agent 1032 can be characterized in three
dimensions by observing fluorescence at multiple distinct focal depths within the corneal
tissue 2. As such, the application and distribution of the cross-linking agent 1032 may be
controlled in response to the dynamic monitoring by, for example, adjusting the permeability
of the corneal tissue 2 via the permeability regulation system(s) 1060.

[00106]  Additionally or alternatively, diffusion influencing compounds can be applied to
the cornea 2 via the applicator 1030 to urge the cross-linking agent 1032 to further depths
within the cornea 2 (e.g., a neutral compound) or to draw the cross-linking agent 1032 from
the cornea 2 (e.g., a reverse osmotic fluid). Furthermore, cross-linking agent 1032 within the
corneal tissue 2 can be quenched following a cross-linking treatment by a quenching agent
applied via the drug application device 132, as described in connection with FIG. 14.

[00107] In some embodiments, feedback information from the feedback system(s) and/or
fluorescence dosimetry system(s) 1050 can then be used to develop a treatment plan or
dynamically adjust a treatment plan that is suited to the monitored characteristics of the
corneal tissue 2. The treatment plan can be characterized by one or more applications of the
cross-linking agent 1032 to achieve desired distributions within the cornea 2 and one or more
energy doses of the initiating element 1040 delivered via optical elements according to
desired patterns (e.g., via a DMD device or a scanning mirror system) to controllably activate
cross-linking in the corneal tissue 2. Exemplary systems and methods for controlling the
activation of the cross-linking agent 1032 by precisely delivering the initiating element both
spatially and temporally, and optionally according to information received from a feedback
system are provided in U.S. Patent Serial No. 13/051,699, filed March 18, 2011, and which
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 these applications being incorporated entirely herein

by reference. These and other techniques may be combined with the permeability regulation
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system(s) 1520 and/or fluorescence dosimetry system(s) 1050 to control the diffusion of the
cross-linking agent 1032 into selected corneal regions according to a desired distribution and
thereby generate cross-linking activity at selected regions of the corneal tissue 2.

[00108] FIG. 10B is a cross-linking agent distribution regulation system 1000b that
includes a dual off-axis Scheimpflug fluorescence dosimetry system. The system 1000b
includes a first and second camera 1051, 1052 and a first and second lens 1053, 1054 for
focusing the image plane of the cameras 1051, 1052 on the eye 1 with a depth of focus
sufficient to detect fluorescent energy from both the posterior and anterior surfaces of the
cornea 2. In some examples, the cameras 1051, 1052 are situated on opposing sides of the
eye 1 symmetrically about the corneal optical axis and each oriented with their respective
imaging planes at an acute angle with the corneal optical axis. The two cameras 1051, 1052
can optionally rotate about an axis aligned (at least approximately) with the corneal optical
axis to thereby capture images at multiple cross-sectional perspectives of the cornea 2.
Furthermore, a filter 1056 is situated to selectively block light observed at the second camera
1052 such that the second camera 1052 receives the fluorescent light while the exciting light
is substantially blocked. Filtering one camera (e.g., the second camera 1052) while leaving
the other camera unfiltered (e.g., the first camera 1051) allows for comparison between the
filtered and unfiltered images. In some examples another filter can be provided to allow both
cameras 1051, 1052 to receive the fluorescent light while blocking the exciting light. The
images from the two cameras 1051, 1052 are directed to the controller 120 where the images
are analyzed and the distribution of the cross-linking agent is determined based on the
captured images.

[00109]  Once the distribution of cross-linking agent (e.g., Riboflavin 1032) is determined,
distribution can be adjusted by applying additional cross-linking agent via the applicator 1030
and/or by adjusting the permeability of the corneal tissue 2 to the cross-linking agent.
Systems and methods for adjusting the permeability of the corneal tissue 2 via permeability
regulation systems are discussed further herein. In some examples, the permeability of the
corneal tissue can be modified by applying heat energy to the corneal tissue, such as heat
energy delivered via microwave radiation and/or near infrared radiation. As illustrated in the
system 1000, a near infrared radiation source 1012 can be directed to the mirror array 1040 to
provide a pixelated pattern of near IR radiation to the cornea 2 according to a desired
modification in permeability prior to, during, and/or after instillation of the Riboflavin 1032
via the applicator 1030. For example, where the controller 1020 determines, based on the

received cross-sectional images from the rotating Scheimpflug system (i.e., the cameras
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1051, 1052; lenses 1053, 1054; ctc.), that the concentration of cross-linking agent is too low
in identified regions of the corneal tissue 2, the UVA source 1010 can be turned off (or
directed away from the mirror array 1040) and the near IR light source 1012 can be directed
to the mirror array 1042 so as to treat the identified low concentration regions with additional
near IR, so as to increase the permeability of those regions. The distribution of the cross-
linking agent can be continuously monitored via the system 1000b until a desired distribution
is achieved and cross-linking can be initiated. In some examples, the mirror array 1040 can
then provide a third purpose: to initiate the cross-linking by directing light from the UVA
source 1010 to the cornea 2 according to a desired pattern of cross-linking initiation.

[00110] In an experimental setup, the Galilei Dual Scheimpflug Analyzer from Ziemer
was used to perform experiments to detect the presence of Riboflavin in porcine corneas
through a filter in front of one of the detectors in the Scheimpflug analyzer. The Dual
Scheimpflug Analyzer has two detectors that rotate 180° taking several spokes (ranging from
16 to 60 spokes) of the corneal tissue illuminated by 470 nm light through a slit lamp
aperture. At that wavelength (470 nm), the Riboflavin present in the cornea is excited and
fluoresces at a peak of approximately 525 nm as seen in the graph shown in FIG. 11A, which
illustrates an emission spectrum for Riboflavin when excited by a 450 nm excitation source.
[00111] A Straw colored filter (Cinegel, Rosco) is used to filter the exciting light (i.e., the
470 nm light), while allowing the fluorescence (i.e., the 525 nm light) to reach the detector.
This is illustrated by the graph shown in FIG. 11B, which illustrates the transmission
spectrum for the Straw colored filter utilized.

[00112]  The experimental procedure called for debriding the epithelium of a porcine eye
(1 day post-mortem) and soaking the eye in saline to inflate the eye to about 15 mmHg. The
effect of varying the soak time of the eye was studied as follows. A Scheimpflug image (or
series of images) was taken with the Straw filter on one of the cameras, while the other
camera was not filtered, to thereby obtain two images: one with the filter and one without.
Obtaining two images, one filtered and one not, allows for comparing the full spectrum of
excitation and emission (unfiltered) versus emission only (filtered). Drops of 0.1%
Riboflavin-5-phosphate in 20% dextran solution were placed on the eye (providing a
reservoir of riboflavin solution) and allowed to pre-soak for 9 minutes. After pre-soak, the
eye was placed in front of the Scheimpflug analyzer and another image (or series of images)
was captured. Riboflavin was then dropped on the eye once again for another 6 minutes and
an image (or series of images) was captured. The instillation and Scheimpflug image capture

procedure was repeated again for 15 and 21 minutes of pre-soak times. The results of this
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procedure to extract the concentration of Riboflavin as a function of distance within the eye
are presented in FIG. 12. The analysis of the images to extract the Riboflavin distribution,
such as the concentration of Riboflavin as a function of distance into the cornea is described
below in connection with equations 1 and 2.

[00113] The effect of varying the concentration of Riboflavin in the treatment solution was
also studied. A porcine eye (1 day post-mortem) was debrided of its epithelium and inflated
to around 15 mmHg with saline. As before a Scheimpflug image (or series of images) is
captured with the Straw filter on one of the cameras to obtain two images: one with the filter
and one without. Drops of 0.1% Riboflavin-5-phosphate in 20% dextran solution were
placed on the eye (providing a reservoir of riboflavin solution) and allowed to pre-soak for 15
minutes. After the pre-soak, the eye was placed in front of the Scheimpflug analyzer and
another image (or series of images) was captured to determine the distribution of the
Riboflavin within the cornea according to the observed pattern of fluorescence. This
procedure was repeated with two more eyes for 15 minutes pre-soak times using 0.25% and
0.5% riboflavin-5-phosphate solutions respectively. The results of this procedure to extract
the concentration of Riboflavin as a function of distance within the eye at the different
Riboflavin concentrations are presented in FIG. 13. The analysis of the images to extract the
distribution is described below in connection with equations 1 and 2.

[00114]  The effect on the distribution of Riboflavin due to the application of a quenching
agent to the eye following a Riboflavin pre-soak was also studied. Ascorbic acid can be
considered a fluorescence quenching agent for Riboflavin due to its tendency to block the
light reaction (e.g., photo-activation). However, as discussed above, several different
substances can be utilized as quenching agents to inhibit the photo-activation of a cross-
linking agent, or to degrade the cross-linking agent such that it is no longer photo-active. A
porcine eye (1 day post-mortem) was debrided of its epithelium and inflated to around 15
mmHg with saline. A Scheimpflug image was taken with the filter on one of the cameras to
obtain two images: one with the filter and one without. Drops of 0.1% Riboflavin-5-
phosphate in saline solution were placed on the eye (providing a reservoir of riboflavin
solution) and allowed to pre-soak for 30 minutes. After the pre-soak, the eye was placed in
front of the Scheimpflug analyzer and another image (or series of images) was captured to
determine the distribution of Riboflavin based on the detected pattern of fluorescence within
the cornea. Drops of 1% ascorbic acid were then placed on the eye (providing a reservoir) for
5 minutes and another image (or series of images) was captured. This was repeated two more

times to obtain images after 5, 10, and 15 minutes of ascorbic acid soak time. This same
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experiment was repeated on one more eye to investigate the repeatability of the observed
results.  Furthermore, the results were compared with a control eye where all the
experimental procedures were similar except for using distilled water instead of ascorbic
acid. The results of this procedure to extract the concentration of Riboflavin as a function of
distance within the eye after applying a quenching agent for varying durations are presented
in FIGS. 14, 15A and 15B. The analysis of the images to extract the distribution is described
below in connection with equations 1 and 2.

[00115]  The effect of applying UVA radiation (e.g., light with a wavelength of 365nm to
370nm) to an eye pre-soaked with Riboflavin was also studied. A porcine eye (1 day post-
mortem) was debrided of its epithelium and inflated to around 15 mmHg with saline. A
Scheimpflug image was taken with the Straw filter on one of the cameras to obtain two
images: one with the filter and one without. Drops of 0.1% Riboflavin-5-phosphate in saline
solution was placed on the eye (providing a reservoir of Riboflavin solution) and allowed to
pre-soak for 30 minutes. After the pre-soak, the eye was placed in front of the Scheimpflug
analyzer and another image (or series of images) was captured to determine the distribution
of Riboflavin according to the observed fluorescence within the cornea. The eye was then
placed under a UVA light source (365 nm) at 30 mW/cm” for one minute and another image
was then taken. The UVA light source can be, for example, a light emitting diode (LED).
This was repeated two more times to obtain images after one, two, and three minutes of UVA
irradiation. This same experiment was repeated on two more eyes and results were averaged.
In addition, three eyes were used as control where all the experimental procedures were
similar except for keeping the UVA turned off. The results of this procedure to extract the
concentration of Riboflavin as a function of distance within the eye after applying varying
amounts of UVA light to the eye are presented in FIGS. 16A and 16B. The analysis of the
images to extract the distribution is described below in connection with equations 1 and 2.
[00116] To analyze the effects described above, images from the Scheimpflug image
capture  system were exported and analyzed. Using Image)J  software
(http://rsbweb.nih.gov/ij/), cross-sectional intensity profiles are plotted for each image for
both before and after applying Riboflavin. Images of cornea with no Riboflavin provide the
baseline intensities around the 540nm to 700nm wavelength range that are subtracted from
the intensities of the cornea with Riboflavin. Intensity profiles of Riboflavin corneas minus

the baseline are then fitted using a solution to Fick’s second law of diffusion equation:
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CZCO[I_erf[%/xD_tD Eq. 1

where C is concentration in the medium diffused, £« is initial concentration at boundary, x is
spatial distance, D is the diffusion coefficient and ¢ is time between application and
observation (i.e., the time for diffusion).

[00117]  Because the intensity of fluorescence is approximately proportional to the
concentration of Riboflavin through the cornea, the diffusion equation can be approximately
transformed in terms of observed fluorescence intensity. The observed fluorescence intensity
is the intensity observed after instillation less the background intensity observed prior to
instillation (i.e., the fluorescent images less the background). Thus, in the approximation that
observed intensity, I, is proportional to concentration, C, the diffusion equation is

transformed to:

lzl{l—erf[zjan Eq.2

where I is intensity across the cross-section of the cornea, and & is initial intensity at the

boundary (i.e., the corneal surface) and x, D and ¢ are the same as in Eq. 1.

[00118] Figure 12 shows the data and their respective best-fit curve to Eq. 2. All four
curve fits were done using a value of 2.5 x 10" cm?/s for the diffusion coefficient, D. Apart
from the 3 minute pre-soak time shown in quadrant (a), the curve fits are all very close to the
actual data giving confidence in the values selected for the diffusion coefficient. Quadrants
(b), (¢), and (d), illustrate the results for the 9 minute, 15 minute, and 22 minute pre-soak
times.

[00119] During the second part of the experiment, data from various Riboflavin-5-
phosphate concentrations was treated to a similar analysis. As shown in FIG. 13, a curve fit
to the solution of the diffusion equation was applied for each concentration of Riboflavin.
For a constant 15 minute pre-soak without any interruption, the diffusion coefficient that fit
all three curves was 1.2 x 107 cm?/s.

[00120] Soaking the eye with the ascorbic acid considerably decreases the maximum
fluorescence intensity observed with the Scheimpflug imager as shown in the FIGS. 14, 15A,
and 15B. FIG. 14 provides four curves illustrating the observed intensity as a function of
depth within the eye for varying applications of the quenching agent. FIG. 15A illustrates the
total (cumulative) intensity observed at all depths of the eye for both sample eye 1 and
sample eye 2 at varying durations of the quenching agent. FIG. 15B illustrates the maximum

intensity observed for both sample eyes at varying durations of the quenching agent. In
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FIGS. 14, 15A, and 15B, results are shown for the sample eyes in four states: after a 30
minute pre-soak in Riboflavin, but prior to application of the quenching agent; following the
30 minute pre-soak in Riboflavin, and following a 5 minute application of the quenching
agent; following the 30 minute pre-soak in Riboflavin, following a 10 minute application of
the quenching agent; following the 30 minute pre-soak in Riboflavin, and following a 15
minute application of the quenching agent. As shown in FIGS. 14 and 15B, the maximum
intensity, and thus the maximum concentration of Riboflavin, was observed for the sample
eyes prior to the application of the quenching agent. This confirms the utility of ascorbic acid
as a fluorescence quencher. FIGS. 15A and 15B illustrate the drop in fluorescence intensity
after five, ten and fifteen minutes of ascorbic acid pre-soak after pre soaking with Riboflavin
for 30 min. FIGS. 14 also illustrates that the observed intensity is increased at greater depths
within the eye following the application of the quenching agent. This effect can be due to
further diffusion (i.e., penetration) of the Riboflavin into the corneal tissue prior to the
quenching agent inhibiting the fluorescence of the Riboflavin, or can be due to other
fluorescent substances within the eye, such as substances resulting from the degradation of
the Riboflavin.

[00121] As shown in FIGS. 16A and 16B, the effect of UVA irradiation decreases the
fluorescence of the Riboflavin in the cornea. Longer irradiation has a greater effect on the
fluorescence loss of the Riboflavin in the cornea. This loss is the result of the UVA and not
simple diffusion of Riboflavin through the cornea as shown by the control eyes. The two
graphs show the drop in maximum fluorescence detected (FIG. 16A) as well as the total
fluorescence in the cornea that could be calculated from the area under the intensity profile
curve (FIG. 16B). As shown in FIG. 16A, the drop in maximum fluorescence intensity was
detected after 1, 2 and 3 minutes of UVA irradiation (no UVA for control eyes) after pre
soaking with Riboflavin for 30 min. Fluorescence decreases with higher irradiating energy.
As shown in FIG. 16B, the drop in total fluorescence intensity was detected after one, two
and three minutes of UVA irradiation (no UVA for control eyes) after pre soaking with
Riboflavin for 30 min. Total cumulative intensity of fluorescence, which approximates the
total distributed Riboflavin throughout the cornea, was calculated by finding the area under
the intensity curve.

[00122]  This initial proof of concept work shows the feasibility of using a Scheimpflug
imaging system and analyzer combined with a filter to detect the diffusion and distribution of
Riboflavin in corneal tissue based on the fluorescence of photo-activated Riboflavin. As

described herein in connection with FIG. 9, such systems can be combined with a cross-
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linking activation and monitoring system to advantageously provide real-time monitoring of
the distribution (“diffusion”) of a cross-linking agent within corneal tissue prior to, or during,
initiation of cross-linking.

[00123]  According to aspects of the present disclosure provide systems and methods for
monitoring time based photo active agent delivery or photo active marker presence. Aspects
further provide systems and methods for measuring the effects of conducting eye therapy,
especially when a cross-linking agent is applied to stabilize desired shape changes generated
in corneal tissue.

[00124] The fluorescence dosimetry system consists of a Scheimpflug optical system
configured to take cross sectional images of the eye before and during instillation of a cross-
linking agent to monitor the tissue uptake and drug concentration as a function of depth
and/or position within the corneal tissue. In addition, a slit lamp configuration can be utilized
to provide cross sectional images of the eye. It may also be used during and after the photo
activating cross-linking procedure for real-time monitoring of the concentration and
consumption of the cross-linking agent monitoring the amount of cross-linking achieved.
[00125]  Several commercial ophthalmic Scheimpflug image capture systems are
commercially available. These include the Pentacam corneal topography system made by
Oculus http://www.pentacam.com/sites/messprinzip.php as well as the GALILEI and
GALILElI G2  corneal topography  systems made by  Ziemer  Group
http://www.ziemergroup.com/products/g2-main.html.

[00126] The Scheimpflug systems generally provide a slit of light for illumination at the
fluorescence excitation wavelengths of the cross-linking agent. This causes fluorescence
emission of the cross-linking agent which is proportional to the cross-linking agent
concentration within the target tissue. By periodically monitoring the cross-linking agent
over time one can precisely determine the depth and concentration of the cross-linking agent
within the tissue both spatially and temporally. This allows for tailored drug delivery for
individual patients since drug uptake may be different based on their own particular
physiology.

[00127]  Scheimpflug imaging differs from conventional techniques in that the object
plane, lens plane, and image plane are not parallel to each other. Instead, the three planes
intersect in a line. The advantage of the Scheimpflug geometry is that a relatively greater
depth of focus is achieved that is available in typical optical arrangements. The Scheimpflug
principle has been applied in ophthalmology to obtain optical sections of the entire anterior

segment of the eye, from the anterior surface of the cornea to the posterior surface of the lens.
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This type of imaging allows assessment of anterior and posterior corneal topography, anterior
chamber depth, as well as anterior and posterior topography of the lens.

[00128]  Referring to FIG. 17A, an example system 1700 measures the intensity of the
Riboflavin fluorescence in profile through the cornea. The system 1700 may be implemented
to estimate Riboflavin concentrations in the treatment zone prior to and during treatment. In
the corneal model of FIG. 17A, the radius of curvature of the cornea is approximately 8 mm
and the corneal thickness is approximately 0.5 mm.

[00129] As shown in FIG. 17A, the system 1700 employs two off-axis cameras 1701a,
1701b to capture images of a cornea illuminated by slits of UV light. The illumination source
may include a DMD system to selectively direct the light to the corneal tissue as slits of light.
Alternatively, the illumination source may include a multiple line generator using an optical
grating or a scanning mirror system to selectively direct the light to the corneal tissue as the
slits of light. The slits of UV light illuminate a treatment zone on the cornea having a
diameter of 9 mm. With the slit illumination, the camera 1701a captures a cross-sectioned
image 1702a for half of the 9 mm treatment area (a 4.5 mm section). Meanwhile, the camera
1701b captures a cross-sectioned image 1702b for the other half of the 9 mm treatment area
(a 4.5 mm section).

[00130] The image planes of both cameras 1701a, b (“camera plane”) are cach aligned
approximately 45° from the axis defined by the UV illumination, i.e., the z-axis. The focal
planes for both cameras 1701a, b are parallel to the camera planes. As shown in FIG. 17B, to
capture the profile for a corneal thickness of 0.5 mm for the 4.5 mm section, the depth of
focus associated with the focal plane of the camera 1701a spans a range a, e.g., 2.55 mm. In
other words, the range a allows the camera 1701a to capture image data from the nearest
point N of the cornea (at top of cornea) and the farthest point F of the cornea (at bottom of
cornea) relative to the camera 1701a, within the 4.5 mm section. Although not shown in FIG.
17B, the camera 1701b is similarly configured on the opposing side of the axis.

[00131]  Referring to FIG. 18A, another example system 1800 measures the intensity of the
Riboflavin florescence in profile through the cornea. The system 1800 employs two off-axis
Scheimpflug systems to capture images of a cornea illuminated by slits of UV light
controlled, for example, by a DMD system. Although only one Scheimpflug system 1801a is
illustrated for simplicity, it is understood that another Scheimpflug system is similarly
employed. Like the corneal model of FIG. 17A, the radius of curvature of the cornea is
approximately 8 mm and the corneal thickness is approximately 0.5 mm. The slits of UV

light also illuminate a treatment zone on the cornea having a diameter of 9 mm. With the slit
-38-



WO 2012/167260 PCT/US2012/040758

illumination, the Scheimpflug system 1801a captures a cross-sectioned image for half of the 9
mm treatment area (a 4.5 mm section). Meanwhile, the second Scheimpflug system captures
a cross-sectioned image for the other half of the 9 mm treatment area (a 4.5 mm section).
[00132] The Scheimpflug system 1801a includes a CCD camera 1802a and a lens 1803a.
The plane of the CCD camera 1802a (“CCD plane”) is aligned approximately 18.4° from the
axis defined by the UV illumination, i.e., the z-axis. Meanwhile, the plane of the lens 1803a
(“lens plane”) is aligned 45° from the axis. As shown in FIG. 18A, the CCD plane, the lens
plane, and the focal plane intersect at a common line.

[00133] To capture the profile for a corneal thickness of 0.5 mm for the 4.5 mm section,
the depth of focus associated with the focal plane of the CCD camera 1802a spans over a
range i, e.g., 0.88 mm. In other words, the range i allows the camera 1802a to capture image
data from the nearest point &V of the cornea (on anterior surface) and the farthest point F of
the cornea (on posterior surface) relative to the Scheimpflug system 1801a, within the 4.5
mm section. Compared to the system 1700 described previously, a smaller range for the
depth of focus is required for the system 1800 to capture the corneal profile.

[00134]  As shown in FIGS. 17C, 17D, 18B, and 18C, the range for the depth of focus may
need to be greater to accommodate possible movement of the eye, e.g., along the x-axis or z-
axis. Because the eye may move in a clinical environment, monitoring systems must be
sufficiently robust to account for such movement. In particular, FIGS. 17C and 18B show
possible movement of the eye of +/- 1.5 mm along the z-axis. As shown in FIG. 17C, the
boundary 1750 reflects the position of the bottom surface of the cornea after the eye moves -
1.5 mm along the z-axis, and the boundary 1750° reflects the position of the surface of the
cornea after the eye moves +1.5 mm along the z-axis. The boundaries 1750 and 1750’
include, respectively, the farthest point F and the nearest point & for the cornea relative to the
camera 1701a as the eye moves along the z-axis. To capture the profile for a corneal
thickness of 0.5 mm for the 4.5 mm section when the eye moves +/- 1.5 mm along the z-axis,
FIG. 17C shows that the system 1700 has a depth of focus perpendicular to the focal plane
and spanning a total range b, i.e., approximately 4.68 mm, to simultancously capture the
nearest point NV and the furthest point F.

[00135] Similarly, in FIG. 18B, the boundary 1850 reflects the position of the bottom
surface of the cornea after the eye moves -1.5 mm along the z-axis, and the boundary 1850’
reflects the position of the top surface of the cornea after the eye moves +1.5 mm along the z-
axis. The boundaries 1850 and 1850’ include, respectively, the farthest point F and the

nearest point N for the cornea relative to the Scheimpflug system 1801a, as the eye moves
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along the z-axis. To capture the profile for a corneal thickness of 0.5 mm for the 4.5 mm
section when the eye moves +/- 1.5 mm along the z-axis, FIG. 18B shows that the system
1800 has a depth of focus that spans a total range j, i.e., approximately 3.75 mm. Compared
to the system 1700, the system 1800 requires a smaller range for the depth of focus to
accommodate the same possible movement of the eye along the z-axis.

[00136] FIGS. 17D and 18C show possible movement of the eye of +/- 1.0 mm along the
x-axis. As shown in FIG. 17D, the boundary 1760 reflects the position of the top surface of
the cornea after the eye moves -1.0 mm along the x-axis, and the boundary 1760 reflects the
position of the bottom surface of the cornea after the eye moves +1.0 mm along the x-axis.
With such movement, the 4.5 mm section also moves. The boundaries 1760 and 1760°,
respectively, include the nearest point N and the farthest point F for the cornea relative to the
camera 1701a, as the eye moves from along the x-axis. To capture the profile for a corneal
thickness of 0.5 mm for the 4.5 mm section when the eye moves +/- 1.0 mm along the x-axis,
FIG. 17D shows that the system 1700 has a depth of focus that spans a total range c, i.e.,
approximately 3.98 mm.

[00137]  Similarly, in FIG. 18C, the boundary 1860 reflects the position of the top surface
of the cornea after the eye moves -1.0 mm along the x-axis, and the boundary 1860’ reflects
the position of the bottom surface of the cornea after the eye moves +1.0 mm along the x-
axis. With such movement, the 4.5 mm section also moves. The boundaries 1860 and 1860°,
respectively, include the nearest point N and the farthest point F for the cornea relative to the
Scheimpflug system 1801a, as the eye moves from along the x-axis. To capture the profile
for a corneal thickness of 0.5 mm for the 4.5 mm section when the eye moves +/- 1.0 mm
along the x-axis, FIG. 18C shows that the system 1800 has a depth of focus that spans a total
range k, i.e., approximately 1.5 mm. Again compared to the system 1700, the system 1800
requires a smaller range for the depth of focus to accommodate the same movement of the
eye along the x-axis.

[00138]  Advantageously, the range for the depth of focus in the system 1800 is smaller
distance than the range for the system 1700 to capture the corneal profile. In particular, for a
given shift in eye position, the depth of focus required by the system 1800 is smaller than the
depth of focus required by the system 1700 to continue to observe a both the posterior and
anterior surfaces of a 4.5 mm section of the cornea. As such, for a given depth of focus, the
system 1800 is less sensitive to movement of the eye and may be more robust than the system

1700 in a clinical environment.
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[00139]  While the angle of the CCD camera in the example system 1800 may be 18.4°, a
system employing a similar configuration of two off-axis Scheimpflug systems to capture the
corneal fiber may employ other camera angles which can be selected to minimize the
required range for the depth of focus in the optics employed. As shown in FIGS. 18A-C, the
optimal angle is determined at least by the dimensions of the treatment area, the radius of
curvature of the cornea, and the corneal thickness. Some embodiments may apply the
Scheimpflug principle employing a range of camera angles of approximately 5 to
approximately 85 degrees and approximately -5 to approximately 85 degrees. In some
examples, the optical elements can be arranged such that the focal plane is approximately
tangentially co-planar with a point of the corneal surface at the center of the section of
interest (e.g., the 4.5 mm sections described in connection with FIGS. 17-18).

[00140]  While the system 1800 is described with two Scheimpflug systems, aspects of the
present disclosure apply to systems with one off-axis Scheimpflug system. Additionally or
alternatively one or more of such Scheimpflug systems may rotate (for example about an axis
generally parallel to the corneal optical axis so as to capture indications of concentrations of
photo-active substances from additional portions of the cornea.

[00141]  While particular angular orientations and dimensions are provided in describing
the example system 1800 for exemplary and descriptive purposes, such Scheimpflug imaging
systems are generally arranged so as to minimize the requirements of the depth of focus of
the Scheimpflug imaging system, particular under conditions where the position of the cornea
may change dynamically during measurement (such as in a clinical environment).
Minimization of the depth of focus requirements is generally achieved by at least
approximately aligning the focal plane of the Scheimpflug imaging system to be generally
tangential to the corneal boundary at a mid-point of the corneal surface being imaged (as
illustrated by the point N in FIG. 18A roughly bisecting the 4.5 mm imaging region and
located such that the focal plane is approximately co-planar with the surface of the cornea at
point N). In a particular embodiment of the Scheimpflug imaging system (where imaging
regions may be more or less than 4.5 mm), the orientations of the CCD plane and lens plane
can be selected so as to allow a focal plane to be generally tangential with at least a portion of
the corneal surface in the region being imaged. In some embodiments, the focal plane is
generally tangential with a central region (e.g., a mid-point) of the region being imaged.
[00142]  Furthermore, some aspects of the present disclosure provide a Scheimpflug
imaging system where the intersection of the CCD plane, lens plane, and focal plane is

located generally below an upper-most surface of the cornea being imaged. For example, as
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shown in FIG. 18A, the point of intersection is located below (i.e., in a negative z-direction)
the uppermost portion of the cornea (i.e., the most positive z-direction position of the cornea).
Orienting the Scheimpflug imaging system with a point of intersection generally below the
uppermost region of the cornea generally allows the focal plane to be tangential with portions
of the eye being imaged, rather than focal planes which are oriented generally
perpendicularly to the corneal surface so as to provide cross-sectional views thereof.

[00143]  The rate at which a particular fluorescing marker is taken up by the tissue may
also be an indicator of different pathologies of disease. The mere presence of a particular
fluorescing marker taken up by the tissue may also be an indicator of different pathologies of
disease. Alternatively, the rate at which a particular fluorescing marker is taken up by the
tissue may also be an indicator of different bio-chemical, bio-mechanical, or opto-mechanical
properties of the tissue.

[00144]  Utilizing various combinations of fluorescence excitation wavelengths and
fluorescence emission collecting filters, one can tailor the system to monitor many different
photoactive agents and markers.

[00145] The systems described herein (e.g., the system 1000a of FIG. 10A) may also be
used to differentiate patients who have slow versus fast diffusion rates so as to determine the
best time of light treatment post instillation of drug delivery. For example, for a
transepithelial Riboflavin solution, the thickness and health of a patient’s epithelium directly
relates to the diffusion rate and thereby the concentration of Riboflavin at a given depth
within the cornea. The diffusion rates of the epithelium and the underlying stroma are
different. Knowing this information as well as the thickness of the epithelium and stroma of
the cornea, allows for better control of the cross-linking process because of biological
variation between individual patients.

[00146]  For example, the average soak time for drug delivery might be 10 minutes for a
given formulation of Riboflavin. Measuring an individual patient with the system at 4
minutes may allow for a predicted drug delivery concentration at 8 minutes, 10 minutes or 12
minutes based on that individual’s diffusion rate.

[00147]  This can also be useful for understanding the diffusion rates of transepithelial
Riboflavin delivery for patients with different disease states such as keratoconus. In
keratoconus the cornea becomes weakened and the cornea bulges creating cone like
structures. These structures often have different epithelial thicknesses and epithelial health
than the rest of the cornea. By understanding the rate and/or concentration of drug delivery

below these structures delivery of proper treatment may be obtained.
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[00148]  This system could also be utilized to understand when to place a quencher on the
surface of the cornea after drug delivery to help protect the epithelium and allow for better
depth penetration of photons into the cornea. The quencher is thereby acting as an optical
clearing agent for the epithelium. This effect can be seen, for example, in the example results
described above in connection with FIGS. 14, 15A, and 15B.

[00149] The system can be used during UVA illumination to monitor the Riboflavin
quenching and depletion as a function of time. The monitored Riboflavin distributions can be
correlated to the amount of cross-linking and clinical outcomes to better understand
differences between attempted clinical outcomes and actually achieved clinical outcomes. In
this way the system could be used to determine the specific amount of UVA dose to achieve a
specific outcome for an individual with a given diffusion rate and cross-linking profile. The
UVA dose could be stopped at certain intervals and quickly monitored by the fluorescence
dosimetry system (e.g., the system 500 having a Scheimpflug optical system or the system
600 having a slit lamp). For example, a sample can be made periodically every ten seconds
for a duration of 100 milliseconds (e.g., the average of three slit lamp images at 30fps frame
rate).

[00150] The use of Riboflavin as the cross-linking agent and UV light as the initiating
clement 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 912, 1022. 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,
photo-activating 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 photo-activating light
may include, for example, UV light or green light. The photo-activating 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.

[00151]  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
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form a stable three-dimensional structure of corneal tissue through cross-linking.
Furthermore, while aspects of the present disclosure are described in connection with the re-
shaping and/or strengthening of corneal tissue via cross-linking the corneal collagen fibrils, it
is specifically noted that the present disclosure is not limited to cross-linking corneal tissue,
or even cross-linking of tissue. Aspects of the present disclosure apply generally to the
controlled cross-linking of fibrous matter and optionally according to feedback information.
The fibrous matter can be collagen fibrils such as found in tissue or can be another organic or
inorganic material that is arranged, microscopically, as a plurality of fibrils with the ability to
be reshaped by generating cross-links between the fibrils. Similarly, the present disclosure is
not limited to a particular type of cross-linking agent or initiating element, and it is
understood that suitable cross-linking agents and initiating elements can be selected
according to the particular fibrous material being reshaped and/or strengthened by cross-
linking.

[00152] In some embodiments, for example, the cross-linking agent may be Riboflavin
and the initiating element may be photo-activating light, such as ultraviolet (UV) light. In
these embodiments, the photo-activating light initiates cross-linking activity by irradiating the
applied cross-linking agent to generate reactive radicals in the corneal tissue.

[00153] 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
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.

[00154]  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
- 44 -



WO 2012/167260 PCT/US2012/040758

processors and/or machines may be externally networked with the image capture device(s)
(e.g., the camera 760, or cameras 1051, 1052, etc), 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.

[00155] 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,
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.

[00156] 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.

[00157]  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 determining a distribution of a photo-active agent in corneal tissue,
comprising:

a treatment system that provides a treatment to a corneal tissue, the treatment system
including an applicator that applies a photo-active marker to the corneal tissue;

an excitation source that directs light to the corneal tissue treated with the photo-
active marker, the light causing the photo-active marker to fluoresce;

an image capture system that captures one or more cross-sectional images of the
corneal tissue in response to the excitation source directing the light to the corneal tissue,
cach cross-sectional image showing the fluorescing photo-active marker along a respective
cross-section of the corneal tissue; and

a controller that receives one or more cross-sectional images and determines
information relating to a distribution of the photo-active marker at varying depths across the
corneal tissue, the controller providing the distribution information to the treatment system,

wherein the treatment system adjusts the treatment of the corneal tissue in response to

the distribution information.

2. The system of claim 1, wherein the excitation source directs the light to the corneal
tissue as slits of light, and the image capture system includes at least one camera that captures
an image of a section of the corneal tissue defined by the slits of light, the at least one camera
being offset from an axis defined by the slits of light, the at least one camera being oriented
such that an image plane of the at least one camera intersects a focal plane corresponding to

the section of the corneal tissue.

3. The system of claim 2, wherein the image capture system includes two cameras, the
two cameras combining to capture the image of the section of the corneal tissue defined by

the slits of light.

4. The system of claim 2, wherein the excitation source includes a digital micro-mirror

device (DMD) to selectively direct the light to the corneal tissue as the slits of light.

5. The system of claim 2, wherein the excitation source includes a multiple line
generator using an optical grating or a scanning mirror system to selectively direct the light to

the corneal tissue as the slits of light.
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6. The system of claim 2, wherein the image capture system further includes a lens
corresponding to the at least one camera, the at least one camera capturing the image of the
section of the corneal tissue via the lens, the image plane of the at least one camera and the

focal plane intersecting a lens plane of the lens at a common line.

7. The system of claim 6, wherein an arrangement of the image plane, the lens plane,

and the focal plane minimizes a depth of focus.

8. The system of claim 6, wherein the focal plane is approximately tangential to a point
of a boundary of the corneal tissue at a mid-point of the section being captured by the at least

one camera.

9. The system of claim 2, wherein the excitation source and the image capture system
rotate about the corneal tissue to capture a plurality of cross-sectional images of the corneal

tissue.

10.  The system of claim 1, wherein the the excitation source directs the light to the
corneal tissue as slits of light, and the image capture system includes at least one camera
configured according to the Scheimpflug principle employing a range of camera angles of
approximately 5 to approximately 85 degrees and approximately -5 to approximately 85

degrees.

11.  The system of claim 1, wherein the controller determines a distribution of the photo-
active marker at varying depths across the corneal tissue over a period of time, thereby

determining a rate of uptake of the photo-active marker by the corneal tissue.
12.  The system of claim 1, wherein the photo-active marker is a cross-linking agent.

13.  The system of claim 12, wherein the treatment system adjusts the treatment of the eye
by applying a pattern of ultraviolet light to the corneal tissue to activate cross-linking activity

in the corneal tissue.

14.  The system of claim 13, wherein the treatment system applies the pattern of

ultraviolet light via a digital micro-mirror device (DMD).

15.  The system of claim 13, wherein the treatment system applies the pattern of

ultraviolet light via a scanning mirror system.
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16.  The system of claim 1, wherein the treatment system adjusts the treatment of the
corneal tissue by applying additional photo-active marker to achieve a desired distribution of

the photo-active marker.

17.  The system of claim 16, wherein, after the application of the additional photo-active
marker, the image capture system captures additional cross-sectional images of the corneal
tissue in response to the excitation source directing additional light to the corneal tissue, and
the controller determines additional information relating to the distribution of the photo-
active marker at varying depths across the corneal tissue to determine whether the desired

distribution has been achieved.

18.  The system of claim 16, wherein the treatment system modifies an uptake of the

photo-active marker by the corneal tissue.

19.  The system of claim 18, wherein the treatment system includes a permeability
regulation system that modifies a permeability of the corneal tissue by applying ultrasound
energy or a pattern of radiation to the corneal tissue to increase an uptake of the photo-active

marker by the corneal tissue.

20.  The system of claim 19, wherein the permeability regulation system applies the

pattern of radiation via a digital micro-mirror device (DMD).

21.  The system of claim 19, wherein the permeability regulation system applies the

pattern of radiation via a scanning mirror system.

22.  The system of claim 18, wherein the treatment system applies a diffusion-influencing

substance to the corneal tissue.

23.  The system of claim 1, wherein the excitation source includes a plurality of slit lamps
arranged about the eye tissue, the image capture system capturing the one or more cross-
sectional images of the corneal tissue in response to the plurality of slit lamps directing the

light to the corneal tissue

24.  The system of claim 1, wherein the excitation source directs the light to the eye tissue
as a slit at an incident angle in a range from approximately 20 degrees to approximately 70

degrees relative to the image capture system.
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