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ABSTRACT
Background/aims We developed a novel technology
consisting of violet light (VL)-emitting glasses and defined
the combination of VL irradiation and riboflavin treatment
as KeraVio. Our goal was to evaluate the clinical results of
KeraVio in patients with progressive corneal ectasia.
Methods Eyes were exposed to VL (375 nm, irradiance
310 μW/cm2)-emitting glasses for 3 hours daily for
6 months, and a riboflavin solution was administered
onto the corneal epithelium six times during each 3-hour
VL irradiation. The primary end point was a change in the
maximum keratometry (Kmax) value over 6 months
compared with that over the 1 year before baseline.
Results The efficacy of KeraVio was evaluated in 20 eyes
with severe progression, and its safety was evaluated in all
40 eyes. The mean changes in Kmax over the 1 year before
baseline and during the 6-month observation period were
6.03±3.41 dioptres (D) and −0.81±3.34 D, respectively
(p=0.002). At 6 months, the Kmax value decreased by
more than 2 D in 4 eyes (20%), remained within 2 D in 13
eyes (65%), and increased by 2 D or more in 3 eyes (15%).
The corneal stromal demarcation line was identified in 16
eyes (80%), and its depth was 206.3±54.9 μm at 1 month.
No significant decrease in endothelial cell density,
lenticular opacity or transient corneal haze was noted.
Conclusion Based on our 6-month results, daily
treatment of progressive corneal ectasia with KeraVio can
halt disease progression without any safety concerns.
Clinical trial registration number jRCTs032180217.

INTRODUCTION
Keratoconus is a progressive, frequently asym-
metric, inflammatory corneal thinning disorder
characterised by changes in the structure and orga-
nisation of corneal collagen.1 This progressive bilat-
eral disease weakens the cornea, resulting in
myopia, irregular astigmatism and central corneal
scarring. Corneal cross-linking (CXL) was first
introduced by Seiler et al as a promising technique
to slow or stop the progression of keratoconus.2 In
CXL, riboflavin (vitamin B2) is administered in con-
junction with ultraviolet A (UVA, 365 nm). The
interaction between riboflavin and UVA leads to
the formation of reactive oxygen species, which
leads to the formation of additional covalent
bonds between collagen molecules, resulting in bio-
mechanical stiffening of the cornea. Since the first
clinical study of CXL was published by Wollensak
et al,2 there have been additional published studies

reporting the safety and efficacy of the treatment in
slowing down or halting the progression of kerato-
conus and other corneal ecstatic disorders. Standard
Dresden CXL received U.S. Food and Drug
Administration approval for use in the treatment
of progressive corneal ectasia in the USA.
However, the current method of CXL requires
epithelial removal, which is responsible for most of
its major complications, including postoperative
pain, vision impairment and an increased risk of
infection.3–5 In an attempt to avoid these side
effects, transepithelial approaches for loading ribo-
flavin into the corneal stroma have been proposed.6

Currently, CXL is not covered by most health
insurance providers in many countries, and infor-
mation regarding its cost-effectiveness is scarce. The
high financial cost of treatment, along with the high
cost of the CXL system, has limited ophthalmolo-
gists’ and patients’ access to this effective new treat-
ment. A novel approach to corneal CXL without
epithelial abrasion uses dietary riboflavin followed
by sunlight exposure. A small prospective study
using oral administration of riboflavin and 15 min
of natural sunlight exposure daily demonstrated no
adverse effects. A larger clinical study is ongoing.7

On the basis of prior work, we hypothesised that
violet light (VL), which is included in sunlight, may
play an important role in corneal ectasia control.
According to the international lighting vocabulary
of the Commission Internationale de l’Eclairage,8

the lower limits of visible light wavelengths are
defined to be between 360 nm and 400 nm, which
overlaps with the upper end of the UVA spectrum.9

This range, in fact, is visible as VL, but it is recog-
nised as UVA as well. To perform natural CXL using
VL exposure, we developed novel, minimally inva-
sive VL-emitting glasses, the application of which is
called KeraVio. The purpose of this proof-of-
concept study of KeraVio is twofold: to evaluate
the biomechanical effect of combined VL-
riboflavin treatment on rabbit corneas and to report
the clinical outcomes of KeraVio using VL-emitting
glasses and riboflavin drops in patients with pro-
gressive corneal ectasia.

METHODS
Rabbit study
Five female Japanese white rabbits weighing
1.5–2.0 kg were used for the experiment. All ani-
mals were healthy and free of ocular disease. The
right eyes of the rabbits underwent collagen cross-
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linking with riboflavin and VL (KeraVio group), and the left eyes
were treated as the control group. All animals were treated
according to the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research.

KeraVio procedure
A topical anaesthetic consisting of 0.4% oxybuprocaine hydro-
chloride eye drops was applied to the eyes. The process of
KeraVio began with the application of 0.05% flavin adenine
dinucleotide (FAD) (Santen Pharmaceutical Co., Osaka, Japan),
the coenzyme of riboflavin.10 11 The FAD solution was formu-
lated with EDTA and hydroxypropyl methylcellulose, but the
concentrations of these components were not disclosed. FAD
drops were applied to the corneal epithelium every 30 min for
3 hours during VL irradiation to permeate the cornea. VL irra-
diation (375 nm) was applied using a single VL diode (Nitride
Semiconductors Co., Tokushima, Japan) with an irradiance of
0.31 mW/cm2 for 180 min at a distance of 60 cm from the cornea
(total energy dose 3.3 J/cm2). To avoid the cytotoxic threshold of
the corneal endothelium, which is 0.36mW/cm2, we applied a VL
intensity of 0.31 mW/cm2 for 3 hours daily.12–14 The KeraVio
treatment protocol using FAD drops, and VL irradiation was
continued for 7 days (total energy dose 23.4 J/cm2).

Ocular biometry measurements
The eyes of the rabbits were monitored by slit-lamp examination
to assess ocular safety; an examination was carried out before
KeraVio treatment and repeated every day during the 7-day
study. Central cornea thickness and axial length were recorded
at baseline (the day before the treatment) and 7 days after the
treatment using an ultrasound pachymeter (AL-Scan, Nidek Co.,
Gamagori, Japan) under topical anaesthesia. Three measure-
ments were taken at each time point, and the mean value of
each parameter was recorded, along with the change in its value.

Biomechanical measurements
The rabbits were euthanised with an intravenous overdose of
sodium pentobarbital on day 7. The corneas were harvested en
bloc along the sclera. A 2–3 mm scleral rim was preserved, and
the cornea was attached along a custom-made scale. Then,
a corneal strip 5 mm in width was resected vertically along the
cornea. After the prepared corneal strip was placed on
a computer-controlled electronic universal testing machine (TA.
XTplusC Texture Analyser, Stable Micro Systems, London, UK),
a fixture was applied to hold the corneoscleral limbus of the
corneal strip for a uniaxial tensile test. For the actual measure-
ment, the sample was stretched at a velocity of 1.8 mm/min up to
a maximum force of 5 N. The stiffness (Young’s modulus) was
calculated as the derivative of the stress–strain curve. For the
subsequent statistical analysis, Young’s modulus was consistently
evaluated at 10% strain.

Pathological evaluation
The remaining cornea samples were harvested. After being
washed with normal saline, the specimens were fixed in 2.5%
glutaraldehyde buffer for 2 hours or more, and the corneal cells
and collagen arrangement were observed by transmission elec-
tron microscopy.

Clinical pilot study
This prospective, three-centre, non-randomised trial assessed the
efficacy and safety outcomes of KeraVio. Institutional review
board approval was obtained. The study adhered to the tenets

of the Declaration of Helsinki. The study subjects completed
a written informed consent process. This trial was approved by
the Review Board at Keio University and registered in the Japan
Registry of Clinical Trials (jRCT): jRCTs032180217.

Inclusion and exclusion criteria
The inclusion and exclusion criteria were similar to those used in
the US clinical trials that established the efficacy of CXL.15 16 The
inclusion criteria were male or female gender, any race or ethni-
city, age 15 years or older, and a diagnosis of keratoconus or
corneal ectasia after previous refractive surgery as documented
by topography or tomography. Subjects were also required to
have exhibited progression within 12 months before the baseline
for KeraVio, as defined by one or more of the following: (1) an
increase of≥1.00 dioptre (D) in themaximum keratometry value
(Kmax); (2) an increase of ≥1.00 D in cylinder power on sub-
jective manifest refraction; (3) an increase of≥0.50 D in myopia
on subjective manifest refraction; and (4) a documented decrease
in visual acuity associated with worsening irregular astigmatism
and topographic features of ectasia. Contact lens wearers were
required to remove contact lenses before refraction screening for
the following lengths of time: 3 days for soft lenses, 1 week for
soft extended-wear lenses, 2 weeks for soft toric lenses and
3 weeks for rigid gas-permeable lenses. In this study, we limited
the use of contact lenses to VL-transmitting lenses during
KeraVio treatment; almost all commercial contact lenses block
VL.17

Exclusion criteria included a history of corneal surgery, includ-
ing intracorneal ring segments, and corneal pachymetry at the
thinnest part less than 300 μm. Patients who were pregnant or
lactating during the course of the study were excluded.

KeraVio treatment
The subjects wore VL-emitting glasses, and their corneas were
aligned and exposed to VL (375 nm) for 3 hours daily for
6 months, and 0.05% FAD drops were administered onto the
corneal epithelium every 30 min during each 3-hour VL irradia-
tion session to permeate the cornea. Figure 1 shows a photograph
of prototype VL-emitting glasses, which have a source of VL on
the upper rim of the frame (specifications of device in online
supplemental 1). Before each treatment, the desired irradiance
of 0.31 mW/cm2 was verified with a UVA metre (LaserMate-Q;
LASER 2000, Wessling, Germany) at a 1.2-cm distance from the
cornea and, if necessary, regulated with the potentiometer. The
aforementioned KeraVio protocol in this clinical study using FAD
drops and VL emitting glass was continued daily for 6 months
(total energy dose 602.6 J/cm2).
Patients could have both eyes treated if the investigator thought

the KeraVio treatment could be beneficial in both eyes. Only the
more severely affected eye of each patient was considered for the

Figure 1 Images of the TLG-003 prototype illustrated by a coauthor
(SK). Declaration of interest: None.
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efficacy analysis, whereas all treated eyes were included in the safety
analysis.

Outcome measures
Tomography
Tomographic data were obtained using anterior segment opti-
cal coherence tomography (AS-OCT) (CASIA, Tomey
Corporation, Nagoya, Japan) at baseline and 1, 3 and
6 months after KeraVio. For quantification of keratometric
parameters, the minimum corneal thickness and stromal
demarcation line (DL) identified by the AS-OCT system were
analysed. Kmax was chosen as the primary efficacy outcome
because it measures a salient feature of corneal ectasia, that is,
the steepness of ectatic tomographic distortion. Moreover,
Kmax afforded an objective, quantitative end point and
allowed the use of consistent hardware and software among
the study sites. Keratometry values along the flat (K1) and
steep (K2) meridians were also evaluated. In terms of the
repeatability of keratometry measurements, a lower difference
was observed between repeated measurements with AS-OCT
than with Scheimpflug imaging in keratoconic eyes.18 In this
study, we compared the changes in Kmax, K1 and K2 between
the 1 year before baseline and the 6-month observation per-
iod. To evaluate the success rate, significant corneal flattening
6 months after KeraVio treatment was defined by a decrease
in the Kmax of more than 1.00 D compared with the baseline
value. Measurements of the DL depth with the AS-OCT scans
were taken by two independent observers 1 month after treat-
ment, as analytically reported in our previous studies.19 20

The DL was also assessed visually.

Visual acuity and refraction
The uncorrected distance visual acuity (UDVA), corrected dis-
tance visual acuity (CDVA) and manifest refraction spherical
equivalent (MRSE) were measured at baseline and 1, 3 and
6 months after KeraVio. Visual acuity measurements were
obtained as logarithm of the minimal angle of resolution
(logMAR) units using a Landolt C chart.

Safety outcomes
The safety analysis included all treated eyes and the corre-
sponding untreated eyes. The safety outcomes of endothelial
cell density, intraocular pressure and axial length were mea-
sured at each time point using a specular microscope
(NonconRobo, Konan, Nishinomiya, Japan), a tonometer
(TONOREF, Nidek Co.) and partial coherence interferometry
(IOLMaster 700, Carl Zeiss Meditec AG, Jena, Germany),
respectively. Slit-lamp examination was also performed to
evaluate adverse events, such as secondary cataracts, conjunc-
tivitis and eyelid sunburn.

Statistical analysis
Analyses were performed with Statistical Analysis Software (ver-
sion 9.4; SAS Institute, Cary, NC). The outcome measures are
reported as the mean±SD. A two-tailed paired t-test was used in
the statistical analyses to compare the elastic modulus between
the two groups. The Wilcoxon signed-rank test was used for
statistical analysis to compare the pretreatment and post-
treatment clinical parameters. One-way analysis of variance
(ANOVA) was performed to assess the time course of changes,
and a post hoc Dunnett’s test was also applied for multiple
comparisons. A p value of <0.05 was considered statistically
significant.

RESULTS
Rabbit study
KeraVio treatments were performed and continued in all eyes for
7 days without infection or any other incident. There were no
adverse events in either group: slit-lamp examinations showed no
conjunctival injection, corneal infiltration, corneal stromal inflam-
mation or secondary cataracts throughout the follow-up period.
At baseline and 1week after treatment, there was no significant

difference in central corneal thickness between the two groups
(table 1). Similar outcomes were obtained for axial length. The
changes in central corneal thickness from baseline to 1 week were
not significant in either group. At 1 week after treatment, there
was a significant increase in axial length in the KeraVio and
control groups, but no significant difference in axial length was
found between the two groups.
The stress–strain curves showed the exponential increase typi-

cal of an elastic solid (figure 2). We found significant differences
in stress values between the two groups at 5–10% strain
(p<0.05). The average Young’s modulus at 10% strain was 84.3
±18.9 kPa for the KeraVio group and 39.1±9.5 kPa for the
control group (p=0.013).
The collagen fibres of the KeraVio group appeared more

tightly arranged than those of the control group (figure 3).

Clinical study
Forty eyes belonging to 20 patients were treated with KeraVio
treatment. Among those eyes, 18 were in the keratoconus sub-
group and 2 were in the pellucid marginal degeneration sub-
group. The efficacy of KeraVio was evaluated in 20 eyes with
severe progression, and its safety was evaluated in all 40 eyes.
Participant demographics are presented in table 2. All patients
remained in the study through the 6-month follow-up.

Tomography
Figure 4A shows the Kmax values from the 1 year before baseline
and the 6-month observation period after KeraVio treatment.
The mean changes in Kmax over the 1 year before baseline and
during the 6-month observation period were 6.03±3.41 D and
−0.81±3.34 D, respectively (p=0.002). ANOVA showed no
significant difference between baseline and 6 months
(p=0.985). The success rate (flattening of the Kmax >1.00 D)

Table 1 Comparison of central cornea thickness and axial length in
the KeraVio and control groups in rabbit eyes

KeraVio
group

Control
group P value*

Central corneal
thickness (μm)

Baseline 323.0
±23.4

329.4
±11.6

0.675

One week after
treatment

329.2
±27.7

344.0
±26.1

0.587

Change from baseline
to 1 week

6.2±38.1 14.6±24.0 0.530

P value† 0.893 0.281

Axial length (mm) Baseline 14.74
±0.16

14.64
±0.42

0.251

One week after
treatment

15.33
±0.33

15.20
±0.27

0.530

Change from baseline
to 1 week

0.59±0.37 0.56±0.25 0.754

P value† 0.043 0.043

*Compared between the two groups.
†Comparison between baseline and 1 week after treatment.
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was 30% (6 eyes). At 6months, the Kmax decreased bymore than
2 D in 4 eyes (20%), remained within 2 D in 13 eyes (65%) and
increased by 2 D or more in 3 eyes (15%). Figure 4B also shows
K1 and K2 before and after KeraVio treatment. The mean change
in K1 over the preceding 1 year before baseline and during the
6-month observation period was 2.06±5.44 D and−0.02±1.93
D, respectively (p=0.03). Similarly, the mean change in K2 was
3.00±2.75 D and −0.86±3.31 D, respectively (p=0.009).
ANOVA showed no significant difference in K1 and K2 between
baseline and 6 months (p=0.999 and 0.987, respectively).

Figure 4C shows the minimum corneal thickness during the
1 year before baseline and during the 6-month observation period
after KeraVio. The mean changes in minimum corneal thickness

over the 1 year before baseline and during the 6-month observa-
tion period were −62.24±55.96 μm and −9.68±16.00 μm,
respectively (p=0.0192). Measurements from eyes treated with
KeraVio revealed no significant difference between baseline and
6 months (ANOVA, p=0.993).
Figure 5 shows representative high-resolution AS-OCT scans

of the corneal stromal DL of a KeraVio-treated eye at 1 month.
The corneal stromal DL was identified in 16 eyes (80%) by both
examiners. The mean depth of the DL was 206.3±54.9 μm at
1 month after treatment.

Visual acuity and refraction
Figure 4D shows the CDVA and UDVA over time. The mean
changes in CDVA over the 1 year before baseline and during the

Figure 2 Stress–strain measurements of rabbit corneas treated with
KeraVio (n=5). *Pp<0.05 compared with the control.

Figure 3 Transmission electron microscopy images of the (left)
KeraVio and (right) control corneas. Micrograph demonstrates that
feline cornea treated with KeraVio exhibited more cross links between
collagen fibrils than untreated control feline corneas.

Table 2 Patient demographics in the KeraVio study

KeraVio

Eyes/patients (n) 20/20

Age (years), mean±SD 32.0±10.4

Gender (female/male), n (%) 5/15 (25.0/75.0)

Kmax (diopters), mean±SD 59.83±8.23

Figure 4 Changes in clinical parameters over time. (A) Kmax. (B) Flat
(K1) and steep (K2) keratometry readings. (C) Thinnest corneal thickness.
(D) Visual acuities. (E) Manifest refraction spherical equivalent. CDVA,
corrected distance visual acuity; logMAR, logarithm of the minimal angle
of resolution; MRSE, manifest refraction spherical equivalent; UDVA,
uncorrected distance visual acuity.

Figure 5 High-resolution AS-OCT scan visualising the corneal stromal
demarcation line 1 month after KeraVio treatment. The central corneal
demarcation line depth is 336 μm.
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6-month observation period were 0.02±0.02 logMAR and
−0.07±0.18 logMAR, respectively (p=0.019). Similarly, the
mean changes in UDVA over the same periods were 0.16±0.47
logMAR and −0.19±0.50 logMAR, respectively (p=0.063).
ANOVA showed no significant difference in CDVA and UDVA
between baseline and 6 months (p=0.866 and 0.697, respec-
tively). Of the 20 eyes evaluated at 6 months, 12 eyes (60%)
showed no change in CDVA, 5 eyes (25%) gained two lines or
more, 2 eyes (10%) lost one line and 1 eye (5%) lost two lines.

Figure 4E shows the MRSE over time. The mean changes in
MRSE over the 1 year before baseline and during the 6-month
observation period were −1.42±2.73 D and −0.03±2.58 D,
respectively (p=0.142). ANOVA showed no significant differ-
ence between baseline and 6 months (p=0.923).

Safety outcomes
Table 3 presents the safety profile of KeraVio treatment. No sig-
nificant difference was found in any parameter between baseline
and 6 months. There were no reported cases of persistent corneal
oedema in the study. Regarding adverse events, no vision-
threatening complications were found in this study, indicating the
safety of this treatment. No pterygium, skin melanoma, lenticular
opacity or transient corneal haze was noted in either eye at the
6-month follow-up.

DISCUSSION
Proof-of-concept study
The current study confirmed that cross-linking by FAD and VL
(375 nm) had an impressive stiffening effect on rabbit corneas
in vivo. KeraVio is composed of a relatively low concentration of
FAD drops without epithelial removal and a relatively low inten-
sity of VL irradiation. Young’s modulus at 10% strain in KeraVio-
treated corneas was 2.2-fold higher than that of control corneas,
which is similar to previously published data.21 22 Our findings
support the hypothesis that the KeraVio protocol halts disease
progression in eyes with corneal ectasia. According to the photo-
chemical law of reciprocity (Bunsen-Roscoe law),23 the same
photochemical effect can be achieved with increased illumination
time and correspondingly reduced irradiation intensity. Hammer
et al,24 however, concluded that the stiffening effect of CXL
decreases with increasing irradiance and decreased treatment
times. Those results indicate that the Bunsen-Roscoe law is inap-
plicable for the evaluation of corneal stiffness. Thus, we selected
a VL intensity of 0.31 mW/cm2 for 3 hours daily (3.3 J/cm2/day)
in consideration of the cytotoxic threshold for the corneal
endothelium.12–14

The corneal epithelium is itself the critical obstacle to the
permeation of riboflavin into the corneal stroma, and it affects

corneal stiffness because a complete and intact epithelial layer is
a tough lipophilic barrier to water-soluble riboflavin.25 FAD
drops (0.05%) were administered six times over the course of
each 3-hour treatment session, and they contained EDTA, which
increases the epithelial permeability and topical medication bioa-
vailability to the corneal stroma.26 However, the concentration
of its enhancer has not been disclosed. In our preliminary inves-
tigation, we confirmed using eye bank tissue that an adequate
riboflavin concentration was achieved in human corneal stroma
when one drop of 0.05% FAD was applied every 30 min for
3 hours (Kobashi et al. 2020, unpublished data).

Efficacy of KeraVio
The mean Kmax value of the KeraVio-treated eyes decreased by
0.81 D at 6 months, although the value had increased by 6.03
D in the year before baseline. Thus, our study demonstrates that
KeraVio has a beneficial effect on corneal topography in patients
with corneal ectasia over the course of 6 months. Kmax, believed
to be an important indicator of CXL success, decreased signifi-
cantly after the procedure. Previous studies reported a reduction
of 1–2 D in the mean Kmax of treated keratoconic eyes at
1 year.15 27 Ferdi et al28 reported a systematic review and meta-
analysis of keratoconus natural history data, including 11 529
eyes from 41 publications. Their meta-analysis of Kmax demon-
strated a significant increase of 0.7 D at 12 months. Although no
untreated control group was included in this pilot study, we
believe that the efficacy of KeraVio was demonstrated by the
stabilisation of progressive corneal disorder. In our study, the
Kmax decreased by 2.0 D or more in four eyes (20%) and
increased by 2.0 D or more in three eyes (15%) 6 months after
KeraVio. These latter three eyes may be considered treatment
failures because keratoconus progressed rather than being stabi-
lised. According to the protocol in this pilot study, we limited the
observation period to at least 6 months. A 1-year follow-up is
being performed by recruiting voluntary patients after KeraVio
treatment to evaluate its efficacy.
A reduction in the minimal corneal thickness was observed

before the baseline of KeraVio, but the decrease gradually stopped
by 6 months after KeraVio treatment. It is not clear whether this
change is clinically meaningful because the SD was high.
Although not synonymous with treatment efficacy, DL has

been used as a potential indication of the depth or extent of
CXL treatment. Seiler and Hafezi29 described a visible corneal
stromal DL theoretically indicating the transition zone between
the cross-linked anterior corneal stroma and the untreated pos-
terior corneal stroma. After KeraVio, a corneal stromal DL was
detected using AS-OCT in 80% of the patients in this study, and
the mean depth of the DL was 206.3±54.9 μm at 1 month after
treatment. Previous studies of the CXL technique reported
a mean corneal stromal DL depth of more than 250 μm.30 31

Generally, a deeper DL implies better efficacy in CXL,3 but it is
unknownwhether themechanism corresponds to that of KeraVio
because of its piecemeal approach to stopping disease
progression.
In addition to the primary efficacy measurement of Kmax,

changes in CDVA may point to additional benefits after
KeraVio. The actual clinical significance is best demonstrated by
our CDVA results among patients undergoing KeraVio: five eyes
(25%) gained two lines or more of CDVA, whereas one eye (5%)
lost two lines ormore. Therefore, one-quarter of patients enjoyed
a clinically meaningful increase in CDVA as a result of KeraVio,
whereas only one patient’s eye continued to progress. Our find-
ings are in accordance with those of CXL during the 6-month
observation period.32

Table 3 Safety profile of eyes with KeraVio

Baseline

One month
after
KeraVio

Three months
after KeraVio

Six months
after
KeraVio P value*

Endothelial
cell density
(cells/mm2)

2679.7
±295.6

2679.4
±312.9

2752.5±464.2 2760.6
±604.7

0.067

Intraocular
pressure
(mmHg)

10.4±3.1 11.0±3.7 10.5±3.9 9.7±3.3 0.011

Axial length
(mm)

25.26
±1.50

25.28±1.52 25.24±1.53 25.27±1.48 0.094

*Comparison of changes at 6 months from baseline.
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Safety of KeraVio
Endothelial cell density has been shown to remain unaffected over
a 6-month follow-up period after KeraVio treatment. Endothelial
cell damage in CXL is a concern and could result from endothelial
exposure to free radicals generated from the CXL process. In this
study, VL-emitting glasses provided 602.6 J/cm2 over the 6-month
treatment period, which was approximately 112-fold higher than
the dose delivered by the standard Dresden protocol for CXL. We
confirmed that the KeraVio protocol using VL exposure
(0.31 mW/cm2 for 3 hours daily for 6 months) did not affect the
corneal endothelium.

There are some epidemiological studies that suggest an associa-
tion between UVA exposure and ocular damage, such as cataracts,
pterygium, skin melanoma and/or retinal damage.33–35 No
adverse events associated with chronic VL exposure were found
in our KeraVio study. The formal definition of VL terminologi-
cally differs from that of UVA, whereas their wavelengths overlap
with each other.9 Since VL includes only visible light wave-
lengths, we assume that chronic VL exposure at a low irradiance
level does not induce any ocular concerns.

Additional indication for the KeraVio procedure
Our study demonstrated that minor complications after CXL,
such as infection, sterile infiltrate and delayed epithelial healing,
were not reported because there was no epithelial removal.
Although microbial keratitis after CXL is infrequent, it has been
reported after epithelium-removing CXL in the paediatric
population.36–38 It is suggested that paediatric keratoconus
patients might be appropriate candidates for KeraVio as
a minimally invasive approach. As patients under 17 years old
have a significantly greater risk of keratoconus progression than
older patients,28 KeraVio may be a minimally invasive treatment
option for paediatric patients with corneal ectasia.

Study limitations
This pilot study has at least three limitations that should be
considered. First, the sample size in this study was relatively
small, and no placebo-controlled group existed. We are conduct-
ing a randomised controlled trial to compare treatment efficacy
between a KeraVio group and a placebo group. Second, the
observation period in this study was relatively short. More pro-
longed and careful observation is still required to assess the long-
term efficacy and safety of this KeraVio procedure. Third, it is
unknown whether the total doses of riboflavin drops and VL
irradiation in this study were optimal for preventing the progres-
sion of corneal ectasia in the KeraVio procedure. We confirmed
the efficacy of KeraVio at the 1-month follow-up when we
reviewed the clinical results in this study. Further study is needed
to clarify the efficacy of different protocols with different doses
of riboflavin drops.

CONCLUSIONS
In conclusion, based on our 6-month results, daily treatment of
progressive corneal ectasia with KeraVio can halt disease progres-
sion without raising any safety concerns. KeraVio may be
a minimally invasive treatment option for patients with corneal
ectasia. Further long-term follow-up studies are needed to con-
firm these findings and to determine the optimal protocol for the
KeraVio procedure.
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