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Abstract

Objective—To obtain normative data for the canine cornea and conjunctiva using high-
resolution Time- and Fourier-Domain optical coherence tomography (TD-OCT and FD-OCT) and
ultrasound pachymetry (USP).

Animals—One hundred sixty-eight eyes of 133 healthy, young, intact laboratory beagles.

Procedures—The cornea and conjunctiva of 16 eyes of 8 healthy young intact female intact
beagles were imaged using FD-OCT. Corneal thickness was measured with FD-OCT and USP,
while corneal and conjunctival epithelial thickness was measured with FD-OCT. The central
corneal thickness (CCT) was determined in 152 eyes of 125 healthy young adult intact female (35)
and male (90) beagles using TD-OCT. Mixed effects linear regression was used for statistical
analysis.

Results—The CCT was (mean + standard deviation) 497.54 + 29.76, 555.49 + 17.19 and 594.81
+ 33.02 um as measured by FD-OCT, USP and TD-OCT, respectively. The central, superior

Corresponding author: Christopher J Murphy, University of California, Davis, Veterinary Surgical and Radiological Sciences, School
of Veterinary Medicine, One Shields Avenue, Davis, California 95616, Telephone: (530) 752-1393, Fax: (530) 752-9620,
cjmurphy@ucdavis.edu.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strom et al. Page 2

paraxial, superior perilimbal corneal epithelial thickness and superior bulbar conjunctival
epithelial thickness was 52.38 + 7.27, 56.96 + 6.47, 69.06 + 8.84 and 42.98 + 6.17 um,
respectively. When comparing techniques used for measuring CCT (USP versus FD-OCT and FD-
OCT versus TD-OCT), USP and TD-OCT generated significantly greater values in comparison to
FD-OCT (both P < 0.001). For all dogs CCT increased with increasing age and body weight (both
P < 0.001) and was higher in intact males versus females using TD-OCT (P = 0.034).

Conclusion—High-resolution FD-OCT and TD-OCT provide detailed non-invasive evaluation
of in vivo canine anterior segment structures. Normative values of the canine cornea and
conjunctiva are reported.

Keywords

Cornea; conjunctiva; optical coherence tomography; canine; laboratory beagle; ultrasound
pachymetry

INTRODUCTION

Dogs are widely used in ophthalmic drug and device development programs and as
experimental animal models in vision science studies. Furthermore, dogs are the most
common species with spontaneous ocular disease seen in veterinary practice and serve as
important models for several ophthalmic diseases in humans.(1-4)

Optical coherence tomography (OCT) is a noninvasive technique for high-resolution and
cross-sectional tomographic imaging of tissue by measuring optical reflections.(5-7) It
enables quantitative and qualitative evaluation of the corneal microstructure. In addition,
OCT images can be digitally stored and compared. In human patients, OCT has provided
significant advances in the diagnosis of glaucoma and vitreoretinal diseases, such as macular
degeneration and macular edema secondary to diabetic retinopathy in humans.(8-10)
Fourier-Domain OCT (FD-OCT; also known as Spectral-Domain) is increasingly preferred
over Time-Domain OCT (TD-OCT) because of the higher acquisition speeds and greater
resolution of the acquired images.(11) FD-OCT increases axial resolution 2- to 3-fold and
scan speed 60- to 110-fold compared with TD-OCT.(12) However, TD-OCT units have
been commercially available longer than FD-OCT units, are generally less expensive and
provide images with greater penetration into the eye, albeit with lower resolution.

Anterior segment imaging is a rapidly advancing field and is increasingly being utilized in
physician-based ophthalmic practices for a number of purposes including planning for
photorefractive surgery, monitoring corneal diseases including keratoconus, measuring
anterior chamber depth, and assessing narrowing of the iridocorneal angle (ICA).(8-10,
13-23) Anterior segment imaging using OCT has recently emerged in canine research and is
expected to be useful in clinical patients as well.(24, 25) A recent case series confirmed that
this technique is applicable to the evaluation of the canine and feline cornea in healthy and
pathological conditions.(24) FD-OCT and TD-OCT have both recently been used for
imaging and quantification of corneal, limbal, and bulbar conjunctival epithelial thickness in
healthy humans.(13, 15, 26) One of these studies(26) showed that humans with ocular
disease, such as chronic glaucoma (medically managed) or keratoconjunctivitis sicca (KCS),
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having thickened conjunctiva compared with healthy individuals and it was concluded that
conjunctival thickness measurement represents a promising new endpoint for evaluation and
grading of the severity of ocular surface disease.(26) Fourier-Domain OCT (FD-OCT) has
also been used for diagnosing and monitoring other anterior segment conditions such as
conjunctivochalasis and been used for assessing the tear meniscus of humans.(14, 27, 28) In
veterinary ophthalmology, OCT has been primarily used in canine retinal and glaucoma
research(29-32) and there are currently limited data available on OCT values of the canine
anterior segment.(25, 33-36) Studies have found SD-OCT to be a reliable tool for measuring
CCT in dogs.(35, 36)

Ultrasonic pachymetry (USP) is widely used for measuring corneal thickness in animals and
humans. Several studies in humans have demonstrated good correlation between corneal
thickness measurements obtained by USP and OCT pachymetry.(37, 38) To date, there are
only a few publications on USP and OCT corneal pachymetry in dogs.(24, 25, 35, 36, 39)
The aims of this study were to obtain images of the cornea using FD-OCT and TD-OCT and
conjunctiva using FD-OCT of healthy laboratory beagles, and to compare corneal FD-OCT
pachymetry and USP in 3 different locations (superior perilimbal, superior paraxial, and
central cornea). We present normative data for CCT in a large population of normal
laboratory beagles using TD-OCT and compare the results with the FD-OCT CCT
measurements.

METHODS

All aspects of the study were approved by the Institutional Animal Care and Use
Committees of the University of California-Davis and Covance and were performed
according to the Association for Research in Vision and Ophthalmology resolution on the
use of animals in research. All dogs included were laboratory beagles. Prior to study entry,
all dogs underwent a complete physical examination and only systemically healthy dogs
were included in the study. All dogs also received a detailed ophthalmic examination,
including slit lamp biomicroscopy and indirect ophthalmoscopy; only dogs assessed as
having normal eyes were used. None of the dogs had received topical eye medications prior
to entry into the study.

Dogs were sedated with midazolam (0.1 mg/kg) and butorphanol (0.3 mg/kg) or
dexmedetomidine (2.5-5 pg/kg) intramuscularly (or intravenously for dexmedetomidine) as
needed for sedation prior to imaging. Dogs were then placed in sternal recumbency for all
imaging, and balanced salt solution (BSS; Akorn Inc., Buffalo Grove, IL, USA) or 1.0%
carboxymethylcellulose (Refresh Liquigel®; Allergan, Irvine, California, USA) was applied
topically as necessary throughout the sedation and subsequent procedures to prevent corneal
desiccation. A Barraquer eyelid speculum was used to keep the eyes open on the sedated
dogs when needed (this was not needed for the TD-OCT imaging). All measurements were
performed by the same person (ARS) to minimize variability.

FD-OCT & USP

Eight healthy female dogs (16 eyes) with a mean age of 0.52 + 0.12 years and weight of 6.83
+ 1.40 kg were examined by FD-OCT and USP. FD-OCT imaging (RTVue® 100, software
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version 6.1; Optovue Inc., Fremont, California, USA; 26000 A scan/sec, 5 um axial
resolution, 840 nm superluminescent diode) of the cornea and conjunctiva was performed.
The FD-OCT system with a corneal adaptor module was used for corneal pachymetry on
both eyes of each dog in the central, superior paraxial, and superior perilimbal cornea, and
for superior bulbar conjunctival epithelial thickness measurements (measured approximately
1 mm posterior to the anterior border of the limbus). Three repeat measurements in close
proximity to each other were manually obtained in each location from images stored in the
RTVue unit using the RTVue software measuring tool. The RTVue measuring tool was used
to measure thickness of the cornea (full and and epithelial thickness) and conjunctival
epithelium. Ultrasound pachymetry (USP; Accupach VI; Accutome Ultrasound Inc.,
Malvern, PA, USA) was performed on both eyes of each dog in the central, superior
paraxial, and superior perilimbal cornea typically following OCT measurements. The
ultrasound probe was manually placed as perpendicularly as possible to the cornea after
applying a drop of 0.5% proparacaine (Alcon Inc., Fort Worth, TX, USA) to the cornea.
Three consecutive corneal thickness measurements in each location were obtained and
averaged automatically by the instrument to obtain a mean value. Three mean measurements
were saved for each location. Two dogs did not have complete measurements (they did not
have 3 mean measurements in each location and one of them had no measurements done in
the superior paraxial region); values that were available for these two dogs were included in
the analysis.

TD-OCT data consisted of scans from 152 eyes of 125 dogs. Specifically, both eyes of 27
dogs, 58 right eyes (OD) and 40 left eyes (OS) were examined. Thirty-five intact females
and 90 intact males were included. The mean age and body weight of dogs were 1.10 + 0.31
years and 8.78 £ 1.71 kg (females), and 0.97 £+ 0.25 years and 11.78 + 2.24 kg (males),
respectively. Imaging of the cornea using TD-OCT (Visante™ 1000, software version
3.0.0.139, Carl Zeiss Meditec, Dublin, California, USA; 2048 A scan/sec, 18 um axial
resolution, 1310 nm superluminescent diode) was performed. A scale bar was saved on each
image, and ImageJ (free software, version 1.46; NIH, Bethesda, Maryland, USA) was used
to measure the CCT on each scan after calibration to the scale on the image. One
measurement was manually obtained in the central corneal location on each scan.

Mixed effects linear regression was used to evaluate the main and interaction effects of eye,
weight, and when appropriate corneal location and method of measurement. The individual
dog was treated as a random effect; all other variables were considered as fixed effects. The
descriptive measurements for both eyes were averaged unless there was a significant
difference between eyes. Analyses were performed using Stata/IC 12.1 (StataCorp LP,
College Station, Texas, USA). All measurements were expressed as mean = standard
deviation. For all analyses, values of P < 0.05 were considered significant.
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RESULTS

High quality, high-resolution in vivo images of the canine conjunctiva (FD-OCT), and
cornea (FD-OCT and TD-OCT) were obtained (Figures 1-3). Specifically, the central
cornea (Figure 1), superior paraxial cornea, superior perilimbal cornea, and superior bulbar
conjunctival epithelium (Figure 2) were examined with FD-OCT. The central cornea was
examined with TD-OCT (Figure 3). Please note the orderly arrangement of collagen fibers
and clear distinction of the epithelium from the stroma on the FD-OCT images (Figure 1 and
2). No significant differences were noted between replicates for any measurement obtained.
Unless otherwise mentioned in the following, no significant differences were noted between
eyes for measurements obtained.

Corneal and conjunctival epithelial thickness (FD-OCT)

Using FD-OCT, values obtained for all locations differed significantly with the superior
bulbar conjunctival, central corneal, superior paraxial corneal, and superior perilimbal
corneal epithelial thickness measured at 42.98 + 6.17, 52.38 + 7.27, 56.96 + 6.47, and 69.06
+ 8.84 um, respectively.

Corneal full thickness (FD-OCT versus USP)

The cornea was thickest peripherally and thinnest axially (see Table 1) with values obtained
at all locations and techniques used differing significantly (P < 0.05) from each other. No
significant interaction was noted between technique and location (i.e., all USP and FD-OCT
values were significantly different from each other in each location when comparing the two
techniques; P <0.001 for the CCT and superior perilimbal region and P = 0.0055 for the
superior paraxial region). A statistically significant difference was detected between the left
and right eyes in the superior perilimbal region using FD-OCT pachymetry (P < 0.001; OD:
664.58 £ 64.61 um, OS: 627.58 + 50.58 pm). No significant difference was noted between
eyes in the superior paraxial location (P = 0.133) and central cornea (P = 0.478).

Central corneal thickness (TD-OCT and TD- versus FD-OCT)

The mean CCT for the 152 eyes imaged as measured by TD-OCT was 594.81 + 33.02 pm.
No significant effect of eye (P = 0.820) was noted. A significant effect of sex was noted (P
= 0.034), with CCT in intact males (600.16 + 32.84 um) significantly greater versus intact
females (580.32 £ 29.24 ym) using TD-OCT. For all TD-OCT data the central corneal
thickness significantly increased with increasing month of age (13.15 + 3.49 um, P < 0.001)
and kg body weight (16.36 + 3.97 um, P < 0.001), although a significant negative interaction
(-1.13 £ 0.33 um, P = 0.001) between age and body weight was noted (the positive “effect”
of one of these variables declines as the other variable's value increases. That is, at lower
weights the effect of age leads to increased corneal thickness, but at higher weights this age
effect will be diminished. The same finding holds for the effect of weight at lower versus
older ages).

Since the dogs imaged with FD-OCT in this study consisted of female intact beagles only,
only data from intact females from the TD-OCT was used for comparison with FD-OCT:
When controlling for body weight and age in these intact females, the effect of technique
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was significant with CCT measured by TD-OCT significantly greater (P < 0.001) than CCT
measured by FD-OCT.

DISCUSSION

At present, there are only a few publications describing in vivo imaging of the ocular surface
epithelium in humans (corneal and conjunctival epithelium), dogs, and cats (central corneal
epithelium only), and no OCT data on ocular surface epithelium in other species exists to
our knowledge.(13, 15, 24, 26, 40) Similar to previous studies in humans the present study
demonstrated the canine corneal epithelium was thinnest centrally and thickest peripherally.
(15, 26) In addition, central corneal epithelial thickness obtained from canines in the present
study (52.38 = 7.27 um) was similar to results obtained in recent studies in humans (48.3 +
2.9 um(26), 52.5 £ 2.4 ym(41) and 54.7 £ 1.9 um(15)), dogs (50-60 um)(24), and cats
(55-65 um)(24). Conjunctival epithelial thickness values obtained in the present study (42.98
+ 6.17 pm) were similar to previous reports in humans published by Feng et al (44.9 £ 3.4
um), Francoz et al (middle-aged control group, superior quadrant 43.6 + 11.7 um), and two
studies by Zhang et al (42.4 = 7.4 ym and 47.3 + 8.4 um).(13, 15, 26, 40) To the best of our
knowledge, this is the first report of conjunctival epithelial thickness measurement in the
canine species using FD-OCT. Similar to in people, it is expected that FD-OCT imaging of
canine corneal and conjunctival epithelium represents a promising tool for monitoring and
grading severity of ocular surface disease.(26) The dog is an excellent model for ocular
surface diseases such as KCS in humans.(42, 43) Recently, it has been reported that human
patients with KCS have increased corneal and conjunctival epithelial thickness. (26) Thus, it
would be interesting to compare in vivo imaging data of the cornea and conjunctiva in
normal and KCS-affected dogs.

In the present study, corneal thickness measurements obtained by FD-OCT and USP were
compared at the central, superior paraxial, and superior perilimbal regions in 8 young and
healthy laboratory beagles. Some variability was present and could have been partially
attributed to the inability to perform USP in the same area as FD-OCT pachymetry. It has
been suggested that discrepancy between the two techniques (USP and OCT) can be due to
USP being more user dependent.(44) Ultrasound pachymetry requires delicate probing of
the cornea, which increases the risk of corneal injury in fragile corneas and can be poorly
tolerated by some animals. Its reliability can be limited by several factors, such as patient
compliance, because the USP probe needs to be manually placed as perpendicularly as
possible to the center of the cornea. In a study of 80 eyes of 40 healthy human subjects it
was reported repeated measurements of CCT by FD-OCT had less variability than those
obtained by USP, are more reproducible, possibly more reliable, and may better represent
actual central corneal thickness (CCT).(45) Specifically, we obtained significantly lower
values for CCT with FD-OCT compared with USP at 497.54 + 29.76 and 555.49 + 17.19
um, respectively. We suspect this was most likely due to the inability to hold the ultrasound
probe perfectly perpendicular to the surface of the cornea; therefore, true CCT was slightly
overestimated. This was similar to data found in previous studies in humans and a recent
study in dogs comparing the two techniques.(25, 44-46) In addition, acoustic wave
propagation velocities can differ between species for several ocular tissues (47-51), and thus
may contribute to inaccuracies obtained with USP in dogs since the velocity used to
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determine thickness (1640 m/s) is derived from the human cornea.(52) In contrast to the
CCT findings, significantly greater corneal thickness values were obtained with FD-OCT
versus USP in the superior perilimbal region. Consistent with human studies, this study
demonstrated that the cornea was thicker peripherally compared with centrally when
measured by each technique.(53) It is likely that placement of the ultrasound probe occurred
slightly further away from/anterior to the limbus despite attempts to place the probe at or
very close to the limbus, which could have caused the US measurements to be less than the
OCT measurements in this region as the cornea is thinner axially in dogs.(39) In contrast,
FD-OCT allows direct visualization of the limbus and superior corneal perilimbal FD-OCT
measurements were obtained immediately adjacent to it (Figure 2). Unfortunately, the FD-
OCT images obtained in the limbal region were not large enough to consistently allow
measurements 1 or more mm anterior to the limbus, and because most of the dogs went on
to participate in another study shortly after imaging, repeat-measurements in different
locations were not possible to test this hypothesis in this population of dogs. While no
statistically significant differences were noted between eyes using both techniques in the
two other locations measured (central and superior paraxial cornea), a significant difference
was noted between eyes in the superior perilimbal region using FD-OCT pachymetry (P <
0.001; OD: 664.58 + 64.61 um, OS: 627.58 + 50.58 um, difference 37 pm). This, combined
with the relative high standard deviations in the superior perilimbal measurements, suggests
that OCT measurements obtained in this location were less accurate in the sedated dogs. A
limitation of the FD-OCT and USP measurements reported is the relatively low number of
dogs (8 dogs, 16 eyes) imaged in this arm of the study.

As in people, CCT has been reported to increase with age in dogs.(39, 54) Gilger et al found
the mean corneal thickness as measured by USP to increase by 14.23 + 2.26 pm/month of
age in dogs and 1.83 + 0.38 um/kg bodyweight. After adjusting for age and weight, he found
females to have significantly thinner corneas than males (22.43 £ 11.03 pm).(39) Similarly,
we found a significant effect of sex in the present study with males having a significantly
greater CCT with TD-OCT in comparison with females. Furthermore, we also found a
significant increase in CCT with increase in age and body weight from the TD-OCT data
and a negative interaction between these two variables was noted. Thus, the effect of age or
body weight became smaller as the other variable increases in the present study.

We compared CCT, as measured by FD- versus TD-OCT, in intact female laboratory
beagles, after adjusting for body weight and age and found that significantly higher values
were obtained by TD-OCT. While the FD- and TD-OCT measurements in the present study
were performed in two different dog populations, we note that we only compared the intact
females within each population. Furthermore, adjustments were made for factors known to
influence corneal thickness including age and body weight to rule out effect of these
variables. Although additional confounding variables such as genetic and environmental
factors may have played a role, it was most likely that the majority of the difference in CCT
was a result of the technique used. The FD-OCT used in the current study (RTVue 100)
possesses an increased axial resolution of 3.6-fold and scan speed of 12.7-fold (A scan/sec)
compared with the TD-OCT used (Visante™ 1000. The higher resolution and higher speed
(which minimizes motion artifacts) of FD-OCT should allow for more accurate
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measurements.(12) In contrast to FD-OCT where measurement tools within the software
was used to measure central corneal thickness, the use of an indirect tool (ImageJ) for TD-
OCT measurements, following calibration of the scale on the image, may have introduced
additional variability.

While the variation between techniques in the present study was statistically significant, the
differences in values obtained by the FD-OCT and USP techniques in the superior
perilimbal and paraxial regions (28.49 and 24.35 um, respectively) was unlikely to result in
clinically relevant differences under most circumstances in veterinary patients. The
difference between techniques in the central corneal region may be more clinically relevant
(USP versus FD-OCT: 57.95 um, and FD- versus TD-OCT: 82.78 um) especially for canine
surgical models were precise depth measurements are required. Based on these results, it is
recommended that the same technique be utilized when comparing and monitoring corneal
thickness of laboratory beagles over time. Further studies are indicated to obtain normative
data in other canine breeds.

In conclusion, we have generated normative data of the cornea and conjunctiva of the
laboratory beagle using TD-OCT, FD-OCT & USP. High-resolution OCT enabled detailed
noninvasive in vivo evaluation of canine cornea and conjunctiva in sedated dogs. This study
provides normative values with which to evaluate data obtained from laboratory beagles
with spontaneous corneal disease, induced models of anterior segment disease and in
evaluation of test compound effects in drug development programs. Since the techniques
used yielded significantly different results, we recommend using the same technique when
monitoring changes over time or comparing subjects.
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64um  552um

Figure 1.
In vivo FD-OCT of the normal cornea in an 8-month-old intact female beagle; central

corneal thickness was 552 um and central corneal epithelial thickness was 64 um. Note that
the epithelium and an orderly arrangement of the collagen fibrils within the stroma can be
observed.
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Figure 2.
In vivo FD-OCT of the normal limbus in an 8-month-old intact female beagle; superior

perilimbal corneal thickness was 739 um and perilimbal corneal epithelial thickness was 71
pum. The superior bulbar conjunctival epithelial thickness 1.01 mm posterior to the anterior
border of the limbus was 37 um thick.
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Figure 3.
In vivo Visante™ OCT scan of the left cornea in a young healthy beagle; the central corneal

thickness was 642 pm. Note that the cornea has a homogenous appearance and specific
corneal layers cannot be observed.
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Corneal thickness as measured by FD-OCT, TD-OCT, £ USP in young healthy laboratory beagles (Mean +

Superior paraxial (um)

Central (um)

SD)
Corneal location Superior perilimbal (um)
USP (16 eyes, F) 617.50 + 32.98* b
FD-OCT (16 eyes, F) b

646.08 + 60.37%*,
TD-OCT (152 eyes, M & F)

TD-OCT (41 eyes, F)

TD-OCT (111 eyes, M)

585.41 + 27.83%,

561.06 + 55.66*,

t

¥

555.49 + 17.19*,¢

497.54 + 29.76*;,T
594.81 + 33.02
580.32 + 29.2418

600.16 + 32.848

FD-OCT = Fourier Domain Optical Coherence Tomography.

TD-OCT = Time Domain Optical Coherence Tomography.
USP = Ultrasound pachymetry.

“xm et or “8§” = Statistically significant difference in corneal thickness between US pachymetry versus FD-OCT (*), FD- versus TD-OCT (t), or

males versus females (8)(p < 0.05).
F = Intact females.

M = Intact males.

iStatistically significant difference in corneal thickness between locations (p < 0.05).
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