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Avedro’s KXL System for Performing Accelerated Cross-linking and Lasik Xtra

Introduction
It has been established that the creation of a Lasik flap weakens the cornea.
Depending on the thickness of the Lasik flap, the structural integrity of the
eye can be weakened by 14-33% (1) (Figure 1).
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Figure 1 Percent corneal weakening to flap depth
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In recent years, post-Lasik iatrogenic ectasia has become a troublesome and
unpredictable problem for many refractive surgeons and Lasik patients. Since the
Lasik flap never reconnects to the corneal bed and the native corneal strength
does not return, it is expected that over time, with the ever increasing number of
eyes treated with Lasik, more and more corneas will suffer mechanical fatigue
resulting in ectasia.
Avedro’s Lasik Xtra™
Recognizing the enormous potential safety benefit in restoring the strength of
corneas weakened by Lasik, Avedro’s team began to investigate the limitations
associated with standard cross-linking. The Avedro team made a breakthrough
discovery that reduces cross-linking time from one-hour to a few minutes and
led to the development of Avedro’s KXL System for accelerated cross-linking
(see Appendix A) and the Lasik Xtra procedure for prophylactically cross-linking
during Lasik surgery. Lasik Xtra has the added advantage of being able to apply
the riboflavin directly into the Lasik flap interface, eliminating the need to remove
the epithelium and to prophylactically cross-link in five minutes during a Lasik
procedure.
Among its many innovations, Avedro’s KXL System can adjustably deliver up to 45
mW/cm2 of power with unrivaled beam homogeneity. By increasing the UVA power
and reducing the exposure time, the KXL System delivers the same energy on the
eye as standard CXL while reducing cross-linking time by an order of magnitude.
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Rapid vs. Standard Collagen Cross-Linking
The amount of corneal strengthening derived from cross-linking is energy
dependent, not power dependent. Figure 2 is taken from the presentation, “Rapid vs. Standard Collagen CXL with Equivalent Energy Dosing” in
which Krueger (2), et al show that higher powers, delivered over shorter time
periods, can provide the same corneal strengthening as lower powers, over
longer time periods.

Equi-dose Extensiometry: Stress/Strain
There are no statistically significant biomechanical differences
when Equi-dosing high UVA with shorter exposure time
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>> Figure 2 Adapted from Krueger, Spoerl, Herekar, Rapid vs. Standard Collagen CXL with Equivalent Energy Dosing.
Original online presentation link: http://www.slideshare.net/Iogen/krueger-herekar-rapid-cross-linking

Lasik Xtra Safety
Please see Appendix B “Optical Radiation Safety of the Avedro KXL System
and Accelerated Cross-Linking Procedure” by David H. Sliney, Ph.D.
In addition to Dr. Sliney’s White Paper, a series of experiments have been
reported by different independent groups showing the safety of high UVA
irradiance on the cornea. Werner, et al reported on the effects of very high
UVA radiant exposures associated with the Calhoun Vision Light Adjustable
Lens (LAL) on the corneal endothelium of 12 live cats. In each cat, one study
eye was treated with UVA only (365 nm) at 250 mW/cm2 for 2 minutes (no
riboflavin), while the fellow eye was left untreated as a control. After UVA
treatment, animals were sacrificed at 1 day, 1 week, 1 month, and 3 months
and their corneas were removed and evaluated for endothelial cell
damage. Results showed there were no statistically significant differences
between the two groups at any of the time points. There is no acute or
chronic damage to the endothelial cells following a total UVA radiant
exposure of up to 49 J/cm2 at the anterior corneal surface (or of about
34 J/cm2 delivered at the corneal endothelium after attenuation) (3).
2.
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Lasik Xtra Safety (cont.)
Further cytotoxicity studies by Professor John Marshall’s group (Institute of Ophthalmology, London, UK) were carried out on human keratocyte and endothelium cultured
cells. A homogeneous UVA illumination (365 nm) and riboflavin solution were administered to mimic clinical conditions. One group was treated for 6 minutes at 1.8 mW/
cm2 while a second group was treated for 35 minutes at 0.3 mW/cm2, delivering the
same total UVA radiant exposure (0.63 J/cm2) at cell level in each group. Two control
groups comprised cells treated with either riboflavin alone or PBS alone. Cell viability
was measured 48 hours after UVA treatment. For each UVA irradiated test group, the
measured cell viabilities showed no statistically significant difference from those of
the non-irradiated control groups (Figure 3). This shows that neither the low irradiance
(standard CXL cross-linking) nor the high irradiance (accelerated cross-linking) was
cytotoxic to human endothelial cells.
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Figure 3 Endothelial cell viability with
low vs. high UVA irradiance at threshold
energy level of 0.63J/cm2

In a second set of experiments, conducted by John Marshall, Ph.D. ,the cultured
human endothelial cells and keratocytes were each pre-soaked in 0.025% riboflavin
solution, divided into three treatment groups of 4 plates each (Table 1), and irradiated using the same homogenous UVA system. Along with each treatment group, a
corresponding control group of 2 plates was studied. The control groups were soaked
in riboflavin but spared UVA while undergoing the same environmental changes as
experienced by the treated plates. For the keratocyte groups, the total UVA radiant
exposure was set 50% higher than for the corresponding endothelial cell group to
model their greater proximity to the UVA source.
Table 1: Cytotoxicity test matrix examining effects of UVA irradiance and total radiant exposure
Cell Type

Group

Simulated Treatment

UVA
(mW/cm2)

UVA Exposure
Time (min)

Total UVA Radiant
Exposure (J/cm2)

At Bowman’s At Cell Level
Endothelial

Keratocyte

1

Standard Cross-linking

3

0.3

30

0.54

2

Accelerated Cross-linking

30

3.0

3

0.54

1

Standard Cross-linking

3

0.45

30

0.81

2

Accelerated Cross-linking

30

4.5

3

0.81
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Lasik Xtra Safety (cont.)
The results of the experiment demonstrated that endothelial cells (Figure
4) and keratocytes (Figure 5) that underwent riboflavin and UVA treatment
showed no obvious damage. Endothelial cells showed similar or better cell
viability when treated at higher irradiance for shorter time (3 min) compared
to the cells treated at lower irradiance for a longer time (30 min). Keratocytes showed similarly good cell viability when treated at higher or lower
irradiance.
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Figure 4 Endothelial cell viability
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Figure 5 Keratocyte cell viability

*Ratio of optical density of treated cells to control cells
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Safety of UVA exposure with Avedro’s KXL accelerated cross-linking
In Dr. David Sliney’s KXL System Safety report, cited earlier, he stated that
based upon the current approach, the UVA radiation exposure dose (5.4 J/
cm2) during Avedro’s accelerated KXL cross-linking is well below the actinic
exposure dose limits to protect the cornea, which are 23 J/cm2 at 360 nm, 27 J/
cm2 at 365 nm, and 32 J/cm2 at 370 nm. These latter spectrally dependent
limits were based upon corneal damage studies, (4) (5) and skin erythema thresholds (ACGIH, 2007) (6) (7). The exposure limits are measured at the corneal plane,
and apply to the irradiation of a phakic eye or the pseudophakic eye. In the
normal adult, 95-99% of UVA energy is absorbed by the cornea and crystalline
lens in the phakic eye, and only about 1% or less reaches the retina in the 350380 nm spectral region. Hence, retinal hazards are normally not considered
significant for UVA exposures, except for the aphakic eye. Since the cornea
and its absorbed riboflavin attenuates much of the incident UVA radiant energy at wavelengths near 365 nm during the procedure, the above limits will
protect both the lens and retina as well as any other ocular tissue. Therefore,
the potential for direct damage of ocular structures is negligible during the
accelerated cross-linking procedure, even if riboflavin was accidentally
omitted.

Accelerated cross-linking efficacy
While it is vital to have enough riboflavin in the anterior stroma for cross-link
formation, it is most important to limit the UVA absorption by the riboflavin
adjacent to the endothelium.

Modeling results of UVA absorbed by Riboflavin: The UVA/riboflavin
cross-linking process was modeled numerically by casting the equations
governing riboflavin diffusion (using Fick’s law) and UVA absorption (using
Beer-Lambert’s law) in finite difference form and solving them across a
1-dimensional domain. The model results (UVA dose absorbed by riboflavin
vs. stromal depth) show both the standard cross-linking protocol as well
as the Avedro accelerated cross-linking protocol. Figure 6 shows that the
posterior of the cornea has less UVA dose absorbed by riboflavin in the
accelerated cross-linking due to the much shorter pre-soak time. This implies
a safer dose of UVA/riboflavin close to the endothelium in the accelerated
procedure, thus allowing the inclusion of patients with corneas as thin as
325 µm. In the anterior stroma, the UVA dose absorbed in both cross-linking
protocols are essentially the same; producing equivalent amounts of crosslinking in the anterior part of the cornea.
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Safety and Efficacy of Accelerated
KXL Cross-Linking vs. Standard Cross-linking Protocol

Standard cross-linking - Riboﬂavin: 30 min @ 0.1%, UVA: 30 min @ 3 mW/cm2 (5.4J/cm2)
Accelerated KXL cross-linking - Riboﬂavin: 10 min @ 0.1%, UVA: 3 min @ 30 mW/cm2 (5.4J/cm2)
Accelerated KXL cross-linking - Riboﬂavin: 5 min @ 0.1%, UVA: 3 min @ 30 mW/cm2 (5.4J/cm2)

Safety concerns for the endothelium derive from the
UVA/Riboflavin interaction, not the UVA alone.
NOTE: The relative absorbtion of standard cross-linking
at 400 µm compared to the accelerated KXL crosslinking at 300 µm.

>> Figure 6
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Lasik Xtra – Increased flap adhesion
Mi et al have reported that cross-linking post-Lasik corneas increased the
adhesion strength of the flap to the stromal bed (8). It has been shown by Todani
et al that epithelial cells have a tendency to show in-growth, but adherence of the
flap could reduce or eliminate epithelial cell in-growth under the flap (9). Avedro
has performed similar experiments using a load cell for small force measurements
which showed similar results of increased flap adhesion following cross-linking.
This effect could result in a quicker stabilization of the flap-bed interface and
reduce the incidence of epithelial in-growth.
U.S. Multi-Center Clinical Trials
Avedro has completed enrollment in two phase III clinical trials in the U.S. to
evaluate the safety and efficacy of standard corneal collagen cross-linking in
eyes with keratoconus and ectasia following refractive surgery. Enrollment for
these trials was completed in July 2009 and approximately 500 eyes have been
treated. Avedro has also commenced a phase III clinical trial of three minute
cross-linking in eyes with keratoconus. Approximately 500 eyes will be enrolled
at 16 clinical sites in the United States.
According to John Kanellopoulos, MD in his presentation Prophylactic collagen
cross-linking (pCXL) in high risk (HR) Lasik at the World Cornea Congress, Boston
2010, prophylactic cross-linking during Lasik results in no refractive effect from
cross-linking and “appears to be a safe and effective adjunct treatment against
potential ectasia.” (10)

In Conclusion
Avedro’s KXL accelerated cross-linking is a breakthrough treatment that is safe
and effective in halting the progression of Keratoconus and Lasik induced
ectasia. Accelerated cross-linking is also safe and effective for use during Lasik
surgery or anytime after Lasik surgery to restore strength to corneas weakened
by the creation of the Lasik flap.
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Appendix A
Appendix A

KXL™
KXL™ System
System

Accelerated cross-linking for
Accelerated cross-linking for
Lasik Xtra, keratoconus, and Lasik-induced ectasia
Lasik Xtra, keratoconus, and Lasik-induced ectasia

Avedro’s KXL system is a highly advanced UVA device
Avedro’s KXL system is a highly advanced UVA device
for performing corneal collagen cross-linking
for performing corneal collagen cross-linking

KXL System
KXL System
Beam Profile
Beam Profile

The KXL system provides superiority in:
The KXL system provides superiority in:
• Accelerated cross-linking in a few minutes
• Accelerated cross-linking in a few minutes
• Positioning & Stability • Beam Homogeneity
• Positioning & Stability • Beam Homogeneity
• Power Output
• Programmability
• Power Output
• Programmability
• Portability
• Portability

Touch screen monitor
for procedure
programming
Touch
screen
monitor
and
device
operation
for procedure
programming
and device operation

UVA light source with programmability
from standard to accelerated power
UVA light source with programmability
from standard to accelerated Wireless
power X, Y, Z
Beam positioning
and adjustable
Wireless
X, Y, Z
beam
diameter
Beam positioning
and adjustable
Flexible and stable
beam diameter
beam positioning

3% RMS uniformity variation over the entire
3% RMS uniformity variation over the entire
11mm beam proﬁle
11mm beam profile

Flexible and stable
beam positioning

KXL Specifications
KXL Specifications

CE Mark - Yes
CE Mark - Yes
UV-A Wavelength - 365 nm
UV-A Wavelength - 365 nm
Power Output - 3mW/cm2 2to 45mW/cm2 2
Power Output - 3mW/cm to 45mW/cm
Energy density - Controlled to 5.4J/cm2 2
Energy density - Controlled to 5.4J/cm
Beam Diameter - Up to 11mm depending on model
Beam Diameter - Up to 11mm depending on model
Other Features:
Other Features:
Touch screen monitor
Touch screen monitor
Wireless remote control in the x, y, and z axis
Wireless remote control in the x, y, and z axis
Battery or wall power
Battery or wall power
Riboflavin:
Riboflavin:
Isotonic
Isotonic
0.1% riboﬂavin
0.1% riboflavin
20% Dextran T500
20% Dextran T500
pH 7.0
pH 7.0
Packaged in syringes
Packaged in syringes

Space saving design

Space saving design

9.

10

Appendix B

DAVID H. SLINEY, Ph.D.
406 Streamside Drive
Fallston, MD 21047-2806 USA

Consulting Physicist
Optical Radiation Hazard Analysis

Telephone (410) 877-1646
FAX (410) 877-1646

16 September 2010
FAX: (781) 768-3401

Marc Friedman, Ph.D.
VP, Research & Chief Scientist
Avedro, Inc.
230 Third Avenue
Waltham, MA 02451

Optical Radiation Safety of the
Avedro KXL System and Accelerated Cross-Linking Procedure
BACKGROUND
Avedro’s KXL system and accelerated cross-linking procedure are intended for use in
treating kerataconus and various ectatic corneal disorders. This treatment is designed to stabilize
the keratoconic process and increase the biomechanical stability of the corneal stroma.
Accelerated cross-linking is similar to the standard riboflavin/UV cross-linking (CXL) procedure
now in widespread clinical use, except that the limbus is shielded, the riboflavin presoak and UV
exposure times are significantly shortened and the UV irradiance is increased.
During accelerated cross-linking for keratoconus, drops of a riboflavin-5'-phosphate
photosensitizer solution (0.1% in 20% dextran) are administered to the cornea after debriding the
epithelium. The limbus is shielded from exposure by a UV-blocking annular corneal shield,
having an inside diameter of 9 mm and an outside diameter of 14.7 mm. The riboflavin solution
is applied for a ten -minute presoak to achieve a total corneal concentration (“loading” or
“saturation”) of 0.04% in the top 150 μm of the stroma. The cornea is then exposed to nearultraviolet radiant energy from a solid-state UV lamp source [light-emitting diode (LED)] at a
wavelength around 365-370 nm (in the UV-A spectral band) at an irradiance (“exposure doserate”) of 30 mW/cm2 for 3 minutes (180 seconds) to achieve a total radiant exposure (“total
dose”) of 5.4 J/cm2 (KXL-001A protocol) or for two minutes (120 seconds) to achieve a total
radiant exposure of 3.6 J/cm2 (KXL-001B protocol).
The application of near-ultraviolet radiation and riboflavin to the cornea requires an
assessment of any potential optical radiation hazards to the patient. Because all ocular tissues
transmit and scatter radiation to some degree, a small amount of UV-A could also reach the lens,
ciliary body, and the structures outside of the treatment zone. Furthermore, it is generally
recognized that exposure of UV-A to the non-target corneal tissue, i.e., the corneal endothelium
as well as the limbus, should be minimized. This report examines the optical radiation safety of
the accelerated cross-linking procedure based upon current optical radiation safety standards and
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upon
upon experimental
experimental studies
studies of
of UV
UV damage
damage to
to ocular
ocular structures.
structures. It
It is
is shown
shown that
that these
these UV-A
UV-A
exposures
exposures would
would be
be comparable
comparable to
to the
the normal
normal UV-A
UV-A exposure
exposure in
in the
the outdoor
outdoor environment.
environment.
Ultraviolet
Ultraviolet damage
damage to
to ocular
ocular tissues
tissues has
has been
been studied
studied in
in the
the past
past in
in order
order to
to establish
establish
occupational
occupational exposure
exposure limits
limits for
for individuals
individuals working
working with
with intense
intense light
light sources
sources and
and industrial
industrial
UV
UV sources.
sources. The
The International
International Commission
Commission on
on Non-Ionizing
Non-Ionizing Radiation
Radiation Protection
Protection (ICNIRP)
(ICNIRP) and
and
the
the American
American Conference
Conference of
of Governmental
Governmental Industrial
Industrial Hygienists
Hygienists (ACGIH)
(ACGIH) has
has published
published the
the
most
most current
current occupational
occupational and
and public
public exposure
exposure guidelines
guidelines for
for UV
UV radiation
radiation (UVR).
(UVR). The
The
rationale
rationale and
and an
an in-depth
in-depth review
review of
of potential
potential UV
UV hazards
hazards were
were most
most recently
recently updated
updated and
and
published
published in
in 2004
2004 (ICNIRP,
(ICNIRP, 2004);
2004); the
the ACGIH
ACGIH documentation
documentation includes
includes updates
updates through
through 2010
2010
(ACGIH,
(ACGIH, 2010).
2010).
Ultraviolet
Ultraviolet irradiation
irradiation of
of the
the cornea
cornea during
during ophthalmic
ophthalmic surgery
surgery is
is not
not new.
new. Diagnostic
Diagnostic UV
UV
sources
sources have
have been
been used
used for
for many
many decades
decades (Wood’s
(Wood’s lamps,
lamps, etc).
etc). UV
UV irradiation
irradiation for
for refractive
refractive
surgery
surgery has
has become
become widespread
widespread over
over the
the past
past two
two decades.
decades. Although
Although the
the 193
193 nm
nm UV-C
UV-C
wavelength
wavelength used
used in
in refractive
refractive surgery
surgery involves
involves aa completely
completely different
different interaction
interaction (ablative)
(ablative)
mechanism,
mechanism, there
there is
is also
also some
some exposure
exposure of
of corneal
corneal and
and lenticular
lenticular tissues
tissues to
to longer-wavelength
longer-wavelength
UV
UV from
from corneal
corneal fluorescence
fluorescence (Cohen,
(Cohen, 2001;
2001; Sliney,
Sliney, 1993).
1993). Excimer
Excimer laser
laser trabeculoplasty
trabeculoplasty
(ELT)
(ELT) that
that employs
employs aa relatively
relatively near
near UV
UV (308
(308 nm
nm XeCl)
XeCl) laser
laser wavelength
wavelength has
has been
been studied
studied
(Berlin,
(Berlin, 1998).
1998). UV-A
UV-A radiant
radiant energy
energy has
has also
also been
been applied
applied to
to UV-correctable
UV-correctable intraocular
intraocular lens
lens
implants
implants (Chayet,
(Chayet, 2009).
2009). The
The CXL
CXL corneal
corneal cross-linking
cross-linking procedure
procedure (riboflavin:
(riboflavin: 30
30 minute
minute
has been
been used
used in
in tens
tens of
of thousands
thousands of
of keratoconus
keratoconus
presoak
presoak at
at 0.1%;
0.1%; UV-A:
UV-A: 30
30 min
min at
at 33 mW/cm
mW/cm22)) has
patients
patients around
around the
the world
world and
and is
is the
the subject
subject of
of at
at least
least 10
10 ongoing
ongoing clinical
clinical trials
trials including
including an
an IND
IND
trial
trial in
in the
the US.
US. Moderate
Moderate to
to advanced
advanced progressive
progressive keratoconus
keratoconus is
is effectively
effectively halted,
halted, although
although the
the
exact
exact duration
duration of
of the
the corneal
corneal stiffening
stiffening effect
effect is
is as
as yet
yet unknown.
unknown. No
No damage
damage to
to corneal
corneal
endothelium,
endothelium, lens,
lens, or
or retina
retina has
has been
been noted
noted during
during any
any of
of the
the clinical
clinical studies
studies so
so far
far (Kolli,
(Kolli, 2010).
2010).
RADIOMETRIC
RADIOMETRIC CHARACTERISTICS
CHARACTERISTICS OF
OF THE
THE UV
UV SOURCE
SOURCE
Avedro’s
Avedro’s KXL
KXL UV
UV source
source consists
consists of
of an
an LED
LED having
having an
an emission
emission spectrum
spectrum between
between 360
360 and
and
370
370 nm,
nm, with
with aa nominal
nominal peak
peak wavelength
wavelength of
of 365
365 nm,
nm, aa spectral
spectral bandwidth
bandwidth (full-width-half(full-width-halfmaximum:
maximum: FWHM)
FWHM) of
of 99 nm.
nm. The
The total
total LED
LED radiant
radiant power
power is
is not
not emitted
emitted from
from the
the system,
system, since
since
the
the emitted
emitted energy
energy must
must first
first be
be conditioned
conditioned by
by projection
projection optics.
optics. During
During the
the accelerated
accelerated crosscrosslinking
linking procedure,
procedure, the
the patient’s
patient’s eye
eye would
would not
not be
be accommodated
accommodated to
to the
the source
source plane
plane (Figure
(Figure 1A),
1A),
and
and as
as aa result,
result, the
the retinal
retinal image
image would
would be
be far
far more
more uniform
uniform (Figure
(Figure 1B).
1B). Images
Images were
were taken
taken of
of
the
the direct
direct source
source using
using aa Nikon
Nikon Model
Model P50
P50 digital
digital camera
camera with
with appropriate
appropriate attenuating
attenuating filters.
filters.
of 2.7
2.7 mm
mm [d
[drr =
= f·α
f·α =
= (17
(17
The
The retinal
retinal image
image of
of the
the large
large UV-A
UV-A source
source would
would have
have aa diameter
diameter ddrr of
mm)
mm) ·· (0.16
(0.16 radian)
radian) =
= 2.7
2.7 mm].
mm]. Thus
Thus the
the fraction
fraction (~20%)
(~20%) of
of direct
direct (non-scattered)
(non-scattered) energy
energy that
that
is
is through
through the
the cornea
cornea and
and the
the even
even smaller
smaller fraction
fraction that
that penetrates
penetrates through
through the
the lens
lens (<
(< 1%)
1%) that
that
arrives
arrives at
at the
the retina
retina is
is safely
safely diffused
diffused over
over aa substantial
substantial image
image area.
area.
Irradiance
Irradiance measurements
measurements at
at the
the corneal
corneal plane
plane beneath
beneath the
the projection
projection optic
optic were
were made
made on
on 14
14
July
July 2010
2010 using
using an
an Ophir
Ophir Model
Model 7Z01550
7Z01550 Nova
Nova II
II optical
optical power
power meter
meter (S.N.
(S.N. 573214;
573214; calibrated
calibrated
active area
area
November
November 2009)
2009) and
and an
an Ophir
Ophir Type
Type PD300-UV
PD300-UV sensor,
sensor, Model
Model 7Z02413
7Z02413 with
with aa 1cm
1cm22 active
in
(S.N.
(S.N. 573753;
573753; calibrated
calibrated December
December 2009).
2009). The
The device
device delivered
delivered an
an irradiance
irradiance of
of 30
30 mW/cm
mW/cm22 in
aa uniform
uniform field.
field. The
The average
average radiance
radiance (L)
(L) of
of the
the source
source can
can be
be calculated
calculated by
by dividing
dividing the
the
irradiance (E) by the solid angle (Ω) subtended by the source, where

2

12

Ω = (π·α22)/4 for a circular source. Thus, Ω = 0.02 sr and L = E/Ω = (30 mW/cm22)/(0.02
)/(0.02 sr)
sr) =
=
-2
-2
-1
-1
1.5
1.5 W·cm
W·cm ·sr
·sr ..
HAZARD
HAZARD ANALYSIS
ANALYSIS
Potential
Potential Photochemical
Photochemical Damage
Damage to
to Tissues
Tissues beneath
beneath the
the Treated
Treated Cornea
Cornea
Based
Based upon
upon the
the current
current approach,
approach, the
the UV-A
UV-A radiation
radiation exposures
exposures during
during accelerated
accelerated crosscrosslinking
linking will
will somewhat
somewhat exceed
exceed the
the currently
currently recommended
recommended occupational
occupational exposure
exposure limit
limit (or
(or
Threshold
Threshold Limit
Limit Value)
Value) for
for UV-A
UV-A (315-400
(315-400 nm)
nm) radiant
radiant energy
energy to
to protect
protect the
the lens
lens and
and retina,
retina,
22
which
which is
is 1.0
1.0 J/cm
J/cm for
for exposure
exposure durations
durations less
less than
than 1,000
1,000 seconds.
seconds. This
This limit
limit is
is generally
generally
justified
justified as
as aa maximal
maximal routine
routine exposure
exposure dose
dose to
to protect
protect the
the crystalline
crystalline lens
lens and
and retina
retina for
for daily
daily
workplace
workplace exposures
exposures over
over aa lifetime.
lifetime. However,
However, the
the clinical
clinical exposure
exposure dose
dose is
is well
well below
below the
the
actinic
actinic exposure
exposure dose
dose limits
limits to
to protect
protect the
the cornea,
cornea, which
which are
are 23
23 J/cm
J/cm22 at
at 360
360 nm,
nm, 27
27 J/cm
J/cm22 at
at 365
365
22
nm,
nm, and
and 32
32 J/cm
J/cm at
at 370
370 nm.
nm. These
These latter
latter spectrally
spectrally dependent
dependent limits
limits were
were based
based upon
upon corneal
corneal
damage
damage studies
studies (Pitts,
(Pitts, 1977;
1977; Zuclich,
Zuclich, 1989)
1989) and
and skin
skin erythema
erythema thresholds
thresholds (ACGIH,
(ACGIH, 2007;
2007; Sliney
Sliney
and
and Wolbarsht,
Wolbarsht, 1980).
1980). The
The exposure
exposure limits
limits are
are measured
measured at
at the
the corneal
corneal plane,
plane, and
and apply
apply to
to the
the
irradiation
irradiation of
of aa phakic
phakic eye
eye or
or the
the pseudophakic
pseudophakic eye.
eye. In
In the
the normal
normal adult,
adult, 95-99%
95-99% of
of UV-A
UV-A
energy
energy is
is absorbed
absorbed by
by the
the cornea
cornea and
and crystalline
crystalline lens
lens in
in the
the phakic
phakic eye,
eye, and
and only
only about
about 1%
1% or
or
less
less reaches
reaches the
the retina
retina in
in the
the 350-380
350-380 nm
nm spectral
spectral region.
region. Hence
Hence retinal
retinal hazards
hazards are
are normally
normally not
not
considered
considered significant
significant for
for UV-A
UV-A exposures,
exposures, except
except for
for the
the aphakic
aphakic eye.
eye. Since
Since the
the cornea
cornea and
and its
its
absorbed
absorbed riboflavin
riboflavin attenuates
attenuates much
much of
of the
the incident
incident UV-A
UV-A radiant
radiant energy
energy at
at wavelengths
wavelengths near
near
365
365 nm
nm during
during the
the procedure,
procedure, the
the above
above limits
limits will
will protect
protect both
both the
the lens
lens and
and retina
retina as
as well
well as
as any
any
other
other ocular
ocular tissue.
tissue. Therefore,
Therefore, the
the potential
potential for
for direct
direct damage
damage of
of ocular
ocular structures
structures is
is negligible
negligible
during
during the
the accelerated
accelerated cross-linking
cross-linking procedure,
procedure, even
even if
if riboflavin
riboflavin was
was omitted.
omitted. But
But the
the
procedure
procedure should
should not
not be
be used
used on
on aphakic
aphakic eyes.
eyes. Table
Table 11 summarizes
summarizes the
the treatment
treatment procedures.
procedures.
Table
Table 1.
1. Summary
Summary of
of the
the Avedro
Avedro Procedures
Procedures
Total
Total UVA
UVA Radiant
Radiant
Exposure
Exposure [J/cm
[J/cm22]]

Treatment
Treatment Procedure
Procedure

Treatment
Treatment

Riboflavin
Riboflavin
Concentration
Concentration

PrePresoak
soak
Time
Time
[min]
[min]

KXL-001
KXL-001 A
A

Keratoconus
Keratoconus

0.10%
0.10%

10
10

30
30

KXL-001
KXL-001 B
B

Keratoconus
Keratoconus

0.10%
0.10%

10
10

30
30

Procedure
Procedure
Name
Name

UV
UV Lamp
Lamp
Irradiance
Irradiance
[W/cm
[W/cm22]]

Time
Time
UV
UV
Lamp
Lamp
on
on
[min]
[min]

Surface
Surface
under
under
epithelium
epithelium

Endothelium
Endothelium
(300µm)
(300µm)

Surface
Surface

Endothelium
Endothelium
(300µm)
(300µm)

5.4
5.4

0.75
0.75

0.58
0.58

0.017
0.017

3.6
3.6

0.51
0.51

0.39
0.39

0.01
0.01

33
22
-7

2 -1

*Based on models with following assumptions: (1) D-ribo=3.7x10 cm s

Total
Total UVA
UVA Dose
Dose
Absorbed
Absorbed by
by
Riboflavin
Riboflavin [J/cm
[J/cm22]]

(2) Absorption coefficient of cornea is 40 cm-1

There
There are
are several
several mitigating
mitigating factors
factors to
to consider.
consider. The
The UV-A
UV-A absorption
absorption by
by the
the riboflavin
riboflavin in
in
the
the cornea
cornea will
will substantially
substantially reduce
reduce UV-A
UV-A exposure
exposure of
of the
the lens,
lens, as
as well
well as
as the
the retina
retina so
so that
that
lenticular
lenticular and
and retinal
retinal exposure
exposure is
is less
less than
than would
would be
be experienced
experienced by
by aa normal
normal individual
individual spending
spending
aa full
full day
day outdoors.
outdoors. Since
Since the
the exposure
exposure is
is from
from aa UV
UV LED
LED and
and not
not from
from aa laser,
laser, the
the source
source
radiance
radiance is
is much
much less,
less, thus
thus minimizing
minimizing the
the small
small retinal
retinal exposure.
exposure. The
The beam
beam profile
profile is
is confined
confined
to
to the
the treated
treated zone
zone of
of the
the cornea,
cornea, so
so peripheral
peripheral areas
areas containing
containing any
any of
of the
the photosensitizer
photosensitizer will
will
not
not be
be exposed.
exposed.
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The critical issue in this hazard analysis is the UV exposure to the corneal endothelium and
lens. Since the 23-32 J/cm2 exposure limits were based upon studies of the normal cornea, it is
important to address the potential added risk to the cornea as a result of the photosensitizer, even
though the actual exposure dose to the cornea during the accelerated cross-linking procedure is
substantially below the normal corneal exposure limit. The KXL IND submission includes both
numerical modeling (Sec 8.2.2) and in vitro cytotoxicity testing (Sec 8.4.4) to evaluate the
magnitude and effects of riboflavin and UVA at the corneal endothelium. The numerical
modeling is based on reasonable assumptions and demonstrates that the total UVA dose
absorbed by riboflavin near the endothelium is less than (in protocols KXL-001A and KXL001B) the values estimated for CXL. The methods used for the cytotoxicity studies are
consistent with standard practice and the results as summarized in Table 2 demonstrate that no
cell damage occurs at the riboflavin-absorbed UVA doses estimated in the numerical models of
accelerated cross-linking or CXL.
Photobiological Studies of UV Corneal Exposures
Many studies have taken place over the past several decades to understand acute UV effects
upon the normal cornea. Ringvold and associates studied the UVR absorption properties of the
cornea (Ringvold, 1980a) and aqueous (Ringvold, 1980b) as well as the effects of UV-B
Table 2 Results of Laboratory Phototoxicity Testing
Procedure
Name

WORSTCASE
SCENARIO

Treatment

Riboflavin
Concentration
at Endothelium

Irradiance at
Endothelium
[mW/cm2]

Duration
of
Treatment
[min]

Total UVA
Radiant
Exposure at
Endothelium
[J/cm2]

Total UVA
dose absorbed
by riboflavin
at
Endothelium
[J/cm2]

Notes/Results

Expected dose
absorbed by
endothelium as a
worst case

Keratoconus

0.033%

4.1

4.5

1.107

0.055

Cytotoxic
Experiment 1

Keratoconus

0.033%

5

4.5

1.35

0.067

Safe (Same as
control)

Cytotoxic
Experiment 2

Keratoconus

0.033%

10

4.5

2.7

0.134

Safe (Same as
control)

Cytotoxic
Experiment 3

Keratoconus

0.033%

15

4.5

4.05

0.200

Safe (Same as
control)

*Based on models, the worst case scenario for endothelium safety was found to be these following assumptions: (1)
High concentration of riboflavin reaching endothelium, obtained using a fast D-ribo=6.5x10-7 cm2s-1 and using
0.1% riboflavin pre-soaked for 10 min (2) Highest total UVA radiant Exposure reaching endothelium, occurring
when there is not much shielding from riboflavin (using a slow D-ribo = 3.25x10-7 cm2s-1 and finding highest
irradiance at endothelium)

radiation upon the corneal epithelium (Ringvold, 1983), corneal stroma (Ringvold and
Davanger, 1985), and the corneal endothelium (Ringvold, et al., 1982; Olsen and Ringvold,
1982). Their electron microscopic studies showed remarkable repair and recovery properties of
corneal tissue. Although one could readily detect significant damage to all of these layers
apparently initially appearing in cell membranes, morphological recovery was complete after a
week. The destruction of keratocytes in the stromal layer was apparent, and endothelial recovery
was pronounced despite the normal lack of rapid cell turnover in the endothelium. Cullen and
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associates (1984) studied endothelial damage that was persistent if the UVR exposure was
persistent. Riley and colleagues (1987) also studied the corneal endothelium following UV-B
exposure and concluded that severe, single insults were not likely to have delayed effects;
however, they also concluded that chronic exposure could accelerate changes in the endothelium
related to ageing of the cornea.
There is some threshold data available from excimer laser exposures at 308 nm (UV-B).
Using a Xe-Cl 308 nm laser, Takise, et al. (1988) irradiated rabbit eyes at a range of exposure
levels from 0.02 to 5.1 J/cm2 to study effects upon the corneal endothelium. They noted a
corneal thickening that was maintained for two weeks following the exposure, even at the lowest
exposure levels. Peyman and colleagues (1986) also studied the ocular effects of 308 nm laser
exposure and reported similar results. Any comparable UV-A effects—particularly at longer
wavelengths, such as 365-370 nm—would clearly require vastly higher exposure doses, well
over 10 J/cm2. Indeed, corneal threshold studies by Pitts (1974, 1977), by Zuclich (1989), and
by Zuclich and Kurtin (1977) with filtered, narrow-band UV-A provide the acute thresholds for
corneal injury of the order of 72 J/cm2 at 365-370 nm. Most recently, a study of cornea in a cat
model at exposure doses of 30 J/cm2 (250 mW/cm2 for 120 s), as employed in light-adjustablelens treatments, showed no significant changes in the appearance of endothelial cells (Werner,
2007).
Exposure of the corneal endothelium, lens and retina are shown to be acceptable and safe for
the acute exposure during the accelerated cross-linking procedure with the KXL 365-370 nm UV
exposure device. The energy levels that have been required for CXL treatment are less than 6
J/cm2, but the clinical appearance of the corneal tissues reported in the German studies of this
technique are comparable to those reported for acute environmental corneal injury that would
occur during a "snow blindness" episode Spoerl, et al (2007). Of course some of the incident
energy would be attenuated by absorption of the riboflavin concentration in the stroma. Spoerl
and colleagues (2000) studied the attenuation of 365 nm ultraviolet as a function of depth in a
rabbit cornea treated by riboflavin at a concentration of 0.1% and found more than 50%
absorption at about 250 μm depth, and more than 85% absorption at 700 μm. Any energy that
would reach the retina should be orders of magnitude below the published lenticular or retinal
injury thresholds from acute UV exposures in this waveband in the absence of photosensitizers in
those tissues. In the accelerated cross-linking procedure, the “pre-soak” time is only ten minutes,
compared to 30 minutes in the traditional CXL procedure, which means that the corneal stroma
near the endothelium takes up less riboflavin photosensitizer. The threshold for acute injury of
the lens at this wavelength is not known but is certainly greater than 10 J/cm2 based upon studies
of Pitts, et al. (1977). The threshold for photomaculopathy was about 5 J/cm2 at 350 nm (Ham,
et al., 1982). Therefore, the only UV exposure of non-target tissue that could exceed normal UV
exposure limits (to protect against the potential effects from chronic exposure) would be
exposure of the endothelium. But exposure to the endothelium probably poses no significant risk
because of the added pre-absorption of UV by the riboflavin.
POTENTIAL HAZARDS
The eye is well adapted to protect itself against optical radiation (ultraviolet, visible and
infrared radiant energy) from the natural environment and mankind has learned to use protective
measures, such as hats and eye-protectors to shield against the harmful effects upon the eye from
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very intense ultraviolet radiation (UVR) present in sunlight over snow or sand. The eye is also
protected against bright light by the natural aversion response to viewing bright light sources.
The aversion response normally protects the eye against injury from viewing bright light sources
such as the sun, arc lamps and welding arcs, since this aversion limits the duration of exposure to
a fraction of a second (about 0.25 s) if substantial visible light is present. Because of the strong
fluorescence of the crystalline lens (Zuclich, 2005), some aversion to viewing exists because of
the annoyance.
However, the protective benefits of the aversion response are not at play during surgical
procedures. There are at least five separate types of hazards to the eye from optical sources
which are recognized and are evaluated for any device (Sliney and Wolbarsht, 1980):
(a) Ultraviolet photochemical injury to the cornea (photokeratitis) and lens (cataract) of the
eye (180 nm to 400 nm). Two exposure limits apply.
(b) Thermal injury to the retina of the eye (400 nm to 1400 nm).
(c) Blue-light photochemical injury to the retina of the eye (principally 400 nm to 550 nm;
unless aphakic, 310 to 550 nm).
(d) Near-infrared thermal hazards to the lens (approximately 800 nm to 3000 nm).
(e) Thermal injury (burns) of the cornea of the eye (approximately 1400 nm to 1 mm).
For the 360-370 nm ultraviolet optical source used in this accelerated cross-linking
procedure, only aspect (a) is clearly relevant, and perhaps aspect (c) although little UV-A reaches
the retina. And since thermal injury requires higher optical powers in the hundreds-ofmilliwatts-to-watt range, aspects (b), (d) and (e) are not matters of concern. Therefore, this
report focuses on the potential photochemical effects at the cornea and lens.
UV RADIATION EXPOSURE LIMITS
Ultraviolet radiation exposure criteria have evolved over the last several decades based upon
biomedical laboratory research, human epidemiological studies, and clinical experience. These
human exposure criteria are presented in regulations, standards and guidelines for product safety
and for occupational health. Government agencies issues regulations based on enabling laws
passed by legislative bodies. Local, national, or international standardization bodies issue
standards. Standards may be developed either through a consensus process, where virtual
unanimity exists, or they may be based only on a majority opinion. Guidelines are generally
prepared by professional societies as recommendations based upon scientific and medical
knowledge. The current UV guidelines are nearly identical internationally for durations less than
1000 seconds.
A number of national and international groups have recommended occupational or public
exposure limits (ELs) for UVR. The guidelines of the International Commission for
Non-Ionizing Radiation Protection (ICNIRP, 2004) and the American Conference of
Governmental Hygienists (ACGIH, 2010) are by far the widest known. Both groups have
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recommended essentially the same limit based in large part on ocular injury data from animal
studies and human accidental injury studies. The primary guideline to protect the skin and the
eye is an S(λ) weighted daily (8-hour) exposure Heff of 3 mJ/cm2 or 30 J/m2 referenced to 270
nm, which corresponds to 27 J/cm2 at 365 nm (see Annex A). This limit is just below the level
that produces a barely detectable increase in corneal light scatter and substantially below levels
that produce clinically significant photokeratitis. The daily exposure limit is also about 1/3 to
1/4 of a minimal erythemal dose and less than 1/2 the exposure necessary for clinically reported
photokeratitis. The S(λ) action spectrum for safety studies was recently re-evaluated and
revalidated in the 300-320 nm region, where some published threshold injury data appeared to
conflict with the exposure limits (Chaney and Sliney, 2005). In addition to the primary S(λ)weighted limit, a second limit that is not spectrally weighted is provided to protect the lens from
excessive exposure to the UV-A: it is a 1 J/cm2 limit applying to all radiant energy between 315
and 400 nm. ACGIH applies this only to exposures less than 1,000 seconds, and recommends a
dose-rate limit of 1 mW/cm2 for longer exposures. However, ICNIRP applies the 1 J/cm2 limit
to a full-day (30,000 s) exposure. It is the latter limit that is most restrictive for 360-370 nm.
This is a limit that considers chronic outdoor solar exposure over a lifetime, and appears
excessively conservative to apply in the context of this accelerated cross-linking application. To
place the exposure in perspective, it is useful to consider environmental exposure to the UV in
sunlight (Sliney, 1993, 1995; 2004).
Outdoor exposures—particularly in mid-summer—routinely appear to exceed the
ICNIRP/ACGIH TLV. If one calculates the permissible exposure duration for horizontal
exposure in the prone position with the eyes directed to the sun (unrealistic), the exposure limits
may be exceeded in 5-10 minutes on a bright summer day at noon time. However, under
realistic situations, the ocular exposure does not actually exceed the limit for even greater
exposure duration of several hours. For example, the research work that determined the
thresholds for photokeratitis showed that corneal examinations of humans exposed in a desert
environment for much of the day just began to show the signs of threshold photokeratitis (Pitts,
1974). This means that only in unusually harsh environmental conditions would one actually
exceed the exposure limit for the cornea. While this seems quite remarkable, a careful study of
ocular exposure and how the brow ridge, the upper lid, squinting reactions, and behavioral
response to sunlight limit this exposure, shows the problem of performing a realistic risk
assessment for ocular exposure in sunlight (Sliney, 1993). Ground reflectance dominates ocular
exposure. As the eye routinely looks forward or downward in outdoor activities, the radiant
energy incident normal to the surface of the cornea (perpendicular) comes from ground
reflections. Therefore, photokeratitis only occurs when one is over snow or highly reflecting
sand surfaces, which are highly reflective in the UVB spectral region. Thus, only individuals in
environmental extremes, where a groundcover of snow and ice exist well after the vernal
equinox, will one experience significant UV-A exposures of the cornea, lens and retina (i.e., 1-5
mW/cm2).
Environmental ocular exposure assessment is very difficult and most efforts generally greatly
overestimate the actual exposure to the eye. Given that the exposure limit for UV radiation,
weighted against the envelope [SUV(λ)] action spectrum was intended to have a small safety
factor (generally less than 1.5) because of the lack of uncertainties in threshold values, an
effective exposure just above the exposure limit should result in barely detectable changes in the
corneal epithelium. If one applied the sophisticated ophthalmic examination techniques applied
by Pitts (1974), an exposure 2 to 3 times above this exposure limit should result in clinically
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recognized photokeratitis, which would certainly be detected by the individual. For sensitive
skin (e.g., Skin Type 2), the EL represents approximately 0.3 MED (minimal erythemal dose),
i.e., about 2 SED (CIE standard erythemal dose unit). When most fair-skin individuals are
sunburned (which is well above 1.0 MED) they are not at the same time subjected to
photokeratitis. An outdoor worker exposed to 10-15 MED per day or 30-40 times the threshold
limit value, nevertheless, does not receive photokeratitis even though it is essential to wear skin
protection in the form of clothing or hats, etc., to preclude sunburn. This is just an illustration of
how well the aversion response to outdoor sunlight, lid closure, etc., limit the actual exposure to
the cornea. However, when an individual is viewing a welding arc, the cornea sustains
photokeratitis before there is any evidence of erythema of the surrounding skin.
APPLYING THE ICNIRP/ACGIH LIMITS
Ultraviolet Exposure Limits
Two limits apply—a spectrally weighted limit to protect the cornea [Eqn. 1] and an
unweighted UV-A limit [Eqn. 2] :
EUV·t = Σ Eλ·S(λ)·t·Δλ = 3 mJ/cm2 effective (i. e., 27,000 mJ/cm2 at 365 nm)

[1]

and to protect the lens and retina:
HUV-A < 1.0 J/cm2 for t < 1,000 s

[2a]

and:
EUV-A < 1.0 mW/cm2

for t > 1,000 s

[2b]

To calculate the maximum direct viewing duration when either [1] or [2] is not satisfied, the
maximum "stare time," t-max, is found by inverting Eqn. [1] or [2a] for a CW source with a
weighted or unweighted irradiance.
tmax = 3mJ/cm2

for the S(λ)-weighted value

tmax = 1.0 J/cm2 for the UV-A

[3a]
[3a]

However, this limit is not intended to limit medical exposures to target tissues (i.e., to the
corneal stroma). Ideally non-target tissues should not be exposed above the limit if feasible. The
endothelium is non-target tissue, and as previously shown, the radiant exposure at the
endothelium is less than would occur in normal cornea exposed to the corneal limit. However,
the lens may be exposed above 1.0 J/cm2 in this one acute exposure.
Blue-Light Photochemical Retinal Hazard
The ACGIH TLV (ACGIH, 2010) and ICNIRP guidelines (ICNIRP, 2004) are identical for
large sources and are designed to protect the human retina against photoretinitis, "the blue-light
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hazard" is an effective blue-light radiance LB spectrally weighted against the Blue-Light Hazard
action spectrum B(λ) and integrated for t s of 100 J·cm-2·sr-1, for t < 10,000 s, i.e.,
LB·t = Σ Lλ·B(λ)·t·Δλ ≤ 100 J·cm-2·sr-1 effective

[4]

and for t > 10,000 s (2.8 hrs.):
LB ≤ 10 mW·cm-2·sr-1

for t > 10,000 s

[5]

To calculate the maximum direct viewing duration when [5] is not satisfied, this maximum
"stare time," t-max, is found by inverting Eqn. [4] for a CW source with a weighted radiance of
LB:
tmax = (100 J·cm-2·sr-1) / LB

[6]

The radiance values are averaged over a field of view which is not less than 11 mrad = 0.011 rad.
The blue light hazard is evaluated by mathematically weighting the spectral irradiance, Eλ,
against the blue-light hazard function to obtain EB: however, because the 370 nm radiation is
largely absorbed at the lens, less than 1% reaches the retina, and the spectral weighting function
value of B(λ) is 0.01. Hence the limit would be 1.0 W·cm-2·sr-1 for t > 10,000 s, which is just
below the measured radiance of the source was 1.5 W·cm-2·sr-1. Hence Eqn [3] would apply,
where LB = (0.01)(L) and this would lead to:
tmax = (100 J·cm-2·sr-1) / LB = (100 J·cm-2·sr-1)/(0.015 W·cm-2·sr-1) = 6700 s
and shows that the source clearly does not pose a retinal hazard to the normal (phakic) eye.
Indeed, the maximal worst-case exposure to the operator from reflections from many procedures
a day could not exceed the applicable limit. However, if the patient’s eye were aphakic, the
weighting factor shifts from B(λ) to A(λ) and the spectral weighting factor for 360 nm becomes
4.62 and the aphakic radiance LA becomes 6.9 W·cm-2·sr-1. This means that for the KXL-001A
procedure with the highest possible exposure duration of 180 s to achieve a corneal exposure of
5.4 J/cm2, the time-integrated radiance dose would be 1247 J·cm-2·sr-1, and the aphakic retinal
hazard limit of 100 J·cm-2·sr-1 would be significantly exceeded.
The above exposure guidelines apply to the awake, task-oriented eye and incorporate an
underlying assumption that the eye constricts with bright light, that the aversion response limits
exposure duration, and that eye-movements are not restricted. For this reason, the guidelines
must be adjusted for the patient’s exposures (Sliney, 2006). This leads to another standard for
ophthalmic instruments, ISO 15004-2: 2006.
ISO Standard 15004-2: 2006 for Ophthalmic Instruments
As noted above, the International Standards Organization (ISO) published a special standard
on ophthalmic instrument safety, ISO 15004-2, 2007, which was based upon the ICNIRP
guidelines (Sliney, 2005), apply to diagnostic instruments. However, it is conventional to apply
the ISO limits to surgical instruments for non-target tissues. Both the ICNIRP and ISO
documents need to be consulted to fully understand the intent of this standard. ISO 15004-2
places instruments into two categories, Group 1, for which there are no user precautions
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required, and Group 2, for which there are user precautions needed. The ISO standard addresses
all of the five hazards listed above and provides exposure limits at the corneal, lenticular and
retinal plane.
The UV limit for Group 1 instruments is the UV-Hazard effective irradiance (i.e., spectrally
weighted against the UV hazard action spectrum S(λ)), labeled as ES-CL
ES-CL·t = Σ Eλ·S(λ)·t·Δλ ≤ 3.0 mJ/cm2 effective

[7a]

And since the ISO Group 1 limit is based upon a 2-h exposure, the irradiance limit is:
ES-CL = Σ Eλ·S(λ)·Δλ ≤ 0.4 µW/cm2 effective

[7b]

as measured through a 1-mm aperture (§5.4.1.2). At the most conservative wavelength of 360
nm S(λ) is 0.00013, hence:
ES-CL = (20 mW·cm-2)(0.00013) = 0.00026 mW·cm-2 = 0.26 µW·cm-2
Hence, the Avedro accelerated KXL cross-linking instrument meets this actinic UV corneal
exposure limit [7b].
A second UV limit on Group 1 instruments is the requirement for UV-A wavelengths
between 360 and 400 nm (§5.4.1.2):
EUV-CL = Σ Eλ·Δλ ≤ 1.0 mW·cm-2

un-weighted

[7c]

which is exceeded by the value of EUV-CL = 20 mW·cm-2. The limit for Group 2 instruments is:
HUV-CL = Σ Eλ·t·Δλ ≤ 1.0 J·cm-2

un-weighted

[7d]

This limit does not apply to the treated tissue in a therapy device; however, it is important to note
that because of pre-absorption by the applied photosensitizer, riboflavin, the calculated
endothelial exposure dose is actually less than that which would exist without the pre-absorption
and the corneal exposure is below the [7b] criterion. Greater exposure of the crystalline lens
could result from procedure exposure doses above 8 J·cm-2 than that which would occur to the
normal eye exposed to 1.0 J·cm-2; however, it is important to recognize that the limit [7d] is very
conservative and was set to protect workers exposed on a daily basis over a working lifetime. In
point of fact, most of the energy absorbed in the crystalline lens is re-emitted as harmless,
longer-wavelength fluorescence (Zuclich, 2003).
The retinal exposure limits in ISO 15004-2 are essentially the same as given by Eqns. [4-6],
thus the instrument will exceed the aphakic radiance limit of LA-R = 2 mW·cm-2·sr-1 for Group 1.
The ISO formulation is essentially the same as [5] except that A(λ) is used instead of B(λ):
LA-R ·t = Σ Lλ·A(λ)·t·Δλ ≤ 100 J·cm-2·sr-1 effective
and as noted earlier, this level is exceeded for the aphakic eye. However, the UV-A will
constrict the pupil somewhat, and the pre-shielding by the riboflavin absorption in the cornea,
greatly reduce retinal exposure.

10

20

[8]

HAZARD ANALYSIS
The ocular exposure during accelerated cross-linking with the KXL system is below the
currently recommended exposure limit (or Threshold Limit Value) for UV-A radiant energy (i.e.,
less than an equivalent 1.0 J/cm2 measured at the cornea). In the normal human eye more than
30% of the incident energy is attenuated by the human cornea at 365 nm and most of the rest of
the UV-A is absorbed by the crystalline lens in the phakic eye, with the result that only about 1%
or less reaches the retina at 350-370 nm (Boettner and Dankovic, 1974). The UV-A absorber in
the cornea will substantially reduce UVR exposure of the retina in the patient so that retinal
exposure is less than would be experienced by a normal individual spending a day outdoors. The
optical source assures that the ocular exposure will be as diffuse as possible to minimize retinal
irradiance. Since the 0.1% concentration of riboflavin allows the transmission of less than 20%
of incident UV-A radiant energy at wavelengths below 370 nm during the procedure, the above
limits will protect both cornea and non-photosensitized retina as well as any other ocular tissue.
As noted in the basic document [IND #77882, Amendment 5 for the combination product
Riboflavin 0.1% Ophthalmic Solution / KXL Illumination System, Sec 8.2.2 (numerical
modeling) and Sec 8.4.4 (cytotoxicty testing)], substantial incident energy is absorbed by
photosensitized cornea and exposure at the endothelium remains below the corneal exposure
limit of 23 J/cm2. Hence, there is no reason to expect that any delayed photobiological effects
that could result from the UV exposure during this procedure if the endothelium is not severely
affected. The accelerated cross-linking approach (to employ a shorter pre-soak time and a higher
irradiance with shorter UV-A treatment duration) minimizes the degree of UV-A exposure of
photosensitized endothelial tissue; and it is important to note that the exposure limits were
derived for non-photosensitized tissue. Certainly, there is no chance of the photosensitizer
reaching the lens or retina during the treatment.
Occupational UV-A Exposures
The clinical staff employing the Avedro instrument may be exposed to some scattered UV-A
from the procedure. However, the UV-A treatment beam is directed downward toward the
patient’s eye. Even if the beam were occasionally viewed directly, as if reflected by a mirror, the
irradiance at the eyes of either a standing or sitting operator would be greatly reduced from the
20-mW/cm2 irradiance at the treatment plane. The total irradiance at the face of the operator or
other clinical personnel would always be well below the ACGIH occupational exposure limit of
1 mW/cm2.
CONCLUSIONS
The use of the lowest radiant exposure that provides adequate results should minimize the
potential adverse effects upon surgical outcome. The current human exposure guidelines also do
not apply to the photosensitized tissue. Hence, the past clinical experience with CXL and the
proposed clinical studies of accelerated cross-linking aim to show clinical efficacy without acute
adverse photobiological effects, providing the greatest justification that adequate safety exists.
The strongest argument for the safety of the accelerated cross-linking procedure is simply
that the observed changes in the corneal epithelium, stroma, and endothelium strongly resemble
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the changes that would be experienced from an acute case of overexposure to environmental
solar UVR(Cullen, 1984; Kopecky, 1979; Olsen, 1982; Pitts, 1974, 1977; Riley, 1987; Ringvold,
1980, 1982, 1983, 1985; WHO, 1994; Zuclich, 1977, 1989). The exposure of the eye to the
UVR in skylight for a full day outdoors in summer will produce an effective exposure of the
cornea to UV-B that is comparable to the 3 mJ/cm2 occupational exposure limit, and this
corresponds to 1.9 J/cm2 of un-weighted UV-A to the lens (Sliney, 1987), and about twice that
value for the cornea. Since a clinical case of photokeratitis (“snow blindness”) is at least double
this dose, the UV-A exposure from the 360-370 nm KXL system during the accelerated crosslinking procedure is comparable to, or even less than the environmental exposure. The lens is
exposed to an irradiance of approximately 80 µW/cm2 during the day to cumulate to the total
daily dose of about 1.9 J/cm2from the external ambient UV-A irradiance of ~1-5
mW/cm2(Sliney, 1987). The natural absorption of the cornea is at least 30%, and with the
riboflavin in the corneal tissue, the UV-A transmission to the endothelium, aqueous and lens is
reduced substantially. Thus, if any endothelial damage occurs, it should not differ significantly
from the transient photokeratitis experienced acutely by a person skiing or ice-fishing in late
March or early April, where environmental UV exposures can produce an acute photokeratitis.
It is clear that for any patient who is a true aphake, the retinal exposure would be
substantially above exposure limits and treatment of an aphake or pseudophake without a UVabsorbing intra-ocular lens would be contraindicated. As with any photosensitizing medications,
patients should be advised to avoid prolonged sunlight exposure, at least for a day after the
treatment.

David H. Sliney, Ph.D.
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