
Cornea & External Disease

HowModifications of Corneal Cross-Linking Protocols
Influence Corneal Resistance to Enzymatic Digestion and
Treatment Depth
Malwina Kowalska1–3,*, Elisa Mischi2,3,*, Szymon Stoma4, Simon F. Nørrelykke4,5,
Sonja Hartnack1, and Simon A. Pot2

1 Section of Epidemiology, Vetsuisse Faculty, University of Zurich, Switzerland
2 Ophthalmology Section, Equine Department, Vetsuisse Faculty, University of Zurich, Switzerland
3 Center for Clinical Studies, Vetsuisse Faculty, University of Zurich, Switzerland
4 Image and Data Analysis Group (IDA), Scientific Center for Optical Electron Microscopy (ScopeM), Swiss Federal Institute of Technology
(ETH), Zurich, Switzerland
5 Department of Systems Biology, Harvard Medical School, Boston, MA, USA

Correspondence: Simon A. Pot,
Ophthalmology Section, Vetsuisse
Faculty, University of Zurich,
Winterthurerstrasse 260, 8057
Zurich, Switzerland.
e-mail: spot@vetclinics.uzh.ch

Received: October 7, 2022
Accepted: April 3, 2023
Published:May 16, 2023

Keywords: photoactivated
chromophore for keratitis corneal
cross-linking (PACK-CXL); infectious
keratitis; ex vivo; acceleration;
fluence

Citation: Kowalska M, Mischi E,
Stoma S, Nørrelykke SF, Hartnack S,
Pot SA. Howmodifications of corneal
cross-linking protocols influence
corneal resistance to enzymatic
digestion and treatment depth.
Transl Vis Sci Technol. 2023;12(5):18,
https://doi.org/10.1167/tvst.12.5.18

Purpose: The purpose of this study was to determine the effects of the Photoactivated
Chromophore for Keratitis Corneal Cross-Linking (PACK-CXL) protocol modifications on
corneal resistance to enzymatic digestion and treatment depth.

Methods: Eight hundredone ex vivo porcine eyeswere randomly divided into groups of
12 to 86 corneas, treatedwith various epi-off PACK-CXLmodifications, including acceler-
ation (30> 2 minutes, 5.4 J/cm2), increased fluence (5.4> 32.4 J/cm2), deuterium oxide
(D2O) supplementation, different carrier types (dextranversushydroxypropylmethylcel-
lulose [HPMC]), increased riboflavin concentration (0.1 > 0.4%), and riboflavin replen-
ishment during irradiation (yes/no). Control group eyes did not receive PACK-CXL. A
pepsindigestion assaywasused todetermine corneal resistance to enzymatic digestion.
A phalloidin fluorescent imaging assay was used to determine the PACK-CXL treatment
effect depth. Differences between groups were evaluated using a linear model and a
derivative method, respectively.

Results: PACK-CXL significantly increased corneal resistance to enzymatic digestion
compared to no treatment (P < 0.03). When compared to a 10 minute, 5.4 J/cm2

PACK-CXL protocol, fluences of 16.2 J/cm2 and higher increased corneal resistance to
enzymatic digestion by 1.5- to 2-fold (P < 0.001). Other protocol modifications did not
significantly change corneal resistance. A 16.2 J/cm2 fluence also increased collagen
compaction in the anterior stroma, whereas omitting riboflavin replenishment during
irradiation increased PACK-CXL treatment depth.

Conclusions: Increasing fluence will likely optimize PACK-CXL treatment effectiveness.
Treatment acceleration reduces treatment duration without compromising effective-
ness.

Translational Relevance: The generated data help to optimize clinical PACK-CXL
settings and direct future research efforts.

Introduction

The two main current indications for corneal cross-
linking (CXL) are the treatment of keratoconus in
human patients and the treatment of infectious kerati-
tis in both human and veterinary patients.1–5

An imbalance in matrix metalloproteinase (MMP)
and tissue inhibitor of metalloproteinase (TIMP) activ-
ity in the corneal stroma is an important factor
in the disease pathology and progression of both
keratoconus6–8 and infectious keratitis,9–15 albeit on
a vastly different timescale. Keratoconus typically
demonstrates a disease progression over decades.16,17
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Whereas infectious keratitis is a much more aggressive
disease, where the process of corneal tissue destruc-
tion can rapidly progress within several hours to
days,11,18,19 typically with a bacterial or fungal compo-
nent present.20–23

Due to the clear difference in disease progression
between keratoconus and infectious keratitis, the use
of routine keratoconus-tailored CXL protocols may be
insufficient for the treatment of infectious keratitis.24
A 30 minute, 3 mW, 5.4 J/cm2 single fluence (energy
dose) CXL protocol, using 0.1% riboflavin in 20%
dextran as chromophore solution, and 365 nm UV-A
light as energy source, named the “Dresden protocol,”
was originally designed for the treatment of kerato-
conus in human patients.25–28 Changes, including colla-
gen compaction, keratocyte apoptosis, and the appear-
ance of a demarcation line, have been observed in the
anterior half to two-thirds of the corneal stroma after
CXL treatment.28–33

CXL stiffens the corneal stroma and improves
corneal stromal resistance to enzymatic digestion by
creating cross-links within collagen fibrils, and between
collagen fibrils and other corneal stromal matrix
components.34–39 As such, CXL is used to stabilize
the corneal stroma and prevent disease progression in
corneas affected by keratoconus and infectious kerati-
tis. Another goal for CXL treatment of infectious
keratitis, is the antimicrobial effect,40–42 which can be
increased by adapting the CXL protocol, especially by
increasing fluence.43

The clinical use of CXL for infectious keratitis was
renamed “Photoactivated Chromophore forKeratitis –
Corneal Cross-Linking” (PACK-CXL), to indicate this
specific indication for use, but also to create room for
protocol adaptations by the use of other, potentially
more efficient, chromophores and energy sources.24
Recently, a randomized controlled clinical trial demon-
strated that standalone PACK-CXL may be an alter-
native to antimicrobial drug therapy as first-line treat-
ment for infectious keratitis.44 However, PACK-CXL is
currently not recommended as solo treatment for infec-
tious keratitis.

Various PACK-CXL protocol modifications are
easy to implement in a clinical setting, and accelerated,
high fluence protocols, intended to increase clinical
effectiveness, are especially popular, as demonstrated in
a number of clinical studies.45–50

However, a clear knowledge gap exists regarding
the effects of PACK-CXL protocol modifications on
the induced level of resistance to enzymatic digestion,
and the depth of this effect within the corneal stroma.
Because these end points may dictate treatment results,
PACK-CXL protocol modifications have the potential
to affect treatment success.

We hypothesize that the PACK-CXL protocol
modifications illustrated in Figure 1 will either increase
or decrease crosslink density, and/or treatment depth,
ex vivo. See Supplement A, and Figure 1 and legend,
for a comprehensive explanation.

Repeated testing is needed to prove theoretical
principles and gain confidence in existing evidence
regarding proposed PACK-CXL protocol modifica-
tions, especially prior to routine clinical use. We there-
fore aimed to evaluate the impact of various new and
previously tested PACK-CXL protocols on corneal
stromal resistance to enzymatic digestion and treat-
ment effect depth (see Fig. 1). To determine whether
our postulates detailed in Figure 1 are correct, we
used previously described ex vivo porcine cornea
pepsin digestion and phalloidin fluorescent imaging
assays.31,38,51,52

Materials and Methods

Detailed experimental protocols are available as
Supplement B.

PACK-CXL Procedure

Porcine eyes were obtained from the local abattoir
and processed within 10 hours of slaughter. Only eyes
with normal anterior segment, based upon focal light
source examination, were included. Similar to previ-
ously reported methods,53–55 corneas were first de-
epithelialized, then saturated with a riboflavin solution
(see Tables 1a, 1b for details of the chromophore
solutions used in the various experiments), and irradi-
ated with an 11 mm (pepsin digestion assay) or 8 mm
(fluorescent imaging assay) diameter beam of 365-nm
UVA light (PXL Velvet 345; Peschke Trade GmbH,
Switzerland). Excess riboflavin was removed prior to
irradiation and replenished during and between irradi-
ation cycles, except for the no riboflavin replenishment
group. Eyes in the control group were de-epithelialized
but did not receive riboflavin or UVA irradiation. The
PACK-CXL protocol details are presented in Tables 1a
and 1b, and Figure 2 illustrates the experimental proto-
cols. Central corneal thickness (CCT) was measured by
ultrasound pachymeter (PachPen; Accutome) at two
time points: after de-epithelialization and after satura-
tion with riboflavin. In accordance with previously
published protocols,53–55 and to reduce the variance
in corneal hydration prior to UVA irradiation, the
duration of riboflavin saturation was adjusted to the
CCT measurements after de-epithelialization. Corneas
with a CCT under 750 μm, between 751 and 800 μm,
and exceeding 800 μm, were saturated with riboflavin in
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Figure 1. Hypothetical effects of PACK-CXL protocol modifications on the induced corneal stromal crosslink density and treat-
ment effect depth. The Dresden CXL protocol induces crosslinks in the corneal stroma with an observed treatment effect in the anterior
half to two-thirds of the cornea. Various PACK-CXL protocol modifications are easy to implement in a clinical setting, and have the following
reported and hypothetical effects: (1) Acceleration decreases treatment time and facilitates the delivery of higher fluences: we hypoth-
esize a reduced crosslink density, and unchanged treatment depth. (2) Higher fluences increase antibacterial efficacy40,41,43,76 and stromal
stability52:wehypothesize an increased crosslinkdensity, andunchanged treatmentdepth. (3)Higher riboflavin concentrations theoretically

→
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←
focus the PACK-CXL effect in the superficial stroma,86 and increase stromal stability56,82,86–88: we hypothesize an increased crosslink density,
and reduced treatment depth. (4) D2O supplementation enhances the half-life of singlet oxygen89: we hypothesize an increased crosslink
density, and unchanged treatment depth. (5) HPMC as carrier can help to drive riboflavin deep into the corneal tissue90: we hypothesize an
unchanged crosslink density, and increased treatment depth. (6) Avoiding riboflavin replenishment during irradiation may allow riboflavin
concentrations in the superficial stroma to decrease, and UVA to reach deeper layers with high riboflavin concentrations82: we hypothe-
size a reduced crosslink density, and increased treatment depth. Note that these graphs are simplified visual representations, and that the
illustrated corneal stromal crosslink densities do not represent real crosslink densities. All hypothesized protocol modification effects are
comparisons to the Dresden protocol.

Table 1a. PACK-CXL Protocol Details: Pepsin Digestion Assay

Chromophore

Experiments
Fluence
[J/cm2]

Intensity
[mW/cm2]

Total Irradiation
Time [min] Type Concentration Carrier Replenishment

Sample
Size

1: Acceleration
Control 0 0 0 – – – – 28
30 min 5.4 3 30 Riboflavin 0.1% Dextran yes 36
10 min 5.4 9 10 Riboflavin 0.1% Dextran yes 36
2 min 5.4 45 2 Riboflavin 0.1% Dextran yes 35

2: Fluence
Control 0 0 0 – – – – 59
5.4 J/cm2 5.4 9 10 Riboflavin 0.1% Dextran yes 30
10.8 J/cm2 10.8 9 + 45 12 Riboflavin 0.1% Dextran yes 30
16.2 J/cm2 16.2 9+ 2× 45 14 Riboflavin 0.1% Dextran yes 30
21.6 J/cm2 21.6 9+ 3× 45 16 Riboflavin 0.1% Dextran yes 56
27 J/cm2 27 9+ 4× 45 18 Riboflavin 0.1% Dextran yes 29
32.4 J/cm2 32.4 9+ 5× 45 20 Riboflavin 0.1% Dextran yes 29

3: Riboflavin concentration and D2O supplementation
Control 0 0 0 – – – – 25
0.1 Riboflavin 5.4 9 10 Riboflavin* 0.1% Dextran yes 25
0.1 Riboflavin +
D2O

5.4 9 10 Riboflavin* 0.1% Dextran + 30% D2O yes 25

0.4 Riboflavin 5.4 9 10 Riboflavin* 0.4% Dextran yes 25
0.4 Riboflavin +
D2O

5.4 9 10 Riboflavin* 0.4% Dextran + 30%D2O yes 25

4: Riboflavin carrier
Control 0 0 0 – – – – 38
HPMC 5.4 9 10 Riboflavin 0.1% HMPC yes 42
Dextran 5.4 9 10 Riboflavin 0.1% Dextran yes 42

5: Riboflavin replenishment
Control 0 0 0 – – – – 13
Yes 16.2 9+ 2× 45 14 Riboflavin 0.1% Dextran yes 14
No 16.2 9+ 2× 45 14 Riboflavin 0.1% Dextran no 14

*Commercial product not available, preparedby pharmacist. Two commercial products used: Riboflavin solution for Corneal
Cross-Linking (CXL), Peschke D, PESCHKE Trade GmbH, Huenenberg, Switzerland; and Riboflavin solution for Corneal Cross-
Linking (CXL), Peschke M, PESCHKE Trade GmbH, Huenenberg, Switzerland.

20% dextran for 20 minutes, 25 minutes, or 30 minutes,
respectively.

Pepsin Digestion Assay

After PACK-CXL treatment, full-thickness corneal
buttons with an 8 mm diameter were removed with a
skin biopsy punch from the center of the irradiated

area and placed in 5 mL tubes containing 4mL of a 5%
pepsin solution (Pepsin from porcine gastric mucosa,
powder, ≥500 U/mg; SIGMA, catalog no. 77160) at a
pH of 1.1.

Samples were incubated in the oven (Hybridization
Oven/Shaker; Amersham Life Science) at 25°C, shaken
every other day and monitored for signs of digestion
until measurement of the dry weight at day 8 (DW8)
or 16 (DW16) after incubation. Dry weight measure-
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Table 1b. PACK-CXL Protocol Details: Fluorescent Imaging Assay

Chromophore

Treatment Group
Fluence
[J/cm2]

Intensity
[mW/cm2]

Total Irradiation
Time [min] Type Concentration Carrier Replenishment

Sample
Size

Control epi-on – – – – – – – 25
Control epi-off – – – – – – – 86
Fluence 5.4 J/cm2 5.4 9 10 Riboflavin 0.1% Dextran yes 33
Fluence 5.4 J/cm2;
0.4.% riboflavin

5.4 9 10 Riboflavin* 0.4% Dextran yes 14

Fluence 5.4 J/cm2;
HPMC

5.4 9 10 Riboflavin 0.1% HPMC yes 12

Fluence 16.2 J/cm2 16.2 9+ 2× 45 14 Riboflavin 0.1% Dextran yes 14
Fluence 16.2 J/cm2;
no riboflavin
replenishment

16.2 9+ 2× 45 14 Riboflavin 0.1% Dextran no 12

Epi-on: corneal epithelium intact; Epi-off: corneal epithelium removed; * Commercial product not available, prepared by
pharmacist.

Figure 2. Pepsin digestion and fluorescent imaging assay protocols. (A) Pepsin digestion assay: main protocol steps during tissue
processing and end point assessment via sample dry weight measurements at day 8 or 16. (B) Fluorescent imaging assay: main protocol
steps during tissue processing and end point assessment via background intensity and cytoskeleton intensity measurement. (C) Evenly
sized and spaced sampling regions were identified tomeasure the overall Alexa 488 fluorescence signal (both background and cytoskeletal
actin fluorescence) as a measure of stromal collagen compaction. (D) Cytoskeletal actin was identified via segmentation in the Alexa 488
channel; The anterior eye segment was adapted from the icon “Sagittal eye (simplified)”, by BioRender.com, 2022 (www.app.biorender.com).

ments were performed to quantify corneal resistance to
enzymatic digestion, according to previously described
methods.51,52,56,57

Time to complete digestion and changes in corneal
button diameter have been used as end points to
quantify corneal resistance to enzymatic digestion
in previous publications.38,51,52 Neither of these end

points were used in this study, because tissue fragmen-
tation and turbidity of the pepsin solution increased
with incubation time. As a result, tissue presence could
not be quantified objectively after 20 days of incuba-
tion, significantly biasing the parameters “time to
complete digestion” and “changes in corneal button
diameter.”

http://www.app.biorender.com
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Fluorescent Imaging Assay

• Sample Preparation

After PACK-CXL treatment, eyes were incubated
in cell culture medium (ThermoFisher Scientific,
MEM alpha, no nucleosides, catalog no. 22561021)
for 24 hours at 20°C, with the cornea raised above
the culture medium surface. Following incubation,
the corneas were dissected, bisected, and placed in
a 20% dextran solution for 45 minutes to reduce
tissue swelling. The corneas were subsequently washed
and cryopreserved. Six μm thick cryosections of
each cornea were placed onto positively charged
glass slides and further processed for fluorescent
biomarker stainingwithDAPI (ProLongTMDiamond
Antifade Mountant with DAPI; ThermoFisher Scien-
tific) and phalloidin (Alexa Fluor 488 phalloidin;
ThermoFisher Scientific), according to product guide-
lines (full fluorescent biomarker staining protocol
available as Supplement C).

• Fluorescent Imaging and Image Analysis

Samples were imaged using a slide scanner (Digital
Slide Scanner 3D Histech Pannoramic 250). Three
cutouts of the treated central cornea were prepared per
image using QuPath-0.2.3.58 All cutouts were oriented
with the anterior side of the cornea on the left side
of the image in Image J 1.53a (see Figs. 2c, 2d).
The boundary between slide surface and deepithelial-
ized cornea was manually marked to define the region
of interest used for image analysis. An additional
cutout from the untreated, peripheral, epithelialized
cornea was prepared from each image as negative
control. A dedicated CellProfiler59 pipeline, available at
GitHub repository under https://github.com/sstoma/
ia-project-ems, was created to further process images
for data analysis. Collagen compaction and changes
to the nuclear morphology and actin cytoskeleton
of keratocytes in the anterior corneal stroma have
previously been described as a result of epithelium-
off CXL.31,60,61 Cytoskeletal actin was identified in
the Alexa 488 channels, by segmenting objects using
the IdentifyPrimaryObjects module (see Fig. 2d). In
addition, evenly sized and spaced sampling regions
were identified to measure the overall Alexa 488
fluorescence signal, including both background and
cytoskeletal actin fluorescence, as a measure of stromal
collagen compaction (see Fig. 2c). The final segmen-
tation and its parameters were confirmed via visual
inspection of the output. Images in which automatic
segmentation resulted in too many artifacts were
excluded from the final analyses (details of the selection

available at GitHub repository under https://github.
com/sstoma/ia-project-ems). As a result, 52 of 423
images were excluded from the cytoskeletal actin identi-
fication dataset. Different morphometric and intensity-
based features were computed for objects identified
in the channels of interest and correlated to their
distance from the anterior tissue edge. We created
an additional computational channel, in which Alexa
488 was cleaned using background subtraction imple-
mented in ImageJ.62

• Data Analysis of CellProfiler Output

Analysis of CellProfiler output was performed
with Python using Pandas,63 and plots were
created using the Seaborn64 library. The script
is provided at GitHub repository under https:
//github.com/sstoma/ia-project-ems. Data analysis
was performed on cytoskeletal actin identification,
and background and cytoskeletal actin fluorescence
measurement data originating from the corneal tissue
between 50 and 800 μm from the corneal surface.

Stromal collagen compaction was analyzed based
on the intensity of the nonspecific background
phalloidin-Alexa 488 fluorescence signal. The mean
object counts were also analyzed in the phalloidin-
Alexa 488 channel. The cytotoxic post-CXL effect
was evaluated based on cytoskeletal fragmentation by
counting the number of objects labeled with mean gray
value intensities above theAlexa 488 channel threshold.

• Automatic Computation of the Estimated Treat-
ment Depth

Assessment of the PACK-CXL treatment depthwas
based on the estimated collagen compaction depth.
Treatment depth was estimated by computing a deriva-
tive of smoothed phalloidine background intensity
values, aggregated by averaging different images of
the same experimental condition, as a function of
distance from the tissue edge. Computed derivative
values were compared to an empirically established
threshold. The first distance measurement from the
endothelial side of the tissue sections for which the
derivative reached a smaller value than the threshold
was assumed to represent the PACK-CXL penetration
depth. We assume this algorithm to identify the tissue
depth at which structural collagen changes cease to be
identified and collagen compaction stops. The details
of this procedure are available in the GitHub repos-
itory under https://github.com/sstoma/ia-project-ems.
To ensure the robustness of this analysis, we checked
different thresholds and observed that the choice of
threshold (within a reasonable range) does not change

https://github.com/sstoma/ia-project-ems
https://github.com/sstoma/ia-project-ems
https://github.com/sstoma/ia-project-ems
https://github.com/sstoma/ia-project-ems
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the qualitative results when comparing between condi-
tions.

Temperature Assay

The temperature of the corneal surface was
measured eight times with an infrared thermome-
ter in four porcine eyes that underwent an accelerated,
high fluence PACK-CXL protocol. See Supplement B
for experimental protocol details.

Experimental Layout

Six hundred eighty-eight corneas were used in the
pepsin digestion assay, divided in five experiments.
These experiments were performed in batches of 20
to 30 eyes, which were processed during the same day.
In each batch, the corneas were randomly allocated
to the control group or one of the various treatment
groups representing the PACK-CXL protocol modifi-
cations investigated. In experiment 1 (acceleration), a
10 minute 9 mW, and 2 minute 45 mW protocol were
compared to a 30minute 3mW, 5.4 J/cm2 protocol (135
corneas). In experiment 2 (fluence), 10.8, 16.2, 21.6, 26,
and 32.4 J/cm2 protocols were compared to a 10minute
9 mW, 5.4 J/cm2 protocol (263 corneas). In experi-
ment 3 (riboflavin concentration and D2O supplemen-
tation), 0.1 and 0.4% riboflavin concentrations were
compared, and the supplementation of D2Owas evalu-
ated, using a 10 minute 9 mW, 5.4 J/cm2 protocol
(125 corneas). In experiment 4 (riboflavin carrier),
HPMC was compared to Dextran as chromophore
carrier using a 10 minute 9 mW, 5.4 J/cm2 protocol
(122 corneas). In experiment 5 (riboflavin replenish-
ment), two 10 minute 9 mW + 2 × 2 minutes 45 mW,
16.2 J/cm2 protocols were compared, during which
riboflavin was either replenished during and between
irradiation cycles, or not (41 corneas). See Tables 1a
and 1b for the detailed experimental layout.

Information gathered in the pepsin digestion assay
allowed us to select promising PACK-CXL param-
eters for the fluorescent imaging assay. Based on
the results, we selected the 10 minute 9 mW, 5.4 J
/cm2 PACK-CXL protocol as the reference protocol.
The following treatment groups were evaluated in the
fluorescent imaging assay: (control epi-on) epithelium
untouched (25 corneas); (control epi-off) epithelium
removed (86 corneas); (fluence 5.4 J/cm2) a 10 minute 9
mW, 5.4 J/cm2 fluence protocol (33 corneas); (fluence
5.4 J/cm2 and 0.4% riboflavin) 0.4% riboflavin, a 10
minute 9 mW, 5.4 J/cm2 fluence protocol (14 corneas);
(fluence 5.4 J/cm2, HPMC) HPMC as a carrier, a 10
minute 9 mW, 5.4 J/cm2 fluence protocol (12 corneas);
(fluence 16.2 J/cm2) a 10 minute 9 mW + 2× 2 minutes

45 mW, 16.2 J/cm2 protocol (14 corneas); (fluence
16.2 J/cm2, no riboflavin replenishment) a 10 minute
9 mW + 2 × 2 minutes 45 mW, 16.2 J/cm2 proto-
col, where riboflavin was not replenished during and
between irradiation cycles (12 corneas).

Data Analysis

Linear models were built to assess whether treat-
ment type has an effect on corneal dry weight at
day 8 (DW8) or day 16 (DW16). The model was
adjusted for two variables: (1) CCTmeasurements after
riboflavin saturation, and (2) date at which corneas
were processed. The outcomes–DW8 and DW16–were
analyzed separately for each experiment. Differences
between specific treatment groups were assessed via
Tukey’s “Honest Significant Difference” method. The
sample sizes needed to detect differences in mean
corneal weight between treatment groups were calcu-
lated based on reported standard deviations (SDof 7,57
SD of 1,52 and SD of 0.2456), and a power of 80% and
type 1 error of 5%were assumed. Theminimum sample
group size was six corneas per treatment group.

The statistics program R 3.1.2., with packages
multcomp and nlme were used for all statistical calcu-
lations. Data sets and R scripts are available at the
GitHub (https://github.com/sstoma/ia-project-ems).

Results

General Results

The average CCT of corneas in treatment groups
saturated with riboflavin/dextran solution was signifi-
cantly lower than the CCT of control group corneas
that were not exposed to any riboflavin solution (P
< 0.001, 95% confidence interval [CI] from 107 to
113). The average CCT of corneas saturated with
riboflavin/HPMC solution did not significantly differ
from the CCT of control group corneas. There was
no significant difference between treatment groups in
average CCT after saturation with riboflavin/dextran
solution. These results are presented in Supplementary
Table S1.

• Pepsin Digestion Assay

As described in previous reports, the pepsin-
incubated tissue samples initially swelled and then
separated into an anterior and posterior part.37,38 This
process was followed by the rapid digestion of the
posterior part and preservation of the cross-linked
anterior part.

https://github.com/sstoma/ia-project-ems
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Figure 3. Effects of PACK-CXLprotocolmodification on corneal resistance to enzymatic digestion.Dryweightmeasurements at days
8 and 16, as quantification of corneal resistance to enzymatic digestion, and its distribution between experiments and experimental condi-
tions, presented as boxplots. The bold horizontal line represents the median, and the lower and upper horizontal lines represent the first and
third quartile of the data, respectively.

All PACK-CXL treated groups, expect for the
0.1% riboflavin and D2O supplemented corneas, had
a significantly greater DW8 compared to untreated
controls. All PACK-CXL treated groups had a
significantly greater DW16 compared to untreated
controls, regardless of the PACK-CXL protocol
parameters (Fig. 3). Greater differences in DW16 than
in DW8 were observed between treatment groups
(Table 2).

In our analysis, 5 specific days on with corneas were
processed, had a significant impact on sample weight,
either decreasing or increasing it.We expect that the age
and/or housing conditions of animals slaughtered on
these specific days, and/or experimental settings, such
as ambient temperature and humidity during sample
preparation and other indeterminate conditions, might
have played a role.

• Fluorescent Imaging Assay

We assessed the effects of PACK-CXL by combin-
ing information from three graphs: background and

cytoskeleton fluorescence intensity, and phalloidin
stained object counts (Fig. 4). Background fluores-
cence provided information regarding stromal colla-
gen compaction intensity and depth. However, because
this parameter combines signal intensities from both
collagen and the cytoskeleton, a comparison to two
other parameters, cytoskeleton fluorescence inten-
sity and cytoskeleton object count, was needed. All
PACK-CXL treated corneas demonstrated increased
background fluorescence in the anterior corneal stroma
(see Fig. 4) when compared to both controls. Within
this area of increased collagen compaction, we
observed a peak in cytoskeleton fluorescence intensity
combined with a decrease in number of phalloidin-
stained cytoskeletal objects, suggesting PACK-CXL
induced cytotoxicity (cytoskeletal fragmentation and
increased fluorescence as a result of apoptotic cell
death; see Fig. 4). This was not observed in the
control samples. A gradual decrease in background
and cytoskeleton fluorescence, and in phalloidin
stained objects counts, from anterior to posterior
stroma was observed in the Epi-on group. This is
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Table 2. Dry Weight Measurements of Samples After 8 or 16 Days of Incubation in Pepsin Solution

Sample Dry Weight

Experiments Day 8 [μg] Day 16 [μg]

Acceleration
Control 4.9 ± 7.3 (0–22) 1.2 ± 3 (0–11)
30 min 17.5 ± 97 (5–40) 13.8 ± 8.5 (0–31)
10 min 18.5 ± 7.9 (7–36) 13.1 ± 7.9 (0–24)
2 min 22.3 ± 8.1 (12–41) 11.9 ± 6.8 (0–22)

Fluence
Control 2.7 ± 4.6 (0–15) 0.2 ± 0.9 (0–5)
5.4 J/cm2 20.2 ± 5.4 (9–31) 11.7 ± 6 (0–19)
10.8 J/cm2 26.9 ± 17.8 (11-82) 13.8 ± 6 (0–25)
16.2 J/cm2 30.2 ± 13.3 (17–64) 16.6 ± 3 (9–21)
21.6 J/cm2 26.6 ± 12.3 (11–69) 20.6 ± 4.7 (14–31)
27 J/cm2 28.8 ± 14.7 (18–78) 23.4 ± 5.1 (17–37)
32.4 J/cm2 26 ± 7 (16–35) 21.4 ± 9.5 (0–38)

Riboflavin concentration and D2O supplementation
Control 4.8 ± 9.8 (0–35) 2.6 ± 6.1 (0–20)
0.1 riboflavin 29.1 ± 22.4 (7–91) 15.8 ± 7.2 (0–24)
0.1 riboflavin; D2O 18.8 ± 10.1 (0–36) 11.5 ± 8.4 (0–27)
0.4 riboflavin 30 ± 21.9 (12–90) 17.2 ± 4.4 (12–26)
0.4 riboflavin; D2O 22.7 ± 7.1 (9–33) 14 ± 6.3 (0–23)

Riboflavin carrier
Control 11.2 ± 16.2 (0–57) 0.9 ± 2.2 (0–7)
HPMC 35.1 ± 23.2 (10–102) 18.5 ± 11.5 (0–53)
Dextran 31.2 ± 19.6 (14–102) 20.7 ± 6.2 (8–34)

Riboflavin replenishment
Control 1.7 ± 2.9 (0–6)
Yes 31.7 ± 7.8 (22–43) 21.7 ± 5.2 (11–27)
No 35 ± 12.1 (24–55) 15.5 ± 9 (0–24)
Data presented as mean ± standard deviation (minimum –maximum).

likely caused by the higher keratocyte density in the
normal anterior, compared to the posterior, corneal
stroma, as has been observed in human, rabbit, and
feline corneas.65–67 Corneas in the Epi-off group
demonstrated the same background fluorescence, and
phalloidin stained objects counts, in the anterior and
posterior stroma. The cytoskeleton fluorescence in
the anterior stroma was stunted, when compared
to the corneas in the Epi-on group. It is conceiv-
able that keratocyte apoptosis as a result of epithe-
lial debridement caused the decreased cytoskeleton
fluorescence and phalloidin stained object counts,
and by extension, the decreased overall background
fluorescence, in the anterior stroma of corneas in
the epi-off group, compared to corneas in the epi-on
group.68,69

We observed decreased collagen compaction in
samples with a small amount of remaining epithelium,

compared to other samples in the same group. We
demonstrated an effect depth of approximately 400 μm
(anterior 50% of the stroma) following treatment with
a 10 minute 9 mW, 5.4 J/cm2 PACK-CXL protocol (see
Fig. 4), which is comparable to previously published
data.31,61,70,71

PACK-CXL Protocol Modifications

The PACK-CXL treatment effects are summa-
rized in Figure 3 (sample dry weight measure-
ments – stromal resistance to enzymatic digestion)
and Figure 4 (fluorescent signal intensity–treatment
depth). Estimated average treatment effects and differ-
ences between treatment groups for sample dry weight
measurements are presented in the Supplementary
Tables S2 and S3.
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Figure 4. Effects of PACK-CXL modifications on treatment depth. Top row of graphs: Overall fluorescent signal intensity, including
background, as a function of distance from the anterior corneal stromal surface.Middle row of graphs: Actin cytoskeleton fluorescent signal
intensity, no background, as a function of distance from the anterior corneal stromal surface. Bottom rowof graphs: Phalloidin stained object
(actin cytoskeleton) counts as a function of distance from the anterior corneal stromal surface. The light blue intervals in the graphs are 95%
confidence intervals computed by grouping images. The blue stars in the background fluorescence graphs represent the transition between
the anterior zone of collagen compaction (boxed in green areas), and the unaffected posterior stroma (boxed in blue areas). Placement of the
blue stars is based on computed derivative values, and assumed to indicate the PACK-CXL treatment depth. The treatment group “Fluence
16.2 J/cm2 no Riboflavin replenishment” demonstrates the deepest treatment effect. A decrease in phalloidin-stained object counts and a
peak in cytoskeleton fluorescence (boxed in pink areas) are visible in the anterior stroma in all PACK-CXL treated groups. These changes are
likely related to PACK-CXL treatment-induced cell damage and cell loss. AU, arbitrary units.

• Acceleration

Acceleration of the PACK-CXL treatment had no
effect on DW8 or DW16. Statistical modeling demon-
strated that the CCT after riboflavin saturation had an
effect on DW8 and DW16. A CCT increase of 100 μm
led to an estimated average increase inDW8 andDW16
of 4 and 6 μg, respectively (P = 0.02, 95% CI from 0.5
to 8; and P = 0.002, 95% CI from 2 to 10).

• Fluence

No differences in DW8 between PACK-CXL
treated groups were observed. However, significant
differences in DW16 were observed between groups
treated with different PACK-CXL fluences. Corneas
treated with 21.6 J/cm2, 27 J/cm2, and 32.4 J/cm2

fluence protocols had a significantly greater DW16
compared to 5.4 J/cm2 and 10.8 J/cm2 fluence
protocol-treated corneas (see Supplementary Table
S3). Similarly, 27 J/cm2 protocol-treated corneas had
a significantly greater DW16 than 16.2 J/cm2 fluence
protocol-treated corneas (see Supplementary Table
S3). We emphasize that 32.4 J/cm2 fluence protocol-

treated corneas were often fragmented at day 16, which
is reflected in the high variation in DW16 (see Table 2).
Statistical modeling demonstrated that the CCT after
riboflavin saturation had an effect on DW16. A CCT
increase of 100 μm led to an estimated average increase
in DW16 of 3 μg (P = 0.007, 95% CI from 0.8 to 4).

Groups treated with 5.4 J/cm2 and 16.2 J/cm2

fluence protocols demonstrated a similar depth of
collagen compaction. However, corneas that received
a 16.2 J/cm2 fluence protocol showed an increased
intensity of background fluorescence, indicating more
intense collagen compaction, and a broader peak of
increased cytoskeleton fluorescence, indicating a wider
zone of cytoskeletal damage, compared to corneas that
received one third of the PACK-CXLfluence (5.4 J/cm2

protocol).

• Riboflavin Concentration and D2O Supplementa-
tion

All PACK-CXL treated groups had a significantly
greater DW8 compared to the control group, except
for the treatment group that was saturated with 0.1%
riboflavin and D2O. All PACK-CXL treated groups
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had a significantly greater DW16 compared to the
control group. A dry weight increase compared to
the 0.1% riboflavin saturated group was not observed
in PACK-CXL treated corneas that received 0.4%
riboflavin, D2O supplementation, or both (see Supple-
mentary Table S3).

The group of corneas that was saturated with
0.4% riboflavin demonstrated a similar depth of colla-
gen compaction with a minimal increase in colla-
gen compaction when compared to a 0.1% riboflavin,
5.4 J/cm2 group. All 5.4 J/cm2, 9 mW protocol treated
groups showed comparable cytotoxic effects.

• Riboflavin Carrier

No difference in DW8 or DW16 was observed
between PACK-CXL treated groups saturated with
riboflavin/dextran orwith riboflavin/HMPC. Statistical
modeling demonstrated that the CCT after riboflavin
saturation had an effect on DW8. A CCT increase of
100 μm led to an estimated average increase in DW8 of
15 μg (P = 0.012, 95% CI from 3.3 to 26). Corneas that
were saturated with HPMC instead of dextran demon-
strated no increase in depth or intensity of collagen
compaction, nor of cytotoxic effects.

• Riboflavin Replenishment

No statistically significant difference in DW8 or
DW16 was observed between PACK-CXL treated
groups that received riboflavin replenishment during
and between irradiation cycles, and those that did not.
However, the DW16measurements of the PACK-CXL
treated corneas that did not receive riboflavin replen-
ishment ranged from 0 to 24 μg, whereas DW16 for the
corneas that received riboflavin replenishment ranged
from 11 to 27 μg (see Table 2). In addition, the PACK-
CXL treated corneas (16.2 J/cm2 fluence protocol)
that did not receive riboflavin replenishment demon-
strated reduced collagen compaction in the anterior
corneal stroma but a deeper treatment effect, compared
to the corneas that received riboflavin replenishment
and 16.2 J/cm2 fluence PACK-CXL. The no riboflavin
replenishment with 16.2 J/cm2 fluence PACK-CXL
protocol demonstrated a deeper treatment effect than
any of the other tested protocols.

Temperature Assay

The corneal surface temperature did not change
significantly with increasing amounts of PACK-CXL
energy delivered. Surface temperature measurements
are presented as Supplementary Figure S1.

Discussion

In this study, we explored various PACK-CXL
protocol modifications to help select simple, short,
and effective PACK-CXL protocols that provide a
high corneal resistance to enzymatic digestion (corneal
stromal stability) and adequate treatment depth during
clinical use.

Contrary to what we had hypothesized, accelera-
tion did not appear to have a deleterious impact on
the stability of the corneal stroma. As anticipated, we
observed greater corneal stromal stability, and strong
collagen compaction but unchanged treatment depth
with an increase in fluence. Contrary to our hypothe-
ses, neither the use of 0.4% riboflavin, supplementa-
tion with D2O, nor the choice of riboflavin carrier,
had any effect on treatment depth or PACK-CXL-
induced corneal stromal stability. Finally, and as antici-
pated, omission of riboflavin replenishment during and
between irradiation cycles resulted in a deeper but less
intense treatment effect. The latter finding seems to be
confirmed by the higher variability in stromal collagen
resistance to enzymatic degradation in this treatment
group.

Previous reports, in which the effect of PACK-
CXL acceleration on corneal resistance to enzymatic
digestion was investigated, demonstrated conflicting
results. PACK-CXL acceleration up to 5 minutes
at 18 mW/cm2 did not alter tissue digestion time
compared to a 30 minute 3 mW/cm2 and a 10 minute
9 mW/cm2 protocols in 2 studies,38,72 which is in
line with our findings. However, tissue digestion time
was reduced by PACK-CXL acceleration in other
studies.52,73 Likewise, in our hands, the use of a 0.4%
riboflavin solution did not increase stromal resistance
against enzymatic degradation, compared to the use of
a 0.1% riboflavin solution. We were thus not able to
replicate previous findings, where dry weight measure-
ments of 0.3% riboflavin saturated corneas were higher
compared to 0.1% riboflavin saturated corneas.56

We cannot definitively explain the differences
between these reported and our results. It is likely
that the following aspects influence the reproducibil-
ity of and the discrepancies in the results. First, differ-
ences in laboratory conditions, animal population, and
equipment and reagents used, may have affected the
results. Because we used laboratory equipment that
was available to us, we did not completely copy previ-
ously reported digestion assays. Second, for reasons
given in the Materials and Methods section, we used
a different primary outcome measurement and statisti-
cal analysis in our digestion assay than was reported by
previous groups. This can lead to different conclusions.
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For example, weight is a continuous outcome measure-
ment, for which linear models are appropriate, whereas
time to complete tissue digestion is suitable for survival
analysis. Finally, a statistical phenomenon called repli-
cation power should be considered. Here, the proba-
bility to obtain significant results in replication studies
that confirm the original study is only 50%, if the origi-
nal study had a P value of 0.05.74 Furthermore, there
is no current agreement on digestion assay settings that
are appropriate for evaluating the impact of PACK-
CXL on stromal resistance against enzymatic degrada-
tion.

Our finding that elevation of PACK-CXL fluence
increases corneal stromal resistance against enzymatic
digestion52,75 is in agreement with previous reports.
However, this trend has its limits. We observed a
plateau in tissue dry weight measurements at energy
levels of 21.6 J/cm2 and higher. Similarly, the antibac-
terial effect of PACK-CXL increases with increas-
ing fluence40,41,43,76 with a 100% in vitro antibacte-
rial effect at fluences of 16.2 J/cm2 and higher.43 These
combined results suggest that patients may not benefit
from the use of fluences above 21.6 J/cm2. In fact, tissue
fragmentation and a very high variance in dry weight
measurements were observed in the group of corneas
that received a fluence of 31.4 J/cm2 in our study. We
believe that the structural integrity of the cornea may
be irreversibly damaged at such high fluence levels.

A concern has been raised that high energy levels
might create heat that could lead to collagen denatu-
ration and damage ocular structures.77,78 We demon-
strated that the corneal surface temperature does not
change significantly as more energy is delivered during
PACK-CXL.

Our results, together with information available in
the literature, suggest that PACK-CXL protocols with
a fluence around 16.2 J/cm2 to 21.6 J/cm2 could be
very useful and are most likely safe to be used as treat-
ment for infectious keratitis.79,80 Such protocols eradi-
cate the majority of bacteria,42,43,81 and substantially
increase corneal resistance to enzymatic digestion at the
same time.

The observed deeper but less intense PACK-
CXL treatment effect as a result of not replenish-
ing riboflavin during the irradiation phase, can poten-
tially be explained as follows. As riboflavin is used in
the photopolymerization process, riboflavin concentra-
tions in the superficial stroma will decrease, allowing
UVA to reach and induce cross-linking in deeper layers
of the stroma,82 increasing treatment depth. At the
same time, riboflavin likely diffuses from the deeper
stromal layers to the superficial treatment area, result-
ing in a generalized depletion of riboflavin in the tissue,
resulting in a decreased and more variable overall level

of tissue crosslinking in the “no riboflavin replen-
ishment” compared to the “riboflavin replenishment”
scenario.

There are a few limitations to our study. First,
because in vitro and ex vivo results do not necessar-
ily translate to in vivo situations, we cannot predict
whether the PACK-CXL protocols that we evaluated
ex vivo, will perform similarly in clinical cases. For
example, the presence of secondary changes, such as
corneal opacification, as a result of inflammatory cell
infiltrates or edema, may reduce UVA absorption and
PACK-CXL effectivity. In addition, the ex vivo pepsin
digestion assay is a simplification of the enzymatic
tissue degradation that occurs in vivo. A compelling
case can be made that the use of collagenase enzymes,
as described in a number of publications,37,72,73,83,84
is a more realistic representation of the in vivo situa-
tion. However, because CXL triggers cross-linking
within collagen fibrils, but also between collagen fibrils
and other corneal stromal matrix components,34,35 we
chose pepsin as the proteolytic enzyme instead of
collagenase. This choice also enables a comparison to
relevant previously published data.38,52

Moreover, the quantification method that we used
in our fluorescent imaging assay has typical limitations
due to the nature of fluorescent microscopy,85 includ-
ing intrinsic and extrinsic noise, and image variability.
To minimize the influence of image variability, we have
normalized the fluorescent intensity values per image,
instead of directly comparing raw values.

Last, we would like to emphasize that this study
has a hypothesis generating nature, which comes with
certain shortcomings, especially because certain poten-
tially effective protocol modifications were disquali-
fied when not demonstrating effect increases under the
experimental conditions used in this study. In order to
determine the most optimal PACK-CXL settings and
not miss potentially effective protocol modifications,
variables like riboflavin concentration, supplementa-
tion with D2O, and the use of HPMC, should likely be
tested across energy levels.

Conclusions

Our study complemented previously published
reports on PACK-CXL protocol modification by
exploring new possible protocol adjustments, thus
generating data that help to determine optimized clini-
cal PACK-CXL settings and direct future research
efforts.We conclude that increased PACK-CXLfluence
improves corneal resistance to enzymatic digestion.
However, protocols that deliver energy levels above
27 J/cm2 are unlikely to benefit patients and might
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increase the risk for negative treatment side-effects.
PACK-CXL acceleration is unlikely to have a negative
effect on corneal resistance to enzymatic digestion
and facilitates the delivery of high fluence protocols,
whereas at the same time decreasing the duration
of treatment. Finally, riboflavin may not need to be
replenished after the initial stromal saturation phase.
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