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Abstract: The purpose of this study was to assess the efficacy of riboflavin/UV-A corneal phototherapy in com-
parison with topical antimicrobials for the treatment of corneal ulcers in horses. Nineteen horses with a diagnosis
of corneal ulceration were randomised to receive either corneal phototherapy (11 horses) or topical antimicrobial
therapy (8 horses). The corneal phototherapy consisted in the application of a riboflavin-enriched ophthalmic
solution onto the cornea for 20 min followed by cornea UV-A irradiation at 30 mW/cm? for 3 min using a point-
of-care UV-A device. A complete ophthalmological examination was performed at enrolment and then at day 1,
3,7, 14, 21, 28, 35, 42, and 49 after treatment. The corneal ulcer was considered healed when the fluorescein
staining was negative. The corneal phototherapy succeeded in the complete corneal wound healing in 91% cases
(10/11 horses) by 12.7 + 5.5 days. In the topical antimicrobial group, no horse showed improvement of the corneal
ulceration (0/8; 0%) and two eyes had a corneal perforation. Six horses, due to an enlarged corneal lesion, under-
went corneal phototherapy at day 14 and achieved complete wound healing by 17.2 + 5.5 days in 83% cases (5/6).
The corneal phototherapy was shown to be an effective and safe treatment for equine corneal ulcers.
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Corneal ulcers are the most common type of ocu-
lar ailment in horses. The majority of equine cor-
neal ulcers are secondary to trauma and running
races have shown to be the cause in several cases
(Brooks et al. 2016). Corneal ulcerations can have
sight threatening consequences if not adequately

treated. Immediate medical attention and treatment
are needed, since corneal ulcers may evolve quickly
to serious complications, including corneal melt-
ing, which may lead to vision loss (Andrew et al.
2003; Galan et al. 2009; Wada et al. 2010; Voelter-
Ratson et al. 2014; Brooks et al. 2016). Because

The research presented in the present paper and publication of the results was funded by Vision Engineering Italy srl.

1


https://www.agriculturejournals.cz/web/vetmed/

Original Paper

Veterinarni Medicina, 66, 2021

of the high prevalence of corneal ulcers, equine
practitioners are likely to face corneal ulcerations
(Wada et al. 2010). The most frequently isolated
micro-organisms from equine ulcerative keratitis
include Gram negative bacteria (48%), Gram posi-
tive bacteria (42%), and fungi (8%) (Andrew et al.
1998; Wada et al. 2010).

Currently, the first-choice therapy for corneal ul-
ceration is represented by the topical instillation
of antibiotics/antimycotic agents and collagenase
inhibitors, possibly delivered with a sub-palpebral
lavage system, as previously described (Brooks
et al. 2016). Due to the diverse flora, antibiotic
combinations are, therefore, popular in the treat-
ment of equine corneal ulcers (Brooks et al. 2016).
Nevertheless, when treating corneal ulcers, the in-
stillation frequency of an antimicrobial (or a com-
bination of antimicrobials) is of utmost importance.
Since many antibiotics are completely lost from the
tear film within a few minutes post-instillation,
the use of a sub-palpebral lavage system, which
delivers topical liquid medication onto the surface
of the equine cornea, is often preferred (Dennis
et al. 2019).

There is high demand for solving the need
of more effective therapies for ulcerative kerati-
tis (Sauer et al. 2003). Riboflavin/UV-A corneal
cross-linking is a procedure based on the exposure
of a photosensitiser (i.e., riboflavin) to UV-A light
(365 nm), whose mechanism of action is based
on the generation of riboflavin triplets and reac-
tive oxygen species (ROS). ROS are responsible
for the peroxidation of lipids in cell membranes
of microorganisms and the generation of additional
covalent bonds between corneal stromal proteins,
which, in turn, halt tissue destruction (Spoerl et al.
2007; Hayes et al. 2013; Perazzi et al. 2018a; Perazzi
et al. 2018b; Perazzi et al. 2020). Former studies
have shown that, at the beginning of the irradiation
phase, high UV-A irradiance (30 mW/cm?) induces
the rapid photodegradation of riboflavin in the cor-
neal stroma than a lower irradiance (3 mW/cm?)
(Lombardo et al. 2015; Lombardo and Lombardo
2019), and may favour a cytotoxic effect by the lipid
peroxidation of cell membranes for sterilising the
irradiated area, thus characterising the direct an-
timicrobial effect of the procedure (Cabiscol et al.
2000; Pot et al. 2014; Famose 2015). For this reason,
in this manuscript, the term corneal phototherapy
is preferred to corneal cross-linking, which rather
emphasises the mechanism of tissue strength-
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ening induced by treatment (Spoerl et al. 2004;
Sondergaard et al. 2013).

There are a few reports on the safety and efficacy
of the procedure in equine patients in which a corneal
phototherapy has been applied as an adjunctive treat-
ment for corneal stromal ulcers, melting ulcers and
as a potential alternative to prophylactic antibiotic
treatments for noninfected stromal ulcers (Gallhoefer
et al. 2016; Hellander Edman et al. 2019). The present
study aimed to investigate the efficacy of a riboflavin/
UV-A corneal phototherapy as a stand-alone treat-
ment in comparison with a topical medical therapy
for treating corneal ulcers in horses.

MATERIAL AND METHODS
Patients and enrolment criteria

This prospective, randomised, controlled clinical
trial has successfully been submitted to the uni-
versity animal care and use committee; a written
informed consent was obtained from all the owners
of the participants before enrolment in the study.
The enrolment criteria were the clinical diagnosis
of ulcerative or melting keratitis. Exclusion criteria
included corneal perforation or descemetocele. The
participants were randomly allocated to receive ei-
ther the corneal phototherapy or topical antimicro-
bials. The clinical investigators were blind to the
treatment until the participant enrolment. Only
one eye per participant was enrolled in the study.

Each participant underwent a complete ophthal-
mic examination by a board-certified ophthalmolo-
gist at enrolment and then at day 1, 3, 7, 14, 21,
28, 35, 42, and 49 after treatment. The ophthalmic
examination included a slit-lamp, corneal fluores-
cein staining, and corneal photography. Culture
and sensitivity samples were collected from all the
participants at enrolment before commencing any
treatment.

Randomisation and study intervention

The participants were randomly allocated
by a blocking randomisation model to receive ei-
ther the corneal phototherapy alone (i.e., the study
or phototherapy group) or the topical antimicrobials
(i.e., the control or antimicrobial group); an author,
who was completely blind to the medical examina-
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tion, generated the randomisation. Per-protocol,
if a case did not show any improvement, or even
the worsening of the corneal lesion (i.e., widened
ulcer), during the first 14 days of the follow-up,
it was switched to the other group (e.g., from the
control to study group or vice versa).

The horses randomised in the study group under-
went a single application of corneal phototherapy
as a stand-alone treatment; no other preoperative
or postoperative medication was given. The partici-
pants who were randomised in the control group
were treated with topical antimicrobials based
on the culture and sensitivity testing. In the case
of a negative (sterile) culture, combination antibiot-
ics (chloramphenicol, colistimethate, tetracycline
and ofloxacin or tobramycin) plus miconazole were
given to the participant. A sub-palpebral lavage
system was placed to deliver the topical medication
onto the surface of the cornea in all the cases, thus
avoiding any bias caused by the variable partici-
pants’ compliance with the medication.

The corneal ulcer diameter was used to determine
any improvement or worsening of the ulcerative
lesion during the follow-up and to decide whether
to switch the participant to either group; an im-
provement of less than 20% in the diameter at day 14
was defined as the threshold to switch the partici-
pant to either group. Corneal melting was diagnosed
if a stromal liquefaction and malacia was present
in the site of ulcer. A corneal ulcer was considered
healed when no fluorescein staining was detectable.

Corneal phototherapy

The corneal phototherapy was performed under
sedation. The horses were sedated intravenously
with acepromazine 0.03 mg/kg (Prequillan®; Fatro,
Bologna, Italia) in association with detomidine
20 pg/kg (Domosedan®; Pfizer, Rome Italia) or xy-
lazine 0.6 mg/kg (Rompun®; Bayer, Milan, Italia). For
eyelid akinesia, the horses received a supraorbital and
auriculopalpebral nerve block, using 2% lidocaine
(Lidocaina 2%; Esteve, Milan, Italia). For topical an-
aesthesia, two drops of oxybuprocaine (Novesina®;
Novartis, Origgio, Italy) were instilled after the bac-
terial and fungal sampling. The corneal photothera-
py consisted of the application of a hypotonic 0.1%
riboflavin ophthalmic solution (Visioflavin®; Vision
Engineering Italy, Rome, Italy) for 20 min onto the
cornea using a ring applicator and a foam. Thereafter,
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a UV-A light beam generated by a point-of-care de-
vice (Vetuvir®; Vision Engineering Italy, Rome, Italy)
was focused over an area of 9 mm in diameter for
3 min ata 30 mW/cm? UV-A irradiance (wavelength:
365 nm; total energy dose: 5.4 J/cm?). In the case
of ulcers larger than 9 mm in diameter, the UV-A ir-
radiation of the cornea was performed twice avoid-
ing illuminating the same area. All the eyes received
a single corneal phototherapy treatment.

Statistical analysis

The primary efficacy outcome of the study was
the complete corneal wound healing, which was de-
termined as the negative fluorescein staining of the
corneal epithelium. All the data were reported
as the mean * standard deviation. The differences
in the complete corneal wound healing and time
to healing between the groups were evaluated using
the Wilcoxon rank sum (Mann-Whitney U) test for
unpaired data. All the statistical analyses were run
with GraphPad Prism for Windows v8 (GraphPad
Software, San Diego, CA, USA).

RESULTS

Nineteen (19) horses were enrolled in the study
and all of them completed the follow-up. Eleven
(11) and eight (8) participants were randomised
to the study and control group, respectively. All the
horses were diagnosed with a corneal ulceration and
no melting was highlighted at enrolment nor during
the follow-up. No reflex uveitis was present at en-
rolment. The corneal ulcer size at enrolment did
not significantly statistically differ between groups,
being 17.3 + 7.7 mm?and 17.9 + 10.5 mm? (P = 0.89)
in the study and control group, respectively. At en-
rolment, all the ulcers were deeper than 50% of the
stromal thickness. The location of the corneal ulcer
(central or peripheral) and degree of neovasculari-
sation (none, mild, high) in the study and control
groups are reported in Tables 1 and 2, respectively.
In the study group (Table 1 and Figures 1 and 2),
eight out of eleven eyes were positive for a micro-
bial culture; four eyes were positive to Aspergillus
spp. and the others to bacteria (Streptococcus pyo-
genes, Pseudomonas aeruginosa, Staphylococcus
spp-» E. coli). Ten out of eleven horses (10/11;
91%) achieved complete corneal wound healing
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Table 1. Isolated microorganisms, ulcer size, localisation, and degree of neovascularisation at enrolment, days to heal-
ing and the clinical outcome in the horses that underwent a single corneal phototherapy treatment (study group)

Ulcer size at enrol-  Ulcer location  Degree of neovascularisation Days

Code Isolated microorganisms N . Outcome
ment (mm?) at enrolment at enrolment to healing
Al Negative 21.98 central none 7 healed
A2 Aspergillus spp. 16.49 peripheral none 15 healed
A3 Streptococcus pyogenes 18.84 peripheral none 5 healed
A4 Negative 23.55 central none 21 healed
A5 Negative 11.78 peripheral mild 14 healed
A6 Aspergillus spp. 15.70 peripheral none 12 healed
. . perforation
A7 A Il . 9.42 tral high -
spergillus spp centra ig at day 21

A8 Aspergillus spp. 9.42 central mild 13 healed

Pseud inosa,
A9 seit O‘WIO"“S aeruginosa 35.33 peripheral none 20 healed

Aspergillus spp.

P i A
Alg  [seudomonas aeruginosa 10.99 central mild 14 healed

Aspergillus spp.

Staphyl »
All APHYLOCOCCHS SPP 16.49 peripheral high 6 healed

Pseudomonas spp.

Table 2. Isolated microorganisms, ulcer size, localisation, and degree of neovascularisation at enrolment and at switch-
ing (day 14) to the corneal phototherapy, days to healing and the clinical outcome in the horses of control group

Isolated Ulcer size Ulcer locati- Degree of neo- Ulcer size Ulcer  Degree of neo- Days to healing
Code | . at enrolment on at enrol- vascularisation at switching location vascularisation after switching Outcome
microorganisms ) 9 o oo
(mm?) ment at enrolment (mm?®)  atswitching atswitching to VET-CXL
A il B forati
C1 Sperguiis spp 27.48 central high - - - - perforation
Alternaria spp. at day 7
A il "
Altrnaria oo healed
i Y
C2 PP 7.07 central high 9.42 central high 21 by corneal
Enterobacter spp., hotothera
E. coli P Py
healed
C3  Negative 28.26 central none 35.33 central none 21 by corneal
phototherapy
healed
C4  Aspergillus spp. 27.48 central none 27.48 central none 21 by corneal
phototherapy
Pseudomonas erforation
C5 aeruginosa, 6.28 central none - central - - P t dav 10
at da
Aspergillus spp. Y
Pseudomonas .
. perforation
Cé6 aeruginosa, 9.42 central none 9.42 central none - t dav 28
at da
Aspergillus spp. ¥
Strent healed
reptococcus
C7 P . 27.48 central high 32.97 central high 14 by corneal
beta haemolytic
phototherapy
healed
C8  Sterile 9.42 central mild 43.96 central mild 9 by corneal
phototherapy

VET-CXL = veterinary corneal cross-linking developed by Vision Engineering Italy
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Figure 1

(A)
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(B)

Figure 1. (A) Photograph of the cornea of a horse (A3) before the riboflavin/UV-A corneal phototherapy. The culture

and sensitivity analysis revealed the presence of Streptococcus pyogenes. (B) At day 5, the corneal ulcer was filled with

granulation tissue and the fluorescein staining was negative. The corneal tissue surrounding the lesion was clear

Figure 2

(A)

(B)

Figure 2. (A) Photograph of the cornea of a horse (A11) before the riboflavin/UV-A corneal phototherapy. The culture

and sensitivity analysis revealed the presence of Staphylococcus spp. and Pseudomonas spp. (B) At day 6, the fluores-

cein staining was negative; the corneal opacity is visible

by 12.7 + 5.5 days after the corneal phototherapy;
one horse (A7; Aspergillus spp.) had a corneal per-
foration at day 21 and underwent conjunctival flap
recovery surgery.

A decrease in inflammatory signs including bleph-
arospasm, eyelid swelling and aqueous flare in the
anterior chamber was observed in almost all eyes
24 h after the corneal phototherapy. Corneal neo-
angiogenesis, even in cases that were not present
at enrolment, was found by 24 h after treatment and
stromal loss was also stopped by 24 h after treatment
in most cases. No corneal endothelial photodamage
was found in any case of the study group. No recur-
rence was observed during the follow-up.

In the control group (Table 2 and Figures 3 and 4),
six out of eight eyes were positive for a microbial cul-
ture; four eyes were positive to Aspergillus spp. and
the other two eyes to bacteria (Bacillus spp. and beta
haemolytic Streptococcus); two cases (C1 and C3)
were positive both to Aspergillus spp. and Alternaria

5

spp. and two cases (C5 and C6) were positive both
to Pseudomonas aeruginosa and Aspergillus spp.

No horse in the control group showed any clinical
improvement of the corneal ulcer during the first
14 days from the enrolment; two participants had
a corneal perforation (C1 at day 7 and C7 day 10)
and underwent conjunctival flap recovery surgery,
which permitted one to rescue the globe. The re-
maining six participants were switched to the corne-
al phototherapy at day 14 achieving complete wound
healing by 17.2 + 5.5 days after treatment in five out
of six cases (83%); the remaining case had a corneal
perforation at day 28 (C6; Pseudomonas aeruginosa
and Aspergillus spp.+). Topical ofloxacin was added
to case C2 (who was positive to Aspergillus flavus;
Alternaria spp., Enterobacter, E. coli and haemo-
lytic E. coli before enrolment) at day 14 after the
corneal phototherapy and the participant achieved
complete corneal wound healing by day 21 after the
corneal phototherapy (Figure 3).
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Figure 3

(©)

Figure 4

https://doi.org/10.17221/60/2020-VETMED

Figure 3. (A) Photograph of the cornea of a horse (C2)
before starting the topical therapy. The culture and sen-
sitivity analysis revealed the presence of Aspergillus spp.,
Alternaria spp., Enterobacter spp., and E. coli. (B) After
14 days of the antimicrobial topical therapy, the ulcer
enlarged from 7.07 mm? to 9.42 mm?. In the same day,
the horse underwent a corneal phototherapy and topical
medications were discontinued. (C) 21 days after the cor-
neal phototherapy, the defect was filled with granulation
tissue and the neovascularisation had almost disappeared

Figure 4. (A) Photograph of the cornea of a horse
(C7) before starting the antimicrobial topical therapy;
The culture and sensitivity analysis revealed the pres-
ence of Streptococcus beta-haemolytic. (B) After 14 days
of the antimicrobial topical therapy, the ulcer enlarged
from 27.48 mm? to 39.97 mm? On the same day, the
horse underwent a corneal phototherapy and the topi-
cal medications were discontinued. (C) 21 days after the
corneal phototherapy, the defect was filled with granula-
tion tissue and the neovascularisation disappeared
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DISCUSSION

This is the first available randomised controlled
clinical trial comparing the efficacy of a stand-
alone riboflavin/UV-A corneal phototherapy and
topical antimicrobials for the treatment of corneal
ulcers in horses.

In the present study, the riboflavin/UV-A corne-
al phototherapy was shown to provide a success-
ful treatment outcome for treating corneal ulcers
in horses. The horses treated by the corneal photo-
therapy had a clinically significant better outcome
than those receiving medical treatment using a sub-
palpebral lavage system. Even when performed two
weeks after the enrolment in the control participants,
due to the inefficacy of the topical medical therapy,
the corneal phototherapy was shown to restore the
corneal integrity in most cases. No corneal endo-
thelial damage was observed during the follow-up,
confirming the safety of the specific treatment pro-
tocol (30 mW/cm? for 3 min delivering a total energy
dose of 5.4 J/cm?). The UV-A irradiance protocol
used in this clinical study has been shown to be safe
in pre-clinical settings (Perazzi et al. 2018a; Perazzi
et al. 2018b; Perazzi et al. 2020). The full enrichment
of the corneal stroma with riboflavin prior to the
UV-A irradiation, as was performed in the present
study, has been shown to be the most important fac-
tor for treatment success and safety (Lombardo and
Lombardo 2019). The high safety profile of corneal
cross-linking (CXL) with a 5.4 J/cm? UV-A energy
dose has been widely demonstrated in human ap-
plications; the risk of direct severe complications,
which occur immediately after treatment, is rare
(Dhawan et al. 2011; Meek and Hayes 2013). In this
study, corneal perforation occurred in four horses
(one in the study group and three in the control
group; in the latter group, one case had a corneal
perforation 14 days after the corneal phototherapy).
This complication was deemed to be related to the
virulence of the Aspergillus, which was isolated
in all these cases (Reed et al. 2013). Five participants
(three in the study group and two in the control
group) had a negative corneal culture and it was not
possible to assess whether such findings may have
influenced the treatment outcome in either group.
Unfortunately, negative cultures are a common
occurrence (> 30% incidence) in clinical practice
(Suter et al. 2018). A cytological investigation of the
corneal lesions was not performed in this study.
However, a cytological examination of the ulcerative
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lesion may play an important role in the evaluation
of the number of bacteria or fungi in the infected
tissue as well as for evaluating the degree of the
corneal immune response (Brooks et al. 2016).

Previous clinical studies have assessed the effect
of a riboflavin/UV-A therapy on corneal infections
in horses (Hellander-Edman et al. 2013; Gallhoefer
etal. 2016). Hellander-Eldam et al. (2013) performed
corneal cross-linking in horses using 3.0 mW/cm?
for 30 min (5.4 J/cm?) obtaining a successful out-
come in seven out of nine horses and no corneal
endothelial photodamage in any case. The average
time of the complete corneal healing after the cor-
neal phototherapy treatment in the present study
was shorter than those of the medical treatments
reported by Wada et al. (2010), Brooks et al. (2000),
and Andrew et al. (1998), who measured 39-, 45- and
48-days, respectively.

Corneal cross-linking has been also used
by Hellander-Edman et al. (2019) as an adjunct
treatment for melting ulcers in horses in order
to minimise the antibiotics, using the same proto-
col previously described. The authors concluded
that corneal cross-linking could be potentially
useful as an adjunct treatment for melting cor-
neal ulcers and could be considered as an alter-
native to a prophylactic antibiotic treatment for
noninfected stromal ulcers. In the present study,
corneal phototherapy was investigated as a stand-
alone therapy in order to assess its efficacy to treat
corneal ulcerative diseases in horses. Only in one
case (C2), which was positive for four microor-
ganisms, a topical antibiotic was added after the
corneal phototherapy, in order to achieve healing
of the septic corneal ulcer. Previous investigators
have used UV-A irradiance (3 mW/cm? for 30 min)
lower than this study. Our UV-A irradiation pro-
tocol (30 mW/cm? for 3 min) has been validated
in the laboratory (Lombardo et al. 2015; Lombardo
et al. 2016; Perazzi et al. 2018a; Perazzi et al. 2018b;
Lombardo and Lombardo 2019; Perazzi et al. 2020)
showing to represent a valid therapeutic opportu-
nity for treating corneal ulcerative lesions, while
maintaining the safety of the procedure (the total
energy dose remains 5.4 J/cm?).

In addition, the treatment protocol used in this
clinical study has been specifically developed,
as a VET-CXL (veterinary corneal cross-linking)
protocol, for the application in veterinary patients
(Perazzi et al. 2018a; Perazzi et al. 2018b; Perazzi
et al. 2020).
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Corneal phototherapy is opening a new area
of therapeutics in veterinary medicine, in which
chemo-physical methods and not biological mol-
ecules, are used to treat corneal infections. The
procedure is based on a photo-chemical mecha-
nism of action aimed at eradicating the infection,
halting the tissue destruction and supporting the
corneal structure; in addition, the mechanism
of action is not selective and does not induce re-
sistance (Pot et al. 2015). The ability of the corneal
phototherapy to stop disease progression and pro-
mote corneal wound healing obtained in the horses
of the present study is in agreement with previ-
ous studies conducted in dogs (Spoerl et al. 2004;
Kamaeyv et al. 2012; Famose 2016). The hypothesis
is that the procedure induces a direct cytotoxic
effect by the peroxidation of the cell lipid mem-
branes, thus directly killing the microorganisms
(Kumar et al. 2004; Lombardo et al. 2015; Tabibian
et al. 2015).

In addition, the procedure contributes to an in-
creased corneal mechanical strength and resistance
to proteases, as previously discussed (Sondergaard
etal. 2013; Pot et al. 2015; Famose 2016; Perazzi et al.
2018a; Perazzi et al. 2018b; Kim et al. 2019).

Further clinical studies are needed in order to con-
firm the efficacy of the riboflavin/UV-A corneal
phototherapy in treating corneal ulcers in horses
and establish whether it may represent a first thera-
peutic option for the management of these severe
eye diseases. It would be desirable to understand
the exact mechanism of the infection eradication
and healing processes in equine ulcerative diseases
treated by corneal phototherapy.

The clinical outcomes of the present randomised
controlled trial have shown that a riboflavin/
UV-A corneal phototherapy may represent an ef-
fective therapeutic option for ulcerative keratitis
in horses.
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