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1 | INTRODUCTION

The rabbit is the third most encountered pet in small
animal veterinary practice in the United Kingdom.'

Abstract

Objective: To describe a repeatable method of measuring ocular structures and to
establish ocular biometry reference ranges in adult domestic rabbits (Oryctolagus
cuniculus) without medical history or imaging findings consistent with ophthal-
mic disease using a 64-slice multidetector computed tomography scanner.
Procedure: In this retrospective and observational anatomic study, 100 eyes
from 50 rabbits without medical history or imaging findings consistent with oph-
thalmic disease who received a head computed tomography scan were selected
for measurement of globe length, width, and height using 3D multiplanar recon-
struction. Lens width and length, the anteroposterior length of the anterior and
vitreous chambers, and attenuation of the lens and vitreous chamber were col-
lected. These parameters were compared against age, sex, weight, body condition,
and ear conformation.

Results: A reference guide was established, with globe width being the largest
dimension (18.03+0.81 mm), followed by height (17.18+0.69mm) and then
length (16.64+0.66 mm). Increased weight was associated with an increase in
globe height (p=2.43x107"), length (p=1.63x10"*), and width (p=7.0x107").
Increased age was associated with increased lens attenuation (p=1.28 X 10~")and
increased transverse lens width (p=1.64x107°). Inter- and intra-observer agree-
ment was excellent.

Conclusions: CT is a reliable modality for measurement of ocular biometry
dimensions in rabbits. These reference values can be applied to aid in identify-
ing diseases that affect the dimensions of the ocular structures in rabbits over
18 months of age.

KEYWORDS

attenuation, dimensions, exotic, lens, reference range, vitreous chamber

The rabbit eye has historically been used as a model for
human ophthalmologic research, due to comparative

similarities to human eyes in corneal thickness, aqueous
humor volume, aqueous production rate, tear volume,
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and tear production rate.> Ocular biometry is the mea-
surement of the dimensions of the ocular structures,
and was previously determined in rabbits using cadav-
ers.” The rabbit globe is described as a prolate spheroid
in shape.*

As computed tomography (CT) scanners become more
available in animal hospitals,5 its use in rabbits is becom-
ing more accessible, with several recent publications on
normal anatomical structures and classification of cranial
disease processes.”'° Rabbits frequently present for clin-
ical problems related to dental and auricular disease.®™!
The complex interdigitating structures of the head are
well assessed using CT*? and with the eyes included
in those CT studies, there is a need for a standardized
method of measurement, and reference ranges to assess
ocular structures.

In other veterinary species, CT has been demon-
strated to be a suitable modality for assessing ocular
dimensions,>"!” and has been demonstrated to aid in
diagnosis of ophthalmologic disease, for example those
involving anterior and posterior lens luxation, and
changes in lens shape.'” A reference range for normal
CT ocular measurements in rabbits has not been estab-
lished in literature. A reference range may be used to aid
in diagnosis of conditions that affect ocular dimensions.
The effect of ear conformation, body condition, age, and
weight on ocular dimensions has not been investigated
in rabbits.

The aims of this study were (i) to establish a reliable
and repeatable method to measure ocular structures in a
rabbit using CT, with high intra- and interobserver agree-
ment; (ii) to establish a reference guide for globe length,
height, and width, anteroposterior distance of the an-
terior chamber, anteroposterior distance of the vitreous
chamber, lens size, and attenuation in Hounsfield Units
(H.U.) of the vitreous humor and lens; (iii) to investigate
the correlation between left and right ocular biometric
measurements; (iv) to identify whether signalment fea-
tures including age, ear conformation, body condition,
weight and sex are associated with statistically signifi-
cant variation in ocular biometric measurements; (v) to
determine if intravenous contrast administration sig-
nificantly affects measured dimensions or attenuation
of ocular structures.

It was hypothesized that (i) there would be no statis-
tically significant difference between the left and right
ocular measurements, so that left and right eyes could be
included together for analysis of a larger sample; (ii) among
different sexes and ear conformations there would be no
significant difference in measurements; (iii) as weight in-
creases, so too would dimensions of the ocular structures
similar to what was found in dogsB; (iv) body condition
would not affect ocular dimensions, demonstrating that

lean weight affects ocular dimensions rather than body
condition®?; (v) lens attenuation will increase with age
secondary to increased likelihood of nuclear sclerosis.

2 | MATERIALS AND METHODS

21 | Sample

For this retrospective original mixed-methods (anatomic
and observational) study, the electronic medical records
of the Hospital for Small Animals of the Royal (Dick)
School of Veterinary Studies were reviewed, and rabbits
between 18 and 78 months of age that had a CT of the
head between July 2017 and September 2020 for non-
ophthalmologic reasons were selected based on conveni-
ence sampling. The study was approved by the Veterinary
Ethical Review Committee of the Royal (Dick) School of
Veterinary Studies (Veterinary Ethical Review Committee
reference 145.20). Client consent for use of images and
clinical data in research was granted for each case at ad-
mission to the university hospital.

Rabbits were only included if the review of their
medical and imaging records did not reveal the presence
of ocular or orbital pathology, any pathology causing
mass effect over the maxillary or orbital region, medi-
astinal masses as a cause of exophthalmos,' and if the
CT studies were of diagnostic quality. Medical data and
signalment characteristics were recorded by a European
board-certified exotics clinician (J.R.), who was blinded
to the CT measurements. Data collected for each pa-
tient included ear conformation, age, sex, neuter status,
weight, and body condition. Body condition was catego-
rized as poor, average, or obese based on recorded body
condition scores (scored out of five, with 1-2 being poor,
3 being average, and 4-5 being obese) and descriptions
within medical records (scored as poor if prominent
pelvic and vertebral bones were described on imaging
reports or clinical examination, scored as obese if large
amount of fat over the pelvic and vertebral bones were
noted on imaging report or clinical examination). Ear
conformation was recorded as upright or lop.

2.2 | CT measurements

Images were acquired using a 64-row multidetector
computed tomography scanner (Somatom® Definition
AS Siemens, Erlangen, Germany). CT Calibration using
a phantom (Siemens CT Water Phantom, Erlangen,
Germany) is performed once weekly. CT studies were per-
formed in conscious animals, placed inside a VetCat Trap
(Universal Medical Systems Inc., Solon, USA) plexiglass
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tube in sternal recumbency (Figure 1). Scan settings in-
cluded a pitch of 1.5, tube potential of 120kVp, reference
tube current of 160 maA, slice thickness of 1.0 mm and ma-
trix 512 512. Only soft tissue algorithm reconstructions
were assessed for the purposes of this study (Siemens
proprietary kernel H40), and window width and window
level were individually adjusted by the observers to opti-
mize identification of structures (with a default soft tissue
window width 350 HU, window level 40 HU). The images
were uploaded to a central picture archiving and commu-
nication system (PACS).

To perform the measurements, images were reviewed
on a computer workstation (Apple Mac Pro, Apple,
USA) with a calibrated LCD flat screen monitor using
dedicated DICOM viewer software (Horos, Purview,
Annapolis MD, USA, version 3.3.6). Images were as-
sessed using multiplanar reconstructions (MPRs) to
maximize ocular dimensions. Firstly, transverse, sag-
ittal, and dorsal planes of the head were obtained by
adjusting the centers of rotation on the MPR, aligning

FIGURE 1 A conscious rabbit placed in sternal recumbency
within the VetCat Trap plexiglass tube.

FIGURE 2
tomographic multiplanar reconstructions

Pre-contrast computed

in soft tissue algorithm of the head of

a rabbit aligned to assess the ocular
structures, showing globe measurements
of length (solid line) and height (dotted
line) on parasagittal (A), and width (solid
line) on dorsal (B) planes of the globe.
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them to the nasal septum (on the transverse and dorsal
planes) and hard palate (on the sagittal plane). Then,
first in the transverse and then in the dorsal planes of
the head, the center of rotation was positioned imme-
diately posterior to the lens at the slice of its maximal
dimension (based on visual inspection), and subse-
quently rotated to align it with its axial length and trans-
verse width. This resulted in images of the transverse,
parasagittal, and dorsal planes of the globe.

Multiple dimensions of both eyes (n=100) were as-
sessed on the pre-contrast CT images. All measurements
were performed by a third-year diagnostic imaging resi-
dent (N.I.), who was blinded to signalment data, and the
right eye was always measured first to maintain consis-
tency. For each dimension, the maximal distance was de-
termined by visual judgment:

1. Globe length from the external margin of the cornea
to the internal margin of the retina-choroid-sclera
complex at the maximum antero-posterior dimension
along a line perpendicular to and bisecting the lens
measured in a parasagittal plane (Figure 2A).

2. Globe height from the internal margin of the retina-
choroid-sclera complex to the internal margin of the
retina—choroid-sclera complex of the opposite side, at
the maximal distance posterior and parallel to the lens
measured in a parasagittal plane (Figure 2A).

3. Globe width from the internal margin of the retina-
choroid-sclera complex to the internal margin of the
retina—choroid-sclera complex of the opposite side, at
the maximal distance posterior and parallel to the lens
measured in adorsal plane (Figure 2B).

4. Anteroposterior distance of the lens (axial length) from
the anterior surface to the posterior surface of the lens
measured in aparasagittal plane (Figure 3A).

5. Lateromedial distance of the lens (transverse width)
taken at its widest dimension measured in adorsal
plane (Figure 3B).
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FIGURE 4 Pre-contrast computed tomographic multiplanar
reconstructions in soft tissue algorithm of the head of a rabbit
aligned to assess the ocular structures, showing the measurements
of anterior chamber length (solid line) and vitreous chamber length
(dotted line) in aparasagittal plane.

6. Anteroposterior distance of the anterior chamber, from
the external margin of the cornea to the anterior surface
of the lens measured in a parasagittal plane (Figure 4).

7. Anteroposterior distance of the vitreous chamber, from
the posterior surface of the lens to the internal surface
of the retina-choroid-sclera complex measured in a
parasagittal plane (Figure 4).

8. Mean attenuation in H.U. of the vitreous and lens by
drawing a region of interest in the center of these struc-
tures in a parasagittal plane, while taking care to avoid
the edges (to avoid averaging artifact), and areas of
beam hardening artifact when present (Figure 5).

FIGURE 3 Pre-contrast computed
tomographic multiplanar reconstructions
in soft tissue algorithm of the head of

a rabbit aligned to assess the ocular
structures, showing lens measurements
of axial length (solid line) on parasagittal
(A), and transverse width (dotted line) on
dorsal (B) planes of the globe.

FIGURE 5 Pre-contrast computed tomographic images of

the rabbit eye in which measurement of attenuation (Hounsfield
units) of the lens (solid line) and vitreous chamber (dotted line)
are performed by drawing a region of interest in the center of these
structures in aparasagittal plane.

2.3 | Comparison of CT measurements
before and after contrast administration

A subset of 10 rabbits (20 eyes) was selected randomly
from the group of 50, and was used to determine the in-
fluence of intravenous contrast medium administration
on ocular measurements. The same measurements were
performed by the same observer on images acquired 18s
after intravenous contrast medium administration (2mL/
kg of Iopamidol, Niopam 350, Bracco UK Ltd at a 0.8 mL/
min rate) through an intravenous cannula placed in the
lateral marginal auricular vein by a power injector pump
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(CT Expres™ Injector Unit, Bracco Ingineering S.A.,
Lausanne, Switzerland).

2.4 | Intra- and interobserver
repeatability

The same subset of 10 rabbits (20 eyes) was utilized to
assess intra- and interobserver agreement. The ocular
structures of these rabbits were measured three times by
the first observer, a diagnostic imaging resident in their
third year of training (N.I.), at intervals of at least 2 weeks
between measurements. A second observer, a European
College of Veterinary Diagnostic Imaging board-certified
radiologist (T.L.), performed all measurements once, una-
ware of the results of the first observer and blinded to the
signalment data. MPR from the original transverse images
was performed by each observer each time the structures
were measured.

2.5 | Statistical analysis

Summary statistics (mean, standard deviation, median,
and range) for ocular biometric data were calculated for
left and right eyes individually, as well as for both eyes
combined. Data were plotted to evaluate the distribu-
tion and to inform the selection of parametric or non-
parametric statistical tests as appropriate. To determine
the correlation between right and left ocular biometrics,
Pearson's correlation coefficient was calculated for all nine
parameters.19 For each ocular biometric, multivariate lin-
ear mixed-effect models were run to identify whether age,
ear conformation, sex, body condition or weight were as-
sociated with differences in measurements, with left and
right ocular data combined. Pre- and post-contrast meas-
urements were compared by Wilcoxon signed-rank test.
Intra- and interobserver repeatability were calculated as a
single fixed rater intraclass correlation coefficient (ICC),
directly comparing each data point of all measurements
made by each observer. All statistical analyses were per-
formed using RStudio (R Core Team 2019), and statistical
significance was set to p <.05.

3 | RESULTS

Fifty rabbits (100 eyes) were retrospectively assessed.
Twenty-one were female (six entire, 15 neutered) and 29
were male (five entire, 24 neutered). Twenty-two were
upright-eared, 28 were lop-eared. Mean age was 41 months
(SD 15.05), and mean weight was 2.4kg (SD 0.65). Twenty-
six rabbits had average body condition, 10 were obese, and

13 had poor body condition. The body condition for one
rabbit was not available in the medical records.

3.1 | Summary measurements for
biometric data

Summary of ocular structure measurements from all 50
rabbits are presented in Table 1. The width was the larg-
est dimension (18.03+0.81 mm), followed by the height
(17.18 £0.69 mm) and then the length (16.64 +0.66 mm).
The length of the vitreous chamber was on average almost
three times larger than that of the anterior chamber.

3.2 | Correlation between left and right
ocular measurements

For parameters pertaining to measured distances (globe
length, width, and height, anterior chamber and vitreous
chamber lengths, and lens length and width) there was
statistically significant moderate to strong linear posi-
tive correlation between the right and left ocular meas-
urements (Pearson's r=.45-.71, p<.001), demonstrating
that as ocular structures in one eye increased, there was
a proportional increase in structures in the other eye.
Both right and left eyes were included in the sample. For
measurement of mean lens attenuation there was a posi-
tive correlation (r=.37, p=.008). There was no statistical
correlation between the left and right eye mean vitreous
attenuation (r=.07, p=.64).

3.3 | Association between ocular
biometrics and sex, ear conformation, body
condition, weight, and age

Summary statistics for the 49 rabbits with all variables re-
corded and compared against nine biometric parameters
are presented in Table 2. One rabbit was excluded, because
it did not have available body condition data. No correla-
tion was observed between biometric measurements and
body condition score.

Increased weight was statistically associated with
an increase in the globe height (p=2.43 x107°), antero-
posterior globe length (p=1.63x10""), and globe width
(p=7.0x107"). For each increase in weight of 1kg, the
globe height increased by 0.01 mm, globe length increased
by 0.54 mm, and globe width increased by 0.48 mm.

Increased age was statistically associated with an in-
crease in mean lens attenuation in H.U. (p=1.28x107")
and the transverse lens width (p=1.64x10"°). For each
increase in age of 1month, the mean lens attenuation
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increased by 0.28 H.U.,, representing an increase in den-
sity, and the transverse lens width increased by 0.02 mm.

Increased age was statistically associated with an in-
crease in anterior chamber length (p=.022). For each
increase in age by 1month, the anterior chamber depth
increased by 0.006 mm. Increased weight was statistically
associated with an increase in vitreous chamber length
(p=.034) and a decrease in mean vitreous attenuation
(p=.011). For each increase in weight by 1kg, vitreous
chamber length increased by 0.27mm and mean vitreous
attenuation decreased by 1.56 H.U.

Male sex status was statistically associated with a de-
crease in vitreous chamber length (p=.040) of 0.30mm
compared to females. There were no statistically signifi-
cant differences in ocular measurements associated with
ear conformation or poor or obese body condition.

3.4 | Comparison of measurements
before and after intravenous contrast
administration

When comparing paired pre- and post-contrast image
biometrics for both eyes combined in all 50 rabbits,
statistically significant differences in measurements
were identified for globe width (p=.033) and lens
length (p=.028) only. There was a median reduction of
—0.33mm (range: —1.22 to +1.11 mm) between pre- and
post-contrast paired measurements of globe width i.e., the
post-contrast measurements were 0.33mm smaller. The
median increase between paired pre- and post-contrast
lens length measurements was +0.23 mm (range: —0.40 to
+0.74mm) i.e., the lens length was measured as 0.23 mm
larger in the post-contrast images.

3.5 | Intraobserver and interobserver
repeatability

There was excellent intraobserver repeatability with an
ICC of 0.9997, as well as excellent interobserver repeat-
ability for all measurements with an ICC of .998. Among
each observer, the measured distances of globe width,
height, and length varied by up to 0.6 mm, mean attenu-
ation of the lens varied between 140 and 168 H.U., and
mean attenuation of the vitreous chamber varied between
8 and 18 H.U. for each observer.

4 | DISCUSSION

A repeatable measuring technique is described for ocu-
lar structures in rabbits, and reference values for size

WI LEYL

and attenuation are proposed. There were small but
noteworthy differences between the proposed refer-
ence values on CT in this study and those reported via
ultrasound by a previous study.”’ Mean anteroposte-
rior globe length proposed on ultrasound in that study
was 17.12+0.41 mm. This was within 2.9% of the mean
length we proposed on CT. Some other ocular biometric
values established previously on ultrasound differed by
these CT reference ranges by up to 12.6%. Differences in
those standardized measurements are most likely attrib-
utable to differences in sample characteristics (a homo-
geneous population of thirty 10-month-old New Zealand
white rabbits were used in that study). Alternatively,
the small differences may be partially accounted for
by increased spatial resolution of ultrasound imaging
compared to CT. The relatively high pitch of 1.5 used
to acquire the soft tissue images quickly to reduce mo-
tion artifact in the unsedated rabbit may contribute to
lower CT image resolution. Ideally, the validity of all CT
measurements would be assessed by comparing them to
a gold standard, such as characteristics of ocular struc-
tures on necropsy, and this was not pursued in the scope
of this investigation.

With increasing lean body weight, an increase in all
globe measurements (length, width, and height), as well
as vitreous chamber length, was observed. Similarly and
unsurprisingly, in a study describing canine CT ocular
biometrics, globe dimensions were also found to statisti-
cally significantly increase with weight.'* Body condition
score did not statistically significantly affect any ocular
measurements, and so it is less likely that ocular dimen-
sions are altered by fat-deposition related compression of
ocular structures, and more likely that the difference ob-
served with increasing weight is a consequence of larger
anatomical body dimensions.

As age increased, so did the mean lens attenuation in
H.U. and transverse lens width (equatorial diameter). By
including rabbits between the ages of 18 and 78 months,
we sought to concurrently avoid age-related growth
as a variable for increased globe dimensions (minimal
globe growth has been described beyond 18 months of
age),”™** while minimizing degenerative changes in
aging rabbits, while including a heterogeneous popula-
tion that is representative of that encountered in clini-
cal practice. It has been found that minimal lens growth
may continue up to and possibly beyond 4 years of age.
An increase in lens attenuation with age occurs due to
the continual development of lens fibers throughout a
rabbit's life, and this is proposed to also increase trans-
verse lens width.?*?’ Furthermore, it has been demon-
strated that the lens becomes stiffer with increasing
age in rabbits,?® decreasing the accommodating ability
of the lens,?”*® which may contribute to the increase in
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lens width with age—a less compliant lens will retain a
relatively flattened, oblate spheroidal shape.*” This same
principle may account for the increase in anterior cham-
ber length with age; the lens retains a flattened shape,
bulging less into the anterior chamber. It is important
to bear in mind that the measurements on CT are not
correlated to the actual size of the lens in this study once
it has been removed. Rabbits younger than 18 months
were not included in this study, and so the described
reference ranges likely differ in younger rabbits that are
not skeletally mature.

Males had a smaller vitreous chamber length than fe-
males. The relationship between male sex and smaller
vitreous chamber length may be attributable to sample
characteristics and a possible disproportion in the in-
cluded weight of male and female rabbits. The possibil-
ity of sex-related morphological differences is something
that can be investigated in future anatomic studies. As
rabbit weight increased, there was a statistically signifi-
cant increase in vitreous chamber length and a decrease
in mean vitreous attenuation. The degree of these differ-
ences was miniscule, with an increase in vitreous cham-
ber length of only 0.27mm per kilogram, and a small
decrease in attenuation by 1.56 H.U. per kilogram. Each
of these findings are so small in scale that they are not
clinically significant. As age increased, there was a sta-
tistically significant increase in globe height. Whether
this is attributable to age-related globe compliancy
changes, or is due to a small sample size, needs to be
investigated further.

There was no correlation between left and right
mean vitreous attenuation; in other words, as a change
in attenuation was present in one side, a corresponding
change was not present in the other. The difference in
the mean vitreous attenuation among each eye may be
attributable to degenerative changes happening at a dif-
ferent rate in each eye, as it has been observed on post
mortem examination that the rabbit vitreous body un-
dergoes liquefaction (typically subclinical degeneration)
from an early age.”® Alternatively, the difference may be
artifactual as attenuation measurements can be greatly
affected by subtle beam hardening even if care was taken
to avoid it when visible. It is worth noting that these dif-
ferences in attenuation are not grossly appreciable on
CT, and to our knowledge, it has not been demonstrated
that vitreous liquefaction is able to be appreciated on
CT. The heterogeneous composition of vitreous humor
(a transparent gelatinous mass composed of water, colla-
gen fibrils, hyaluronic acid, hyalocytes, inorganic salts,
sugar and ascorbic acid) has been described to contrib-
ute to a wide range of density measurements and broad
normal variation.'®

Intravenous contrast administration resulted in a
statistically significant decrease in the globe width and
an increase in the anteroposterior length of each lens.
Globe width was measured from the internal surface of
the choroid-retina-sclera complex to the internal margin
of the choroid-retina-sclera complex on the other side of
the globe. Increased attenuation of the enhancing choroid
may decrease the apparent width of the globe via blooming
artifact. It would be expected that the globe height would
also be affected by this, as it too is bound on each end by
the enhancing choroid. Regarding the apparent increase
in lens length, it is possible that contrast administration
decreased perceptible spatial resolution as the contrast
increases the total object contrast range, thereby making
the lens appear larger. However, the median difference
in lens length after contrast administration is minute at
0.23mm and the median difference in globe width was
only 0.33mm. These are less than the CT slice thickness of
1.0mm and are therefore unlikely to be clinically relevant.

A CT reference range may be used to aid in identi-
fication of conditions that result in alteration of the di-
mensions or attenuation of ocular structures, such as
buphthalmos secondary to glaucoma, especially in cases
where ciliary bodies have degenerated, and intraocular
pressure has normalized, and is therefore not identified on
clinical examination. A reference range may aid in iden-
tifying buphthalmia, especially when present bilaterally,
where comparison to a presumably normal contralateral
eye is not possible.

There were limitations owing to the retrospective
nature of this study. The eyes of each patient were as-
sessed on clinical exam by exotics clinicians, however a
full ophthalmologic examination by a board-certified
ophthalmologist was not performed. Histopathology was
not performed to confirm absence of ocular disease, or to
correlate the distances measured with the true size of the
structures. Therefore, ocular pathology which may affect
the dimensions and attenuation of structures of the globe
were not definitively excluded. The presence of subtle
nuclear sclerosis could increase attenuation of the lens
and may account for the increased mean attenuation of
the lens with age. Similarly, intraocular pressure was not
determined in these patients, and so glaucoma was not de-
finitively excluded.

Although a consistent method was followed to rotate
the eye around its center into the three different planes,
the measurements were made by visual judgment of the
greatest dimension and are therefore subject to a degree
of human error. Intra and interobserver agreement was
evaluated on only a subset of cases. In this subset, intra-
and interobserver agreement was excellent, demonstrat-
ing the repeatability of the measurement protocol. A
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comparable subset of cases has been used to assess inter
and intra observer variability in other studies."

In conclusion, CT is a reliable imaging modality for
assessing ocular dimensions in rabbits. This study serves
to provide baseline biometric CT measurements in rabbits
greater than 18 months of age, without reported ophthal-
mologic abnormalities.
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