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ABSTRACT

PURPOSE: To investigate the stiffening effect of localized cor-
neal cross-linking (L-CXL) within and beyond the irradiated
region in three dimensions.

METHODS: Ten porcine eyes were debrided of epithelium
and incrementally soaked with 0.1% riboflavin solution. Us-
ing a customized, sharp-edged mask, half of the cornea was
blocked while the other half was exposed to blue light (447
nm). The three-dimensional biomechanical properties of each
cornea were then measured via Brillouin microscopy. An im-
aging system was used to quantify the optimal transition zone
between cross-linked and non-cross-linked sections of the
cornea when considering light propagation and scattering.

orneal ectasia, the second leading cause of cor-

neal transplantation worldwide,! is character-

ized by alterations in corneal morphology due
to a non-uniform decrease in the stiffness of the cor-
nea.?* The U.S. Food and Drug Administration has re-
cently approved corneal cross-linking (CXL) to halt the
ectatic process by stiffening the cornea. The procedure
calls for soaking the cornea with a photosensitizer (ri-
boflavin) followed by uniform ultraviolet-A (UV-A)
exposure.’” When riboflavin is exposed to UV light in

RESULTS: A broad transition zone of 610 ym in width was ob-
served between the fully cross-linked and non-cross-linked
sections, indicating the stiffening response extended beyond
the irradiated region. Light propagation and the scattering in-
duced by the riboflavin-soaked cornea accounted for a maxi-
mum of 25 and 159 + 3.2 ym, respectively.

CONCLUSIONS: The stiffening effect of L-CXL extends beyond
that of the irradiated area. When considering L-CXL protocols
clinically, it will be important to account for increased stiffen-
ing in surrounding regions.

[J Refract Surg. 2019;35(4):253-260.]

an oxygenated environment, reactive oxygen species
are formed.® This leads to the creation of additional
chemical bonds throughout the corneal tissue colla-
gen, thereby increasing overall corneal strength.?10
Localized CXL (L-CXL) has recently been proposed
to address the spatially dependent characteristics of
ectasia.’"'® By limiting the irradiated area, the risk of
complication and infection is expected to diminish
due to less epithelial removal,* potential haze, and
stromal damage.'* Most important, because the stiffen-
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TABLE 1

CXL Methods
Parameter Variable (UV-A Light) Variable (Blue Light)
Treatment target Ectasia Ectasia
Fluence (total) (J/cm?) 5.4 18
Soak time and interval (minutes) 20 (q3) 20 (g3)
Intensity (mW) 9 15
Treatment time (minutes) 10 20
Epithelium status Off Off
Chromophore Riboflavin Riboflavin
Chromophore carrier Dextran Dextran
Chromophore osmolarity Iso-osmolar Iso-osmolar
Chromophore concentration 0.1% 0.1%

Light source

Irradiation mode (interval)

Protocol modifications

UVA (365nm) UV Curing LED System
(Thorlabs, Newton, NJ)

Continuous
Blocking mask
UV-A L-CXL (Localized)

Blue (447nm) Diode Laser

(Opto Engine LLC, Salt Lake City, UT)

Continuous

Blue laser light, Blocking mask

Protocol abbreviation in manuscript

Blue light L-CXL (Localized)

CXL= corneal cross-linking; UV-A = ultraviolet

ing is concentrated in the mechanically compromised
area of the cornea, greater local topographical flatten-
ing is expected.” However, the biomechanical prop-
erties of the cornea after L-CXL procedures have not
yet been evaluated due to the lack of characterization
methods capable of measuring corneal mechanical
properties with three-dimensional resolution.

The purpose of this study was to non-invasively
measure and characterize the spatial distribution of
the modulus of the cornea following L-CXL using Bril-
louin microscopy and determine the magnitude and
extent of the stiffening effect from CXL beyond the ir-
radiated (UV-A exposed) region of the cornea.

MATERIALS AND METHODS

Freshly enucleated porcine eyes were obtained from
a local slaughterhouse. They were kept in ice during
the transportation until the start of the experiment.
The experiment was completed within 8 hours after
the animal was killed. All corneas with intact epithe-
lium were visually inspected to avoid using damaged
or unclear tissue prior to any experimentation. L-CXL
was performed ex vivo by restricting illumination dur-
ing CXL to half the porcine cornea using a customized
mask. The procedure was performed using a tradition-
al UV protocol and a protocol using blue light.

UV-A L-CXL

To illustrate the issue, we performed the UV-A
L-CXL experiment on one porcine eye after epithelial
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debridement followed by the administration of one
drop of 0.1% riboflavin solution every 3 minutes for 20
minutes. Next, a constant UV-A (365-nm) power of 9
mW/cm? was applied via a high-power UV Curing LED
System (Thorlabs, Newton, NJ) for 10 minutes.%161”
Because the primary purpose of the UV light experi-
ment was to illustrate the spatial variation of the CXL
procedure and to minimize any potential variation
in tissue hydration, an accelerated protocol was cho-
sen and implemented. Half of the cornea was blocked
from UV light using a homemade, sharp-edged mask
placed directly above the anterior of the cornea. Dur-
ing UV light exposure, one drop of riboflavin solution
was administered to the cornea at 5-minute intervals.
The UV L-CXL methods are outlined in Table 1. Using
Brillouin microscopy, we analyzed the biomechanical
properties of the sample in three dimensions and cal-
culated the transition zone.

BLUE LIGHT L-CXL

Because the UV-A lamp is an extended source emit-
ting incoherent light, it was reasonable to assume that
radiation could not be confined to sharp transitions;
thus, we used a blue laser and validated a CXL proto-
col using blue light.

For the blue light L-CXL experiment, 10 porcine
eyes had epithelial debridement followed by the ad-
ministration of one drop of 0.1% riboflavin solution
every 3 minutes for 20 minutes. Similar to previous
experiments performing blue light CXL,'39 the cornea
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was then exposed to 15 mW/cm? blue light (447-nm)
radiation for 20 minutes via a blue diode laser light
source (Opto Engine LLC, Salt Lake City, UT). During
blue light exposure, one drop of riboflavin solution
was applied at 5-minute intervals. In a manner similar
to UV-A L-CXL, the blue light procedure was localized
using the blocking mask. The blue light L-CXL meth-
ods are outlined in Table 1.

Using Brillouin microscopy, we analyzed the bio-
mechanical properties of each sample and calculated
each transition zone. We aligned the transition zones
of the corneas at 50% respective normalized stiffness
and averaged across the depth axis.

BRILLOUIN MICROSCOPY

A confocal Brillouin microscope was used with a
configuration similar to previous studies®?%?3 but at a
different incident wavelength. Briefly, a 660-nm laser
with an optical power of 15 mW was focused into the
sample by a 40x objective lens with a numerical ap-
erture of 0.6 (Olympus), a transverse resolution of ap-
proximately 1 pm, and a depth resolution of approxi-
mately 2 pm. The scattered light, collected through
the same objective, was coupled into a single mode
fiber and delivered to a two-stage virtually imaged-
phase-array (VIPA) spectrometer featuring an elec-
tron multiplying charge coupled device (EMCCD)
camera (Andor, IXon Du-897; Belfast, United King-
dom). Each Brillouin spectrum was acquired in 0.15
second. To quantify the Brillouin shift at each sample
location, raw spectra from the camera were fitted us-
ing a Lorentzian function and calibrated using the
known frequency shifts of water and glass.

From the Brillouin frequency shift, the local me-
chanical properties of the cornea can be estimated us-
ing the following formula:

M = .DVBZ/L'Z
4n?

where M’ is the Brillouin-derived longitudinal mod-
ulus, v, is the measured Brillouin frequency shift, n
is the refractive index of the material, \, is the wave-
length of the incident photons, and p is the density of
the material. The spatially varying ratio of p/n? was ap-
proximated to the constant value of 0.57 g/cm?® based
on values in the literature'®?4; we estimate this to in-
troduce a 0.3% uncertainty throughout the cornea.?*2%
Previously, we have validated the strong relationship
(R > 0.9) between the Brillouin-derived modulus and
the Young’s modulus found via gold-standard stress-
strain compression tests on porcine corneas.?
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CALCULATION OF TRANSITION ZONES

The primary metric quantified in this study was the
transition zone between the fully irradiated and non-
irradiated corneal areas. A sharp-edged mask was used
throughout the protocols to define the two sections.
Although several different parameters were evaluated,
including light intensity and Brillouin modulus, a
common computation of the transition zone was con-
ducted on each respective image.

To calculate the transition zone, the light intensity
was averaged along the perpendicular axis normal to
the transition edge and normalized using the equation:

_ (U= [hninl)
)= W] D

max mn
where I_is the normalized intensity, Iis the average mea-
sured intensity,and I . and I _are the intensities at the
lowest and greatest plateau, respectively. We calculated
the transition zone as the distance between 10% and
90% of the maximum value. Only the anterior one-third
of the cornea was used for analysis of the transition zone
of CXL procedures because that was the region primarily
affected by L-CXL.%?” For Brillouin maps, the Brillouin
modulus was used in place of light intensity throughout
the calculation of the transition zone.

BIOMECHANICAL TESTING

To validate the blue light protocol, we compared
the Young’s modulus of control and blue light CXL
buttons punched from the same respective cornea.
Eight porcine corneas were dissected. Two 5-mm cen-
tral corneal disc samples were created (Disposable
Biopsy Punch; Integra Miltex, Plainsboro, NJ) from
each cornea. Both disc samples were treated; with one
drop of 0.1% riboflavin solution every 3 minutes for
20 minutes. One of the two samples was set aside as
the control and the other sample was fully exposed to
15 mW/cm? blue light radiation for 20 minutes. Dur-
ing the irradiation process, hydration of both the con-
trol and exposed discs was maintained via the appli-
cation of one drop of riboflavin solution at 5-minute
intervals.

Next, mechanical properties of each sample were
tested using a Microsquisher compressive stress-
strain instrument (model: MT G2) and the associ-
ated Squisherjoy software (Cellscale, Waterloo, On-
tario, Canada). The instrument directly compressed
the corneal samples using a 6 x 6 mm plate attached
to a 0.5588-mm diameter microbeam. To obtain the
Young’s modulus of a sample, the Stress (Force/Area)
vs Strain (Displacement/Thickness) curve was ob-
tained and the slope of the linear segment of the curve
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Figure 1. (A) Representative Brillouin map (4,000 x 700 um) produced with MATLAB software (Mathworks, Natick, MA] (color map: jet) depicting
the Brillouin shifts of an ultraviolet (UV])-induced, locally cross-linked porcine cornea positioned anterior up. The dotted line illustrates the edge
of the UV blocking mask, differentiating the blocked and exposed sections of the cornea. A higher Brillouin shift correlates to a higher Brillouin
modulus. (B) The normalized Brillouin modulus versus lateral position. Similar to 1A, the dotted line illustrates the edge of the UV blocking mask.

The transition zone was taken as 10% to 90% normalized modulus.

following the sleek strain was quantified. For each
sample, we reported the modulus at 1.5% to 4.5%
strain.

MEASUREMENT OF LIGHT PROPAGATION FROM BLUE LIGHT
L-CXL SET-UP

To isolate the transition zone generated by the blue
light source alone, using the blue light L-CXL set-up,
we replaced the corneal sample with a complementary
metal-oxide—semiconductor (CMOS) camera (Mightex
Systems, Toronto, Ontario, Canada). The camera has a
1,280 x 1,024 monochrome resolution with 5.2 pm per
pixel and 50 ms exposure time. To quantify the light
exposure at the varying depths of the cornea, we placed
the camera at a distance 0, 500, and 1,000 pm from the
mask; 0 pm to represent the anterior surface and 1,000
pm to represent the posterior edge at the estimated
maximum porcine corneal thickness. At the three dis-
tances, respective images were captured and the light
transition zone was calculated.

MEASUREMENT OF LIGHT SCATTERING WITHIN THE CORNEA
Light scattering within the cornea could result in
riboflavin outside of the directly irradiated area be-
coming excited, and therefore CXL surrounding cor-
nea that is otherwise covered by the mask. To measure
light scattering throughout the L-CXL procedure, we
mimicked the blue light L-CXL set-up at three condi-
tions. First, we replaced the cornea with a CMOS cam-
era at a distance 3 mm from the mask. Respective im-
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ages (n = 7) were taken and transition zones calculated
based on measured light intensity. Following each
image capture, we placed a 5-mm punched porcine
corneal disc on top of the CMOS camera. Under the
same conditions, images were captured and analyzed.
Finally, we subjected punched discs (n = 4) to one
drop of 0.1% riboflavin solution every 3 minutes for
20 minutes. We then placed the cornea on the camera,
captured respective images, and similarly analyzed
the riboflavin/cornea transition zone.

STATISTICAL ANALYSIS

For gold standard biomechanical analysis, the
Young’s modulus of samples extracted from the same
cornea were calculated as previously indicated and
compared using a Wilcoxon signed-rank test. To com-
pare the corneal scattering—induced transition zones
to their respective controls, we performed a Wilcoxon
signed-rank test. To compare the scattering-induced
transition zones of riboflavin-soaked corneas to virgin
corneas and cornea-omitted controls, a Mann—Whitney
U test was performed.

RESULTS
Figure 1A shows the Brillouin map of a UV-induced,
locally cross-linked cornea. Brillouin microscopy re-
vealed two distinct lateral regions within the cornea that
extend the entire depth: a fully cross-linked section and
a non-cross-linked section. The two regions primarily
varied in anterior stiffness. Importantly, these sections

Copyright © SLACK Incorporated
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Figure 2. (A) Representative Brillouin maps (4,000 x 700 um) produced with MATLAB software (Mathworks, Natick, MA] (color map: jet) of both a
virgin (control) and a blue light cross-linked porcine cornea positioned anterior up. The cross-linked cornea was exposed to 15 mW/cm? blue light
for 20 minutes. (B) Bar graph comparing the elasticity, found via Microsquisher (Cellscale, Waterloo, Ontario, Canada) compression, of control
corneal punches and cross-linked punches. Error bars represent standard error of the mean for each condition (* = P < .05).

were separated by a remarkably broad transition zone.
Figure 1B, a transverse profile of the normalized Bril-
louin modulus, shows an evident transition zone be-
tween the cross-linked and non-cross-linked sections.

Figure 2 shows the CXL capabilities of the blue light
protocol. Specifically, Figure 2A displays represen-
tative Brillouin maps of control and blue light cross-
linked corneas. To validate the stiffening effects of the
blue light protocol, we compared the Microsquisher-
derived Young’s modulus of control and blue light
cross-linked buttons punched from the same respec-
tive cornea. As summarized in Figure 2B, the blue light
cross-linked samples showed a significantly higher
Young’s modulus (P < .05) than the untreated controls,
yielding a modulus of 3,972.2 + 1,048 vs 1,419.7 +
312.8 Pa, respectively (180% the Young’s modulus of
their respective controls).

Figure 3 quantifies the transition zone induced strictly
from the blue light L-CXL optical set-up. The transition
zone broadened as the distance between the camera and
mask increased from 0 to 500 and 1,000 pm, mimicking
the anterior, central, and posterior sections of the por-
cine cornea, respectively. At its broadest, the transition
zone due to illumination was still less than 25 pm.

Figure 4 shows the average normalized transition
zone in the blue light cross-linked porcine eyes of 610
nm extending beyond the mask surface.

Figure 5 quantifies the scattering-induced transition
zones throughout the cornea during blue light L-CXL.
Through just air, therefore without any corneal scatter-
ing, a sharp transition zone of 37 + 8.9 pm was found.

Journal of Refractive Surgery ¢ Vol. 35, No. 4, 2019

This is consistent with Figure 3 because we had to in-
crease the distance between the mask and camera from
1 to 3 mm, which caused the slight increase in transi-
tion zone. In an untreated cornea, the transition zone
significantly increased to 102 + 17.2 ym (P < .01). The
transition zone of the cornea increased even further due
to the presence of riboflavin, reaching 159 + 3.2 ym, a
significantly increased transition zone compared to the
untreated cornea condition (P < .05).

A summary of the transition zone findings can be
found in the Table 2.

DISCUSSION

In this study, we characterized the spatially varying
stiffness of the cornea following L-CXL. Biomechanical
imaging analysis via Brillouin microscopy demonstrat-
ed two distinct regions: a cross-linked area and a non-
cross-linked area. The modulus versus depth profile of
the cross-linked section mimicked that of a uniformly
cross-linked cornea.?® As expected, the cross-linked
section markedly differed from the non-cross-linked
section in the anterior region.®'#* The two sections
were separated by a broad transition zone. Therefore,
the CXL extended farther than the area exposed to light.

To investigate whether the effect was optically in-
duced, we replaced the UV light source with a blue
laser to optimize sharpness and set the CXL procedure
to replicate the stiffening results of UV CXL. Under
the localized protocol, we observed a transition zone
of greater than 600 pm even though the blocking mask
produced an illumination transition zone through
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Figure 3. Transition zone and represen-
tative light intensity image at anterior
(0 um), central (500 um), and posterior
(1,000 pm) depths from the blocking mask
generated from the blue light alone. The
normalized light intensity versus lateral
position was analyzed using complemen-
tary metal-oxide-semiconductor (CMQS)
camera (Mightex Systems, Toronto, Ontario,
Canada)-captured images at 0, 500, and
1,000 pm between the mask and camera;
representing the sharpest possible transi-
tion zones through air. Point 0 pm on the
horizontal axis was located at 50% normal-
ized intensity. The transition zone at any
depth did not exceed 25 um.

0 25 50 75 100
Lateral Position (um)

50 75 100

75 100

«— masked 1 exposed —

Normalized Modulus

02 I I I I I

-1000 -800 -600 -400 -200 200

Lateral Position (um)

Figure 4. Averaged normalized transition zone of porcine corneas (n = 10)
after blue light localized cornal cross-linking. The dotted line illustrates
the edge of the ultraviolet blocking mask, differentiating the blocked and
exposed sections of the cornea. The average transition zone was calculated
between the 10% and 90% of the maximum plateau of normalized modu-
lus. Error bars represent standard error of the mean for each position.

air of less than 25 pm. The broad zone within locally
cross-linked corneas must be due to an intrinsic char-
acteristic of the cornea or CXL procedure.

The experiments conducted were on ex vivo por-
cine corneas. With time, ex vivo corneas become in-
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creasingly opaque, therefore becoming more suscep-
tible to light scattering. To validate our findings for
future in vivo settings, we measured the scattering ef-
fect of the porcine corneas. We found that, at a 3-mm
distance from the mask, the corneal transition zone
was significantly greater than the illumination transi-
tion zone through air. The scattering induced solely
by the porcine corneas contributed to roughly 100-pm
transition zone and increased further to greater than
150 pm after the corneas were soaked in riboflavin.
In vivo corneas have a lower natural scattering prop-
erty,??3% so our results represent the upper boundary
of the transition zone one may find in vivo.

Blue light was used in this experimental set-up. At
15 mW/cm? for 20 minutes, the blue light stiffened the
corneas to 180% of the Young’s modulus of their re-
spective controls. This can thus be considered a suit-
able model to simulate the stiffening of standard CXL
protocols performed using UV light.?! Clinical applica-
tion calls for columnized UV-A exposure. A clinically
used, columnated UV system, creating a well-confined
source of light, should produce results similar to those
of our set-up. We used a coherent laser for illumina-
tion, understanding it to be an ideal optical scenario
regarding the transition zone. As expected, the blue
coherent light allowed us to obtain sharp confinement
of the illumination.

Copyright © SLACK Incorporated
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After considering all of these different factors, we es-
timated less than 250 pm of the 610-pm transition zone
was due to light-related effects. Therefore, as summarized
in Table 2, a large portion of the transition zone remains
unaccounted for by light phenomena. Several factors
could be contributing to this effect. The area of CXL de-
pends on the distribution of riboflavin concentration dur-
ing light exposure, absorbed photons of light, and oxygen
exposure to activated riboflavin.?#3% Throughout the 20
minutes of light exposure, there exists a diffusion of oxy-
gen radicals and/or hydrogen peroxide,** both of which
contribute to CXL. Therefore, any diffusion of such re-
actants could result in the extended CXL area. Further-
more, the cornea becomes increasingly turbid throughout
CXL,3%36 accounting for increased scattering of light as
the procedure is performed. Light scattering throughout
the process of L-CXL could result in the excitation of ri-
boflavin molecules outside of the irradiated area, subse-
quently leading to CXL within the transition zone.

L-CXL protocols have garnered added attention re-
cently.’? Seiler et al.’ employed L-CXL with treat-
ments with customized maximal irradiation ranging
from 5.4 up to 10 J/cm? centered on the maximum pos-
terior elevation in concentric rings and found improved
maximal flattening and corneal regularization at 1 year
but unknown long-term stabilization effects. Cassagne
et al.’? performed topography-guided CXL in zonal pat-
terns with total irradiance ranging from 5.4 J/cm? in re-
gions surrounding the cone to 15 J/cm? on top of the cone
using 30 mW/cm? pulsed UV-A irradiance and found
significant improvements in corrected distance visual
acuity, maximum keratometry, mean keratometry in the
inferior part of the cornea (I index), and a demarcation
line that was more pronounced in maximally treated ar-
eas but less pronounced in surrounding regions at 1 year.
Nordstrom et al.’® used an asymmetrical treatment zone

Journal of Refractive Surgery ¢ Vol. 35, No. 4, 2019

TABLE 2
Transition Zones Observed
From Each Protocol

Protocol Average Transition Zone (um)
Blue light L-CXL 610

Light propagation 25

Virgin corneal scattering 102

Riboflayin soaked corneal 159

scattering

L-CXL = localized corneal cross-linking

centered on the area of maximum corneal steepness with
treatment energies ranging from 7.2 to 15.0 J/cm? and
found improved visual acuity, spherical refractive error,
and maximum keratometry compared to uniformly ap-
plied CXL using 5.4 J/cm? pulsed fluence.?

None of these protocols were based on any specific
corneal stiffness alteration but rather on the general
concept of applying greater irradiation leading to
greater stiffness in the maximal cone region and less
in surrounding regions. As L-CXL protocols become
more sophisticated over time and specific corneal
stiffening outcomes are targeted, the biomechanical
impact on the transition zone will need to be taken
into account during treatment planning.

We found a broad transition zone of approximately
600 pm between the fully cross-linked and non-cross-
linked sections of the cornea in L-CXL procedures.
Therefore, a stiffening effect exists that extends be-
yond the irradiated area. We quantified the contribu-
tion of light propagation through the cornea, finding
it only partially describes the extent of the transition
zone. Finally, we validated our transition zones were
not due to ex vivo scattering artifacts and therefore are
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a result of intrinsic corneal properties. When conduct-

ing

L-CXL clinically, it will be important to account

for increased stiffening outside of the irradiated area.
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