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Purpose: Photoactivated chromophore for keratitis-corneal cross-linking (PACK-CXL)
stabilizes the corneal stroma and eliminates microorganisms. Numerous PACK-CXL
protocols, using different energy sources and chromophores, have been applied in
preclinical studies, including live animal studies, with various experimental designs and
endpoints. So far, a systematic mapping of the applied protocols and consistency across
studies seems lacking but is essential to guide future research.

Methods: The scoping review protocol was in line with the JBI Manual for Evidence
Synthesis. Electronic databases were searched (Embase, MEDLINE, Scopus, Web of
Science) to identify eligible records, followed by a two-step selection process (title and
abstract screening, full text screening) for record inclusion. We extracted information on
(1) different PACK-CXL protocol characteristics; (2) infectious pathogens tested; (3) study
designs and experimental settings; and (4) endpoints used to determine antimicrobial
and tissue stabilizing effects. The information was charted in frequency maps.

Results: The searches yielded 3654 unique records, 233 of which met the inclusion crite-
ria. With 103 heterogeneous endpoints, the researchers investigated a wide range of
PACK-CXL protocols. The tested microorganisms reflected pathogens commonly associ-
ated with infectious keratitis. Bacterial solutions and infectious keratitis rabbit models
were the most widely used models to study the antimicrobial effects of PACK-CXL.

Conclusions: If preclinical PACK-CXL studies are to guide future translational research,
further cross-disciplinary efforts are needed to establish, promote, and facilitate accep-
tance of common endpoints relevant to PACK-CXL.

Translational Relevance: Systematic mapping of PACK-CXL protocols in preclinical
studies guides future translational research.

Predominant causes of infectious keratitis are often

Background

Infectious keratitis is an inflammatory disease of the
cornea, which threatens vision and requires immedi-
ate treatment. Various microorganisms are involved in
the pathology of infectious keratitis, such as bacte-
ria, fungi, amoebas, and viruses. The inflammatory
response to an infection activates proteolytic enzymes
that destroy collagen in the corneal stroma, which
increases lesion depth and size.! > Therefore the rapid
initiation of a treatment that stops corneal tissue
destruction and eliminates pathogens is essential for
treatment success.

Copyright 2024 The Authors
tvst.arvojournals.org | ISSN: 2164-2591

host-specific and, for both humans and animals,
depend on geographic location and exposure to risk
factors. Fungal keratitis is most prevalent in tropical
and subtropical climates® and may harm more than
a million people annually.” Bacterial infections are
more prevalent in established economies,®-? where they
lead to an incidence of six to 40 cases per 100,000
people/year.® 10

Studies in companion animals revealed that dogs
and horses suffer from both bacterial and fungal kerati-
tis, with a reported prevalence of 0.8% for infectious
keratitis in dogs.*'!~1¢ This number will likely increase
in the future because of the increasing popularity of
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brachycephalic (short-nosed) dog breeds with compro-
mised ocular anatomy. Brachycephalic dogs have an
odds ratio of 6 for developing infectious keratitis,
compared to typical mesocephalic or dolichocephalic
dogs.!117

Drug resistance among pathogens threatens infec-
tious keratitis treatment success in humans and
animals. The World Health Organization has declared
antimicrobial resistance one of the major public health
threats of the twenty-first century.'® Because rapid
treatment initiation before culture and sensitivity test
result availability is crucial for treatment success, the
selected antibiotics typically have a broad spectrum
to cover the most likely bacterial pathogens while
considering existing antibiotic resistances.!” There-
fore fluoroquinolones are often the basis of first-
line treatment while awaiting culture and sensitiv-
ity test results. Unfortunately, resistance to fluoro-
quinolones is increasingly common among ocular
bacterial strains.!?-20-2?

Corneal cross-linking (CXL) was first introduced
as a treatment for keratoconus (progressive thinning
of the cornea), with a specific CXL setting known
as the Dresden protocol. In this protocol, a 0.1%
riboflavin (chromophore) solution is first applied to
the de-epithelialized cornea for 30 minutes. Second,
the cornea is exposed to ultraviolet A irradiation
(energy source) for 30 minutes at 3 mW, delivering
an energy dose (fluence) of 5.4 J/cm?>. CXL gained
interest as a treatment for infectious keratitis because
of two properties: its stabilizing effect on the corneal
stroma (mostly by improvement of corneal stromal
resistance to enzymatic digestion) and the elimination
of pathogens.”?

CXL is a potential treatment alternative for infec-
tious keratitis in human and veterinary patients with
a mechanism of action independent from antibiotics.
In 2008, the routine Dresden CXL protocol was effec-
tively tested for the first time in humans with infectious
keratitis.”* Initially, only infectious keratitis patients
refractory to medical therapy were treated. In 2013,
the name Photoactivated Chromophore for Keratitis-
Corneal Cross-linking (PACK-CXL) was adopted at
the 9th CXL Congress in Dublin. This name change
was implemented to distinguish the use of CXL for
the treatment of keratoconus from the use of PACK-
CXL for the treatment of infectious keratitis and to
make room for the use of other, potentially more
efficient, chromophores and energy sources.” In 2014,
the first studies that described the use of PACK-CXL
in companion animals were published.?¢?8

Clinically used PACK-CXL protocol settings are
being adjusted, because the Dresden CXL proto-
col may be insufficient for the treatment of infec-
tious keratitis.>> A number of systematic reviews that
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summarize completed clinical trials on PACK-CXL
efficiency have been published.”” *> These reviews
highlight the dominance of the Dresden protocol.
However, a tendency towards treatment in early disease
stages and a preference towards the use of accelerated,
high fluence protocols is noticeable.’3 ¥

PACK-CXL is intensively tested in in vitro and
in vivo laboratory and clinical animal studies, to
define the best PACK-CXL settings against various
pathogens and at different infectious keratitis stages. So
far, a systematic mapping of the PACK-CXL proto-
cols applied in preclinical studies that could guide
future translational research is lacking. The aim of
this scoping review is to comprehensively map preclin-
ical PACK-CXL studies to identify explored protocols
and pathogens and the methods and endpoints used
to determine the antimicrobial and tissue stabilizing
effects of PACK-CXL.

Registration

The full study protocol is available at Open Science
Framework at www.osf.io/ypxjs/.

Protocol Design

The scoping review protocol was drafted in line
with the JBI Manual for Evidence Synthesis.*’ It was
reported according to PRISMA-ScR*! (checklist avail-
able at www.osf.io/ypxjs/). The framework consists of
five stages: (1) identification of the research questions
and objectives; (2) identification of relevant studies;
(3) selection of studies; (4) extraction and charting
of data; (5) collation, summation, and reporting of
results. A complete review protocol was released in
advance: www.osf.io/ypxjs/.

Identification of the Research Questions and
Obijectives

This review aims to comprehensively map infor-
mation available in the existing literature on PACK-
CXL preclinical studies, which includes in vitro studies
and in vivo laboratory and clinical animal studies. To
meet the research objectives, the following research
questions (RQ) were addressed:

RQI1: What PACK-CXL protocol modifications have
been investigated? Modifications in the following
protocol elements were considered: chromophore
type, concentration and carrier, energy source,
wavelength, energy intensity level and delivery time,
and fluence (the total amount of energy delivered).
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RQ2: Which pathogens were tested?

RQ3: Which types of study design and experimental
setting were used in in vitro studies and in preclin-
ical animal studies?

RQ4: Which endpoints were used to assess PACK-
CXL-relevant treatment effects?

Identification of Relevant Studies

First, a literature search limited to one online
database (Google Scholar) was performed to gain
knowledge regarding relevant search terms. After
analyzing the index terms used to describe the retrieved
articles and the words used in the article titles and
abstract texts, keywords to be used in the final liter-
ature search were identified. An experienced librarian
then established the final search strategy and performed
the literature search across five databases: Embase,
Cochrane, MEDLINE, Scopus, and Web of Science.
The full electronic search strategy for all databases
is available at the online repository www.osf.io/ypxjs/.
The initial search was performed in December 2020 and
updated in December 2023.

Selection of Studies

Only peer-reviewed primary research publications
and published conference abstracts from scientific
ophthalmology or vision science meetings were eligi-
ble for inclusion into the scoping review. The described
work needed to involve the use of animals with sponta-
neous or experimentally induced infectious keratitis,
or be laboratory-based work using bacteria, fungi, or
amoebas. Furthermore, the records needed to include
at least one endpoint relevant to antimicrobial or
tissue-stabilizing effects of PACK-CXL. Language

oo SJS]S]
1) sTuDY TYPE

2) APPLICATION
DOMAIN*

Amoebal infections (ocular and others);
Bacterial keratitis;

Fungal infections (ocular and others);
Infectious and other corneal thinning
disorders;

« Keratoconus/ectatic disorders;

In vitro/ex vivo; *
In vivo (laboratory); *
In vivo (clinical); ¢
Combined (in vitro and | °
in vivo).

¢ CXL-induced long term corneal changes;

« Other applications.

Figure 1.
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restrictions were not imposed. Records based on non-
photoactivated CXL and records published before the
year 2000 were excluded from the review. The second
exclusion criterium was chosen because CXL had not
been investigated as a treatment for infectious kerati-
tis before the year 2000. Endpoints related to the
biomechanical effects of CXL that were investigated
in records included in the review were not considered
because such endpoints are mainly relevant for the
treatment of keratoconus and not infectious keratitis.

Two reviewers screened the records’ title and
abstract list and applied the eligibility criteria in paral-
lel. Three questions were asked to establish record eligi-
bility, and records were included if the answer to all
three questions was “yes.”

* Does this study involve the use of an intervention
or treatment method based on the combination of
a chromophore (photosensitive agent) and energy
source?

» Are any of the study findings relevant to PACK-

CXL treatment efficacy in terms of antimicrobial

activity or tissue stabilization (tissue resistance to

enzymatic digestion, structural changes, or treat-

ment depth)?

Can this study be considered preclinical (in vitro or

in vivo clinical or laboratory-based animal study)?

In case of disagreement, a third reviewer was
included in the decision-making process and a consen-
sus was sought. EndNote software*? was used to gener-
ate publication lists and a Google Sheets document
was used to store the decisions regarding record
inclusion or exclusion. The reliability of agreement

4)

3) PACK-CXL-RELEVANT ENDPOINTS

EFFECT

* Antimicrobial;

¢ Resistance to enzymatic tissue
degradation;

« Treatment penetration depth;
Cellular/morphological response;
Effectiveness/efficacy in infectious
keratitis;

« Other effects.

ki

Data extraction and classification process. The process contained four stages: 1. Record classification into one of four study types;

2. Record classification into one of seven application domains; 3. Record classification into one of six PACK-CXL-relevant effect categories.
Here, more than one effect category was possible per record and application domain; 4. Grouping of recorded endpoints used to measure
PACK-CXL-relevant effects under new common names, and according to study type, application domain and PACK-CXL-relevant effect

category.
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among the three reviewers was checked with Fleiss
kappa.

Extraction and Charting of Data

In scoping reviews, the data extraction process is
referred to as “data charting.” First, animal report-
ing guidelines (the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research®® and ARRIVE
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design/experimental settings, (6) animal model, and (7)
measured endpoints. The data extraction forms are
provided in the project protocol (www.osf.io/ypxjs/).
Charting of the data was performed in Covidence
software.¥

One reviewer extracted data from all eligible records.
In case of doubt, the reviewer discussed items with a
second reviewer to reach a consensus. Data from 10%
of the records was extracted in parallel by another
reviewer, to test the extraction forms.

guidelines**) were searched to identify items of
relevance for this scoping review. Extracted items were
then collected in seven blocks: (1) publication-related
information (year, language, open source, preregistra-
tion, funding source), (2) research question, (3) PACK-
CXL protocol characteristics, (4) pathogens, (5) study

Collation, Summation, and Reporting of Results

All results were presented separately for the four
study types encountered: in vitro/ex vivo (labora-
tory based), in vivo (animal laboratory experiments),

~ | Records identified through data base searches

2 | EMBASE (n = 910)

S | Scopus (n = 814)

’."g Medline (n = 720)

3 Cochrane (n = 10)

- Web of Science (n =700) Search update Dec’23 (n = 500)
Records excluded
Duplicates (n= 1498)

g” \ 4

'g Records Screened Records excluded

g (n = 2156) Data cutoff 2000 or earlier (n = 243)

7] Abstract screening (n = 1625)

A\ 4
Full text assessment Records excluded (n=55)
for eligibility Irrelevant endpoint (n = 6)

- (n = 288) Irrelevant study design (n = 12)

= Irrelevant intervention (n = 9)

S Irrelevant study population (n = 3)

-u_? Irrelevant setting (n = 1)
Duplicate (n = 12)
Text not available (n = 8)
Abstract replaced by full text (n = 4)

A 4

o Studies included in

S | the scoping review

S (n =233)

Figure 2. PRISMA flow diagram of record eligibility screening.
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A CXL terms prior 2013 B

Riboflavin with/and UVA -

no -

Photodynamic Therapy { —————

Photodynamic Chemotherapy - ——

PACK-CXL 4 ——

Cross-Linking/Cross Linking/Crosslinking - ——

Corneal Cross-Linking 1 ——

*Photodynamic... 4 ——

*Photochemical... 4 ——

o 1 2 3
Number of records

Figure 3.

Photoactivated chromophore for keratitis-corneal crosslinking 4
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CXL terms in/after 2013

Photodynamic Therapy o

Riboflavin with/and UVA A

no

Corneal Cross-Linking -

Corneal Collagen Cross-Linking A
*Photodynamic... -

Cross-Linking/Cross Linking/Crosslinking
Photoactivated/photoactivation of Riboflavin
*Photochemical... -

PACK-CXL A

Collagen Cross-Linking 4

Photodynamic Chemotherapy

PACK Cross-Linking 4

Riboflavin/Bule Light mediated elimination 4
Photosensitizer-mediated irradiation 4

Photoactivated 4
CXLA

5 10 15 20
Number of records

o-

Original terms used in record titles to describe investigated interventions. The original terms describing the investigated inter-

ventions were extracted from the titles of records that investigated antimicrobial CXL efficacy or CXL effectiveness/efficacy against infec-
tious keratitis. (A) terms in records published before 2013. (B) Terms in records published in or after the year 2013. “No": indicates that
the intervention was not named in the record title. *Photodynamic = Photodynamic antimicrobial/inactivation/elimination/eradication;
*Photochemical = Photochemical activation/eradication/therapy/cross-linking.

in vivo (animal clinical studies), and records that
combined both in vitro and in vivo methodology in
one publication (Fig. 1). A PRISMA flow diagram
of record eligibility screening is supplied in Figure 2.
Further publication-relevant information is presented
in Supplementary Figure S1. The full list of included
records is available on our project repository (www.osf.
10/ypxjs/) and as Supplementary Table S1. An attempt
was made to assess whether the PACK-CXL nomen-
clature was harmonized in the field since 2013, the
year in which the name PACK-CXL was adopted
by opinion leaders in the field.”> The frequency was
mapped with which the term PACK-CXL, or an equiv-
alent term indicating a photochemical intervention or
treatment method, was used in article titles released
before and since 2013 (Fig. 3). Information collected
under research questions RQ 1 through 3 is summa-
rized in Tables 1 through 3 and in Figure 4.

RQ4: Endpoints Used To Assess PACK-CXL Treatment
Effects

Special emphasis was placed on mapping the
recorded endpoints that were used to assess PACK-
CXL-relevant treatment effects in the studies. To
make mapping possible, domains of specific (PACK-)
CXL study applications were created, based on the
study purpose as described by the article or confer-
ence abstract authors. The following domains were
created: amoebal infections (ocular and others), bacte-

rial keratitis, fungal infections (ocular and others),
infectious and other corneal thinning disorders,
keratoconus/ectatic disorders, CXL-induced long-
term corneal changes, other applications (Boston
keratoprosthesis, bullous keratopathy, and sterile
melting/keratoconus). The endpoints were systemat-
ically mapped through frequency maps, which were
stratified by study type (in vitro/ex vivo; in vivo [labora-
tory]; in vivo [clinical]; combined [in vitro and in vivo])
and study application domain. Figure 1 illustrates this
process. Figure 5 and Supplementary Figures S2 and
S3 illustrate the results.

It is important to note that this approach describes
the popularity of the used endpoints rather than the
strength of evidence. The latter would be more appro-
priately described by measures of effect size accom-
panied by assessment of bias. However, because of
inconsistent reporting and interpretation of endpoints,
reliable mapping of effect sizes was not feasible.

For ease of interpretation, endpoints were
organized into six categories representing the inves-
tigated PACK-CXL-relevant effects (Fig. 1): antimi-
crobial, resistance to enzymatic tissue degradation,
treatment penetration depth, cellular/morphological
response, effectiveness/efficacy in infectious kerati-
tis, and other effects. Each record was classified into
only one study type and one application domain, but
more than one PACK-CXL-relevant effect could be
investigated within the same application domain.
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A In vitrolex vivo studies

Staphylococcus aureus -
Pseudomonas aeruginosa
Staphylococcus epidermidis 4
Escherichia coliq

Serratia marcescens -
Streptococcus sp A
Streptococcus pneumoniae
Stenotrophomonas maltophilia A
Staphylococcus sp
Staphylococcus pseudintermedius A
Pasteurella sp -

. Nocardia A

Mycobacterium chelonae -
Moraxella bovis o

. M. bovoculi-

Klebsiella pneumonia

K isolates -

Enterococcus faecalis 4
Acinetobacter baumannii 4
Achromobacter xylosoxidans A

Fusarium solani

Candida albicans

Aspergillus fumigatus 4
Fusarium sp -
Pseudoallescheria boydii -
Fusarium oxysporum -
Cryptococcus neoformans -
Scedosporium apiospermum -
Purpureocillium lilacinum A
Pseudallescheria boydi 4
Paecilomyces variotti 4
Paecilomyces lilacinus 4
Fusarium moniliforme 4
Cochliobolus lunatus A

) Candida parapsilosis A
Aspergillus terreus, flavus, fumigatus 4
Alternaria alternata

Acanthamoeba castellani A
Acanthamoeba sp |
Vahlkampfia hartmanni cysts
Acanthamoeba strain T4 A
Acanthamoeba ﬁolgghaga A
Acanthamoeba KY038362
Acanthamoeba hatchetti -
Acanthamoeba KY03836 -

T||||||I| """""lllllll

o
N
o
N
o
w
o
N
o

Percent
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B In vivo (laboratory) studies
Staphylococcus aureus o
Pseudomonas aeruginosa -
Streptococcus sp |
Staphylococcus sp
Escherichia coli 1

BlI9)0Eq

Candida albicans A
Fusarium solani 4
Aspergillus fumigatus A
Fusarium sp
Aspergillus niger

elsjoeq
16uny

Acanthamoeba castellani -
Acanthamoeba sp

joud

o
N
o

40
Percent

[«2]
o

C Combined (in vitro & in vivo) studies
Staphylococcus aureus |
Pseudomonas aeruginosa -
Streptococcus gordonii 4
Propionibacterium acnes -
Porphyromonas gingivalis
Mycobacterium fortuitum -
Fusobacterium nucleatum -
Escherichia coli 4

16uny

elsjoeq

Fusarium solani 4
Candida albicans A
Aspergillus flavus

Acanthamoeba sp | NS |
0 25 50 75 100
Percent

16uny

eozojoid

joud

Figure 4. Pathogens tested in PACK-CXL studies (RQ 2). The pathogen species used to investigate PACK-CXL-relevant effects in three study
types are presented: (A) in vitro/ex vivo; (B) in vivo (laboratory); and (C) studies combining both in vitro and in vivo models. Studies includ-
ing clinical animal patients were excluded from the graph, since pathogen detection largely depends on the culture methodology in such
studies. Studies involving bacteria, fungi and protozoa are presented in green, orange, and purple, respectively. Prot, protozoa.

We then grouped the recorded endpoints according
to study type, application domain and PACK-CXL-
relevant effect category, giving them new common
names, based on the measurement method and SI units
used (example of a new common name: “bacterial
elimination [CFU or CFU/ml]” in Fig. 5C). All new
“common” names together with their definitions and
examples of original endpoint terms extracted from the
eligible records, are available in the online repository
(www.osf.io/ypxjs/).

Deviations From the Original Protocol

The results of the literature search in the electronic
databases were considered sufficient, and 68 abstracts
were identified. As a result of the large number of
abstracts identified in the literature search, we decided
to not manually scan the abstracts from the follow-
ing conferences, as was stated in the prereleased

complete study protocol available online (www.osf.io/
ypxjs/): CXL Experts’ Meeting, European Society of
Cataract and Refractive Surgeons (ESCRS), Associ-
ation for Research in Vision and Ophthalmology
(ARVO), American Academy of Ophthalmology
(AAO), European College of Veterinary Ophthalmol-
ogists (ECVO). The authors consider this decision
justified because published articles have undergone
peer review and many abstracts might later have been
published as peer-reviewed publications.

Characteristics of Included Studies

Our search yielded 3654 unique records, 288 of
which were deemed eligible for full-text review. Of
these, 233 records were eligible for inclusion (in vitro/ex
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A Investigated PACK-CXL-relevant effects per study application
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| I

Effectiveness/efficacy in infectious keratitis = 12
Other effects 4
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infections
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Cellular/morphological response 4
Effectiveness/efficacy in infectious keratitis = 5
er effects o 12
. Treatment penetration depth 1
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infectious
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thinning disorders

Cellular/morphological response o 34
Other effects 21
. Treatment penetration depth 6
Resistance to enzymatic tissue degradation o 24
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ectatic disorders
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Treatment penetration depth 1

CXL induced long term
corneal changes
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X o er effects =
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other applications

Cellular/morphological response 1
phological resp :I

2 |no focus

er effects .
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B  Endpoints used to assess antimicrobial PACK-CXL effect
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morphological pathogen features (qualitative)
I respiratory activity [%]
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I trophozoite morphology (qualitative)
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|eqeowe

I bacterial elimination [CFU or CFU/ml]
bacterial elimination ratio [based on CFU]
bacterial growth (qualitative)

bacterial growth/inhibition [%]

bacterial survival fraction [derived from CFU]
bacterial viability

chromophore absorption spectrum [%]
corneal optical density

corneal sample culture

effective killing rate

elimination of bacteria [CFU reduction in %]
estimated number of bacteria [count]

growth inhibition zone [mm2]

histopathology

inhibition of bacterial growth [OD600]
interleukins

keratitis scoring system

morphological pathogen features (qualitative)
not indicated

number of bacteria

pathogen chromophore uptake

surface temperature

viable colonies [log scale, derived from CFU/mI]
virulence factor expression

siesay [eLejeq

depth of hyphal penetration

epithelial defect surface [mm2] or diameter [mm]
fungal cell diameter [um]

fungal growth inhibition

fungal log reduction [CFU/mL]

growth factor and other protein expression/release/concentration
growth inhibition zone [mm2]

histopathology

immune response

interleukins

keratitis scoring system

larval survival time

morphological pathogen features (qualitative)
not indicated

number of fungi

remaining stromal thickness

standard minimum inhibitory concentration (MIC)
success rate of inoculation

virulence factor expression

volume occupied by hyphae [%]

suonosjul [ebuny

100 0 25 50 75 _10pPercent [%]

C Original terms used to identify "bacterial elimination [CFU or CFU/mI]"

Common name

bacterial elimination
[CFU or CFU/mI]

Original terms

bacterial elimination [CFU], bacterial growth [CFU], antimicrobial effect [CFU], number of colony-forming units, mean corneal
[CFU], efficacy [CFU], % reduction [CFU/mI], microbiological analysis [CFU], bacterial viability [CFU], antibacterial efficacy [CFU],

elimination of bacteria [CFU], cell viability [CFU/ml], cell survival [CFU/ml], bacteria concentration [CFU/mI], bacteria reduction
[CFU], bacterial load [CFU], bacterial growth inhibition [CFU], bacterial load [CFU], the growth activity [CFU], colonies numbers

per agar plate, counting surviving colonies in the irradiation zone

Figure 5.

representing the frequency of use of the various endpoint categories per PACK-CXL application domain. The domain “Other applications

Endpoints used to assess PACK-CXL-relevant effects (RQ 4): general and antimicrobial effect-specific overview. (A) Bar plots

"

includes bullous keratopathy, Boston keratoplasty, and sterile melting/keratoconus. The domains “amoebal infections” and “fungal infec-
tions” included isolates from ocular (infectious keratitis) and/or non-ocular infections. The endpoints used for the assessment of the antimi-
crobial effects of PACK-CXL are indicated with an interrupted red rectangle and are presented in more detail in Figure 5B. (B) Overview of
endpoints (common names under which the original endpoint term definitions that were extracted from the eligible records were grouped)

—
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used to measure the antimicrobial effects of PACK-CXL in studies assigned to the amoebal, bacterial, and fungal infection domains. (C) The
terminology used in the original records to describe the endpoints grouped under the same common endpoint name “bacterial elimination

[CFU or CFU/mL].”

vivo: n = 137; in vivo [laboratory]: n = 72; in vivo
[clinical]: n = 9; combined [in vitro and in vivol:
n = 15), composed of 68 conference abstracts and
165 full text publications (Fig. 2, Supplementary Fig.
S1). The list of included records is available on our
project repository (www.osf.io/ypxjs/) and as Supple-
mentary Table S1. The number of included records
published per year and publication-relevant informa-
tion such as: language, origin of the research collab-
oration and financial support are presented per study
type as Supplementary Figure S1.

The initial agreement between reviewers at the
abstract eligibility screening stage was poor (three
raters, Fleiss’ k =0.20), but a consensus was reached
through discussions. Sixty-two records with a main
research focus on keratoconus/ectatic disorders were
included, because the answer to all three eligibil-
ity criteria-related questions was “yes” (Methods
section: Selection of studies), and the investigated CXL
effects (cellular/morphological changes; resistance to
enzymatic tissue degradation; treatment penetration
depth; other effects) were therefore deemed relevant for
infectious keratitis treatment.

Figure 3 illustrates that a unified nomenclature to
identify the use of CXL for the treatment of infec-
tious keratitis has not been adopted across the field,
either before or since 2013. Across records, the most
popular terms included “Photodynamic Therapy”
(n=23), and phrases containing the words “Riboflavin
with/and UVA” (n = 18), and “Corneal Cross-Linking”
(n=11). “Photoactivated” or “PACK-CXL” were used
in the titles of 15 records.

RQ1: What PACK-CXL Protocol Modifications Have
Been Investigated?

Nineteen distinct chromophores were investigated
in the in vitro/ex vivo studies. This number was
decreased to seven distinct chromophores that were
investigated in the in vivo studies (Table 1). Riboflavin
was the only chromophore used in clinical animal
studies. Riboflavin received the greatest attention
across all study types, with varying riboflavin concen-
trations, additives, and CXL fluences, and irradiation
intensities investigated. Rose Bengal was the second
most popular chromophore. Information regarding
PACK-CXL protocol parameters was missing in five
studies and was incomplete in many other records.
For example, fluence was frequently expressed as total

energy level without specified irradiation intensity or
vice versa. We have not presented information regard-
ing chromophore replacement during the irradiation
phase because this information was missing in most
studies. Various SI units were used in the context of
chromophore concentration, total fluence, and irradia-
tion intensities.

RQ2: Which Pathogens Were Tested?

Pathogens were used in a total of 133 records (42
abstracts and 91 full texts), with bacteria being the
most commonly used (n = 69). The majority of the
pathogen strains that were used originated from clini-
cal cases of keratitis (Table 2). Also, the pathogen
species that were most commonly used correspond
to the pathogens that are most frequently encoun-
tered in clinical patients (Fig. 4).!2-14:16.:46-48 Unfor-
tunately, information on pathogen origin, concentra-
tion/load, or antimicrobial resistance was missing from
many, even full text, records. For example, pathogen
origin was not listed in 25 of 91 full text records
(in vitro/ex vivo [n = 6/53], in vivo laboratory [n =
12/26], combined [in vitro and in vivo] studies [n =
7/12]), and information specifying pathogen concentra-
tion/load was missing from 16 of 91 full text records
(in vitro/ex vivo [n = 10/53], in vivo laboratory [n =
4/26], combined [in vitro and in vivo] studies [n =
2/12]). Furthermore, information regarding antimicro-
bial resistance was missing from 55 of 78 full text
records using wild-type pathogens. Finally, a variety
of units was used to specify pathogen concentra-
tion (e.g., McFarland standard [McF], colony forming
units [CFU], CFU/mL, CFU/0.1 mL, CFU/50 mL,
cells/mL).

RQ3: Which Types of Study Design and Experimental
Setting Were Used?

A wide range of experimental models was used
to investigate PACK-CXL-relevant effects. The most
commonly used experimental model in the in vitro/ex
vivo studies was a PACK-CXL irradiated pathogen
suspension (Table 3). Here, the suspensions were placed
in plates with different well sizes (12-, 24-, or 96-well
plates), with some authors providing additional infor-
mation and recording the suspension column height
(200400 um). Further in vitro/ex vivo study models
ranged from cell culture to culturing of whole globes.
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Table 2. Origin of Pathogens Used in PACK-CXL Studies (RQ 2)

Pathogen Kingdom Pathogen Origin n N Record ID
In vitro/ex vivo studies
Bacteria Clinical (not ocular) 4 46 63,46,19, 14
Keratitis case 19 A
Laboratory 8 B
No info. 15 —
Fungi Clinical (not ocular) 1 20 346
Keratitis case 9 C
Laboratory 4 30
No info. 6 197,47,180
Protozoa Clinical and environmental 1 14 85
Keratitis case 6 D
Laboratory 4 102,78, 27,326
No info. 3
In vivo (laboratory) studies
Bacteria Clinical (not ocular) 1 15 13
Keratitis case 2 35, 308
Laboratory 3 29, 20, 321
No info. 9
Fungi Keratitis case 4 13 154, 128, 306, 307
Laboratory 2 312,365
No info. 7 —
Protozoa Clinical (not ocular) 1 4 194
Keratitis case 1 203
Laboratory 1 303
No info. 1 —
Combined (in vitro and in vivo) studies
Bacteria Keratitis case 1 8 50
Laboratory 2 164,363
No info. 5 —
Fungi Laboratory 1 4 2
No info. 3 —
Protozoa Keratitis case 1 1 124
Total 125 125 —

Clinical (not ocular), the pathogens have a clinical origin (e.g., an infected wound) but were not harvested from the cornea;
Laboratory, the pathogens originate from a pathogen bank or are reference pathogens; No info., the authors of the publication

did not indicate the origin of the pathogens.

Records can be found at the supplementary materials in Supplementary Table S1 under the following ID numbers: A: 167,
166, 165, 144,101, 96, 70,52, 51, 48, 310, 318, 319, 320, 324, 325, 348, 354, 357;B: 116, 106, 103, 100, 65, 32,311, 331; C: 208,
206,123,110, 71,59, 191, 333, 353; D: 204, 194, 182, 175, 149, 120, 91.

Rabbits were the most widely used animal species in
in vivo laboratory experiments.

Various methods were used to create infectious
keratitis animal models in 43 records (full text: n = 34,
abstract: n = 9). Intrastromal injection of a pathogen
suspension into the cornea (n = 10) and corneal epithe-
lium grid/scraping/abrasion, followed by topical appli-
cation of pathogen solution (n = 10) were the most

commonly used techniques (Table 4). Information on
the success rate of inducing infectious keratitis in the
animal model was provided in six of the 34 full text
records. It was successful in 100% of the animals
used in four studies*>? and in 85.7% and 87.5% in
two other studies, respectively.”*->* The success rate of
inducing infectious keratitis in the animal model was
not provided in the remaining 28 records. The duration
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Table 3. Models Used in PACK-CXL Studies (RQ 3)

Model N Record ID

In vitro/ex vivo studies 137
Suspensions in well/Petrie dish/cuvette 43 A
Porcine corneas 20 B
Suspensions deposited onto plate 20 C
Human corneas 14 D
Human keratocyte culture 7 E
Human corneas—artificial anterior chamber mounted 5 212,210,171,127,95
Porcine corneas—lamellae” 2 63,58
Rabbit eye/cornea 2 104,107
Bovine corneas 2 8,337
Bovine corneas and biofilm on micro-disc 1 177
Galleria mellonella in glass container? 1 80
Horse/dog/rabbit/porcine eyes 1 1
Plated suspension and epicorneal tissue model 1 167
Porcine corneas—artificial anterior chamber mounted 1 320
Porcine/rabbit/sheep/horse corneas 1 140
Porous polymer with bacteria 1 136
Rabbit/horse corneas 1 155
Rabbit corneas with alkali burn 1 56
Rabbit corneas with closed-loop IOP control system 1 104
Rabbit corneal cell culture 1 182
Suspension in well and biofilm on contact lenses 1 66
Suspension in well and human fibroblast culture 1 14
Suspension in well and plated suspensions 1 52
Suspension in well and porcine corneas 1 19
No info. 6 —

In vivo (laboratory) studies 72
Rabbit model 57 F
Mouse model 4 169, 13, 3, 365
Rat model 3 118, 4,322
Rabbit corneas with alkali burn 2 152,352
Cat model 1 359
Rabbit and chicken model 1 185
Rabbit and rat model 1 192
Rabbit thin cornea model—corneal surface keratectomy 1 21
No info. 2 —

In vivo (animal clinical)
Client-owned animals 9 G

Combined (in vitro and in vivo) studies 15
Rabbit model 4 99, 332,347,358
Rat model 4 360, 362, 363, 364
Rabbit model and solutions in well/plate 3 164, 50
Client-owned animals 1 304
Hamster model and solutions in well 1 124
Mouse model 1 21
Solutions in well/Petrie dish/cuvette 1 121

Total 233 —

N, sum of records in which the model was used.

Records can be found at the supplementary materials in Supplementary Table S1 under the following ID numbers: A: 204,
201,199, 197, 175, 149, 144,123,120, 116, 110, 106, 103, 102, 101, 100, 91, 85, 79, 78, 67, 65, 64, 51, 48, 46, 33, 32, 30, 28, 23,
200, 191,181, 180,310, 311, 319, 353, 354, 367; B: 217, 216, 215, 214, 213, 188, 146, 87, 86, 75, 61, 57,47, 43, 22,317, 338, 345,
350, 366; C: 208, 206, 168, 166, 165, 105, 96, 88, 71, 70, 59, 31, 318, 324, 325, 331, 333, 346, 348, 357; D: 218, 211, 209, 189, 125,
109, 94,76, 73, 53, 93,327, 355, 356; E: 172, 54, 41, 40, 38, 37, 341; F: 205, 203, 198, 196, 194, 184, 174,170, 163, 156, 154, 143,
142,141,135,134,133,132,129,128,117,115,113,112,111,97, 89, 82,77, 60, 36, 35, 34,29,20,17,16,15,12,11,10,9, 6, 179,
302, 303, 306, 307, 312,314, 315, 321, 323, 329, 330, 344, 351, 361; G: 161, 160, 138, 137, 74, 45.

“Corneal lamellae with thickness between 150 and 200 um.

TThis record was intentionally classified as in vitro study type although Galleria mellonella belongs to an animal kingdom,
but considerations regarding reporting, including sex and weight, are not applicable in this case.
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Table 4. Methods Used to Create Infectious Keratitis (Bacterial or Fungal) Animal Models (RQ 3)

Method N Record ID

Intra/mid-stromal injection of pathogen solution into cornea 10 A

Corneal epithelium grid/scraping/abrasion, followed by topical application of 10 B
pathogen solution

Intra/mid-stromal injection of pathogen, followed by corneal epithelium 2 306, 307
grid/scraping/abrasion

Creation of 30% depth keratectomy wound, topical application of pathogen 1 35
solution

Corneal abrasion, application of infected contact lens, tarsorrhaphy 1 50

Corneal epithelium abrasion, followed by intrastromal injection 1 321

Corneal abrasion, followed by topical application of pathogen solution and 1 322
tarsorrhaphy

Suture fixation of acellular cornea, injection of pathogen solution between 1 143
animal and graft cornea, tarsorrhaphy

No info. 5 —

Total 34

Source: records classified as study type ‘in vivo (laboratory) studies’ or ‘combined (in vitro and in vivo) studies.

N: sum of records in which the model was used.

Records can be found at the supplementary materials in Supplementary Table S1 under the following ID numbers: A: 174,
129,128, 82,34, 20,11, 154,10, 312,315,332; B: 169, 164, 118, 13, 2, 365, 347, 360, 362, 363, 364.

between infection and treatment in both fungal and
bacterial keratitis animal models ranged from 12 hours
to seven days, with the majority of PACK-CXL inter-
ventions applied 72 hours after infection (n = 7). Infor-
mation about the time between infection and treatment
was missing in nine full text records.

In vivo studies involving clinical client-owned
animal patients with suspected infectious keratitis
included dogs, cats, and horses. The following species-
appropriate details of animals used in the in vivo
studies should be reported according to item 8 (Experi-
mental animals) from the ARRIVE Essential 10 guide-
lines (the ARRIVE guidelines 2.0: author check-
list>): species, strain, sex, age, and, if relevant, weight.
However, information regarding sex, age, and weight
of the animals was missing in 32, 50, and 21 records,
respectively, out of 69 full text records in which labora-
tory animals were used (full text in vivo [n = 56]; full
text combined in vivo and in vitro [n = 13]).

Furthermore, item 16 from the ARRIVE Recom-
mended Set guidelines,> suggests including a descrip-
tion of any interventions or steps taken in the experi-
mental protocols to reduce pain, suffering and distress
in study animals. A description of pain manage-
ment during the course of the infectious keratitis was
provided in two of 34 full text records involving an
animal model of induced infectious keratitis, includ-
ing daily intraperitoneal 4 mg/kg carprofen injections
and 0.5% proparacaine hydrochloride eye drops three

times daily.’>>® No information regarding analgesia
was provided in 12 of 34 full text records involving an
animal model of induced infectious keratitis. Accord-
ing to the information provided in the remaining 20
of 34 records, pain control (systemic analgesia n = 4,
topical and systemic analgesia n = 16) was provided
only during the “wounding” or PACK-CXL proce-
dures.

RQ4: Which Endpoints Were Used To Assess PACK-CXL-
Relevant Treatment Effects?

“Bacterial keratitis” was the largest application
domain of the CXL studies that were included into the
scoping review (n = 70), with 42 in vitro/ex vivo and
16 in vivo study designs. “Keratoconus/ectatic diseases”
(n = 62) and “fungal infections” (n = 39) were the
second and third largest application domains, with the
majority of records presenting in vitro/ex vivo research
results (n = 33 and n =21, respectively) (Fig. 5).

“Antimicrobial effects” and “effectiveness/efficacy
against infectious keratitis” were the most broadly
researched PACK-CXL-relevant effect categories in the
records in which infectious conditions were investi-
gated (included in the application domains “amoebal
infections,” “bacterial keratitis,” and “fungal infec-
tions”) (Fig. 5A).

One hundred three unique endpoint names relevant
to PACK-CXL effects were recorded. Figure 5B repre-
sents the heterogeneity of endpoints used in studies
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focused on determining the antimicrobial effects of
PACK-CXL in the application domains “amoebal
infections,” “bacterial keratitis,” and “fungal infec-
tions.” “Acanthamoeba count,” “bacterial elimination
[CFU or CFU/m”]” and “fungal growth inhibition”
were the most frequently used endpoints in these appli-
cation domains (Fig. 5B).

Infectious keratitis scoring was the most frequently
used endpoint to assess PACK-CXL treatment “effec-
tiveness/efficacy in infectious keratitis” in amoebal,
bacterial, and fungal infection studies (Supplemen-
tary Fig. S3). Table 5 presents the existing hetero-
geneity in infectious keratitis scoring systems across
29 full text records (in vivo [laboratory] studies n =
18; in vivo [animal clinical] studies n = 3; Combined
[in vitro and in vivo] studies n = 8), especially regard-
ing the explanation of definitions and elements used
in the scoring systems. “Corneal opacity/clouding” was
used the most consistently across all scoring systems
and was part of the scoring system in 16 out of 29
records. Detailed information was often missing from
the records, precluding the use of the same scoring
systems in future studies with similar applications. For
example, some record methods stated that ulcer size
was measured, but failed to define the criteria used
for ulcer size grading which was how the data was
presented in the results section. In other records, these
measurements were not presented at all in the results
section. Additionally, an explanation of the choice of
elements included in the infectious keratitis scoring
system that was used in the study, and its relevance to
clinical cases, was typically missing from the records.

A large heterogeneity was observed regarding the
definition of endpoints used to measure the antimi-
crobial effects of PACK-CXL (Fig. 5B), including the
methods of quantification, measurement timepoints
and SI units used in the original records. The same
level of heterogeneity was observed for the other
investigated PACK-CXL-relevant effect endpoint
categories (resistance to enzymatic tissue degradation,
treatment penetration depth, cellular/morphological
response, effectiveness/efficacy in infectious keratitis,
other effects), which were mapped in Supplementary
Figure S3.

Discussion

This scoping review demonstrated that preclini-
cal research into the antimicrobial and tissue stabi-
lizing effects of PACK-CXL is a large and diverse
field. Many PACK-CXL protocol modifications are
being explored towards the elimination of clinically
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relevant infectious agents in both in vitro/ex vivo and
in vivo studies. Two major problems were observed that
preclude the conduction of a meta-analysis, evaluation
of the strength of evidence, and the subsequent trans-
lation of existing research results to clinical practice.
The first major problem is widespread shortcomings
in the reporting of research designs and results, which
can only partially be explained by the inclusion of
both conference abstracts and full text manuscripts
in the review. The second major problem is the large
heterogeneity of experimental methods and the lack
of consensus on the common most relevant endpoints
for infectious keratitis. Those shortcomings slow down
advancement in the field of PACK-CXL research and
lead to an ineffective use of resources.

A scoping review is a form of knowledge synthe-
sis that addresses an exploratory research question
aimed at mapping key concepts, types of evidence,
and research gaps related to a defined area or field
by systematically searching, selecting, and synthesiz-
ing existing knowledge.”' ** A scoping review does not
analyze data to answer a narrow research question.
Instead, it provides a broad overview of what has been
published in a field.”! Arksey and O’Malley®” proposed
the first framework for scoping reviews, which was
further developed by various authors0-21:9495 A
summary of the available methodology was recently
published through the Joanna Briggs Institute.’® In
addition, the PRISMA Extension for Scoping Reviews
(PRISMA-ScR) provides an item list to improve the
reporting quality of scoping reviews.*!

Despite its rigor, this review also has several notable
limitations. For example, the inclusion of records
without a primary focus on infectious keratitis largely
depended on the reviewers’ judgment of the relevance
of these studies to infectious keratitis treatment. The
authors attempted to reduce personal bias through the
use of three questions to determine record eligibility for
inclusion (see Methods section, Selection of studies).
The exclusion of endpoints only relevant to the biome-
chanical effects of CXL treatment, and thus deemed
to be relevant mainly for the treatment of kerato-
conus and other ectatic disorders, and not infectious
keratitis, also depended on the reviewers’ judgment.
The grouping of PACK-CXL studies into applica-
tion domains and effect categories, and the group-
ing of original endpoint descriptions under common
endpoint names, may also have been influenced by
personal decisions. The authors therefore acknowledge
that other choices regarding grouping would have been
possible. Additionally, one person was responsible for
data extraction. Finally, the results were presented at
an overview level, and many interesting subanalyses
were not conducted. The possibilities for data analy-
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sis on this and similar datasets are therefore far from
exhausted, and the authors hope that this work will
inspire and enable a deeper investigation into the topics
discussed here.

The authors acknowledge that the reporting of
study design and results is a complex undertaking and
that some items can easily be overlooked. However,
when reporting guidelines are readily available, errors
may be avoided. Based on the review, the authors have
identified four areas relevant to study reporting that
could be improved to enable knowledge synthesis and
to secure the reproducibility of scientific studies or
results. These areas are presented below.

1) None of the included records fully adhere to
the selected items from the ARRIVE guide-
lines,**>> which provide an easy-to-use report-
ing system with checklists for animal experimen-
tation reporting. These guidelines are available
online and should be considered as a minimum
standard for study reporting. In the context
of reproducibility of infectious keratitis animal
models, the authors further suggest the inclu-
sion of the following information: the pathogen
load (total amount, concentration) used to induce
disease, the method of wounding, and the time
between induction of infection and treatment
start.

2) Treatment and maintenance of experimental
animals in accordance with the ARVO State-
ment was claimed in most records.*> However,
especially in the context of infectious keratitis,
a painful disease, it is unsettling that the infor-
mation provided on pain control strategies was
incomplete in many records. Information on pain
control was not supplied in 12 of 34 full text
records involving an animal model of induced
infectious keratitis. According to the informa-
tion provided in 20 of 34 full text records, pain
control was provided only during the “wound-
ing” or PACK-CXL procedure. Four records
described a three-week follow-up period during
which some animals developed corneal perfora-
tions. Additionally, in two full-text records in the
“keratoconus/ectatic disorders” domain, topical
antibiotics were listed as pain control medica-
tions. The authors assume that the fact that
pain control information was missing from many
records means that the information was not
provided and not that pain control itself was
not provided during the observation periods after
the induction of corneal infections and treat-
ment with PACK-CXL. However, authors and
reviewers should be aware of existing reporting
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standards regarding pain control strategies and
pain scoring systems in experimental animals,
which can prevent omissions of the information
supplied in published records.

3) Details regarding the intervention (PACK-
CXL protocol) were insufficiently reported.
The biggest gaps were observed in the report-
ing of chromophore saturation time, total dose
of delivered energy (fluence), and irradiation
duration or intensity. Chromophore concentra-
tions were reported using various SI units, which
complicates overall treatment effect quantifica-
tion across different protocols used. Information
detailing PACK-CXL protocols used is crucial
for the knowledge synthesis that is necessary to
direct translational research.

4) Despite the adoption of the term PACK-CXL
in 2013 by clinical opinion leaders in the field,
many synonyms and alternative terms continue to
be used in publication titles and abstracts, which
may hinder knowledge synthesis by preventing
relevant publications to easily be identified. Since
PACK-CXL is an abbreviation and the full name
is long, it may be considered an unpractical name
for usage in titles.

Apart from incomplete study reporting, the large
heterogeneity of reported endpoints is another
problem precluding quantitative knowledge synthesis.
It was difficult to extract the outcomes of interest
and their corresponding endpoint measurements from
some of these published records. Ting et al.** observed
that clinical trials and case series on PACK-CXL
treatment of human patients with infectious kerati-
tis suffered from a similar heterogeneity in outcome
reporting. The Core Outcome Measures in Effec-
tiveness Trials (COMET) initiative’” defines a core
outcome set as an agreed standardized set of outcomes
that should be measured and reported, as a minimum,
in specific health or healthcare domains. The authors
believe that the establishment of clinically relevant
core outcome sets for infectious keratitis, which would
reflect different PACK-CXL treatment effects, would
address the large reported endpoint heterogeneity in
PACK-CXL-related research and thus benefit the field
of PACK-CXL.

An interdisciplinary approach involving clinicians,
epidemiologists, and basic scientists would be needed
to define core outcome sets for preclinical and clini-
cal PACK-CXL studies. With such core outcome sets
in place, authors that aim to publish in the field
of PACK-CXL would be expected to have collected
and reported the relevant core outcome sets, without
having to restrict their outcome measurements solely
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to the core set. This would facilitate the comparison of
results while allowing researchers to continue exploring
additional outcomes as well.

The semiquantitative preclinical ocular toxicology
scoring (SPOTS) system is an established scoring
system that is available to be adapted and used for
preclinical in vivo infectious keratitis studies.”® This
system provides scoring criteria for the anterior and
posterior segment, and focuses on the standardiza-
tion of examination procedures and scoring criteria for
corneal and anterior segment pathology. Adaptation
and adoption of the SPOTS system could limit discrep-
ancies between currently used keratitis scoring systems,
which were illustrated in Table 5.

Assessing risk of bias was not part of this scoping
review because this is typically conducted in systematic
reviews. However, the authors point out that nonsignif-
icant results were reported in only three of the 233
records included. It is therefore likely that a bias toward
the publication of significant results is present in the
preclinical PACK-CXL research field.*”1%0

In conclusion, a quantitative knowledge synthe-
sis of the antimicrobial and tissue stabilizing effects
of PACK-CXL, as in a meta-analysis or systematic
review, is impossible despite the wide range of PACK-
CXL protocol modifications that have been explored in
in vitro/ex vivo and in vivo preclinical studies. Incom-
plete reporting and the large heterogeneity of reported
endpoints are the two major problems that slow down
advancement in the field. Harmonization through the
establishment of core outcome sets is urgently needed.
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