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Abstract

Purpose: To evaluate outer retinal band thickness and choriocapillaris (CC) visibility in 

four distinct retinal regions in dogs and cats imaged with spectral domain Optical Coherence 

Tomography (SD-OCT). To attempt delineation of a fovea-like region in canine and feline SD-

OCT scans, aided by the identification of outer retinal thickness differences between retinal 

regions.

Methods: Spectralis® HRA+OCT SD-OCT scans from healthy, anaesthetized dogs (n=10) and 

cats (n=12) were analyzed. Scanlines on which the CC was identifiable were counted and CC 

visibility was scored. Outer nuclear layer (ONL) thickness and the distances from external limiting 

membrane (ELM) to retinal pigment epithelium/Bruch’s membrane complex (RPE/BM) and ELM 

to CC were measured in the area centralis (AC), a visually identified fovea-like region, and in 

regions superior and inferior to the optic nerve head (ONH). Measurements were analyzed using a 

multilevel regression.

Results: The CC was visible in over 90% of scanlines from dogs and cats. The ONL was 

consistently thinnest in the fovea-like region. The outer retina (ELM-RPE and ELM-CC) was 

thickest within the AC compared to superior and inferior to the ONH in dogs and cats (p <0.001 

for all comparisons).

Conclusions: The CC appears a valid, albeit less than ideal outer retinal boundary marker in 

tapetal species. The AC can be objectively differentiated from the surrounding retina on SD-OCT 

images of dogs and cats; a fovea-like region was identified in dogs and its presence was suggested 
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in cats. These findings allow targeted imaging and image evaluation of these regions of retinal 

specialization.

Keywords

Optical Coherence Tomography; SD-OCT; outer retina; choriocapillaris; dog; cat; area centralis; 
fovea-like region

Introduction

Spectral domain Optical Coherence Tomography (SD-OCT) is a non-invasive, noncontact, 

light-wave based imaging technique for cross-sectional imaging studies of the ocular fundus 

and the anterior segment of the eye. SD-OCT is especially useful for in vivo imaging of the 

retina and optic nerve head (ONH) in research and clinical settings1–10.

The use and utility of SD-OCT have been advocated for primary glaucoma, sudden 

acquired retinal degeneration syndrome (SARDS), retinal dysplasia (RD) and progressive 

retinal atrophy (PRA) in veterinary patients11–21. Evaluation of retinal layer integrity and 

accurate measurement of thicknesses of and distances between anatomic layers, requires 

consistent and reliable identification of these anatomic layers on SD-OCT scans. Also, 

correct identification of the outer retinal boundary is vital for proper segmentation of retinal 

layers on OCT images across species, and thus for reproducibility and translation of clinical 

examination and research results22. Finally, a uniform nomenclature of SD-OCT anatomy is 

indispensable when comparing studies to avoid discrepancies regarding the interpretation of 

SD-OCT findings22.

The inner retinal layers that are recognizable on human SD-OCT scans have undisputed 

histological correlates, but the histological correlates of the outer retinal bands on human 

SD-OCT scans have not been so readily established 23–28. Nevertheless, a consensus 

statement on nomenclature for the outer retinal bands distinguishable on human SD-OCT 

scans has been agreed upon and published by Staurenghi et al.29. Here, the panel specialists 

agreed that the retinal pigment epithelium/Bruch’s membrane complex (RPE/BM) can 

consistently be identified as the outermost continuous hyperreflective band on human 

SD-OCT scans29. De Ramus et al. presented a uniform standard for murine OCT layer 

nomenclature, in which they identified the choroid as an intensely hyperreflective band 

directly external to the RPE/BM30. Detailed images of outer retinal layer anatomy visible 

on canine1,10,17,21,31–34 and feline16,35 SD-OCT scans have been published. Unfortunately, a 

consensus nomenclature of the outer retinal bands distinguishable on SD-OCT scans, similar 

to that in humans29 and mice30, has not been established in other species.

As mentioned above, the outermost intensely hyperreflective band visible on human SD-

OCT scans represents the RPE/BM, which can thus be used as a reliable outer retinal 

boundary marker in humans22,24,29. However, Soukup et al. demonstrated that choroidal 

structures can have similar or higher reflectivity than the RPE/BM on SD-OCT images of 

minipigs, rabbits, rats and mice22, consistent with previous observations in mice.30. This 

can lead to difficulties in the consistent identification of the RPE/BM and thus renders the 

RPE/BM unreliable as an outer retinal boundary in these species22. Indeed, especially on 
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SD-OCT scans from species with a tapetum lucidum, a specialized inner choroidal structure 

that reflects light back toward and through the retina36, the RPE/BM can be difficult to 

separate from the intense tapetal reflectivity in the inner choroid (see supplementary Figure 

S1)16,31. This has led to inconsistent interpretations in the literature of what layer represents 

the RPE/BM on SD-OCT scans of dogs1,31.

In both tapetal and non-tapetal species, the first structure external to the RPE/BM is the 

choriocapillaris (CC), which shares a common basement membrane (Bruch’s membrane) 

with the RPE. Small vessels which do not cross the RPE/BM connect the CC with the 

more externally located major choroidal vessels22,36–38. Soukup, et al. demonstrated that 

both the CC and connecting vasculature are visible on SD-OCT scans and are valid markers 

for identification of the outer retinal boundary, that are readily distinguished in minipigs, 

rabbits, rats and mice, which are all non-tapetal species22. Personal observations based on 

our own SD-OCT library led us to hypothesize that, despite the intense tapetal reflectivity, 

the CC can also reliably be identified as an outer retinal boundary marker in tapetal species 

like dogs and cats.

Dogs and cats possess an area centralis (AC), which is a region of retinal specialization 

with a high photoreceptor cell density located superotemporal to the ONH. The AC is 

located within the visual streak, has a horizontally elongated oval form and is largely devoid 

of retinal vessels15,16,31,37,39,40. Beltran et al. first described a primate-fovea-like bouquet 

of cone photoreceptors within the AC of the canine retina31. This fovea-like region was 

characterized by a thinning of the ONL visible on SD-OCT and an elongation of cone 

outer segments visible on histology31. Thinning of the ONL in the AC and elongation of 

photoreceptor inner and outer segments in the center of the AC was subsequently confirmed 

by Occelli et al. on canine SD-OCT scans10. Pathologies located in these regions of retinal 

specialization, as in human patients with macular diseases41, can be expected to have a 

greater impact on canine and feline vision than more peripherally located lesions. However, 

the impact of focal retinal changes on visual behavior in dogs and cats has not been 

evaluated to date, possibly as a result of a lack of readily available, objective measures 

to assess structure-function relationships in patients with focal retinal pathology. SD-OCT 

examination data provide high resolution information regarding structural integrity of the 

retina and are thus a valuable clinical and experimental endpoint, especially if SD-OCT 

would allow targeted evaluation of regions of retinal specialization. A case in point is the 

study by Iwabe et al.42. With the use of SD-OCT, histopathology and an obstacle-avoidance 

course, the authors demonstrated that small islands of preserved retina within the AC result 

in preserved visual behavioral function, despite severe retinal damage in RHO mutant dogs 

following light exposure42. Furthermore, reliable identification of a fovea-like region may 

position dogs and cats as attractive model species for retinal disease research, particularly 

pertinent to the human macula16,31,39.

Based on personal observations in our own SD-OCT image library, we hypothesize that 

a fovea-like region can be visually identified within the canine and feline AC, and that 

significant differences in the thickness of the ONL (as described in dogs by Beltran et 

al.31) and photoreceptor layers (as identified in 12-week old dogs by Occelli et al.10) can 
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inform objective distinction of the AC and fovea-like regions from the surrounding retina on 

SD-OCT scans of adult canine and feline retinas.

The purpose of this study is twofold: (1) To evaluate the reliability of the CC as an 

identifiable marker for the outer retinal boundary on SD-OCT scans from tapetal species; 

and (2) to attempt delineation of a fovea-like region within the canine and feline AC by 

SD-OCT, aided by the identification of differences in outer retinal thickness between retinal 

regions in the datasets available for this study.

Materials and Methods

Animals

SD-OCT B-scans of untreated control animals enrolled in various clinical and translational 

studies were retrieved from image databases at the Komáromy laboratory, Department of 

Small Animal Clinical Sciences, College of Veterinary Medicine, Michigan State University, 

MI, USA, and the McLellan laboratory, Department of Ophthalmology and Visual Sciences, 

School of Medicine and Public Health, University of Wisconsin-Madison, WI, USA. All 

animal studies, during which these images were acquired, were approved by Institutional 

Animal Care and Use Committees of the Michigan State University and the University 

of Wisconsin-Madison, respectively, and were conducted in compliance with the ARVO 

Statement on the Use of Animals in Ophthalmic and Vision Research.

SD-OCT B-scans were obtained from 10 healthy Beagle dogs, group-housed in the same 

environment at the Michigan State University College of Veterinary Medicine (Table 1a). 

The dogs were genotyped for the G661R ADAMTS10 missense mutation as previously 

described43.

SD-OCT B-scans were also obtained from 12 healthy adult domestic short-hair cats, housed 

in a laboratory animal facility at the University of Wisconsin-Madison for the purposes of 

other long-term, non-invasive pre-clinical studies (electrophysiology and ocular imaging) 

(Table 1b). The cats were genotyped for the LTBP2 mutation as previously described20.

All animals underwent a complete ocular examination (intraocular pressure evaluation via 

rebound tonometry, slit lamp biomicroscopy, fluorescein staining, indirect ophthalmoscopy) 

to rule out the presence of ocular diseases prior to inclusion in this study.

Image acquisition and analysis

All images were acquired with a Spectralis® HRA+OCT combined confocal scanning 

laser ophthalmoscopy (cSLO) and SD-OCT system (Heidelberg Engineering, Heidelberg, 

Germany) equipped with a 30° noncontact lens (Heidelberg Engineering). All imaging was 

performed with the animals under general anesthesia, using routine and approved protocols. 

Since the data evaluated in this study were retrieved from existing databases of two different 

laboratories, the OCT scan acquisition protocols varied between dogs and cats.

Dogs were premedicated with IV acepromazine maleate (0.02mg/kg, Butler Schein Animal 

Health, Dublin, OH, USA) and then induced with IV propofol (4mg/kg or to effect, 
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PropoFlo™28, Abbott Laboratories, North Chicago, IL, USA). Anesthesia was maintained 

with isoflurane (Akorn Inc., Lake Forest, IL, USA). The anesthesia protocol used in 

cats included IM Ketamine (12.5–25mg/kg, VetaKet®, Akorn Inc.) and IM Xylazine (0.5–

1mg/kg, AnaSed®, Akorn Inc.). The pupils were dilated with 1% tropicamide (Akorn, 

Inc.) prior to or at induction of anesthesia. In dogs, the eyes were kept lubricated with 

repeated application of BSS sterile irrigating solution (Alcon®, Alcon Laboratories, Fort 

Worth, TX, USA) during anesthesia. The globes were immobilized with conjunctival stay 

sutures (4–0 silk; Ethicon Inc., San Lorenzo, Puerto Rico, USA) and kept open with the 

help of a wire eyelid speculum, if needed. In cats, custom rigid gas permeable plano contact 

lenses were applied (Soderberg Optical Inc., Oak Creek, WI, USA), following application of 

1% proparacaine (Proparacaine Hydrochloride Ophthalmic Solution, USP 0.5%, Bausch & 

Lomb Inc., Tampa, FL, USA) and artificial tears (Refresh Tears®, Allergan, Inc., Irvine, CA, 

USA) and a wire eyelid speculum was placed. No stay sutures were used for cats, since the 

use of ketamine ensured a central eye position.

Canine SD-OCT B-scans that were analyzed included 200 averaged line scans (produced by 

processing 9–17 raw B-scans into a single averaged B-scan) selected from 28 scan volumes. 

Line scans from one volume centered over the ONH (130 line scans) and one volume that 

included the ONH and the AC in the region superotemporal to the ONH (70 line scans) 

were included for image analysis (Figure 1). Feline SD-OCT B-scans that were analyzed 

included 46 highly averaged single line scans (produced by processing 93–100 raw B-scans 

into a single highly averaged B-scan) from areas superior and inferior to the ONH. Also, 

176 averaged line scans (produced by processing 7–11 raw B-scans into a single averaged 

B-scan) selected from 22 scan volumes that included the ONH and the AC in the region 

superotemporal to the ONH were included for image analysis (Figure 1).

B-scans for which the Spectralis® system-specific internal quality value (signal-to-noise-

ratio in decibels) was less than 20 dB, and B-scans that were acquired by averaging less than 

seven individual B-scans, were excluded from the study.

All image analyses were performed by two independent graders (EM, PS) using HEYEX 

software (Heidelberg Eye Explorer, Version 1.10.2.0, Heidelberg Engineering) in four 

different retinal regions: one superior (dorsal) to the optic nerve head (dONH), representing 

the tapetal area, one inferior (ventral) to the ONH (vONH), representing the non-tapetal 

area, and one in a visually identified AC and fovea-like region (F). The mean distances from 

the center of the ONH to dONH and vONH regions were 2.8mm (range: 2.5–4.1mm) and 

1.7mm (range: 1.3–2.3mm) for dogs and cats, respectively. The AC was visually identified 

on cSLO images as an area superotemporal to the ONH surrounded by centripetally 

arranged retinal vessels (Figure 2). Five single scan lines passing through the visually 

identified AC were selected from the scan volumes centered over the region superotemporal 

to the ONH for analysis of the AC and F.

The fovea-like region (F) was visually identified on SD-OCT images of the avascular center 

of the AC if the following features were observed: thinning of the ONL and NFL and 

thickening of the photoreceptor outer segment layers (with the ELM and ellipsoid zone 

(EZ) arching internally (Figure 2). The AC and fovea-like region were visually identified 
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by consensus opinion from three observers (EM, PS, SAP) given the subjective nature of 

this identification. The reviewer panel consisted of one experienced OCT scan reader (PS), 

one inexperienced (student) OCT scan reader (EM), who was trained by PS and gained 

experience during the project, and one experienced veterinary ophthalmologist (SAP).

Qualitative analysis: choriocapillaris (CC) identifiability and visibility—To 

evaluate the visibility of the CC, the innermost narrow hyporeflective horizontal choroidal 

band visible on SD-OCT images was identified on all available scan lines of dogs (200) and 

cats (222) in the regions dONH, vONH, and AC. Connection of this presumed CC through 

narrow hyporeflective canals (connecting vasculature) to the more externally located major 

choroidal vessels was ascertained on these and adjoining SD-OCT B-scans (Figure 3). First, 

the question whether the CC could be identified at all was answered by both graders with 

a yes/no answer. Second, CC visibility was estimated by both graders as a percentage of 

SD-OCT B-scan length with visible CC. The visibility of the CC was evaluated based on a 

scoring system with three scores:

Score 1: CC visible on less than 10% of the image width.

Score 2: CC visible on 11–50% of the image width.

Score 3: CC visible on more than 50% of the image width.

Quantitative analysis: outer retinal band thickness—Three different layer 

measurements were manually performed on SD-OCT images to support the identification 

of the CC and of a fovea-like region within the canine and feline AC (Figure 2). The 

first measurement represented the combined length of photoreceptor inner and outer 

segments and was defined as the linear distance between ELM and the border between the 

interdigitation zone (IZ) of the photoreceptor outer segment tips with the apical processes 

of the RPE and the RPE, not including the RPE/BM complex (ELM-RPE). The second 

measurement represented the outer retinal thickness and was defined as the linear distance 

between ELM and the CC, including the RPE/BM complex (ELM-CC). The numerical 

difference between the first and second measurements yielded the thickness of the RPE/BM 

complex on SD-OCT. The ONL was included as third measurement and used as internal 

quality control for correct visual identification of the fovea-like region as previously 

described by Beltran et al.31.

Measurements of ELM-RPE, ELM-CC, and ONL each were performed in five randomly 

selected measurement points per previously defined retinal region: dONH, vONH, AC, and 

F. Measurements in the dONH, vONH, and AC regions were limited to the central 50% of 

the B-scan image width to avoid possible image distortion artefacts at the edges of the scans. 

In the fovea-like region, five measurement points were randomly selected within a radius of 

100μm from the perceived center of the fovea-like region (Figure 1). All measurements were 

performed in micrometers.
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Statistical evaluation

Multilevel regression analysis was used to assess the effects of retinal region (dONH, 

vONH, AC), grader, eye (OD = oculus dexter [right eye], OS = oculus sinister [left eye]) 

and replication (five repeat measurements) on the mean retinal layer measurements. Since 

a fovea-like region could only be identified on the SD-OCT images of five canine and five 

feline eyes, F was excluded from statistical analyses other than descriptive analyses. The low 

number of measurements for F compared to dONH, vONH, and AC caused an imbalance 

in factorial level, which is undesired in parametric linear models. A separate model was 

built for each retinal layer (ELM-RPE, ELM-CC, ONL). Animal number was included 

in all models as a random effect to adjust for replication. Variables for the final models 

were selected based on the Akaike Information Criterion (AIC) and likelihood ratio test. 

Additionally, we performed a multiple post hoc comparison (Tukey multiple comparisons 

test) between retinal regions in each retinal layer.

Statistical analyses were performed with IBM SPSS Statistics Version 25 and R version 

3.5.2, using the packages multcomp and nlme.

The null hypothesis stated that the measurement means are equal across retinal regions. The 

null hypothesis was rejected at P<0.05.

The qualitative CC identifiability (Yes/No) and visibility (scoring) analyses of grader A 

and grader B were compared via Cohen’s Kappa coefficient calculation with agreement 

classification according to Kundel and Polansky44 and Landis and Koch45. Only the 

averaged SD-OCT B-scans extracted from the scan volumes from the dogs and cats which 

had a comparable image quality were included in this interrater agreement analysis. The 

interrater agreement analysis for the highly averaged single line scans from the cats was 

performed separately.

Results

Figure 4 illustrates our interpretation and terminology for the retinal bands seen on SD-OCT 

images used in this work.

The CC could be identified as a thin hyporeflective horizontal linear structure external and 

adjacent to the hyperreflective horizontal RPE/BM on SD-OCT images.

Qualitative results: choriocapillaris (CC) identifiability and visibility

The interrater agreement results of the Cohen’s Kappa test for CC identifiability and 

visibility scoring for both dogs and cats are presented in Table 2.

The interrater agreement for CC identifiability and visibility scoring in dogs was ‘fair’. 

Grader A identified the CC on 182, and grader B on 163 of 200 B-scans, with disagreement 

between graders on 15.5% of the B-scans. The graders disagreed regarding CC visibility 

scoring on 27.5% of the B-scans. Most canine B-scans (Grader A: 145/200, Grader B: 

150/200) received score 1 (CC visible on <10% of the image width) (Figure S2) and no 
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canine B-scans received score 3 (CC visible on >50% of the image width) from either 

grader, independent of retinal region.

The interrater agreement for CC identifiability and visibility scoring on averaged scans in 

cats was ‘substantial’. Grader A identified the CC on 160, and grader B on 161 of 176 

averaged B-scans, with disagreement between graders on <5% of the B-scans. The graders 

disagreed regarding CC visibility scoring on 11.5% of the averaged B-scans. The interrater 

agreement for CC identifiability and visibility scoring on highly averaged scans in cats was 

‘perfect’ and ‘substantial’, respectively. Both graders identified the CC on all 46 highly 

averaged (from 93–100 raw B-scans) single line scans. The graders disagreed regarding CC 

visibility scoring on 13% of the highly averaged B-scans. Most averaged feline B-scans 

(Grader A: 143/176, Grader B 122/176) received score 1 (CC visible on <10% of the image 

width), whereas most highly averaged feline B-scans (Grader A: 32/46, Grader B: 34/46) 

received score 2 (CC visible on 10–50% of the image width) from both graders. Averaged 

feline B-scans received score 3 (CC visible on >50% of the image width) once, and highly 

averaged feline B-scans received score 3 three times from both graders (see Figure 3 for 

example).

All scoring disagreements between grader A and B consisted of a one grade difference in 

scoring.

Scan reflectivity profiles were generated to demonstrate differences between visibility scores 

1 and 3 in felines and between scores 1 and 2 in canines (Figure 5).

Qualitative results: visual identification of the fovea-like region

A fovea-like region (F) was visually identified in five eyes of four dogs on SD-OCT images 

of the avascular center of the AC from 14 scan volumes, including the ONH and the AC. 

A fovea-like region (F) was visually identified in five eyes of four cats on SD-OCT images 

of the avascular center of the AC from 20 scan volumes, including the ONH and the AC 

(Figure S3). The anatomic lack of a foveal pit observed on human retinal SD-OCT scans 

has been termed fovea plana 46. As illustrated in figures 2 and S3, a fovea-like area with 

a partial fovea plana-like appearance was observed on the canine OCT scans, whereas 

a fovea-like area with a fovea plana-like appearance was observed on the feline OCT 

scans.Mean distance from the ONH center to the center of the AC (6.7mm in dogs, 4.2mm 

in cats) was comparable with the mean distance from the ONH center to the center of the 

F (6.2mm in dogs, 4.2mm in cats) (Supplementary Table S1). These results increased the 

authors’ confidence in the correct visual localization of the avascular center of the AC and 

the fovea-like region.

Quantitative results: outer retinal band thickness

Measurements in μm of the combined length of photoreceptor inner and outer segments 

(ELM-RPE), the outer retinal thickness (ELM-CC) and the outer nuclear layer thickness 

(ONL) across four distinct retinal regions (F, AC, dONH, vONH) on SD-OCT images of 

dogs and cats are compiled in Figure 6. The means and standard deviations of the retinal 

layer measurements are listed in Tables S2a and S2b.
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The ELM-RPE and ELM-CC were thickest in the F, then AC, then dONH regions, and were 

thinnest in the vONH region, demonstrating very similar patterns in dogs and cats. The ONL 

on the other hand was thinnest in the F, then vONH, then AC regions and was thickest in the 

dONH region, again demonstrating a similar pattern in dogs and cats. Figure 2 illustrates the 

thinner ONL and thicker ELM-RPE measurements within the fovea-like region compared 

to the surrounding retina. The fact that the indirectly measured thickness of the RPE/BM 

was consistent and constant across all four retinal regions (mean: 10.2μm in dogs, 10.1μm 

in cats) increased the authors’ confidence in the correct identification and localization of the 

CC in these eyes.

ELM-RPE, ELM-CC, and ONL thickness measurements were all statistically significantly 

different between AC, dONH, and vONH (see Tables S3a and S3b). Grader, eye (OD 

vs. OS), and replication did not affect the measurement means, apart from a statistically 

significant but unexplained grader effect on the ELM-RPE measurements in dogs. The 

estimated mean difference of this grader effect on the ELM-RPE measurements in dogs was 

0.54μm (p= .004, 95% CI from 0.2 to 0.9μm) which constitutes a 1.2% difference between 

graders on a mean ELM-RPE thickness of 45.5μm in dogs.

Discussion

Interspecies variations in retinal and choroidal anatomy prevent a direct extrapolation of the 

human retinal SD-OCT-nomenclature to animals. The validation of markers used to identify 

retinal and choroidal structures on SD-OCT scans in different species is necessary. In the 

field of veterinary medicine, there are only relatively few and incomplete published datasets 

of normative SD-OCT-values for the different retinal and choroidal layers1,10,12,17,21,22,33,47.

The reflective nature of the tapetum lucidum makes the RPE/BM difficult to identify and 

an unreliable outer retinal marker, as in non-tapetal animal species where the choroidal 

structures have similar or higher reflectivity than the RPE/BM22. The results of the study 

presented here supported our hypothesis that both the CC and connecting vasculature can 

be visualized on SD-OCT scans and might be useful as markers for the identification of the 

outer retinal boundary in dogs and cats, which are both tapetal species36.

The value of the CC and its connecting vasculature as markers for identification of the outer 

retinal margin in dogs and cats depends on their identifiability on individual B-scans. The 

CC was identifiable on a higher percentage of averaged line scans from dogs (>80 and 

>90%, depending on the grader), and cats (>90%), than previously described for rabbits, 

rats and mice by Soukup et al.22. The CC is therefore a valid marker for the outer retinal 

boundary in dogs and cats. However, the fact that the CC was visible on <10% of the SD-

OCT image in the majority of canine and feline scans and that interrater agreement in dogs 

was only fair suggests that visibility can be inconsistent, necessitating rigorous and detailed 

scrutiny of the entire length of these scans. The tapetum lucidum with its reflectivity seemed 

to make the CC more difficult to visualize (Figure 3, Figure 5, and Figure S2), compared 

to non-tapetal species in which visualization of the CC and its connecting vasculature was 

described as easy22. The CC may thus be a less than ideal outer retinal margin marker 
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for use in tapetal species, especially in situations where large numbers of scans need to be 

evaluated.

The CC was identified on all highly averaged line scans from cats by both graders, and 

the CC visibility scores were higher for highly averaged line scans compared to averaged 

line scans from cats. Disagreement between graders regarding specific scores was almost 

equal compared to the averaged scans. This means that the identifiability and visibility of 

the CC on SD-OCT B-scans would likely be increased by increasing the number of raw 

single B-scans acquired and averaged to produce a single averaged B-scan. The acquisition 

and evaluation of consecutive serial or volume B-scans could also increase CC identifiability 

and thus increase its usefulness as outer retinal margin marker, as previously suggested by 

Soukup et al.22.

Choriocapillaris identifiability and visibility scores were comparable for dogs and cats, but 

the interrater agreement for these scores was higher for cats than dogs. Differences in grader 

experience could have accounted for differences in scoring. With only a one grade difference 

in scoring for all scoring disagreements between graders A and B, the differences in scoring 

were relatively small overall, especially when the difference in experience level between the 

two graders is considered. The reasons for the difference in interrater agreement between 

cats and dogs are unclear.

A fovea-like region was visually identified in a subset of dogs (five eyes, four dogs) and 

cats (five eyes, four cats) (Figure S3). This finding is in accordance with the description of a 

canine fovea-like region by Beltran et al.31 and the indication of the same by Occelli et al.10, 

and suggests the potential existence of a similar fovea-like region in the AC in cats.

The distance between two scanlines in the B-scan volumes including the AC that were 

analyzed for the study presented here was 123μm in dogs and 213μm in cats. Therefore, 

the scanline density would explain the lack of identification of a fovea-like region in a 

significant number of eyes in cats. However, due to the almost twofold higher scanline 

density, a higher rate of identification of a fovea-like region would have been expected in 

dogs compared to cats. The lack of a substantial difference in fovea-like region identification 

between dogs (5/14 scan volumes) and cats (5/20 scan volumes) despite the difference in 

scanline densities in our study might be explained by the presence of a larger fovea-like 

region in cats with more evenly thickened photoreceptor outer segment layers and/or thinned 

ONL, facilitating identification. Since published information on the existence or morphology 

of a fovea-like region in the retina of cats is lacking, and the study presented here lacks 

histopathologic evidence to substantiate the presence of a feline fovea-like region, further 

studies will be necessary in order to either support or reject this hypothesis. Of note, 

the authors believe that ex vivo histology, with all the induced post-mortem processing 

tissue changes and artifacts, and the necessity for very laborious serial sectioning within a 

consistent plane, is not an ideal gold standard technique for identification of a fovea-like 

region. This is especially true if layer thicknesses and structure differences within and 

outside of such a small fovea-like region are subtle. With these shortcomings, we question 

whether histology would be more sensitive at identifying a fovea-like region than in-vivo 

OCT image evaluation.
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In the current study, only visible anatomic markers on SD-OCT scans were used for 

identification of the fovea-like region, including thinning of the ONL and NFL and 

thickening of the photoreceptor outer segment layer accentuated by internal arching of 

the ELM and EZ. The histology of the canine fovea-like region as presented by Beltran 

et al.31 demonstrates a significant, focal, increased thickness of the photoreceptor outer 

segment layer, much confined to the central 50% of its 200μm diameter. The identification 

of these visible markers can therefore be expected to only be reliable in the center of 

the fovea-like region in dogs. The fact that volume scan segmentation, as described by 

Beltran et al.31, resulted in a reliable identification of the fovea-like region using ONL 

thinning as an objective marker supports this claim. Manual segmentation of SD-OCT 

volume scans is possible14,31,48, but very time-consuming and not a logistically feasible 

technique for the evaluation of clinical patients. For this reason, algorithms were developed 

for the automatic segmentation and analysis of SD-OCT datasets from human and rodent 

retinas acquired in clinical and research settings2,49–59. Few algorithms, none of which 

are commercially available, are currently capable of segmenting canine retinal layers60,61. 

Further development and use of such automated analysis techniques for canine retinal 

SD-OCT scan evaluation is desirable for clinical and research work alike.

The fact that our ONH-AC and ONH-F distance measurements were basically identical 

(Table S1) strengthened the author’s confidence in the correct visual localization of the 

avascular center of the AC and F in our study. This confidence was further supported by the 

comparable localization of the center of the AC on cSLO images in our study and those from 

Beltran et al.31, Mowat et al.15, and Occelli et al.10. Furthermore, various histopathology-

based publications40,62,63 also placed the canine AC at a very similar location, despite 

potential processing artifacts and differences in measurement methods.

As demonstrated in our study, photoreceptor inner and outer segment length (ELM-RPE) 

and outer retina (ELM-CC) were significantly thicker inside compared to outside the 

AC, and thicker still, albeit not statistically evaluated, within the fovea-like region. These 

measurements therefore qualify as potential objective markers for the identification of the 

AC and fovea-like region, in addition to ONL thickness. This conclusion is supported by a 

recent publication which reported a demonstrable lengthening of photoreceptor inner/outer 

segments on SD-OCT scan images from the AC of dogs between 4 and 52 weeks of age, 

with an apparent peak inner/outer segment length in the very center of the AC demonstrated 

in 12-week old dogs10. These OCT-based observations are supported by the increased 

thickness of the photoreceptor outer segment layer that was previously demonstrated 

histologically by Mowat et al. in the AC39, and by Beltran et al. in the fovea-like region31. 

There are no published or unpublished data from extensive studies in these research 

colonies, to date, that suggest any ocular pathology in either cats that are heterozygous 

for the LTBP2 mutation or dogs that are heterozygous for the G661R ADAMTS10 mutation. 

However, the potential difference in ELM-RPE and ELM-CC measurements in the vONH 

and dONH regions between wildtype and G661R ADAMTS10 heterozygous carrier dogs 

(Figure 6) is an observation that would be worth pursuing further in a follow-up study 

including larger animal cohorts.
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In conclusion, the CC and connecting vasculature are identifiable and appear to represent 

valid outer retinal boundary markers. However, the CC could only be visualized with close 

scrutiny of the entire scan length in most evaluated scans, making the CC a less than ideal 

outer retinal boundary marker for use in tapetal species. Also, the AC and a fovea-like 

region can be visually and objectively differentiated from the surrounding retina on canine 

SD-OCT scans and similar features suggestive of a fovea-like region were also observed in 

feline SD-OCT scans. The potential existence of a fovea-like region in the AC in cats was 

suggested.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: SD-OCT scan orientation and line scan and measurement point selection.
Left: Schematic of the canine fundus with available SD-OCT volume scans. Right: 

Schematic of the feline fundus with available SD-OCT highly averaged line scans and 

volume scan. The four retinal regions that were evaluated are superior (dorsal) to the optic 

nerve head (dONH), inferior (ventral) to the ONH (vONH), and in a visually identified area 

centralis (AC) and fovea-like region (F). The five top and bottom single scan lines (arrows) 

were selected from the volume scans centered over the ONH for analysis of the dONH and 

vONH regions in dogs. The highly averaged line scans located dorsal and ventral to the 

optic nerve head (arrows marked dONH and vONH) were selected for analysis of the dONH 

and vONH regions in cats. Five single scan lines (arrows) passing through the visually 

identified AC were selected from the scan volumes centered over the region superotemporal 

to the ONH for analysis of the AC and F. The arrows represent the scan direction. The 

dots mark the single randomly selected measurement positions. Measurements in the dONH, 

vONH and AC were limited to the central 50% of the B-scan image width to avoid possible 

image distortion artefacts at the edges of the scans. In the fovea-like region (circles marked 

‘F’), five measurement points were randomly selected within a radius of 100μm from the 

perceived center of the fovea-like region. Note, the fovea-like region is not drawn to scale 

but enlarged approximately tenfold for illustrative purposes.
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Figure 2: Identification of the area centralis (AC) and the fovea-like region (F).
Top left in top panel: cSLO image of canine retina OS; top left in bottom panel: cSLO image 

of feline retina OD. Next to the cSLO images: SD-OCT B-scan through the center of the AC 

in the same dog and cat, respectively. The AC was visually identified on the cSLO image 

as area dorsotemporal to the ONH, surrounded by centripetally arranged retinal vessels. The 

F was visually identified on SD-OCT images of the avascular center of the AC (asterisk 

A), through observation of the following features: thinning of the ONL and internal arching 

of the ELM and EZ (left cut-out A). Measurement of outer retinal band thicknesses. 
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Three different measurements were performed: 1. ELM-RPE, 2. ELM-CC, 3. ONL. The 

numerical difference between first and second measurement = thickness of the RPE/BM 

complex. Measurements of ONL and ELM-RPE in the F are illustrated in the left cut-outs 

(A). Note that the ONL is thinner and the ELM-RPE distance is larger in the F compared 

to the surrounding AC, illustrated in the right cut-outs (B). NFL = nerve fiber layer, ONL 

= outer nuclear layer, ELM = external limiting membrane, EZ = ellipsoid zone, RPE/BM = 

retinal pigment epithelium/Bruch’s membrane, CC = choriocapillaris.
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Figure 3: Visibility of the choriocapillaris (CC) on feline SD-OCT B-scan images.
Left: Score 1 SD-OCT B-scan image of the dONH region of a cat (Score 1: CC visible 

on <10% of the image width). Middle: Schematic of the different hyperreflective and 

hyporeflective retinal and choroidal bands visible on SD-OCT B-scans of tapetal species. 

Right: Score 3 SD-OCT B-scan image of the AC region of a cat (Score 3: CC visible on 

>50% of the image width). The black arrowheads represent the CC, which is visible as 

the innermost narrow hyporeflective horizontal choroidal band throughout almost the entire 

image width on the score 3 scan. Note that the CC is more difficult to visualize on the score 

1 scan in the left image. Also note that the tapetum is thicker on the scan that received a 

visibility score 1 than on the scan that received a score 3. The white asterisks represent small 

blood vessels that cross the tapetum to connect the CC to the more externally located major 

choroidal vasculature (white stars). Identification of these narrow hyporeflective connecting 

vessels was used to ascertain correct identification of the CC. dONH = retinal region 

superior (dorsal) to the optic nerve head, AC = area centralis.
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Figure 4: Juxtaposition of SD-OCT with retinal histology.
The hyporeflective and hyperreflective retinal bands of the feline retina and choroid visible 

on SD-OCT B-scans (right image) juxtaposed and compared to histology (left image). The 

nomenclature of the different retinal layers/zones was based on the SD-OCT nomenclature 

consensus published by Staurenghi et al.29. NFL = nerve fiber layer, GCL = ganglion cell 

layer, IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, 

ONL = outer nuclear layer, ELM = external limiting membrane, MZ = myoid zone, EZ = 

ellipsoid zone, OS = outer segments, IZ = interdigitation zone, RPE/BM = retinal pigment 

epithelium/Bruch’s membrane, CC = choriocapillaris, T = tapetum, C = choroid. White 

asterisks indicate the small vessels connecting the CC with the more externally located 

major choroidal vasculature. The black arrowheads indicate the CC.
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Figure 5: Reflectivity profile images of canine and feline SD-OCT scans.
Left: SD-OCT scans of highest and lowest score regarding CC visibility in cats and dogs. 

Right: Reflectivity profile images generated from these SD-OCT scans. Score 1 = CC visible 

on <10% of the image width. Score 2 = CC visible on 11–50% of the image width. Score 3 

= CC visible on >50% of the image width. Black arrows mark the CC. Reflectivity profiles 

were generated using Image J function ‘Analyze>Plot profile’ in scale of 256 shades of grey 

from 10 consecutive A-scans. CC = choriocapillaris.
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Figure 6: Retinal layer thickness measurements on SD-OCT B-scans in four distinct retinal 
regions in dogs and cats.
Measurements of the combined photoreceptor inner and outer segment length (ELM-RPE), 

the outer retinal thickness (ELM-CC) and the outer nuclear layer thickness (ONL) on SD-

OCT images of dogs (left side) and cats (right side) are presented. Boxplots with median, 

first quartile Q0.25, third quartile Q0.75 and statistical minimum and maximum (without 

outliers), and scatterplots with dots representing single measurements are depicted. For 

wildtype animals black dots are used and carriers are presented in red (dogs = heterozygous 

carriers for the G661R ADAMTS10 mutation, cats = heterozygous carriers for the LTBP2 
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mutation). Numbers on the y-axis represent thickness measurements in μm (ELM-RPE, 

ELM-CC, ONL). The four distinct retinal regions are indicated on the x-axis, from left 

to right: ventral to the ONH (vONH), dorsal to the ONH (dONH), area centralis (AC) 

and fovea-like region (F).. ELM = external limiting membrane, RPE = retinal pigment 

epithelium, CC = choriocapillaris.
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Table 1a:
Signalment of dogs included in the study.

Breed, gender, age at time point of SD-OCT-imaging (median age of 13.7 months) and the genetic status are 

listed for all 10 dogs; carrier = unaffected carrier for G661R ADAMTS10 open-angle glaucoma mutation, wt 

= wild type, m = male, f = female.

Breed Gender Age [months]: Genetic status

1 Beagle m 6.6 carrier

2 Beagle f 71.2 carrier

3 Beagle f 6.6 carrier

4 Beagle m 42.1 carrier

5 Beagle f 17.6 wt

6 Beagle f 9.8 wt

7 Beagle f 9.7 wt

8 Beagle m 9.2 wt

9 Beagle f 41.1 wt

10 Beagle f 41.9 wt
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Table 1b:
Signalment of cats included in the study.

Breed, gender, age at time point of SD-OCT-imaging (median age of 11.8 months) and the genetic status are 

listed for all 12 cats; carrier = unaffected obligate heterozygous carrier for a mutation in LTBP2 causal for 

recessively inherited feline primary congenital glaucoma, wt = wild type, f = female, m = male.

Breed Gender Age [months]: Genetic status

1 Domestic short hair f 67.3 wt

2 Domestic short hair f 11.9 carrier

3 Domestic short hair f 6.5 carrier

4 Domestic short hair m 11.7 carrier

5 Domestic short hair f 11.7 carrier

6 Domestic short hair m 11.6 carrier

7 Domestic short hair m 11.7 carrier

8 Domestic short hair m 11.7 carrier

9 Domestic short hair m 25.0 carrier

10 Domestic short hair m 25.0 carrier

11 Domestic short hair m 25.5 carrier

12 Domestic short hair m 24.4 wt
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Table 2:
Interrater agreement of choriocapillaris (CC) identifiability and visibility in dogs and 
cats.

Two hundred canine and 176 feline averaged SD-OCT B-scans were used to assess CC identifiability, where 

both graders answered with yes or no whether the CC could be identified at all; and CC visibility, where both 

graders scored the percentage of SD-OCT B-scan length with a visible CC. A Cohen’s Kappa test was used 

to test interrater agreement. The last line in the table (highlighted in grey) represents the interrater agreement 

for an additional 46 highly averaged single line scans of cats, which were analyzed separately. Averaged line 

scans were produced by processing 9–17 and 7–11 raw B-scans into a single averaged B-scan in dogs and 

cats, respectively. Highly averaged single line scans of cats were produced by processing 93–100 raw B-scans 

into a single highly averaged B-scan. Kappa results were interpreted as follows: <0 = poor, 0–0.20 = slight, 

0.21–0.4= fair, 0.41–0.60 = moderate, 0.61–0.80 = substantial, 0.81–1.00 = almost perfect45.

SD-OCT B- scan type CC identifiability (Yes/No) CC visibility (scoring)

averaged K- value = .36 fair K-value = .29 fair

averaged K-value = .75 substantial K-value = .72 substantial

highly averaged K-value = 1 almost perfect K-value = .71 substantial
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