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SYSTEMS AND METHODS FOR CORNEAL CROSS-LINKING
WITH PULSED LIGHT

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application No. 61/699,226,
filed September 10, 2012 and U.S. Provisional Application No. 61/671,798, filed July 16,

2012, the contents of these applications being incorporated entirely herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The invention pertains to systems and methods for corneal cross-linking with
pulsed light, especially when a cross-linking agent is applied to stabilize desired shape

changes generated in corneal tissue.
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,
circular or annular patterns, may cause aspects of the cornea to flatten and improve vision in

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

the desired reshaping of the cornea has been achieved and stabilized.
BRIEF SUMMARY

[0006] One aspect of the present disclosure relates to a method for controlling activation
of Riboflavin applied to an eye. The method includes applying the Riboflavin to a selected
region of a cornea of the eye and initiating cross-linking activity in the selected region by
activating the Riboflavin with pulsed light illumination. The pulsed light illumination has an
irradiance, a dose, and an on/off duty cycle. The irradiance, the dose, and the on/off duty
cycle are adjusted in response to a determination of photochemical kinetic pathways for
Riboflavin cross-linking activity to control photochemical efficiency.

[0007] A further aspect of the present disclosure relates to a system for controlling cross-
linking in corneal tissue. The system includes an applicator for applying a cross-linking
agent to a selected region of a cornea. The system also includes a light source configured to
initiate cross-linking activity in the selected region by activating the cross-linking agent. The
light source is configured to deliver at least one of pulsed light illumination and continuous
wave illumination. The pulsed light source has an irradiance, a dose, and an on/off duty
cycle. The irradiance, the dose, and the on/off duty cycle are adjusted in response to a
determination of photochemical kinetic pathways for the cross-linking activity to control
photochemical efficiency and achieve a desired amount of cross-linking in the cornea. The
continuous wave illumination corresponds with absorption peaks of the cross-linking agent.
The system further includes a monitoring system configured to monitor the amount of cross-
linking in the cornea. The irradiance, the dose and the on/off duty cycle are optionally further
adjusted in response to the monitored amount of cross-linking in the cornea.

[0008] Yet another aspect of the present disclosure relates to a method of controllably
applying cross-linking therapy to an eye. The method includes analyzing a cornea of the eye
to determine a desired change in a biomechanical characteristic for the eye. The method
further includes achieving the desired change in the biomechanical characteristic for the eye
by adjusting, in response to a determination of photochemical kinetic pathways of cross-
linking activity in the eye, at least one parameter selected from: an irradiance of pulsed light
illumination to be applied to the cornea, a dose, a duration of an exposure cycle of the pulsed

light illumination, and a duration of a dark cycle of the pulsed light illumination. The method
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additionally includes activating the cross-linking agent by delivering the pulsed light
illumination to the cornea according to the at least one adjusted parameter.

[0009] A further aspect of the present disclosure relates to a system for dynamically
controlling an amount of cross-linking in a cornea. The system includes an applicator for
applying a cross-linking agent to a cornea. The system further includes a pulsed light source
configured to activate the cross-linking agent. The pulsed light source has an irradiance, a
dose, and an on/off duty cycle. The irradiance, the dose, and the on/off duty cycle are
adjusted based on a desired amount of cross-linking in the cornea. The system additionally
includes a delivery device configured to provide oxygen to a surface of the cornea.

[0010] An additional aspect of the present disclosure relates to a method for controlling
cross-linking in corneal tissue. The method includes applying a cross-linking agent to a
cornea and activating the cross-linking agent with pulsed light illumination. The pulsed light
illumination has an irradiance, a dose, and an on/off duty cycle. The method also includes
monitoring an amount of cross-linking in the cornea and adjusting the irradiance, the dose,
and the on/off duty cycle in response to the monitored amount of cross-linking in the cornea.
The method further includes delivering oxygen to a surface of the cornea.

[0011] 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

[0012] 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.

[0013] FIG. 2A illustrates a graph of depletion and gradual replenishment of oxygen
below a 100um corneal flap saturated with 0.1% Riboflavin during 3mW/cm?® continuous
wave (CW) irradiation.

[0014] FIG. 2B illustrates a graph of oxygen recovery under a 100um corneal flap
saturated with 0.1% Riboflavin during 30 mW/cm? pulsed irradiation.

[0015] FIG. 3 illustrates a graph of absorbance of reduced Riboflavin before and after 30
mW/cm® CW irradiation for 3 minutes.

[0016] FIG. 4A illustrates a graph of fluorescence or Riboflavin samples at 450nm.
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[0017] FIG. 4B illustrates a graph of relative fluorescence of cross-linked Riboflavin
flaps at different Riboflavin concentrations and depths.

[0018] FIGs. 5A-5C illustrate graphs of force versus displacement curves for porcine
cornea for various soak times and UVA illumination scenarios.

[0019] FIG. 6 illustrates a graph of fluorescence versus wavelength for porcine cornea
200 pm flaps for various UVA illumination scenarios.

[0020] FIG. 7A illustrates a graph of cross-linking measured by fluorescence of the
digested corneal flap at 450 nm for various UVA illumination scenarios.

[0021] FIG. 7B illustrates a graph of force versus displacement curve for porcine cornea
for various UVA illumination scenarios.

[0022] FIG. 8A illustrates an example approach for stabilizing or strengthening corneal
tissue by applying a cross-linking agent according to aspects of the present invention.

[0023] FIG. 8B illustrates an example approach for stabilizing or strengthening corneal
tissue by applying Riboflavin as a cross-linking agent according to aspects of the present
invention.

[0024] FIG. 9A illustrates an example device that may be employed to supersaturate a
cross-linking agent with O, according to aspects of the present invention.

[0025] FIG. 9B illustrates an example approach for stabilizing or strengthening corneal
tissue by applying supersaturated Riboflavin as a cross-linking agent according to aspects of
the present invention.

[0026] FIG. 10A illustrates an example device that may be employed to supersaturate a
carrier gel with O, according to aspects of the present invention.

[0027] FIG. 10B illustrates an example approach for stabilizing or strengthening corneal
tissue by mixing Riboflavin with a gel supersaturated with O, according to aspects of the
present invention.

[0028] FIG. 10C illustrates an example approach for stabilizing or strengthening corneal
tissue by applying a gel supersaturated with O, according to aspects of the present invention.
[0029] FIG. 11A illustrates an example device that may be employed maintain a steady
state of O, above the eye to expose the cornea to higher concentrations of O, according to
aspects of the present invention.

[0030] FIG. 11B illustrates another example device that may be employed to maintain a
steady state of O, above the eye to expose the cornea to higher concentrations of O;

according to aspects of the present invention.
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[0031] FIG. 11C illustrates an example approach for stabilizing or strengthening corneal
tissue by applying a state of O, above the eye to expose the cornea to higher concentrations
of O,.

[0032] FIG. 12 illustrates an example approach for stabilizing or strengthening corneal
tissue by monitoring cross-linking activity in real time and controlling the amount of O,
exposure to achieve desired rates of cross-linking according to aspects of the present

invention.
DESCRIPTION

[0033] Aspects of the present disclosure relate to using an example delivery system 100
for delivering a cross-linking agent 130 to a cornea 2 of an eye 1 in order to initiate molecular
cross-linking of corneal collagen within the cornea 2 as shown in FIG. 1. 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.
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.

[0034] A large number of conditions and parameters affect the cross-linking of corneal
collagen with the cross-linking agent. When the initiating element is ultraviolet-A (“UVA”)
light, the irradiance and the dose both affect the amount and the rate of cross-linking. The
UVA light may be applied continuously (continuous wave or CW) or as pulsed light, and this
selection has an effect on the amount, the rate, and the extent of cross-linking. If the UVA
light is applied as pulsed light, the duration of the exposure cycle, the dark cycle, and the
ratio of the exposure cycle to the dark cycle duration all have an effect on both the rate of
cross-linking and the amount of resulting corneal stiffening. Other factors that play a
significant role in cross-linking include cross-linking agent concentration, temperature,
specific conditions of the cornea (e.g., if any previous treatments have taken place), as well as

other factors and parameters.
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[0035] Aspects of the present disclosure relate to determining the effect of each of these
parameters on the rate and the amount of cross-linking, as well as the interrelations of these
parameters among cach other to optimize the conditions to achieve the desired amount, rate,
and location (on the cornea 2) of corneal stiffening. Aspects of the present disclosure relate
to monitoring the corneal response to a change in one or a plurality of parameters and
adjusting the one or the plurality of parameters based on the received feedback.

[0036] 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.

[0037] 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 a UVA light source that 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, to 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. Moreover, aspects of the present
invention relate to modulating the specific regimes of the applied light to achieve a desired
degree of corneal stiffening in selected regions of the cornea 2.

[0038] 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
clement) to the cornea 2 by controlling any combination of: wavelength, bandwidth,

intensity, power, location, depth of penetration, and duration (the duration of the exposure
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cycle, the dark cycle, and the ratio of the exposure cycle to the dark cycle duration) of
treatment. In addition, the function of the controller 120 can be partially or wholly replaced
by a manual operation.

[0039] 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. Application Serial No. 12/113,672, filed on May 1, 2008, the contents
of which are entirely incorporated herein by reference.

[0040] 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. Shielding effects of incident irradiation at deeper depths within the cornea are also
reduced over conventional short wavelength illumination since the absorption of the light by
the photosensitizer is much less at the longer wavelengths. This allows for enhanced control
over depth specific cross-linking. For example, in some embodiments, two photons may be
employed, where each photon carries approximately half the energy necessary to excite the
molecules in the cross-linking agent 130 that release radicals (Riboflavin or photosensitizer
and oxygen). When a cross-linking agent molecule simultancously absorbs both photons, it
absorbs enough energy to release reactive radicals in the corneal tissue. Embodiments may
also utilize lower energy photons such that a cross-linking agent molecule must
simultaneously absorb, for example, three, four, or five, photons to release a reactive radical.
The probability of the near-simultaneous absorption of multiple photons is low, so a high flux
of excitation photons may be required, and the high flux may be delivered through a
femtosecond laser.

[0041] Aspects of the present disclosure, e.g., adjusting the parameters for delivery and
activation of the cross-linking agent, can be employed to reduce the amount of time required
to achieve the desired cross-linking. In an example implementation, the time can be reduced

from minutes to seconds. While some configurations may apply the initiating element (i.e.,
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the light source 110) at an irradiance of 5 mW/cm?, aspects of the present disclosure allow
larger irradiance of the initiating element, e.g., multiples of 5 mW/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 in combination with a
feedback system. 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 an area of the corneal surface
2A. For example the effective dose for a region of the corneal surface 2A can be, for
example, 5 J/cm?, or as high as 20 J/cm? or 30 J/cm®. The effective dose described can be
delivered from a single application of energy, or from repeated applications of energy.

[0042] Aspects of the present disclosure provide systems and methods for delivering
pulsed light of specific duty cycle and frequency, especially when a cross-linking agent is
applied to stabilize desired shape changes generated in corneal tissue. Corneal cross-linking
with Riboflavin is a technique that uses UVA light to photoactivate Riboflavin to stabilize
and/or reduce corneal ectasia, in diseases such as keratoconus and post-LASIK ectasia.
Corneal cross-linking improves corneal strength by creating additional chemical bonds within
the corneal tissue.

[0043] According to aspects of the present disclosure, systems and methods generate
pulsed light by employing a digital micro-mirror device (DMD), electronically turning a light
source on and off, and/or using a mechanical or opto-electronic (e.g., Pockels cells) shutter or
mechanical chopper or rotating aperture. DMD technology may be used to modulate the
application of initiating light spatially as well as a temporally. Using DMD technology, a
controlled light source projects the initiating light in a precise spatial pattern that is created by
microscopically small mirrors laid out in a matrix on a semiconductor chip, known as a
DMD. Each mirror represents one or more pixels in the pattern of projected light. The
power and duration at which the light is projected is determined as described elsewhere.
According to other aspects of the present disclosure, pulsed light may be generated in any
suitable manner.

[0044] Riboflavin is deactivated (reversibly or irreversibly) and/or photo-degraded to a
greater extent as irradiance increases. When Riboflavin absorbs radiant energy, especially
light, it undergoes photosensitization. There are two major photochemical kinetic pathways
for Riboflavin photosensitization, Type I and Type II. Some of the major reactions involved

in both the Type I and Type Il mechanisms are as follows:
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[0045] Common Reactions for Type I and Type Il Mechanisms

Rf — Rf'y, Lps (1)

Rf'| — Rf, kI ()

Rf'| — Rf'3, k2 (3)
[0046] Type I Mechanism

Rf;" + SH — (REF™ + SH™") — RfH +S, k3 (4)

2RfH" — Rf + RfH,, k4 (5)

RfH, + 0; — Rf, + H,0,, k5 (6)
[0047] Type Il Mechanism

Rf;" + 0, > Rf+'0,, k6 (7)

SH + '0, — Sy, k6 (8)

[0048] Rf represents Riboflavin in the ground state. Rf| represents Riboflavin in the
excited singlet state. Rf'3 represents Riboflavin in a triplet excited state. Rf” is the reduced
radical anion form of Riboflavin. RfH is the radical form of Riboflavin. RfH, is the reduced
form of Riboflavin. SH is the substrate. SH™" is the intermediate radical cation. S’ is the
radical. S.x is the oxidized form of the substrate. Rf. is deuteroflavin (7,8-dimethyl-10-
(formylmethyl)isoalloxazine) having UVA absorption and sensitizer properties similar to
those of Riboflavin (and unlike those of RfH)).

[0049] Riboflavin is excited into its triplet excited state Rf 3 as shown in reactions (1) to
(3). From the triplet excited state Rf 3, the Riboflavin reacts further, generally according to
Type I or Type 1l photomechanical mechanisms.

[0050] Type I mechanism above is favored at low oxygen concentrations, and Type 11
mechanism is favored at high oxygen concentrations. In Type I mechanism, the substrate
reacts with the sensitizer excited state to generate radicals or radical ions, respectively, by
hydrogen atoms or electron transfer. In Type II mechanism, the excited sensitizer reacts with
oxygen to form singlet molecular oxygen. The singlet molecular oxygen then acts on tissue
to produce additional cross-linked bonds.

[0051] Oxygen concentration in the cornea is modulated by UVA irradiance and
temperature and quickly decreases at the beginning of UVA exposure. The oxygen
concentration tends to deplete within about 10-15 seconds for irradiance of 3mW/cm® (as
shown, for example, in FIG. 2A) and within about 3-5 seconds for irradiance of 30mW/cm®.
Utilizing pulsed light of a specific duty cycle, frequency, and irradiance, input from both
Type 1 and Type II photochemical kinetic mechanisms may be optimized to achieve the

greatest amount of photochemical efficiency. Moreover, utilizing pulsed light allows
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regulating the rate of reactions involving Riboflavin. The rate of reactions may either be
increased or decreased, as needed, by regulating, one of the parameters such as the irradiance,
the dose, the on/off duty cycle, Riboflavin concentration, soak time, and others. Moreover,
additional ingredients that affect the reaction and cross-linking rates may be added to the
cornea.

[0052] One aspect of the present disclosure relates to achieving photon optimization by
allowing deactivated (reduced) Riboflavin to return to ground state Riboflavin in Type 1
reactions and allowing for reduced rate of oxygen uptake in Type Il reactions where better
photon conversion efficiency occurs.

[0053] The rate of return of deactivated (reduced) Riboflavin to ground state in Type 1
reactions and the rate of oxygen uptake in Type II reactions is determined by a number of
factors. These factors include, but are not limited to, on/off duty cycle of pulsed light
treatment, pulse rate frequency, irradiance, and dose.  Moreover, the Riboflavin
concentration, soak time, and addition of other agents, including oxidizers, affect the rate of
oxygen uptake. These and other parameters, including duty cycle, pulse rate frequency,
irradiance, and dose are optimized to achieve optimal photon efficiency and make efficient
use of both Type I and Type II photochemical kinetic mechanisms for Riboflavin
photosensitization. Moreover, these parameters are optimized in such a way as to achieve an
optimum chemical amplification effect.

[0054] According to aspects of the present disclosure, for pulsed light treatment, the
on/off duty cycle is between approximately 100/1 to approximately 1/100; the irradiance is
between approximately 1 mW/cm? to approximately 500 mW/cm?” average irradiance, and the
pulse rate is between approximately 0.1 Hz to approximately 1000 Hz.

[0055] According to aspects of the present disclosure, for pulsed light treatment, the
on/off duty cycle is between approximately 1000/1 to approximately 1/1000; the irradiance is
between approximately 1 mW/cm? to approximately 1000 mW/cm® average irradiance, and
the pulse rate is between approximately 1000 Hz to approximately 100,000 Hz. These
averages are based on using a q-switched laser source instead of an LED system where higher
repetition rates are possible. According to further aspects of the present disclosure, the laser
source may be an adjustable pulsed source, an LED system, arc sources or incandescents at
very long on-time duty cycles, or any other suitable sources.

[0056] Pulse rates of 0.1 Hz to approximately 1000 Hz or 1000 Hz to approximately
100,000 Hz may be chosen based on the photochemical kinetics as detailed by Kamaev et al.,
Investigative Ophthalmology & Visual Science, April 2012, Vol. 53, No. 4, pp. 2360-2367

10
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(April 2012), which is incorporated herein by reference in its entirety. According to aspects
of the present disclosure, the pulse length may be long — on the order of one or several
seconds — or short — on the order of fractions of a second.

[0057] According to aspects of the photochemical kinetics of corneal cross-linking with
Riboflavin, pulsed light illumination can be used to create greater or lesser stiffening of
corneal tissue than may be achieved with continuous wave illumination for the same amount
or dose of energy delivered. Light pulses of suitable length and frequency may be used to
achieve optimum chemical amplification.

[0058] FIG. 2A illustrates a graph of depletion and gradual replenishment curve of
dissolved oxygen below a 100um thick porcine corneal flap, saturated with 0.1% Riboflavin
during 3 mW/cm® UVA irradiation at 25°C. The oxygen concentration (mg/L) fell to zero at
about 15 seconds and gradually started to increase after approximately 10 minutes, getting
back to approximately one-tenth its starting value after 30 minutes.

[0059] FIG. 2B illustrates a graph of oxygen recovery under a 100 um thick corneal flap.
The corneal flap was saturated with 0.1% Riboflavin during 30 mW/cm® UVA irradiation.
The irradiation was pulsed at a 3 second on / 3 seconds off cycle. Riboflavin drops were
added to the cornea every 90 seconds. In this example, it took about 3 minutes for the
oxygen concentration to gradually start increasing and about 6 minutes for the oxygen
concentration to increase to 0.1 mg/L.

[0060] Under aerobic conditions, which are present during the first 10 to 15 seconds of
UVA exposure, sensitized photo-oxidation of the substrate (proteoglycan core proteins and
collagen in the corneal matrix) occurs mainly by its reaction with photochemically generated
reactive oxygen species, such as singlet molecular oxygen. This is consistent with a Type 11
photochemical mechanism. After the first 10 to 15 seconds, oxygen becomes totally depleted
and the reaction between the substrate and Riboflavin becomes consistent with a
predominantly Type I photochemical mechanism. More than halfway through the period of
illumination, the oxygen concentration in the cornea slowly increases to a concentration at
which a Type II mechanism may begin to play an additional role. During this phase, a
growing contribution would be expected from the singlet oxygen—mediated cross-linking,
together with the enhancement of secondary radical reactions that are modulated by oxygen.
[0061] Studies of corneal flaps taken at various depths after cross-linking, and tested by
stress-strain behavior or collagen fluorescence analysis, suggest that corneal stiffening is

primarily in the anterior 200 um of the corneal stroma. Increase of collagen fluorescence in
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UVA-—exposed corneas, which is related to their mechanical stiffening, can be detected at a
depth 200 to 300 um from the corneal surface as will be described further below.

[0062] If UVA radiation is stopped shortly after oxygen depletion, oxygen concentrations
start to increase (replenish) as shown in FIGs. 2A and 2B. Excess oxygen may be detrimental
in corneal cross-linking process because oxygen is able to inhibit free radical
photopolymerization reactions by interacting with radical species to form chain-terminating
peroxide molecules. The pulse rate, irradiance, dose, and other parameters may be adjusted
to achieve an optimized oxygen regeneration rate. Calculating and adjusting the oxygen
regeneration rate is another example of adjusting the reaction parameters to achieve a desired
amount of corneal stiffening.

[0063] Dissolved free oxygen is significantly depleted not only at the position of the
oxygen sensor and below, but also throughout the corneal flap above. Oxygen content may
be depleted throughout the cornea, by various chemical reactions, except for the very thin
corneal layer where oxygen diffusion is able to keep up with the kinetics of the reactions.
This diffusion-controlled zone will gradually move deeper into the cornea as the reaction
ability of the substrate to uptake oxygen decreases.

[0064] Oxygen measurements in the cornea suggest that the predominant
photosensitizing mechanism for cross-linking with Riboflavin is the Type I pathway after a
very short initial Type II photochemical mechanism at the start of the illumination with UVA
light. More than halfway through the period of illumination, the oxygen concentration in the
cornea slowly increases, as shown in FIGs. 2A and 2B above, to a concentration at which a
Type Il mechanism may begin to play an additional role.

[0065] The mechanism for corneal cross-linking begins with the additional pathway
kinetics expressed in equation (6) above. After a short period of time (a few seconds),
oxygen becomes depleted, and there is little oxygen available as shown in FIG. 2A. Under
these anaerobic conditions, Leuco-Deuteroflavin + H,O, are formed as described in Heldman
et al., Handbook of Food Engineering (2™ Edition), CRC Press (2006). Leuco-Deuteroflavin
has low absorption at 360 nm and lacks the photosensitizing ability and therefore cannot
create radicals. Leuco-Deuteroflavin is referred to herein as reduced flavin, reduced
Riboflavin, RfH,, and Fl,.qH,.

[0066] Reduced Riboflavin undergoes an oxidation reaction as shown in equation (6)
above. The oxidation of reduced Riboflavin by molecular oxygen is irreversible,
autocatalytic, and involves generation of free radicals that can initiate radical polymerization

(as in case of vinyl monomers, acrylamide with bis(acrylamide), etc.). The autocatalytic
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oxidation of reduced Riboflavins by oxygen is accounted for by the reactions described in
Massey, V., Activation of molecular oxygen by flavins and flavoproteins, J. Biol. Chem.
(1994), 269, 22459-22462.

[0067] Depending on the particular circumstances, there may be a need to either speed up
or slow down the oxidation rate of the reduced Riboflavin. A number of parameters affect
the reaction rate and cross-linking rate of the reduced Riboflavin.

[0068] During pulsed light irradiation, when the UVA light is turned off (or turned down
to a lower value), following the many pathways described by Massey, oxygen is regenerated
locally near the Leuco-Deuteroflavin converting it into Deuteroflavin which is able to absorb
light again and thereby create radicals for cross-linking. Therefore, improved photon
efficiency is achieved through the proper timing of on/off cycles through the regeneration of
Deuteroflavin. Regeneration of Deuteroflavin allows for larger overall concentration of
radical generation for a given light energy dose than under continuous wave illumination and
continuous anaecrobic conditions.

[0069] Oxygen is the naturally occurring oxidizer and is used as the oxidizer according to
aspects of the present disclosure. According to further aspects of the present disclosure,
oxygen and/or other oxidizers are utilized; such oxidizers may be added to the formulation or
administered to the cornea in a suitable way.

[0070] According to other embodiments of the present disclosure, reduced Riboflavin
may be soaked in a suitable agent that contains oxygen and is able to oxidize the reduced
Riboflavin. According to one embodiment, Vitamin B12 may be added in any suitable
manner to the reduced Riboflavin and/or to the cornea. Vitamin B12 contains a Cobalt
molecule that is capable of holding oxygen, thereby creating an oxygen storage reservoir.
The reduced Riboflavin may be super-saturated with Vitamin B12 or another suitable oxygen
carrying agent. The suitable agent, such as Vitamin B12, may be provided in conjunction
with application of pulsed light. The proper level of oxygen can be maintained with various
reversible oxygen carriers. See Yang N., Oster G. Dye-sensitized photopolymerization in the
presence of reversible oxygen carriers. J. Phys. Chem. 74, 856-860 (1970), the contents of
which are incorporated entirely herein by reference.

[0071] Corneal stiffening may be applied to the cornea according to particular patterns,
including, but not limited to, circular or annular patterns, which may cause aspects of the
cornea to flatten and improve vision in the eye. For example, more or less corneal stiffening
may be desired on the outer edges of the cornea as opposed to the center of the cornea.

Aspects of the present disclosure relate to achieving more corneal stiffening on the outer
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diameter of the cornea and gradually decreasing the amount of corneal stiffening from the
outer diameter toward the center of the cornea. Other aspects of the present disclosure relate
to selecting regions of the cornea that require more corneal stiffening based on a
predetermined set of characteristics and applying more corneal stiffening to those selected
regions by varying the regime of the pulsed light. According to certain aspect of the present
disclosure, pulsed light may be applied with different irradiance, dose and/or different duty
cycle to different areas of the cornea, leading to areas of differing levels of corneal stiffening
or corneal stiffening gradients. Varying the regime of the pulsed light to achieve a desired
level of corneal stiffening is another example of adjusting the parameters of the cross-linking
reaction to achieve specific, targeted results. Moreover, varying the regime of the pulsed
light to achieve a desired level of corneal stiffening at selected regions of the cornea allows
for more precise and accurate control of the shape changes in the eye.

[0072] Algorithms for applying the initiating element such as UV light according to a
selected pattern are described, for example, in U.S. Patent Application No. 13/051,699, filed
March 18, 2011, the contents of which are incorporated entirely herein by reference.

[0073] Currently, at least three different paths leading to cross-links may be utilized: a
path through the direct attack of the excited Riboflavin’s triplets (Type I mechanism),
through singlet oxygen (Type II), and through the generation of free radicals when the
reduced Riboflavin (RFH;) interacts with oxygen (as seen in the scheme below).

[0074] The reduced form of Riboflavin RFH; (with two hydrogen atoms supplied to the
aromatic nucleus by the side chain) can be produced by anaerobic photolysis of Riboflavin
(Holmstrom 1961) and observed by the reduction in absorption at 445 nm.

[0075] Referring now to FIG. 3, a graph illustrating absorbance for 0.2 mm light path of
an initial sample of Riboflavin versus absorbance for 0.2 mm light path of reduced Riboflavin
RfH, after being irradiated for 3 minutes at an irradiance of 30 mW/cm?®. At a wavelength of
445 nm, the absorbance of the initial sample is about 0.543, while the absorbance of the
irradiated sample is about 0.340.

[0076] RFH; is autoxidizable and in the presence of oxygen yields the highly light-
sensitive  fluorescent and absorbing (445 nm) Deuteroflavin (7,8-dimethyl-10-
(formylmethyl)isoalloxazine). Reduced Riboflavin solutions can be prepared under nitrogen
by irradiation of Riboflavin with visible light in the presence of EDTA and stored in absence
of oxygen. Reaction with oxygen completes during hundreds of msec (depending on the

initial conditions), proceeds via free radicals (as described in Massey), and is able to initiate
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polymerization of vinyl monomers. The rate of the reaction with oxygen may be increased

by dissolving oxygen in a flavin solution instead of in water.

Example I — Fluorescence of Corneal Samples

[0077] RFH, was prepared by irradiation of Riboflavin solutions (with and without
EDTA, 1% EDTA, 0.1% Riboflavin) and saturated with argon (to displace oxygen) in a
shallow sealed quartz cuvette. Then, in the absence of additional UV light, porcine corneal
flaps were immediately placed in those solutions. After 1-2 min this procedure was repeated
with a fresh solution containing RFH, several times. Corneal flaps then were washed with
distilled water, digested with papain buffer, and their fluorescence was measured.

[0078] As seen in FIG. 4A, fluorescence of the corneal samples treated with preliminary
UVA-exposed Riboflavin solutions, was higher than fluorescence of the corneal samples
washed with pure, unexposed Riboflavin. This can indicate that oxidation of RFH, is able to
generate some cross-linking in the cornea, but observed fluorescence was significantly lower
than generally observed in corneal flaps directly exposed to the UVA. The fluorescence was
the highest for the sample prepared by irradiation of Riboflavin solutions with a reducing
agent such as EDTA. Accordingly, one way of increasing the cross-linking efficiency of
RfH, is to use Riboflavin in a solution with a reducing agent for Riboflavin. The reducing
agents may include, but are not limited to, EDTA, ascorbic acid, sugars, amines, amino acids,
and any combination thercof. This is another example of modifying the parameters of the
cross-linking reaction to achieve a desired level of cross-linking with the corneal fibrils.
According to one aspect of the present invention, Riboflavin concentrations between about
0.001% Riboflavin to about 1.0 % Riboflavin may be utilized.

[0079] It was found that fluorescence intensity of collagen (as in the original material or
in the material digested by enzymes like papain solution) linearly correlates with its stiffness.
For example, this correlation was reported for corneal collagen in Chai et al. Quantitative
Assessment of UVA-Riboflavin  Corneal Cross-Linking Using Nonlinear Optical
Microscopy. Investigative Opthalmology & Visual Science, June 2011, Vol. 52, No. 7
(2011), the contents of which are incorporated entirely herein by reference. This correlation
was reported for collagen fibers from Wistar rats in Rolandi et al. Correlation of Collagen-
Linked Fluorescence and Tendon Fiber Breaking Time. Gerontology 1991;27:240-243, the
contents of which are incorporated entirely herein by reference. This correlation was
reported for collagen in chondrogetic samples in Fite et al. Noninvasive Multimodal

Evaluation of Bioengineered Cartilage Constructs Combining Time-Resolved Fluorescence
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and Ultrasound Imaging. Tissue Eng: Part C Vol. 17, Number 4, 2011, the contents of which
are incorporated entirely herein by reference. This correlation was reported for collagen
network in human articular cartilage in Verzijl et al. Crosslinking by Advanced Glycation
End Products Increases the Stiffness of the Collagen Network in Human Articular Cartilage.
Arthritis & Rheumatism Vol. 46, No. 1, January 2002, pp. 114-123, the contents of which are
incorporated entirely herein by reference.

[0080] Cross-linking efficacy tends to decrease at higher Riboflavin concentrations. See
Song P., Metzler D. Photochemical Degradation of Flavins — IV. Studies of the Anaerobic
Photolysis of Riboflavin. Photochemistry and Photobiology, Vol. 6, pp. 691-709, 1967, the
contents of which are incorporated entirely herein by reference (explaining the shielding
effect of Riboflavin and that quenching of the triplet state by Riboflavin itself (concentration
quenching) must be considered, and that the products of photochemical cleavage decrease the
quantum yield rapidly as they accumulate.)

Example 2 — Measurement of the Collagen Linked Fluorescence in Cross-Linked Corneal
Flaps at Depths of 100um and 200um

[0081] Materials and methods

[0082] Porcine whole globes (SiouxPreme Packing Co., Sioux City, IA; shipped in saline
solution packed in ice) were warmed to room temperature (25°C). The corneas were then de-
epithelialized with a dulled scalpel blade and 0.1, 0.25, or 0.5% riboflavin solution in 0.9%
saline was applied to the top of each cornea during 20 minutes before cross-linking. Corneas
were pan-corneally irradiated with a top hat beam (3% root mean square) for a determined
amount of time with 365-nm light source (UV LED NCSUO033BJ[T]; Nichia Co., Tokushima,
Japan) at the chosen irradiance (3 or 30 mW/cm?) which was measured with a power sensor
(model PD-300-UV; Ophir, Inc., Jerusalem, Israel) at the corneal surface.

[0083] Corneal flaps (each 100 um thick, one after another) were excised from the eyes
with aid of Intralase femtosecond laser (Abbott Medical Optics, Santa Ana, CA). The
average thickness of the corneal flaps was calculated as a difference between the
measurements before and after the excision from the eyes with an ultrasonic Pachymeter
(DGH Technology, Exton, PA). The flaps were washed with distilled water until Riboflavin
in the washing waters was not detectable by absorbance measurement at 455 nm (Thermo
Scientific Evolution 300/600 UV-Vis Spectrophotometer, Thermo Fisher Scientific,
Waltham, MA). The flaps then were dried in vacuum until the weight change became less

than 10% (Rotary vane vacuum pump RV3 A652-01-903, BOC Edwards, West Sussex, UK).
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[0084] Each flap (1 mg) was digested for 2 h at 65°C with 2.5 units/ml of papain
(from Papaya latex, Sigma) in 0.5 ml of papain buffer [1x PBS (pH 7.4), 2 mM L-cysteine
and 2 mM EDTA]. Papain digests were centrifuged for 30 seconds at 2200xG (Mini
centrifuge 05-090-100, Fisher Scientific), diluted 3 times with 1x PBS solution and
fluorescence of the solutions was measured with excitation of Aex = 360 nm in a QM-40
Spectrofluorometer (Photon Technology Int., London, Ontario, Canada). The fluorescence of
the papain buffer was taken into account by measuring fluorescence in the absence of tissue
and subtracting this value from the fluorescence of the samples.

[0085] Results

[0086] Fluorescence of the excised samples, which was a relative value to the non-cross-
linked samples with the same thickness, is illustrated in FIG. 4B. It is shown that the corneal
fluorescence after cross-linking (all samples were exposed to the same UVA dose, 5.4 J/cm?)
is greater for samples exposed to UVA for a longer duration with lower irradiance and lower
concentration of Riboflavin. Corneal fluorescence is also greater at first 100 um than at the
next 100 um in the cornea. The highest corneal fluorescence was observed at the first 100
um for the sample that was soaked in 0.1% Riboflavin solution and irradiated at 3 mW/cm®.
Example 3

[0087] Upon arrival, porcine eyes have excess muscle tissue that was removed and placed
in saline in the incubator (set to 37°C) for 30 minutes. Eyes were then de-epithelialized and
placed in a 0.1% Riboflavin solution for 20 minutes at 37°C. Eyes were removed from
solution and physiological IOP was applied. Eyes were then placed under a UVA source and
shutter system and irradiated according to the indicated protocol as shown in FIGs. 5A-5C.
Riboflavin drops were applied every 1.5 minutes during UVA application. After being
irradiated, the corneal thickness was measured with a pachymeter. The sample was then
placed under the femto second laser and a ~200 um flap was cut. The flap was positioned in
a biaxial materials tester (CS-BIO TESTER 5000, CellScale, Waterloo, ON Canada) and
stretched until failure. The sample was then rinsed with distilled water and frozen for future
papain digestion and fluorescence analysis.

[0088] FIG. 5A illustrates force versus displacement curves for porcine cornea for
various soak times and UVA illumination scenarios. FIG. 5A illustrates results of
experiments that show dissimilar biomechanical stiffness of the 0.25% Riboflavin sample 2
irradiated with 3 mW/cm® continuous wave illumination vs. the sample 3 irradiated with

30mW/cm? continuous wave illumination for a total 5.4 J/cm? dose delivered. The
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biomechanical stiffness of the 0.25 % Riboflavin sample 3 irradiated with 30 mW/cm?
continuous for a total 5.4 J/cm® dose delivered was similar to the biomechanical stiffness of
the 0.1% Riboflavin sample 4 irradiated under the same conditions. The biomechanical
stiffness of the 0.25 % Riboflavin sample 6 irradiated with 30 mW/cm? pulsed light with a 3
seconds on / 3 seconds off duty cycle was similar to the biomechanical stiffness of 0.25 %
Riboflavin sample 7 irradiated with 60 mW/cm? pulsed light with a 2 seconds on / 4 seconds
off duty cycle for a total 5.4 J/em® dose delivered to each sample. The biomechanical
stiffness of the 0.1 % Riboflavin sample 8 irradiated with 30 mW/cm? pulsed light with a 3
seconds on / 3 seconds off duty cycle was higher than both the samples 6 and 7. The
biomechanical stiffness of the Riboflavin sample 5 irradiated with 30 mW/cm?® continuous
wave illumination for a total 35.1 J/em?® dose delivered was higher than that for samples 6, 7,
3, 4, and 1 (control sample with 0.25% Riboflavin concentration) and lower than that for
sample 2. Sample 4 was soaked with Riboflavin for 30 minutes, while all the other samples
were soaked with Riboflavin for 1 hour.

[0089] FIG. 5A illustrates the effect of varying different parameters on corneal cross-
linking. Different parameters — irradiance, continuous wave vs. pulsed illumination, on/off
duty cycle of pulsed light illumination, Riboflavin concentration, and other parameters — all
have an effect on biomechanical stiffness.

[0090] A DMD may be used for illumination. With the DMD one can perform
topography guided cross-linking as described, for example, in U.S. Patent Application No.
13/438,705, filed April 3, 2012, and U.S. Patent Application No. 13/051,699, filed March 18,
2011, the contents of which are incorporated entirely herein by reference. The algorithms
associated with the topography may be created using several different spatial and temporal
irradiance and dose profiles.

[0091] These spatial and temporal dose profiles may be created using continuous wave
illumination but may also be modulated via pulsed illumination by pulsing the illumination
source under varying frequency and duty cycle regimes as described above. Or, the DMD
may be able to modulate different frequencies and duty cycles on a pixel by pixel basis to
give ultimate flexibility using continuous wave illumination. In a third alternative, both
pulsed illumination and modulated DMD frequency and duty cycle combinations may be
combined. This allows for specific amounts of spatially determined corneal cross-linking.
This spatially determined cross-linking may be combined with dosimetry, interferometry,
optical coherence tomography (OCT), corneal topography, efc., for real-time modulated

corneal cross-linking. Additionally, the pre-clinical patient information may be combined
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with finite element biomechanical computer modeling to create patient specific pre-treatment
plans.

[0092] Because of the pixel specific modulation capabilities of the DMD and the
subsequent stiffness impartment based on the modulated frequency, duty cycle, irradiance
and dose delivered to the cornea, complex biomechanical stiffness patterns may be imparted
to the cornea to allow for various amounts of refractive correction. These refractive
corrections may include combinations of myopia, hyperopia, astigmatism, irregular
astigmatism, presbyopia and complex corneal refractive surface corrections because of
ophthalmic conditions such as keratoconus, pellucid marginal disease, post-lasik ectasia, and
other conditions of corneal biomechanical alteration/degeneration, efc.

[0093] A specific advantage of the DMD system and method is that it allows for
randomized asynchronous pulsed topographic patterning, creating a non-periodic and
uniformly appearing illumination which eliminates the possibility for triggering
photosensitive epileptic seizures or flicker vertigo for pulsed frequencies between 2 Hz and
84 Hz as described above.

[0094] Thus, applying pulsed light instead of continuous wave illumination has an effect
on biomechanical stiffness. This is yet one more parameter that may be altered in optimizing
cross-linking.

[0095] Flicker vertigo, sometimes called the Bucha effect, is an imbalance in brain-cell
activity caused by exposure to low-frequency flickering (or flashing) of a relatively bright
light. It is a disorientation-, vertigo-, and nausea-inducing effect of a strobe light flashing at 1
Hz to 20 Hz, which corresponds approximately to the frequency of human brainwaves. The
effects are similar to scizures caused by epilepsy (particularly, photosensitive epilepsy), but
are not restricted to people with histories of epilepsy. In the United States, websites provided
by federal agencies are governed by section 508 of the Rehabilitation Act. The Act says that
pages shall be designed to avoid causing the screen to flicker with a frequency between 2 Hz
and 55 Hz. The 508 regulations are currently being updated and are expected to use the same
criteria as WCAG 2.0 when completed. (Section 508 Subpart B -- Technical Standards §
1194.21 Software applications and operating systems. - (k) Software shall not use flashing or
blinking text, objects, or other elements having a flash or blink frequency between 2 Hz and
55 Hz.) Photosensitive seizures are those triggered by either flashing or flickering lights, or
rapidly changing geometric shapes or patterns. Many people with epilepsy are unaware that
they are sensitive to certain kinds of lights or flickering patterns until they have a seizure.

Less than 5% of those who suffer from epilepsy are photosensitive. This means that

19



WO 2013/059837 PCT/US2012/062843

approximately one in 4,000 individuals suffer from this — which corresponds to less than
100,000 in the U.S. population. The characteristics of each individual's susceptibility are
unique. A certain photosensitive individual may not be susceptible to a given light display at
all.  Still it is clear that every public display of lights can expect to regularly affect
photosensitive epileptics — thus, a high degree of diligence is due the effort to eliminate
displays which may trigger scizures. It is well documented that the range of 15 to 20 Hz is of
greatest concern, however some individuals are susceptible to flashing lights as slow as 5 Hz
and some as high as 84 Hz.

[0096] FIG. 5B illustrates force versus displacement curves for samples of porcine cornea
irradiated with pulsed light having various exposure times, as well as a curve for a sample
irradiated with continuous wave illumination, and a curve for a control sample. All the
samples that were irradiated with pulsed light had a 0.1% Riboflavin concentration and were
irradiated with 30 mW/cm? pulsed light with a 3 seconds off cycle and a varied exposure
(“on”) cycle. The sample 2 having a 4.5 second exposure cycles had slightly lower
biomechanical stiffness than samples 3 or 1. Thus, the duration of the exposure cycle affects
the amount of corneal stiffening at the same irradiance and dark phase duration. Therefore,
aspects of the present disclosure affect the displacement per unit force ratio. This is yet one
more parameter that may be altered in optimizing cross-linking.

[0097] FIG. 5C illustrates force versus displacement curves for samples of porcine cornea
illuminated with pulsed light having varied dark phase durations, as well as curves for
samples irradiated with continuous illumination, and a curve for a control sample. The
sample 1 having 0.1% Riboflavin concentration irradiated with 3 mW/cm?® continuous wave
illumination had the highest biomechanical stiffness. The samples having 0.1% Riboflavin
concentration that were irradiated with 30 mW/cm? pulsed light with 3 seconds on / 4.5
seconds off (sample 2) and with 3 seconds on / 3 seconds off (sample 4) duty cycles had
slightly lower biomechanical stiffness, followed by, in descending order, samples irradiated
with 30 mW/cm? pulsed light with 3 seconds on cycles and 1.5 (sample 5), 0.75 (sample 6),
and 0.25 (sample 7) seconds off (dark phase) cycles. The sample 2 having 0.25% Riboflavin
concentration irradiated with 3 mW/cm® continuous wave illumination had the lowest
biomechanical stiffness out of samples 1 and 3-7. Thus, the duration of the dark phase affects
the amount of corneal stiffening even at the same irradiance and exposure duration. This is
yet one more parameter that may be altered in optimizing cross-linking.

[0098] The graphs in FIGs. SA-5C show that varying different parameters — applying

pulsed instead of continuous wave illumination, varying on/off duty cycles, irradiance, dose,
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Riboflavin concentration, and soak times — all have an effect on biomechanical stiffness.
These parameters may be modified in such a way as to achieve an optimum or desired
amount of corneal stiffness anywhere on or within the cornea.

[0099] In a corroborating experiment, porcine eyes were de-epithelialized and placed in
the 0.1% Riboflavin solution for 20 minutes. Eyes were removed from solution and
physiological IOP was applied. A flap was cut using a femto second laser and an O, sensor
was placed under the flap. UVA illumination was administered as indicated and Riboflavin
drops were applied every 90 seconds for the duration of the dose delivered. After cross-
linking the flap using the pulsed light dosing, the flap was removed and tested mechanically
as described above.

[00100] Results from the O, sensor (FIG. 2B) show that under pulsed light irradiation,
oxygen slightly increases cyclically with the duty cycle of the pulsed light. It appears that
locally available H,O, during the dark phase of the pulsed light cycle does indeed supply
small amounts of oxygen back into the system capable of allowing reactivation of reduced
Riboflavin and its conversion into Deuteroflavin (Rfy) as described above. Oxygen diffusion
from the surface by itself takes much longer to account for these observations.

Example 4 — Fluorescence of Samples Irradiated with Continuous Wave [llumination versus
Pulsed Light lllumination

[00101] In another corroborating experiment porcine whole globes (SiouxPreme Packing
Co., Sioux City, IA; shipped in saline solution packed in ice) were warmed to room
temperature (25 C). The corneas were then de-epithelialized with a dulled scalpel blade and
0.1, Riboflavin solution in 0.9% saline was applied to the top of cach cornea during 20
minutes before cross-linking in an incubator. Corneas were pan-corneally irradiated with a
top hat beam (3% root mean square) for a determined amount of time with 365-nm light
source (UV LED NCSUO033B[T]; Nichia Co., Tokushima, Japan) at the chosen irradiance of
30 mW/cm?® with either continuous wave illumination or pulsed illumination 3 seconds on/3
Seconds off. Corneal flaps (200 um thick) were excised from the eyes with aid of Intralase
femtosecond laser (Abbott Medical Optics, Santa Ana, CA). The average thickness of the
corneal flaps was calculated as a difference between the measurements before and after the
excision from the eyes with an ultrasonic Pachymeter (DGH Technology, Exton, PA).

[00102] The flaps were washed with distilled water until Riboflavin in the washing waters
was not detectable by absorbance measurement at 455 nm (Thermo Scientific Evolution
300/600 UV-Vis Spectrophotometer, Thermo Fisher Scientific, Waltham, MA). The flaps

then were dried in vacuum until the weight change became less than 10% (Rotary vane
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vacuum pump RV3 A652-01-903, BOC Edwards, West Sussex, UK). Each flap (1 mg) was
digested for 2 h at 65°C with 2.5 units/ml of papain (from Papaya latex, Sigma) in 0.5 ml of
papain buffer [1x PBS (pH 7.4), 2 mM L-cysteine and 2 mM EDTA]. Papain digests were
centrifuged for 30 seconds at 2200xG (Mini centrifuge 05-090-100, Fisher Scientific), diluted
3 times with 1x PBS solution and fluorescence of the solutions was measured with excitation
of Aex = 360 nm in a QM-40 Spectrofluorometer (Photon Technology Int., London, Ontario,
Canada).

[00103] The fluorescence of the papain buffer was taken into account by measuring
fluorescence in the absence of tissue and subtracting this value from the fluorescence of the
samples. The results seen below corroborate that the amount of fluorescence seen which is
directly related to the amount of cross-linking is greater for the pulsed vs. continuous wave
illumination in nearly the same proportion as the biomechanical measurements taken of the
same flaps.

[00104] Referring now to FIG. 6, a graph of fluorescence versus wavelength curves is
shown. At 455 nm, fluorescence was the highest — about 20,000 counts/s — for the sample
irradiated with 30mW/cm? pulsed light illumination with a 3 seconds on / 3 seconds off cycle.
The fluorescence for the sample irradiated with 30mW/cm?® continuous illumination was
about 40% less, or about 12000 counts/s. This is yet another example demonstrating that
applying pulsed light illumination as opposed to continuous wave illumination affects cross-
linking in the cornea.

Example 5 — Cross-linking Measured by Fluorescence of Digested Corneal Flaps at 450 nm
[00105] Pig eyes from an abattoir (SiouxPreme, Sioux City, IA) were rinsed in saline.
Eyes were cleaned and the epithelium was removed. Eyes were placed on a stand in the
middle of a large beaker filled part way with water with a tube bubbling compressed oxygen
into the water. The oxygen was turned on at certain times during the experiment to create a
humid oxygenated environment for the eye. Eyes were soaked for 20 minutes with 0.1%
Riboflavin, dH,O solution in an incubator set at 37°C by using a rubber ring to hold the
solution on top. Corneas were pan-corneally irradiated with a top hat beam (3% root mean
square) for a determined amount of time and irradiance (3 minutes CW at 30 mW/cm® with
one drop of solution added every 30 seconds, or 30 minutes CW at 3 mW/cm” with one drop
of solution added every minute, or 9 minutes for pulsed light — 1.5 seconds on / 3 seconds off
— using a shutter system (Lambda SC Smart Shutter, Sutter Instrument, Novate, CA) at 30

mW/cm? with one drop of solution added every minute) with a 365-nm light source (UV
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LED NCSUO033BJ[T]; Nichia Co., Tokushima, Japan). The irradiance was measured with a
power sensor (model PD-300-UV; Ophir, Inc., Jerusalem, Israel) at the corneal surface.
[00106] Corneal flaps (approximately 380 um thick) were excised from the eyes with aid
of Intralase femtosecond laser (Abbott Medical Optics, Santa Ana, CA). The average
thickness of the corneal flaps was calculated as a difference between the measurements
before and after the excision from the eyes with an ultrasonic Pachymeter (DGH Technology,
Exton, PA). The flaps were washed with distilled water 15 times and then dried in a vacuum
until the weight change became less than 10% (Rotary vane vacuum pump RV3 A652-01-
903, BOC Edwards, West Sussex, UK). Each flap (2 mg) was digested for 2.5 h at 65°C with
2.5 units/ml of papain (from Papaya latex, Sigma) in 1 ml of papain buffer [1x PBS (pH 7.4),
2 mM L-cysteine and 2 mM EDTA]. Papain digests were centrifuged for 20 seconds at
2200xG (Mini centrifuge 05-090-100, Fisher Scientific), diluted 0.5 times with 1x PBS
solution (in other words, 0.5 mL of PBS was added to ImL of solution) and fluorescence of
the solutions was measured with excitation of Aex = 360 nm in a QM-40 Spectrofluorometer
(Photon Technology Int., London, Ontario, Canada). The fluorescence of the papain buffer
was taken into account by measuring fluorescence in the absence of tissue and subtracting
this value from the fluorescence of the samples.

[00107] FIG. 7A illustrates a graph of the amount of cross-linking measured by
fluorescence of the digested corneal flaps at 450 nm. Eyes were de-epithelized, soaked for 20
minutes with 0.1% Riboflavin, put in a regular air environment or a humid oxygenated
environment, and illuminated with 30 mW/cm?” or 3 mW/cm? of UV light for 3 minutes CW
with one drop of solution every 30 seconds, or 30 minutes CW with one drop of solution
every minute, or 9 minutes pulsed (1.5 seconds on / 3 seconds off) with one drop of solution
every minute. The following treatments shown in Table 2 below were applied to each of the
samples shown in FIG. 7A:

[00108] Table 2: Treatment Conditions for the Samples Shown in FIG. 7A

Sample Treatment
Control After being soaked, corneal flaps were cut at approximately 380 um.
UV Control Eyes were illuminated with 30mW/cm” CW of UV light for 3 minutes.

Air, Pulsed Light | Eyes were illuminated with 30mW/cm” pulsed UV light (1.5 seconds

on / 3 seconds off) for 9 minutes.

0,, CW Eyes were illuminated with 30mW CW/cm’of UV light for 3 minutes

with oxygen always on during UV exposure and soak.
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3 mwW CW Eyes were illuminated with 3mW/cm? CW of UV light for 30 minutes.

O,, Pulsed Light Eyes were illuminated with 30mW/cm? of pulsed UV light (1.5
seconds on / 3 seconds off) for 9 minutes with oxygen on during soak

and UV exposure.

[00109] As shown in FIG. 7A, a humid oxygenated environment with pulsed UV light
greatly increases the amount of cross-linking taking place in the cornea. Applying a
combination of Riboflavin and ultraviolet (UV) light sterilizes a surface of the cornea. The
Riboflavin acts as a photosensitizer that increases the absorption of UV light. The resulting
absorption of UV light can induce DNA and RNA lesions, and as a result, is effective in
killing viruses, bacteria, and other pathogens in the field.

[00110] A humid oxygen environment and pulsing UV light increase the amount of cross-
linking to a certain degree when done separately, while they increase the amount of cross-
linking to a significantly greater extent when done in conjunction. Increased cross-linking
involves creation of an increased number of radicals. Radicals help to eliminate harmful
bacteria present in the eye. Accordingly, a humid oxygenated environment and pulsing UV
light result in more efficient elimination of viruses, bacteria, and other pathogens in the
cornea, creating a sterile environment while minimizing any damage or other unwanted
effects in the tissue. This is yet another example demonstrating that applying pulsed light
illumination as opposed to continuous wave illumination affects the amount of cross-linking
in the cornea.

[00111] FIG. 7B illustrates force versus displacement curves for samples of porcine cornea
illuminated with pulsed light of irradiance with oxygen, as well as curves for samples
irradiated with continuous illumination, and a curve for a control sample. The sample 3
irradiated with 30 mW/cm® pulsed light illumination with oxygen and a 3 seconds on / 3
seconds off duty cycle had the highest biomechanical stiffness, followed by sample 4
irradiated with 45 mW/cm? pulsed light illumination with oxygen and an identical on/off duty
cycle. The samples irradiated with 3 mW/cm? and 30 mW/cm?” continuous wave illumination
had lower biomechanical stiffness, followed by the control sample. Thus, the addition of
oxygen affects the amount of corneal stiffening even at the same on/off duty cycle. This is
yet one more parameter that may be altered in optimizing cross-linking.

[00112] It is contemplated that oxygen may be applied during the cross-linking treatments
in a number of different ways as discussed in U.S. Application No. 12/909,228, the contents
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of which are incorporated entirely herein by reference. For example, referring to FIG. 8A, a
treatment, such as thermokeratoplasty or LASIK surgery, is applied in step 210 to generate
structural changes in the cornea and produce a desired shape change. In step 220, the corneal
tissue is treated with a cross-linking agent 222. The cross-linking agent may be applied
directly on the treated tissue and/or in areas around the treated tissue. In some embodiments,
the cross-linking agent may be an ophthalmic solution that is broadly delivered by a dropper,
syringe, or the like. Alternatively, the cross-linking agent may be selectively applied as an
ophthalmic ointment with an appropriate ointment applicator. The cross-linking agent 222 is
then activated in step 230 with an initiating element 232. Activation of the cross-linking
agent 222, for example, may be triggered thermally by the application of microwaves or light
from a corresponding energy or light source. The resulting cross-linking between collagen
fibrils provides resistance to changes in corneal structure.

[00113] As FIG. 8B shows further, Riboflavin is applied as a cross-linking agent 222’ to
the corneal tissue in step 220. In addition, light from an UV light source may be applied as
an initiating element 232’ in step 230 to initiate cross-linking in the corneal areas treated with
Riboflavin. Specifically, the UV light initiates cross-linking activity by causing the applied
Riboflavin to release reactive oxygen radicals in the corneal tissue. As explained above, the
Riboflavin acts as a sensitizer to convert O, into singlet oxygen which causes cross-linking
within the corneal tissue.

[00114] In human tissue, O, content is very low compared to the atmosphere. The rate of
cross-linking in the cornea, however, is related to the concentration of O, when it is irradiated
with photoactivating light. Therefore, it may be advantageous to increase or decrease the
concentration of Oy actively during irradiation to control the rate of cross-linking until a
desired amount of cross-linking is achieved.

[00115] An approach according to aspects of the present invention involves
supersaturating the Riboflavin with O, Thus, when the Riboflavin is applied to the eye, a
higher concentration of O, is delivered directly into the cornea with the Riboflavin and affects
the conversion of O, into singlet oxygen when the Riboflavin is exposed to the
photoactivating light. As illustrated in FIG. 9A, the Riboflavin 222’ may be stored in a
closed vessel, e.g., a vial, 300 under increased O, pressure 305. The increased O, pressure
305 results in a higher equilibrium concentration of O, in the Riboflavin 222°. The walls 310
of the vessel 300 are preferably opaque or otherwise prevent visible, UV, or other light from

entering the vessel interior 301 to minimize the degradation of the Riboflavin 222°.
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Accordingly, referring to FIG. 9B, the step 215 supersaturates the Riboflavin 222” with O, so
that a supersaturated Riboflavin 222’ is applied in step 220.

[00116] According to other aspects of the present invention, rather than supersaturating the
Riboflavin 222 with O,, another substance, such as a gel (e.g., a methylcellulose gel), may
be saturated or supersaturated with O,. As illustrated in FIG. 10A, a gel 421 may be stored in
an interior 401 of a closed vessel, e.g., a vial, 400 under increased O, pressure 405. The
increased O pressure 405 results in a higher equilibrium concentration of O, in the gel 421.
The gel can then act as a carrier for Oy.

[00117] Referring to FIG. 10B, step 216 saturates a gel 421 with O,, and step 217 mixes
the supersaturated gel 421 with the Riboflavin 222°, so that a mixture 422 containing the
Riboflavin 222’ and the supersaturated gel 421 is applied in step 220. Alternatively, referring
to FIG. 10C, step 216 saturates a gel 421 with O,, and step 225 applies the gel 421 to the
cornea after the Riboflavin 222’ has been applied to the cornea. In both FIGS. 10A and 10B,
the gel 421 increases the presence of O, when the Riboflavin 222 is activated with the UV
light.

[00118] According to additional aspects of the present invention, a steady state of O, may
be maintained at the surface of the cornea to expose the cornea to a selected amount of O,
and cause O, to enter the cornea. The photoactivating light can then be applied to a cornea
with the desired O, content.

[00119] As shown in FIG. 11A, a ring 500 is placed on the eye 1 to supply O, to the
cornea 2 during irradiation. The ring 500 includes one or more ports 502 that direct a steady
flow of O, to the cornea 2, which has been treated by Riboflavin. The flow applies O, at high
pressure against the cornea 2, so that more O, is available during the irradiation of the
Riboflavin in the corneal tissue. The ring 500 may optionally be held in place by suction.
[00120] As FIG. 11B illustrates, in another embodiment, an enclosure 510 receiving a
supply of O, through a port 512 is placed on the eye to establish a steady state of O,. The
enclosure 510 may be held in place by a suction ring 512. As shown in FIG. 11B, the
enclosure 510 may be a cup-like structure. The enclosure 510 maintains the O, at a higher
pressure, e.g., higher than ambient, against the surface of the cornea 2. The concentration of
O, within the enclosure 510 and above the surface of the cornea 2 can approach 100%. The
O, within the enclosure 510 makes more O, to be available for the irradiation of the
Riboflavin in the corneal tissue. At least a portion of the walls 514 of the enclosure 510 may
be translucent to allow photoactivating light to pass through the enclosure 510 to irradiate the

cornea 2 and activate the Riboflavin applied to the cornea 2. Alternatively, the light source
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may be disposed within the enclosure. The enclosure 510 may also include a valve that
allows the gas to be released.

[00121] Accordingly, referring to FIG. 11C, step 227 establishes a steady state of O, above
the corneal surface before the photoactivating light 232° is applied in step 230 to initiate
cross-linking with the Riboflavin 222°.

[00122] Referring to FIG. 12, the rate of cross-linking may be monitored in real time and
the concentration of O, may be dynamically increased or decreased to achieve a desired
amount of cross-linking. As FIG. 12 illustrates, corneal tissue is treated with Riboflavin 222’
in step 220. In step 228, a first amount of O, is provided above the corneal surface to
introduce O, to the corneal tissue and establish a first concentration of O, in the cornea during
irradiation. The devices described with reference to FIGS. 11A and 11B may be employed to
change the amount of O, is provided above the corneal surface. The Riboflavin 222’ is then
activated in step 230 with UV light 232°.

[00123] In step 240, the amount of cross-linking resulting from the activation of the
Riboflavin 222’ is monitored. One technique for monitoring the cross-linking employs
polarimetry to measure corneal birefringence and to determine the structure of the corneal
tissue. In particular, the technique measures the effects of cross-linking on corneal structure
by applying polarized light to the corneal tissue. The corneal stroma is anisotropic and its
index of refractions depends on direction. The cornea behaves like a curved biaxial crystal
with the fast axis orthogonal to the corneal surface and the slow axis (or corneal polarization
axis) tangential to the corneal surface. Accordingly, a light beam emerging from the living
eye after a double pass through the ocular optics contains information on the polarization
properties of the ocular structures (except optically inactive humours). The technique of
using birefringence to monitor the structural changes resulting from cross-linking is described
further in U.S. Provisional Patent Application No. 61/388,963, filed October 1, 2010, the
contents of which are entirely incorporated herein by reference. A controller, employing
conventional computer hardware or similar processing hardware, can be used to monitor the
amount of cross-linking. Such hardware may operate by reading and executing programmed
instructions that are stored or fixed on computer-readable media, such as conventional
computer disk. In addition to being coupled to monitoring hardware, the controller may be
coupled to, and automatically control, the device(s) that provide the O, above the corneal
surface.

[00124] Based on the information from the real time monitoring in step 240, step 250

provides a second amount of O, above the eye to introduce another amount of O, to the

27



WO 2013/059837 PCT/US2012/062843

corneal tissue and expose the cornea to a second concentration of O, during irradiation with
UV light 232" in step 260. Steps 240, 250, and 260 may be repeated any number of times to
change the concentration of O, during irradiation to control the rate of cross-linking
dynamically.

[00125] The first amount of O, in step 228 may be greater than the second amount of O, in
step 250, or vice versa. Changing the cornea’s exposure from the first concentration to the
second concentration changes the rate of cross-linking in the corneal tissue as desired. If the
information from step 240 indicates that the first amount of O, is too low, step 250 provides a
second amount of O, that is greater than the first amount of O,. On the other hand, if the
information from step 240 indicates that the first amount of O; is too high, step 250 provides
a second amount of O, that is greater than the first amount of O,. It may be necessary to
remove the first amount of Oy, e.g., from the enclosure 510, before providing the second
amount of O, in step 250.

[00126] In some cases, it may be desired to provide substantially zero O, in step 250 to
minimize or reduce the amount of O, in the corneal tissue during irradiation in step 260.
Accordingly, step 250 may introduce a non-O, clement or substance above the corneal
surface. For example, nitrogen gas (N;) may replace the O, supplied by the devices 500 and
510 shown in FIGS. 11A and 11B.

[00127] Although the embodiments described above may employ Riboflavin as a cross-
linking agent, it is understood that other substances may be employed as a cross-linking
agent. The photoactivating light 332’ may include, for example, UV light or green light.
[00128] Aspects of the cross-linking treatments described herein may be applied in
combination with any eye therapy that may require additional stabilization of the corneal
tissue. In some embodiments, cross-linking treatments are combined with astigmatic
keratotomy eye surgery (AK). AK is a surgical procedure for correcting astigmatism, where
incisions are made in the steepest part of the abnormally shaped cornea to relax the cornea
into a rounded shape. AK is often employed in combination with cataract surgery. The
resulting shape change from AK can be stabilized with cross-linking treatment. Similarly,
cross-linking treatments may be combined with radial keratotomy (RK), which is a surgical
procedure for correcting myopia, where radial incisions are made to the cornea to make
corrective shape changes. In addition to stabilizing the corrective shape changes, the effect of
applying the cross-linking agent may also allow smaller incisions to be used during AK or

RK.
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[00129] Aspects of the present disclosure relate to monitoring and optimizing the
parameters of applying the cross-linking agent to the eye and of activating the cross-linking
agent. A large variety of factors affect the rate of the cross-linking reaction and the amount
of biomechanical stiffness achieved due to cross-linking. These factors include Riboflavin
concentration, conditions on the cornea, temperature, presence of oxidizing agents, the type
of illumination applied to activate the Riboflavin, the irradiance, the dose, the on/off duty
cycle of the applied illumination, as well as other factors. A number of these factors are
interrelated, in other words, changing one factor may have an unexpected effect on another
factor.

[00130] Aspects of the present disclosure relate to determining the effect of each of these
parameters on the rate and the amount of cross-linking, as well as the interrelations of these
parameters among each to optimize the conditions to achieve the desired amount, rate, and
location of corneal stiffening. Aspects of the present disclosure relate to monitoring the
corneal response to a change in one or a plurality of parameters and adjusting the one or the
plurality of parameters based on the received feedback.

[00131] Although the embodiments described above may employ stepwise on/off pulsed
light functions, it is understood that other functions for applying light to the cornea may be
employed to achieve similar effects. For example, light may be applied to the cornea
according to a sinusoidal function, sawtooth function, or other complex functions or curves,
or any combination of functions or curves. Indeed, it is understood that the function may be
“substantially” stepwise where there may be more gradual transitions between on/off values.
In addition, it is understood that irradiance does not have to decrease down to a value of zero
during the off cycle, and may be above zero during the off cycle. Effects of the present
disclosure may be achieved by applying light to the cornea according to a curve varying
irradiance between two or more values.

[00132] 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 covers various modifications, and equivalent arrangements. In addition, although
aspects of the present invention may be described in separate embodiments, it is
contemplated that the features from more than one embodiment described herein may be

combined into a single embodiment.
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What 1s claimed is:

1. A method for controlling activation of Riboflavin applied to an eye, comprising:
applying the Riboflavin to a selected region of a cornea of the eye; and
initiating cross-linking activity in the selected region by activating the Riboflavin
with pulsed light illumination having an irradiance, a dose, and an on/off duty cycle, the
irradiance, the dose, and the on/off duty cycle being adjusted in response to a determination
of photochemical kinetic pathways for Riboflavin cross-linking activity to control

photochemical efficiency.

2. The method of claim 1, wherein the Riboflavin is applied in presence of a

reducing agent.

3. The method of claim 1, wherein the irradiance is between approximately 1
mW/cm? to approximately 500 mW/cm?” and the on/off duty cycle is between approximately
100/1 to approximately 1/100.

4. The method of claim 1, wherein the pulse rate is between approximately 0.1 Hz

to approximately 1000 Hz.

5. The method of claim 1, wherein the irradiance is between approximately 1
mW/cm? to approximately 1000 mW/cm?” and the on/off duty cycle is between approximately
1000/1 to approximately 1/1000.

6. The method of claim 1, wherein the pulse rate is between approximately 1000 Hz

to approximately 100,000 Hz.

7. The method of claim 1, wherein oxygen serves as a first oxidizing agent during
cross-linking, the method further comprising adding a second oxidizing agent, the second

oxidizing agent being distinguishable from the first oxidizing agent.

8. The method of claim 1, further comprising activating the Riboflavin according to

a selected pattern.

9. The method of claim 8§, wherein activating the Riboflavin according to the
selected pattern comprises applying continuous wave light illumination of different on/off

duty cycles to different areas of the cornea.
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10. The method of claim 8§, wherein activating the Riboflavin according to the
selected pattern comprises applying pulsed light illumination of different on/off duty cycles

to different areas of the cornea.

11. The method of claim 8§, wherein activating the Riboflavin according to the
selected pattern comprises applying combined continuous wave and pulsed light illumination

of different on/off duty cycles to different areas of the cornea.

12. The method of claim 1, further comprising monitoring oxygen activity in the eye
and adjusting the irradiance, dose and the on/off duty cycle according to the monitored

oxygen activity.

13. The method of claim 1, further comprising monitoring an amount of cross-linking
in the cornea and applying a predetermined amount of oxygen to the cornea based on the

monitored amount of cross-linking in the cornea.

14. The method of claim 1, wherein the Riboflavin is present in a solution with a

concentration of Riboflavin being between about 0.001% to about 1%.

15. The method of claim 1, wherein the pulsed light illumination corresponds with

absorption peaks of the Riboflavin.

16. The method of claim 1, further comprising initiating cross-linking activity in the
selected region by activating the Riboflavin with continuous wave light illumination, wherein

the continuous wave light illumination corresponds with absorption peaks of the Riboflavin.

17. The method of claim 1, wherein the light illumination corresponds with

broadband illumination across the absorption peaks of the Riboflavin.

18. The method of claim 1, wherein the light illumination corresponds with multiple

absorption peaks of the Riboflavin.

19. A system for controlling cross-linking in corneal tissue, comprising:

an applicator for applying a cross-linking agent to a selected region of a cornea;

a light source configured to initiate cross-linking activity in the selected region by
activating the cross-linking agent, the light source being configured to deliver at least one of

pulsed light illumination and continuous wave illumination, the pulsed light illumination
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having an irradiance, a dose, and an on/off duty cycle, wherein the irradiance, the dose, and
the on/off duty cycle are adjusted in response to a determination of photochemical kinetic
pathways for the cross-linking activity to control photochemical efficiency and achieve a
desired amount of cross-linking in the cornea and wherein the continuous wave illumination
corresponds with absorption peaks of the cross-linking agent; and

a monitoring system configured to monitor the amount of cross-linking in the
cornea,

wherein the irradiance, the dose and the on/off duty cycle are optionally further

adjusted in response to the monitored amount of cross-linking in the cornea.

20. The system of claim 19, further comprising a delivery device configured to

deliver a predetermined amount of oxygen to a surface of the cornea.

21. The system of claim 20, wherein the predetermined amount of oxygen is

determined based on the amount of cross-linking in the cornea.

22. The system of claim 19, wherein the pulsed light illumination corresponds with

absorption peaks of the cross-linking agent.

23. The method of claim 19, wherein the illumination corresponds with broadband

illumination across the absorption peaks of the cross-linking agent.

24. The method of claim 19, wherein the illumination corresponds with multiple

absorption peaks of the cross-linking agent.

25. The system of claim 19, further comprising a delivery device configured to
provide a gas mixture at steady state at a surface of the cornea, the gas mixture determining

an O, content for activation of the cross-linking agent in the cornea.

26. The system of claim 25, wherein the delivery device initially provides a first gas
mixture that determines a first O, content in the cornea and, in response to the amount of
cross-linking determined by the monitoring system, provides a second gas mixture that
determines a second O, content in the cornea, the first gas mixture and the second gas
mixture providing different amounts of O,, the delivery device and the pulsed light source

providing dynamic control of cross-linking in the cornea.
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27. The system of claim 19, wherein the cross-linking agent is saturated or
supersaturated with O, to increase the O, content in the cornea when the applicator applies

the cross-linking agent.

28.  The system of claim 19, wherein the cross-linking agent is mixed with another

substance that is saturated or supersaturated with O,.
29.  The system of claim 28, wherein the other substance is a gel.

30. A method of controllably applying cross-linking therapy to an eye, comprising:

analyzing a cornea of the eye to determine a desired change in a biomechanical
characteristic for the eye;

achieving the desired change in the biomechanical characteristic for the eye by
adjusting, in response to a determination of photochemical kinetic pathways of cross-linking
activity in the eye, at least one parameter of: an irradiance of pulsed light illumination to be
applied to the cornea, a dose, a duration of an exposure cycle of the pulsed light illumination,
and a duration of a dark cycle of the pulsed light illumination; and

activating the cross-linking agent by delivering the pulsed light illumination to

the cornea according to the at least one adjusted parameter.

31. The method of claim 30, wherein activating the cross-linking agent includes

conveying the pulsed light illumination according to multiphoton delivery.

32. The method of claim 31, further comprising controlling the cross-linking at

specific depths of the cornea by employing longer wavelengths that reduce shielding effects.

33. The method of claim 30, further configured to increase an amount of cross-

linking in the cornea by applying a stream of oxygen to a corneal surface.

34. A system for dynamically controlling an amount of cross-linking in a cornea,
comprising:

an applicator for applying a cross-linking agent to a cornea;

a pulsed light source configured to activate the cross-linking agent, the pulsed
light source having an irradiance, a dose, and an on/off duty cycle, wherein the irradiance, the
dose, and the on/off duty cycle are adjusted based on a desired amount of cross-linking in the

cornea; and
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a delivery device configured to provide oxygen to a surface of the cornea.

35. The system of claim 34, further comprising a monitoring system configured to

monitor an amount of cross-linking in the cornea.

36. The system of claim 35, wherein the delivery device initially provides a first gas
mixture that determines a first O, content in the cornea and, in response to the amount of
cross-linking determined by the monitoring system, provides a second gas mixture that
determines a second O, content in the cornea, the first gas mixture and the second gas mixture
providing different amounts of O,, the delivery device providing dynamic control of cross-

linking in the cornea.

37. The system of claim 34, wherein an amount of oxygen delivered to the surface of
the cornea is adjusted based on a monitored amount of cross-linking in the cornea, wherein
adjusting the irradiance, the dose, the on/off duty cycle, and the amount of oxygen delivered
to the surface of the cornea increases absorption of the pulsed light by the surface of the

cornea, the absorption of the pulsed light further sterilizing the surface of the cornea.

38. A method for controlling cross-linking in corneal tissue, comprising:

applying a cross-linking agent to a cornea;

activating the cross-linking agent with pulsed light illumination having an
irradiance, a dose, and an on/off duty cycle,

monitoring an amount of cross-linking in the cornea;

adjusting the irradiance, the dose, and the on/off duty cycle in response to the
monitored amount of cross-linking in the cornea; and

delivering oxygen to a surface of the cornea.

39. The method of claim 38, wherein an amount of oxygen delivered to the surface of

the cornea is adjusted in response to the monitored amount of cross-linking in the cornea.

40. The method of claim 38, further comprising adjusting an amount of oxygen
delivered to the surface of the cornea, wherein the adjusting the irradiance, the dose, the
on/off duty cycle, and the amount of oxygen delivered to the cornea in response to the
monitored amount of cross-linking in the cornea increases absorption of the pulsed light by
the surface of the cornea, the absorption of the pulsed light further sterilizing the surface of

the cornea.
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41. The method of claim 38, further comprising activating the cross-linking agent

according to a selected pattern.

42. The method of claim 38, wherein the pulsed light illumination corresponds with

absorption peaks of the cross-linking agent.

43. The method of claim 38, further comprising activating the cross-linking agent
with continuous wave light illumination, wherein the continuous wave light illumination

corresponds with absorption peaks of the cross-linking agent.

44. The method of claim 38, wherein the light illumination corresponds with

broadband illumination across the absorption peaks of the cross-linking agent.

45. The method of claim 38, wherein the light illumination corresponds with multiple

absorption peaks of the cross-linking agent.
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