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Purpose:Thepurposeof this studywas toevaluate the tolerability andefficacyof topical
rho-kinase inhibitor ripasudil in the treatment of primary corneal endothelial degener-
ation (PCED) in dogs.

Methods: Twenty-one eyes of 12 client-owned, PCED-affected dogs received topical
ripasudil 4 times daily. Ophthalmic examination, ultrasonic pachymetry (USP), Fourier-
domain optical coherence tomography (FD-OCT), and in vivo confocalmicroscopywere
performed at baseline and 1, 3, 6, and 12 months. Effects of treatment on corneal
thickness, corneal edema extent, and endothelial cell density (ECD) were evaluated
by repeated-measures ANOVA or Friedman test. Individual eyes were classified as
improved, progressed, or stable at 12 months using clinical response criteria. Kaplan-
Meier curves and log-rank test were used to compare ripasudil-treated eyes to age-,
breed/size-, and disease stage-matched historical controls.

Results:During treatment, 12 dogs developed conjunctival hyperemia, 4 demonstrated
reticular bullous epithelial edema, and 2 developed corneal stromal hemorrhage. No
adverse event necessitated permanent cessation of ripasudil. Central corneal thickness
measuredbyUSP significantlyprogressed frombaseline to12months. Corneal thickness
by FD-OCT, ECD, and edema extent did not differ over time. Considered individually, 5
eyes improved, 8 remained stable, and 8 progressed. The log-rank test found less edema
progression in ripasudil-treated eyes compared to historical controls.

Conclusions: Ripasudil was well-tolerated in PCED-affected dogs. Response to therapy
varied; 62% of eyes showed improved or stable disease whereas 38% progressed.
Ripasudil-treated eyes progressed more slowly than historical controls.

Translational Relevance: Topical ripasudil offered a therapeutic benefit in a subset of
patients using a canine model of endothelial degeneration, which may guide future
trials in humans.

Introduction

Corneal endothelial cells play a critical role in
the preservation of corneal deturgescence and trans-
parency through barrier function and active ion trans-
port processes.1 Corneal endothelial damagemay result
from surgical injury, trauma, ocular hypertension,
anterior uveitis, and heritable conditions, such as
endothelial dystrophies.2 Fuchs’ endothelial corneal
dystrophy (FECD) is the most common endothelial

dystrophy in humans, affecting up to 4% of the US
population over 40 years of age.3 Patients with FECD
exhibit progressive loss of corneal endothelial cells,
resulting in guttae in early stages and edema, scarring,
and significant visual impairment once a critically low
endothelial cell density (ECD) is reached.2

Corneal endothelial degeneration in human patients
is frequently treated with penetrating or lamellar
corneal transplantation.4,5 In recent years, graft-
sparing techniques, such as Descemet’s stripping
only (DSO), and cell-based therapies have gained
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considerable attention in the treatment of FECD in
a subset of patients.6–10 The use of Rho-associated
kinase (ROCK) inhibitors, such as ripasudil, a ROCK
inhibitor approved for the treatment of glaucoma
and ocular hypertension in Japan, may expand the
role of graft-sparing techniques in the treatment of
corneal endothelial degeneration. Rho kinase is a
downstream effector of Rho guanosine triphosphate
that modulates cell adhesion, cell morphology, extra-
cellular matrix organization, membrane permeabil-
ity, actomyosin contractility, and DNA synthesis.11–16
Various ROCK inhibitors, including ripasudil and Y-
27632, have been shown in vitro and in ex vivo tissue
models to promote corneal endothelial cell prolifer-
ation and adhesion17,18 and to inhibit apoptosis of
corneal endothelial cells.17–19 In vivo studies using
rabbit, canine, and non-human primate corneal wound
models have demonstrated that ROCK inhibitors
enhance corneal endothelial wound healing, improve
corneal transparency, and reduce corneal thickness
after injury.17,20,21

Although numerous studies have demonstrated
success using ROCK inhibitors in the treatment of
FECD as an adjuvant to DSO or after transcorneal
freezing,6,7,22,23 few studies have explored the use of
ROCK inhibitors for the treatment of corneal endothe-
lial degeneration without endothelial denudation. The
lack of corneal donor tissue in many parts of the world
necessitates investigation of pharmacologic and cell-
based therapies for endothelial degeneration initially
in animal models followed by clinical trials in human
patients. Spontaneous, primary corneal endothelial
degeneration (PCED) has been described in dogs and
has been characterized as breed-related and presump-
tively heritable24,25 or age-related.26,27 The breed-
related condition known as corneal endothelial dystro-
phy is an adult-onset, bilateral disease that results in
primary degeneration of the corneal endothelium. It
has been established as a spontaneousmodel for FECD
based on the presumed heritability and shared clinical
and histologic features.24,25 Both dogs and humans can
also experience age-related degeneration of the corneal
endothelium due to the limited proliferative capac-
ity of corneal endothelial cells.26–28 Dogs have been
shown to have an endothelial cell proliferative capacity
intermediate between non-human primates and rabbits
based on corneal wound healing models,20,29,30 making
dogs an appropriate model for assessing therapies for
corneal endothelial diseases. Thus, the purpose of this
pilot study is to evaluate the tolerability and efficacy of
the topical ROCK inhibitor ripasudil for the treatment
of corneal endothelial degeneration in a canine model
through a prospective, open-label clinical trial with
additional comparison to untreated historical controls.

Materials and Methods

Animals

This studywas approved by the InstitutionalAnimal
Care and Use Committee of the University of Califor-
nia - Davis (#19568) and performed according to the
Association for Research in Vision and Ophthalmol-
ogy resolution on the use of animals in research.
Prior to study entry, informed consent was obtained
for dogs with a presumptive diagnosis of PCED
assigned by board-certified veterinary ophthalmolo-
gists from the University of California - Davis Veteri-
nary Medical Teaching Hospital and other specialty
hospitals in California and Nevada between Novem-
ber 2018 and February 2020. Baseline ophthalmic
examination, ultrasonic pachymetry (USP), Fourier-
domain optical coherence tomography (FD-OCT), and
in vivo confocal microscopy (IVCM) were performed
to confirm the diagnosis of PCED. Dogs with evidence
of moderate to marked endothelial cell pleomor-
phism and polymegathism on IVCM and an ECD
<1700 cells/mm2 with or without corneal edema were
included. Dogs with secondary causes of endothelial
disease or corneal edema, including glaucoma, anterior
uveitis, corneal ulceration, lens instability, or trauma,
were excluded. Individual eyes were further character-
ized at baseline as having mild disease or moderate to
severe disease based on the extent of corneal edema.
Eyes with <40% of the corneal surface affected by
edema were classified as having mild disease, whereas
eyes with >40% of the corneal surface affected by
edema were classified as having moderate to severe
disease.

Treatment

After enrollment, owners applied one drop of
topical ripasudil hydrochloride hydrate (Glanatec
ophthalmic solution 0.4%; Natural Pharmacy, Osaka,
Japan) in affected eyes four times daily during the study
period. Owners recorded the times of administration
on a medication log. Dogs with moderate to severe
corneal edema or corneal bullae were prescribed hyper-
tonic saline ophthalmic ointment as deemed necessary
by the examiner. Any additional medications required
for the management of concurrent diseases were noted
for all dogs.

Clinical Evaluation and Ophthalmic Imaging

Before and at 1, 3, 6, and 12 months after initi-
ating treatment with ripasudil, all eyes underwent
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complete ophthalmic examination, including digital
slit-lamp biomicroscopy (Imaging Module IM 900;
Haag Streit, Koeniz, Switzerland), handheld slit-lamp
biomicroscopy (SL-15; Kowa American Corporation,
Torrance, CA), binocular indirect ophthalmoscopy
(Keeler Instruments Inc., Broomall, PA) using a 28
diopter (D) indirect lens (Volk Optical, Inc., Mentor,
OH), and Schirmer tear-test 1 (STT1; Intervet, Inc.,
Summit, NJ). Central, nasal, temporal, superior, and
inferior corneal thickness was measured using USP
(Pachette 3; DGH Technology, Inc., Exton, PA), as
previously described.24,25 Intraocular pressures (IOPs)
were measured by rebound tonometry (TonoVet; Icare
Finland). Adverse events identified on examination
were recorded and described using the semiquanti-
tative preclinical ocular toxicology scoring (SPOTS)
system.31 Animals were placed in sternal recum-
bency, and FD-OCT (RTVue 100, software version
6.1, 26000 A scan/sec, 5-μm axial resolution, 840-
nm superluminescent diode, Optovue, Inc., Fremont,
CA) and IVCM (ConfoScan 4 Nidek Technolo-
gies, Gamagori, Japan; HRT3Heidelberg Engineering,
Franklin, MA) of the central cornea were performed
using previously describedmethods.24,25,32 Intravenous
sedation was administered as needed for imaging. Last,
corneas were stained with fluorescein sodium (Ful-Glo
strips USP 1 mg; Akorn Inc.) to assess for corneal
ulceration.

Central corneal thickness (CCT) and the thick-
ness of the epithelium, stroma, and Descemet’s
membrane (DM)-endothelium complex measurements
were obtained from FD-OCT images using the RTVue
measuring tool. Corneal ECD was measured from
IVCM scans using the ConfoScan 4 NAVIS imaging
software, as described previously.24,25 An area of inter-
est of 0.05 mm2 or greater was used to determine
the ECD using the average of 3 images per eye. The
percentage of cornea affected by edema was estimated
using digital photographs at each time point and image
analysis software (ImageJ, http://www.rsbweb.nih.gov/
ij/). The image analyst was masked to both the identity
of the dog and the time during the treatment course at
which all images were obtained.

Clinical Response Criteria

Due to variability in disease severity and response
to therapy, individual eyes were also classified as
improved, progressed, or stable at the final time
point using defined clinical response criteria based on
changes in corneal edema, ECD, and corneal thickness
compared to baseline. Eyes were considered improved
if they demonstrated >10% increase in ECD, >10%
decrease in percentage of cornea affected by edema,

and/or >20% decrease in CCT. Eyes were considered
progressed if they demonstrated >10% decrease in
ECD, >10% increase in percentage of cornea affected
by edema, and/or >20% increase in CCT. Eyes that did
not meet criteria for improved nor progressive disease
were characterized as stable.

For CCT, the cutoff of 20% was selected based on
a previous study that showed a mean diurnal percent-
age of variation (± standard deviation) in CCT of
7.5 ± 4.5% in beagle dogs,33 making a change >20%
unlikely to occur by factors such as time measured.
The cutoffs of 10% change for ECD and extent of
the cornea affected by edema were chosen based on
a longitudinal study in Boston Terriers with breed-
related corneal endothelial dystrophy, which demon-
strated a significant change in mean ECD of 13% over
11.8 ± 1.2 months and a significant change in mean
corneal edema extent of 13% over 10.7 ± 1.4 months.24

Owner Survey

Owner surveys were conducted at the 12-month
time point after the initiation of therapy with ripasudil.
Owners estimated their dog’s vision (1 = poor through
10 = excellent) and corneal cloudiness (1 = mild to
10 = severe) before and after treatment with topical
ripasudil. The survey asked owners to recall any side
effects they attributed to topical ripasudil. Owners
reported if they believed their pet’s quality of life had
changed since the initiation of therapy, if they thought
the treatment was cost effective, if they were satisfied
with the treatment, and if they would recommend this
treatment to other dogs affected with PCED.

After completion of the study period, owners
were offered the option to continue ripasudil therapy.
Surgical intervention with superficial keratectomy
and conjunctival advancement hood flap was recom-
mended in dogs with significant disease progression.

Comparison to Historical Controls

Canine cases of corneal endothelial dystro-
phy/degeneration from the University of California -
Davis Veterinary Medical Teaching Hospital (1991–
2014) published in a retrospective study by Leonard
et al. were used as historical controls to compare the
progression of PCED-affected eyes with and without
topical ripasudil therapy.34 The medical record data
collected for the retrospective study were obtained,
which included age, breed, weight, sex, and ophthalmic
examination and diagnostic findings. Inclusion criteria
consisted of a clinical diagnosis of corneal endothelial
dystrophy/degeneration by a board-certified veteri-
nary ophthalmologist or resident and a supporting
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description of corneal edema as part of the ophthalmic
examination. Patients were excluded if they had a
history of intraocular surgery, chronic anterior uveitis,
glaucoma, anterior lens luxation, and/or glaucoma.
Because all control dogs demonstrated at least one eye
with corneal edema as part of the inclusion criteria,
dogs in the ripasudil treatment group with bilaterally
compensated disease (lacking corneal edema bilater-
ally) were excluded from this analysis. Based on the
gathered information from the medical records, each
ripasudil-treated eye was matched with an eye from
the retrospective study with similar age, breed/size,
and severity corneal edema at baseline to include in
comparative analysis. Controls were selected based on
signalment and baseline disease stage alone without
knowledge of progression at the time of selection.
Ripasudil-treated and control eyes were further classi-
fied using the previously described corneal edema
progression criteria by Leonard et al.34 Progression
criteria were described as follows: “Criterion 1: Eyes
recorded as having clear (non-edematous) corneas
during the first visit, but showed signs of CED in the
contralateral globe, subsequently progressing to any
degree of corneal edema in the unaffected globe at later
visits. Criterion 2: Eyes recorded as havingmild corneal
edema during the first visit and subsequently progress-
ing to severe corneal edema at later visits. Criterion 3:
Eyes recorded as having focal corneal edema during
the first visit and subsequently progressing to diffuse
corneal edema in later visits.” Kaplan-Meier curves
were generated to demonstrate time to corneal edema
progression for each group, defined as the time from
initial examination to when an eye met any of the
three progression criteria. If any eye met more than
one criterion of progression, the shortest time to
progression was used.

Statistical Analysis

Differences in corneal thickness, extent of corneal
edema, and ECD across time points were evaluated
by repeated measures ANOVA or Friedman test for
Gaussian and non-Gaussian data, respectively. For
the extent of corneal edema, percentages were trans-
formed using the arcsine transformation for statisti-
cal analysis. Normality was determined for each data
set by the Anderson-Darling test for normality. Post
hoc tests were performed usingWilcoxon signed ranks.
For analysis comparing eyes from the current study to
historical controls, a log-rank test was performed to
assess for differences in distribution of corneal edema
progression between the two groups. For all analyses, a
P value of < 0.05 was considered significant.

Results

Study Population

Twenty-one eyes of 12 PCED-affected dogs were
included in the study and examined before and at
mean ± standard deviation 1.4 ± 0.4, 3.6 ± 0.5, 6.6
± 1.7, and 12.9 ± 1.0 months after initiating treat-
ment with ripasudil. The study population consisted
of four Boston terriers, one Jack Russell terrier, one
Australian terrier, one keeshond, one West Highland
white terrier, and four small mixed breed dogs. The
three eyes not included in the study were enucleated
prior to enrollment. Age at enrollment ranged from 4
to 13 years with a mean age of 10 years. Five dogs, the
Boston terriers and Jack Russell terrier, were presumed
to have corneal endothelial dystrophy based on breed
and age of onset, whereas the remaining seven dogs
were diagnosed with age-related endothelial degener-
ation. Eleven eyes were characterized as having mild
disease at baseline, and 10 eyes were characterized as
having moderate to severe disease at baseline based
on the extent of corneal edema. Nine eyes of seven
dogs concurrently received topical hypertonic saline
ointment (Muro 128, Sodium chloride hypertonicity
ophthalmic ointment 5%, Bausch & Lomb Incorpo-
rated, Laval, Quebec, Canada) during the treatment
period. Two of nine eyes that received topical hyper-
tonic salinewere classified asmildly affected at baseline,
and the remaining eyes receiving hypertonic saline were
classified as moderate to severely affected at baseline.

Tolerability

Topical ripasudil was well-tolerated throughout the
treatment period with the most common adverse
events being conjunctival hyperemia, which occurred in
twenty eyes of twelve dogs, reticular bullous epithelial
edema in four eyes of four dogs, and corneal stromal
hemorrhage in four eyes of two dogs (Fig. 1). The
conjunctival hyperemia occurred bilaterally in all dogs
with two eyes aside fromone dog, in which conjunctival
hyperemia developed unilaterally.Most dogs developed
only mild and often transient conjunctival hyperemia.
Corneal stromal hemorrhage occurred bilaterally in
both affected dogs, and both dogs had corneal neovas-
cularization prior to starting ripasudil therapy. Retic-
ular bullous epithelial edema occurred unilaterally in
all four dogs and was not consistently observed at
each visit despite continuation of ripasudil. No adverse
event necessitated permanent cessation of ripasudil,
and only three dogs required short-term treatment
with a topical anti-inflammatory (neomycin sulfate,



Topical Ripasudil for Canine PCED TVST | September 2022 | Vol. 11 | No. 9 | Article 2 | 5

Figure 1. Representative images demonstrating adverse events observed after initiation of therapy with topical ripasudil in three dogs.
(A) A digital photograph of conjunctival hyperemia in the right eye of a 10-year-old male castrated keeshond, 1 month after starting topical
ripasudil. (B) A Fourier-Domain optical coherence tomography image demonstrating reticular bullous epithelial edema in an 11-year-old
male castrated Boston terrier, 3 months after starting topical ripasudil. (C) A digital photograph of focal corneal stromal hemorrhage in a
12-year-old female spayed Boston terrier, 1 month after starting topical ripasudil. This patient had pre-existing corneal neovascularization
bilaterally.

Figure 2. No significant differences in tear production or intraocular pressure (IOP) were found across time points in PCED-affected dogs
treated with topical ripasudil. (A) Schirmer tear test-1 results and (B) IOPs at baseline and at 1, 3, 6, and 12 months after initiating therapy
with topical ripasudil. Box plots depict median, mean (X), and 25th and 75th percentiles.Whisker plots showmaximum andminimum values.
Circles indicate outliers. No significant differences were found using 1-way repeated measures ANOVA. Twenty-one eyes were included in
the analysis.

polymyxin B sulfate, and dexamethasone ophthalmic
ointment; Bausch & Lomb Incorporated) to address
these adverse events. No significant differences in tear
production or IOP results were found between baseline
and subsequent measurements (Fig. 2).

Efficacy

Significant differences were found in CCT as
measured by USP between baseline (median 720
μm, interquartile range 640–960 μm) and 12 months
(median 879 μm, interquartile range 726–1069 μm;
P < 0.05) and between 3 months (median 809 μm,
interquartile range 636–1072 μm) and 12 months (P
< 0.05). Significant differences in nasal, temporal,

superior, and inferior corneal thickness were identified
across some time points as seen in Figure 3. However,
full CCT and the thickness of the epithelium, stroma,
and DM-endothelial complex as measured by FD-
OCT did not differ significantly over time (see Fig. 3).
Additionally, no significant differences were found in
ECD and corneal edema extent across time points
(Fig. 4).

When considered individually using the clinical
response criteria, 5 eyes (24%) were classified as
improved, 8 (38%) remained stable, and 8 (38%)
progressed at the 12-month time point. Of dogs with
both eyes included in the study, six dogs (66%) demon-
strated similar responses bilaterally, whereas three
(33%) had disparate responses between eyes. The dogs
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Figure 3. Corneal thickness measurements by Fourier-domain optical coherence tomography (FD-OCT) and ultrasonic pachymetry (USP)
across time points in PCED-affected dogs treated with topical ripasudil. (A) Central corneal thickness measurements by FD-OCT. (B) Central,
(C) nasal, (D) temporal, (E) superior, and (F) inferior corneal thickness measurements by USP at baseline and at 3, 6, and 12 months after
initiating therapy with topical ripasudil. Box plots depict median, mean (X), and 25th and 75th percentiles.Whisker plots showmaximum and
minimum values. Circles indicate outliers. Asterisks (*) indicate statistical significance using 1-way repeated measures ANOVA or Friedman’s
(P < 0.05). Twenty-one eyes were included in the analysis.
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Figure 4. No significant differences in endothelial cell density (ECD) or extent of corneal edema were found across time points in PCED-
affected dogs treated with topical ripasudil. Corneal ECD by in vivo confocal microscopy (A) and corneal edema extent (arcsine transforma-
tion) (B) at baseline and at 3, 6, and 12 months after initiating therapy with topical ripasudil. Box plots depict median, mean (X), and 25th
and 75th percentiles.Whisker plots show maximum and minimum values. Circles indicate outliers. Number of eyes included in the analysis
were 12 A and 21 B.

Figure 5. Representative digital photographs and in vivo confocalmicroscopy images of PCED-affected eyes at baseline and the 12-month
time point demonstrating variable responses to topical ripasudil. (A) An 8-year-old male castrated Boston terrier demonstrated improved
corneal edema (A1 to A2) and improved corneal ECD (A3 to A4) from 1565 ± 150 cells/mm2 at baseline to 1733 ± 224 cells/mm2 at 12
months. (B) A 5-year-old male castrated chihuahua mix demonstrated progressive corneal edema (B1 to B2) and decreased ECD (B3 to B4)
from 1324 ± 138 cells/mm2 at baseline to 881 ± 17 cells/mm2 at 12 months. (C) A 12-year-old male castrated shih tzu demonstrated stable
corneal edema (C1 toC2) and stable ECD (C3 toC4) from1674± 199 cells/mm2 at baseline to 1588± 30 cells/mm2 at 12months. Endothelial
cell density is reported as mean ± standard deviation.

with disparate responses between eyes were classi-
fied as having the same severity of disease bilater-
ally at baseline. For eyes classified as mildly affected
at baseline, four eyes (36%) were characterized as
improved, four (36%) eyes were stable, and three (27%)
eyes progressed at the final time point. By contrast,
for eyes classified as moderately to severely affected
at baseline, only one eye (10%) was characterized as
improved, four eyes (40%) were stable, and five eyes
(50%) progressed over the treatment period. Only one
(20%) of the improved eyes and one (12.5%) of the
stable eyes received topical hypertonic saline during
the treatment period. The remaining seven eyes that
received topical hypertonic saline progressed during

the treatment period. Representative images from each
outcome are demonstrated in Figure 5.

Owner Survey and Follow-Up

All (12/12) owners responded to the survey after
study completion. Five owners (42%) reported
improvement in vision, and seven owners (58%)
reported improvement in corneal clarity at the end
of the treatment period. Eleven owners (92%) were
satisfied with the treatment and would recommend
ripasudil to other owners of dogs with PCED.

After conclusion of the study period, five dogs
(42%) were continued on topical ripasudil therapy, and
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Figure 6. Kaplan-Meier curves demonstrated that PCED-affecteddogs treatedwith topical ripasudil progressedmore slowly thanhistorical
controls. Tickmarks indicate censored subjects, and the shaded area indicates 95% confidence intervals. Median time from the initial visit to
meeting any of the progression criteria in historical controls was 223 days. Median time to progression was not reached in ripasudil-treated
eyes. Log-rank test identified a significant difference in distribution of time to progression between eyes receiving topical ripasudil and
untreated historical controls (P = 0.023). Seventeen ripasudil-treated eyes from the current study and 17 untreated, age- and breed/size-
matched historical controls34 were included in the Kaplan-Meier curves and analysis.

two dogs (17%) were enrolled in a study evaluating a
different topical ROCK inhibitor. One dog (8%) under-
went unilateral superficial keratectomy and conjuncti-
val advancement hood flap due to significant progres-
sion of corneal edema and the development of bullous
keratopathy. Ripasudil was discontinued in two dogs
(17%) after completion of the study. One dog (8%)
was lost to follow-up, and one dog (8%) was humanely
euthanized shortly after the study period for reasons
unrelated to ocular disease.

Comparison to Historical Controls

Kaplan-Meier curves were generated for both
ripasudil-treated eyes in the current study and
untreated age- and breed/size-matched historical
control eyes34 (Fig. 6). Four ripasudil-treated eyes of
two dogs (a Boston terrier and Jack Russell terrier)
were excluded due to having bilaterally compensated
disease without corneal edema in either eye, leaving 17
ripasudil-treated eyes of 10 dogs for analysis. Seven-
teen historical control eyes of 10 dogs were selected
to approximately match the age, breed/size, and stage
of disease at baseline as the ripasudil-treated eyes.
Breeds were matched if possible and when not possi-
ble, the dogs were matched by body weight. Ages were
matched within 3 years. Severity and extent of corneal
edema at baseline were matched between groups based
on medical record data, with no more than one stage
difference in corneal edema severity between eyes (for
example, mild and moderate edema could be paired
together, but mild and severe edema could not). The
control group consisted of 3 Boston terriers, 1 West

Highland white terrier, 1 dachshund, 1 Schipperke,
1 miniature poodle, 1 shih tzu, and 1 German Short-
haired Pointer with a mean age of 10.9 years (range =
6 to 15 years).

Of the seventeen ripasudil-treated eyes, one
progressed in accordance with criterion one, one
progressed in accordance with criterion two, and
two progressed in accordance with criterion three.
Of the seventeen historical controls, three progressed
in accordance with criterion one, two progressed in
accordance with criterion two, and eight progressed
in accordance with criterion three. All remaining eyes
were censored at the time of the last follow-up visit.
Median time from the initial visit to meeting any of
the progression criteria in historical controls was 223
days. Median time to progression was not reached in
ripasudil-treated eyes. The log-rank test identified a
significant difference in distribution of time to edema
progression between eyes receiving and not receiving
topical ripasudil (P = 0.023) with less progression in
the ripasudil treatment group.

Discussion

Primary corneal endothelial degeneration is widely
considered a progressive, irreversible disease process,
and previous studies have not shown spontaneous
improvement in PCED-affected dogs.24,25,34 However,
several eyes receiving topical ripasudil in the current
study were shown to improve or remain stable, suggest-
ing a potential therapeutic benefit of topical ROCK
inhibition in these cases. Eyes classified as having
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mild disease at baseline were more likely to exhibit
favorable outcomes than more severely affected eyes.
Specifically, mildly versus severely affected eyes demon-
strated improvement in 36% and 10% of eyes, respec-
tively. Although 40% of severely affected eyes demon-
strated stable disease in comparison to 36% of mildly
affected eyes, this outcome is considered less favorable
in severely affected eyes as vision and comfort are often
already compromised at advanced stages of disease.
Therefore, this study suggests a potential benefit of
ripasudil in early disease, as supported by findings in
previous studies of human patients with FECD.35

Whereas statistically significant progression of
central corneal thickness was foundwithUSPmeasure-
ments, a previous study demonstrated that manual FD-
OCT measurements demonstrate less variability than
USP measurements of corneal thickness in eyes with
corneal disease.36 Therefore, the relevance of the statis-
tically significant difference in corneal thickness by
USP when no significant differences were identified
using FD-OCT should not be overstated.

A retrospective study by Leonard et al. documented
disease progression in CED-affected dogs based on
the extent and severity of corneal edema over time.34
Using the same progression criteria applied to eyes
in the current study, we demonstrated a statistically
significant difference in corneal edema progressionwith
and without ripasudil therapy. Eyes receiving topical
ripasudil demonstrated less edema progression over
time, further supporting a potential therapeutic benefit.
Although several eyes treated with topical ripasudil still
progressed, ripasudil may offer a nonsurgical option to
stabilize or prolong disease progression in patients with
endothelial degeneration.

This study investigates the use of a topical ROCK
inhibitor without disruption of the existing corneal
endothelium. However, ROCK inhibitors have more
routinely been used as an adjunctive or rescue
therapy after surgical disruption of the corneal
DM-endothelium complex through DSO in human
patients.6,7 Previous studies have shown favorable
responses to ripasudil following DSO with improved
endothelial cell densities in ripasudil-treated eyes
compared to those who underwent DSO without
ripasudil therapy.7,37,38 Excision of abnormal endothe-
lial cells and the associated Descemet’s membrane is
thought to allow for peripheral endothelial cells to
proliferate and migrate to restore corneal deturges-
cence.6,38,39 Alleviation of contact-inhibition through
physical denudation of the corneal endothelium may
enhance the benefit of ROCK inhibition. The clini-
cal benefit observed with ripasudil without endothe-
lial disruption in the current study may be related to
reduction of endothelial cell apoptosis or improved

endothelial cell proliferation, migration, and adhesion
following loss of endothelial cells, as have been seen
in vitro and in ex vivo tissue models.17–19 Future
studies may investigate the use of ROCK inhibitors
in PCED-affected dogs following corneal endothelial
denudation with or without the injection of cultured
endothelial cells. As graft-sparing and cell-based thera-
pies for endothelial dysfunction continue to gain
traction, further investigation of ROCK inhibition as
an adjuvant to these techniques is warranted.

There were several limitations to this study that
should be considered. First, this was an open-label
trial without a placebo control group. Spontaneous
improvement in dogs with PCED has not previ-
ously been reported. Thus, any improvement in
corneal thickness, corneal edema, or corneal ECD was
attributed to the administered treatment. To account
for the lack of a placebo control group, additional
Kaplan-Meier and log-rank analyses were performed
to compare disease progression of ripasudil-treated
eyes to age- and breed/size-matched historical controls
from a previously published retrospective study using
the same progression criteria. Admittedly, the inclusion
criteria of the current study differed from the retro-
spective study, as advanced imaging was included in
confirming the diagnosis of PCED prior to initiat-
ing ripasudil therapy. Therefore, dogs that would be
excluded based on the inclusion criteria of the retro-
spective study (i.e. dogs with bilateral compensated
disease) were excluded from this additional analysis.

One theoretical confounding factor was the use of
topical hypertonic saline in some eyes with corneal
edema. However, a previous study demonstrated only
a 2% to 4% decrease in corneal thickness following the
application of hypertonic saline ointment in healthy
dogs,40 whereas we used a cutoff of 20% to denote clini-
cally significant improvement or progression of corneal
thickness. Additionally, only one of the five eyes that
improved during the treatment period received hyper-
tonic saline, and seven of nine eyes that received hyper-
tonic saline progressed during the treatment period.
This suggests that the administration of topical hyper-
tonic saline alone cannot account for the favorable
responses encountered in a subset of eyes.

Dogs with marked variation in disease stage at
baseline were enrolled, and sample sizes were relatively
small, which reduced statistical power. To address
variation in disease stage and progression, affected eyes
were considered individually using clinical response
criteria. The underlying cause of corneal degenera-
tion differed between enrolled dogs, with some dogs,
such as Boston terriers, presumably having herita-
ble corneal endothelial dystrophy whereas others
demonstrated age-related corneal degeneration. It is
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possible that the etiology of endothelial degeneration
may affect response to therapy, although subgroup
analysis could not be performed due to the small
sample size in each group. Future randomized,
controlled, and double-blind studies with stricter inclu-
sion criteria to limit the variation in disease stage
and underlying cause of corneal degeneration are
warranted.

Topical ripasudil was well-tolerated in PCED-
affected dogs with conjunctival hyperemia being the
most common adverse event observed, consistent with
previous tolerability studies.41,42 An additional adverse
event was the development of reticular bullous epithe-
lial edema, which has also been reported in a series of
human patients receiving the topical ROCK inhibitor
netarsudil.43,44 However, unlike in human patients, the
reticular bullous epithelial edema was transient in these
dogs and resolved without discontinuation of ripasudil
as this change was appreciated at some visits but not
all. The cause of reticular bullous epithelial edema
remains unknown but may involve ROCK-inhibitor
induced disruption of actin cytoskeleton organiza-
tion and tight junctions of corneal epithelial cells.44
The disappearance of the bullae without cessation of
ripasudil may indicate that the edema was present
as a result of the underlying disease rather than an
adverse drug event, that the adverse event was truly
transient or occurred only shortly after administra-
tion, or that topical hypertonic saline ointment may
have aided in resolution of the bullae. Corneal stromal
hemorrhage is a rare occurrence reported in humans
receiving ROCK inhibitors, including a case report of
a 76-year-old man with pre-existing peripheral corneal
neovascularization and concurrent primary open angle
glaucoma treated with topical netarsudil.45 Interest-
ingly, both dogs that demonstrated corneal stromal
hemorrhage also had pre-existing corneal neovascular-
ization as seen in image C of Figure 1. One of the
dogs that experienced corneal stromal hemorrhage also
had diabetesmellitus, which has been shown to increase
vascular permeability.46 It is suspected that conjuncti-
val hyperemia occurs due to ROCK inhibitor-induced
vascular smooth muscle relaxation and modulation in
vascular endothelial cells.41 We hypothesize that blood
vessels in the cornea undergo similar changes in vascu-
lar permeability with ROCK inhibition, predisposing
to corneal hemorrhage. Therefore, the use of ROCK
inhibitors in patients with underlying corneal vascular-
ization or concurrent conditions resulting in increased
vascular permeability should be avoided. Finally, no
difference in IOP was found across time points, consis-
tent with previous studies showing lack of clinically
significant IOP reduction with netarsudil in normoten-
sive dogs47 and in dogs with primary open angle
glaucoma.48

In summary, eyes with PCED demonstrated
variable responses to therapy, though overall, eyes
treated with topical ripasudil demonstrated less
corneal edema progression than untreated histor-
ical controls. Additionally, eyes with mild disease
showed more favorable responses to ripasudil therapy,
suggesting a potential benefit in dogs with early PCED
without significant decompensation. Stage of disease
at baseline was one factor found to be associated with a
positive outcome, but additional investigation is neces-
sary to determine other factors that may be predictive
of an individual’s response. This open-label pilot study
serves as a guide for the development of future clinical
trials evaluating the use of ROCK inhibitors in canine
disease models of corneal endothelial degeneration.
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