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1 | INTRODUCTION

The eyeball in birds closely resembles that of mammals. Its size, rela-
tive to the head size, is larger than the globe size in mammals (King
and Mclelland, 1984). The overall shape is generally spheroid; however,

Background: The scleral ring in birds consists of ossicles that are fixed as small plates
by cartilage joints and have no articulation to other parts of the skeleton.

Objective: Due to inadequate examination of the scleral ring anatomy and its specific
form in owls, this study aimed to investigate the exact structure of the scleral ring and
some morphometric characteristics of the eyeball in a long-eared owl (Asio otus).
Methods: The eyes of 20 alive and 10 dead male and female owls were examined.
In addition to common anatomical methods, computed tomography scans and radio-
graphic and ultrasonographic imaging techniques were used in this study.

Results: The structure consisted of 15 ossicles. In the ventral part of the ring, these
tubercles were observed in the scleral rings of all owls; in each ring, there were four
bones with these tubercles. Additionally, there was no significant difference between
the left and right eye parameters. Most ocular parameters in female owls were larger
than those in males, but in the case of some parameters, such as optic nerve length and
optic nerve sheath diameter, this difference was not observed.

Conclusions: According to this study, the scleral ring in the Asio otus has anterior and
posterior parts, and the lens is in the immediate vicinity of the anterior part. The right
and left scleral rings and eyeballs are bilaterally symmetrical in terms of the shape, size,

and number of ossicles that form the ring.
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there are some controversies in different species, especially in the front
part of the globe. The globe occupies the greatest space of orbit and is
less mobile than the mammal’s globe (Dyce et al., 2009). In the majority
of bird species, the total weight of the eyes is greater than the weight
of the brain (King and Mclelland, 1984).
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The diameter of the cornea is small in the avian eye and the cornea
is protuberant, although the diameter of the globe is large (Dyce et al.,
2009). The cornea is broader and more arched in owls and eagles
(King and Mclelland, 1984). The sclera forms the outer layer of the eye
together with the cornea and has a solid structure that resists internal
and external pressure and maintains the overall shape of the eye globe
(King and Mclelland, 1984; O’Malley, 2005).

The sclera is strengthened by globular cartilage, which, with aging,
is sometimes transformed into an osseous structure (Dyce et al., 2009).
The scleral ring in birds consists of ossicles that are fixed as small plates
by cartilage joints and have no articulation to other parts of the skele-
ton (King and Mclelland, 1984). It creates an intermediate region in the
globe between the anterior part where the cornea is located and the
posterior part of the globe, in which sclera forms a considerable vol-
ume. The intermediate part is oblong in a variety of owls and forms
a stretched appearance for the front part of the globe. In general, it
is stated that the owl’s eyes are tubular shaped (King and Mclelland,
1984; Konig et al., 2016). Large rings belong to animals that move very
fast. Tubular scleral rings are a feature of the eye in owls and birds of
prey. These birds move fast and have high visual acuity; in both cases,
the specific structure of the ring is important. The ossicles that make
up the ring are related to the length of the eye in the birds. This feature
is especially present in owls. In the owls, the length of the ossicle can
be twice as wide. Tubular scleral rings are more common in fast flying
and aquatic birds. The largest ossicles are found in owls. The numbering
of the ossicles starts from the ventral and continues in a mediolateral
direction inclined towards the medial (nasal to temporal area). Ossicles
that change coverage rhythm are called excellent ossicles. These ossi-
cles are of two types, plus and minus. If both sides of an ossicle overlap
their pre- and postossicles, it is called plus. If both sides of an ossicle
are overlapped by the pre- and postossicles, it is called minus. If one
side of the ossicle overlaps and the other side overlaps, this ossicle is
called interlocked or imbricated. In birds, the scleral ring is divided into
two types (A and B) based on the number of excellent ossicles. Type A
has four excellent ossicles and type B has two excellent ossicles. Type
B is found in owls and birds of prey. It has been pointed out that these
features may differ in different species. It is noted that the number of
ossicles in a bird’s right and left rings may vary (Fischer and Schoen-
emann, 2019). Phylogenetic data based on scleral ring structure were
not found to compare owl species. Regarding the function of the scle-
ral ring, its role in accommodation is mentioned, the specific structure
of this ring is probably related to this function in birds of prey and owls
that have accurate vision and high flight speed (Franz-Odendaal, 2020).
The general structure of the scleral ring in owls is the same, and the
morphological and functional differences of the ring between different
types of owls are not mentioned. One of the cases in which morpho-
logical differences are noted in owls is scleral sesamoid bone, which
is a small structure next to the ring that has different shapes (Franz-
Odendaal, 2020). In some cases, such as the Stygian owl (Asio stygius),
this structure is a small bone that sits separately next to the scleral
ring, and in others, such as the burrowing owl (Speotyto cunicularia), this
structure is reported as a tubercle on the scleral ring. It is mentioned

that the form of the eye does not seem to be fundamentally impor-

tant for nocturnal vision (Mahecha and Oliveira, 1998). Lisney et al.
studied eye shape and retinal topography in owls. The results of their
study provide evidence of interspecific variation in eye shape and reti-
nal topography in owls. This variation is associated with different activ-
ity patterns and habitat preferences as opposed to phylogenetic rela-
tionships between species, as reflected by the clustering of species on
the basis of similarities in eye shape and retinal topography. They did
not study the structure of the scleral ring, scleral sesamoid, or the vol-
ume of the various sections (Lisney et al., 2012). In the general exam-
ination of raptors, eye examination is very important because a high
prevalence of up to 50% of ocular disease can be found in free-living
raptors. The most common ailments found in raptors are retinal degen-
eration, corneal lesions, retinal dysplasia, cataracts, glaucoma, ciliary
body malformations, and traumatic uveitis (Gumpenberger and Kolm,
2006). As mentioned, Hassan et al. also noted that there are a few
studies about radiography of the head or, more specifically, about the
eyes of birds (Hwang et al., 2021). There are few studies related to the
anatomy and ultrasonography of raptor’s eyes. Recently, ultrasonog-
raphy has become a routine procedure for veterinary ophthalmology.
There is variation among the anatomy of birds, so it is impossible to
use the same ultrasonographic and biometric measurements for every
species (Hwang et al., 2021). Hwang et al. noted that information and
measurements for both eyes were highly valuable for diagnosing the
affected eyes for all species (Hwang et al., 2021).

Similar to birds, scleral rings are also found in various reptile species
(King and Mclelland, 1984). In the bird’s sclera, there are scleral rings
along the hyaline cartilage layer. Following are the two main func-
tions assumed for this bony structure: it prevents the deformation of
the globe during flight or diving, helps the ciliary muscles to act, and
plays a critical role in eye accommodation. The specific functions of
each ossicle forming this structure, however, are still under discussion
(Franz-Odendaal, 2020; King and Mclelland, 1984). This potential has
not yet been addressed in all animal species possessing this structure
(Lima et al., 2009). A variety of morphologies, numbers, and patterns
of scleral ossicles can be observed in different groups of animals. In
many birds, the ossicles are quadrilateral, while they are concave and
stretched in others. In birds, 10-18 ossicles are involved in the forma-
tion of each ring (Dyce et al., 2009). The number of ossicles is higher
in reptiles than in birds (Franz-Odendaal, 2006a, 2008a). The size of
these ossicles is relatively large in owls (O’'Malley, 2005). The scleral
ring exists in many reptiles (other than crocodiles and snakes) as well
as dinosaurs (Franz-Odendaal 2006a). The exact form of ossicles has
not been properly documented in many animals. In a study conducted
in 2008, it was concluded that these ossicles were dermal bones (Franz-
Odendaal, 2008b).

Visual acuity is quite high in owls, and accordingly, their eye struc-
ture is of great importance. Long-eared owl (Asio otus) is one of the owl
species in Iran. This species can also be found in Europe and America
(Jobling, 2010). Diagnostic imaging techniques (Radiography, CT-Scan,
MRI, Ultrasonography,...) are one of the best methods, not only for vet-
erinary clinics to make diagnoses but also for anatomical studies. Var-
ious anatomists often use these techniques in their studies. The most

prominent advantage of these techniques is that anatomical structures
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can be investigated in live animals. Diagnostic imaging techniques are
very suitable for anatomical studies of the coelomic cavity organs of
animals such as turtles that are difficult to access, and methods such
as computed tomography (CT) scans have been used for these stud-
ies (Zehtabvar et al,, 2014, 2015). In addition, other methods, such as
ultrasonography, have been used to study the anatomy of the heart
structure in sturgeons (Zehtabvar et al., 2018, 2019). Diagnostic imag-
ing techniques are used in anatomical studies of the eyeball. Gumpen-
berger and Kolm in 2006 used ultrasonography and CT for anatomic
and pathologic studies on the avian eye. However, the differences
between males and females were not considered. In this study, the
structure of the long-eared owl’s (Asio otus) eyeball was also examined.
However, no attention was given to the differences between males and
females and the anatomical features of the scleral ring (Gumpenberger
and Kolm, 2006). In another study, Magnetic resonance imaging (MRI)
was used on the orbit of the screech owl (Megascops asio or Otus asio). In
astudy on the eyeballs of birds that used ultrasonography and CT scans
for morphometric studies, the long-eared owl was also examined, but
the anatomical features of the scleral rings were not examined. In this
study, the eyeballs of male and female owls were not compared. Eye-
ball volume was not studied in the study by Gumpenberger and Kolm
(Gumpenberger and Kolm, 2006).

Due to the lack of proper examination of the scleral ring structure
and its specific shape in owls, this study was focused on the exact struc-
ture of the scleral rings in the Asio otus. In addition, the shape, number,
and pattern of scleral ossicles were examined in Asio otus. Another pur-
pose of this study was to compare the eye structure of male and female
long-eared owls.

2 | MATERIALS AND METHODS

2.1 | Individuals

Ten adult male and 10 adult female long-eared owls (Asio otus) were
included in this study (350 + 20.98 g male owls, 421 + 31.12 g female
owls). It should be noted that these specimens were being treated for
locomotor system problems in the veterinary clinic (referred to the zoo
rehabilitation clinic and wildlife centre). The owls belonged to Tehran
Province in Iran. No owls were euthanised for this study. As explained
below, all owls were anaesthetised and regained consciousness after
the study. For gross anatomical studies, 10 dead specimens referred
to a zoo veterinarian were used (five adult male and five adult female

owls).

2.2 | CT scanning

After the transfer of all of the owls to the radiology department of the
Small Animal Hospital in the Faculty of Veterinary Medicine, the sub-
jects were first anaesthetised using ketamine (10 mg/kg body weight,
IM) and xylazine (2 mg/kg body weight, IM) (Carpenter and Marion,
2017). Afterwards, a CT scan was performed for all subjects. Owls were
positioned in ventral recumbency and all scans were obtained on a two-

detector scanner (Siemens Somatom Spirit/Germany) vertical to the
longitudinal axes of the animal.

The technical parameters for this imaging protocol were as follows:
rotation time, 1 s; slice thickness, 1 mm; reconstruction interval, 0.5-
1 mm; pitch, 1; X-ray tube potential, 120 kV; and X-ray tube current,
130 mAs.

For each segment, the convenient window width (WW) and win-
dow level (WL) were selected for the section, which is referred to in
each of the CT scan images. The bone window was used to exam-
ine the images. Furthermore, 3D images were reconstructed using the
Osseous-Shaded-vp pattern. Syngo MMWP VE40A software was used

for 3D reconstruction of digital images.

2.3 | Ultrasonographic examination
For efficient cranial and ocular ultrasonography, the ultrasonography
machine and Linear Multi-Frequency Probe were preferred (GE Volu-

son730, 3-11 MHz). Sagittal sonograms were taken from the eyes.

2.4 | Radiographic studies

Radiographic images were taken with a digital radiography system
(Kodak Directview CR 850) after dorsoventral positioning of the birds.
To provide an optimum imaging quality, technical parameters were
selected as follows: 4 mAs and 45 Kvp.

2.5 | Gross anatomical studies

For this part of the study, the scleral rings of 10 dead birds (five adult
male and five adult female owls that had died in the past 5 years and
were brought to our department) were collected and isolated, and no
bird was killed for this study. These dead birds were chosen by a chief
veterinarian of the zoo.

Based on the information obtained in the previous stage and infor-
mation available on other birds, anatomic analysis was performed.
After separating the head of the specimens, the skin and unneces-
sary tissues were removed. All the osseous structures were macerated
using the mealworm method (Tenebrio molitor) for 1 week (maintaining
atemperature of 21°C and relative humidity of 70% to provide an opti-
mum medium for insects). Once the cleaning of ossicles was completed,
specimens were transferred to a stereo microscope, Olympus SZX12,
equipped with the ASP-Cell Pad E digital camera for further investiga-
tion and acquisition.

2.6 | Morphometric studies

Morphometric mensuration from digital CT images was performed
with Syngo MMWP VE40A software. The Hounsfield unit —120 to
+1900 was selected for volumetric measurements in this software
(Hounsfield unit for soft tissue and bone). In addition, some measure-
ments were performed during ultrasonography. Table 1 shows the

method of measurement.
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TABLE 1 Morphometric parameters of the vertebral column. The measurement of the parameters (red line) is shown and the verticality of the

image was adjusted for each parameter individually

Parameter

Anterior
diameter
(scleral ring)

Length (scleral
ring)

Posterior
diameter
(scleral ring)

Anterior-
posterior (AP)
diameter
(eyeball)

Optic nerve
length

Optic nerve
sheath
diameter
(ONSD)

Measurements were
taken at:

3D CT scan images

3D CT scan images

3D CT scan images

2D Coronal CT scan
images

2D Coronal CT scan
images

2D Coronal CT scan
images

Description

Transverse diameter of the anterior
part of the scleral ring was
measured, the maximum distance
was measured

Horizontal distance between the
anterior and posterior border of

the scleral ring was measured, the

maximum distance was measured

Transverse diameter of the posterior

part of the scleral ring was
measured, the maximum distance
was measured

Horizontal distance between the
anterior and posterior border of
the eyeball was measured, the
maximum distance was measured

The optic nerve was detected at the
caudomedial position of the
eyeball and its length was
measured

The optic nerve was detected at the
caudomedial position of the
eyeball and its sheath diameter
was measured

Visual description

Anterior diameter

Posterior diameter

Anterior-posterior (AP)
diameter

.l

—

%

Optic nerve sheath diameter
(ONSD)

-~

o 9 o
\ P

b

%

(Continues)
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TABLE 1 (Continued)

Parameter

Tubercle length

Tubercle height

Pecten height

Volume of the
eyeball

Volume of the
anterior and
posterior
chamber

Measurements were
taken at:

3D CT scan images

2D Coronal CT scan
images

Sagittal
ultrasonogram

2D coronal, sagittal,
and transverse CT
scan images

2D coronal, sagittal,
and transverse CT
scan images

Description Visual description

The location of the tubercles was
determined in the image and
measured in fully vertical image
mode; The verticality of the image
was adjusted for each tubercle
individually. For a better view of
tubercles, you can refer to
Figure 8¢

Tubercle length

The location of the tubercles was
determined in the image and
measured in fully vertical image
mode; The verticality of the image
was adjusted for each tubercle
individually. For a better view of
tubercles, you can refer to
Figure 8¢

The location of the pecten was
determined in the image and
measured in fully vertical image
mode

Pecten high

In the dedicated section of
measuring the volume of Syngo
MMWP VE40A software, in all
sections where the eyeball was
identified, the structure range was
specified in the transverse,
coronal, and sagittal views, and
finally, the software analysed
these ranges in all sections and the
volume was reported

Volume of the eyeball

In the dedicated section of
measuring the volume of Syngo
MMWP VE40A software, in all
sections where the anterior and
posterior chamber was identified,
the structure range was specified
inthe transverse, coronal, and
sagittal views, and finally, the
software analysed these ranges in
all sections and the volume was
reported

Volume of the anterior and
posterior chamber

(Continues)
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TABLE 1 (Continued)

Parameter

Volume of the
Lens

Volume of the
vitreous
chamber

Volume of the
brain

Skull length

Skull height

ZEHTABVARET AL.

Measurements were
taken at:

2D coronal, sagittal,
and transverse CT
scan images

2D coronal, sagittal,
and transverse CT
scan images

2D coronal, sagittal,
and transverse CT
Scan images

3D CT scan images

3D CT scan images

Description

In the dedicated section of
measuring the volume of Syngo
MMWP VE40A software, in all
sections where the lens was
identified, the structure range was
specified in the transverse,
coronal, and sagittal views, and
finally, the software analysed
these ranges in all sections and the
volume was reported

In the dedicated section of
measuring the volume of Syngo
MMWP VE40A software, in all
sections where the vitreous
chamber was identified, the
structure range was specified in
the transverse, coronal and
sagittal views, and finally, the
software analysed these ranges in
all sections and the volume was
reported

In the dedicated section of
measuring the volume of Syngo
MMWP VE40A software, in all
sections where the brain was
identified, the structure range was
specified in the transverse,
coronal, and sagittal views, and
finally, the software analysed
these ranges in all sections and the
volume was reported

Horizontal distance between the
anterior and posterior border of
the skull was measured, the
maximum distance was measured

Horizontal distance between the
dorsal and ventral border of the
eyeball was measured, the
maximum distance was measured

Visual description

Volume of the Lens

Volume of the
vitreous chamber

Volume of the
brain

Skull length

(Continues)
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Skull width

ZEHTABVARET AL.
TABLE 1 (Continued)
Measurements were
Parameter taken at: Description Visual description
Skull width 3D CT scan images Horizontal distance between the
right and left border of the eyeball
was measured, the maximum
distance was measured
FIGURE 1 Dorsoventral radiograph of a long-eared owl (Asio otus) head. SR, scleral ring

Parameters of the right and left eye balls were compared by running

a paired sample t test in SPSS software version 16 (p > 0.05).

3 | RESULTS

3.1 | Morphological (anatomical) results

As a general morphology, the scleral rings of the owls were semihyper-
bolic or in volcanic mountain form (Figures 1, 2, 4, and 7). There were
two lateral and medial poles on the lateral and medial sides of the ring
base (Figure 7). The base of this structure had two different diameters:
a small diameter extended along an almost horizontal direction and
the large diameter was almost vertical. The large diameter was placed
between the two lateral and medial poles and the small diameter was
approximately perpendicular (Figure 7). The medial wall of the ring was
shorter than its lateral wall. The semihyperbolic structure of the scleral
ring had two edges, anterior and posterior, and the circumference of
the posterior edge was larger than that of the anterior edge. The pos-
terior edge was the same as the base of the ring, which was oval. The
anterior edge was almost circular. While the anterior edge was fairly
smooth, the posterior edge was quite dentate (Figure 8). No connec-
tion or articulation was observed between the bone ring segments and

skull bone structures. In general, it can be stated that this bone ring had

a tubular-shaped anterior section and a posterior funnel-shaped sec-
tion (Figure 7). The overall structure of the bone ring, as well as the dis-
cussed features, were well observed in the two-dimensional (2D) trans-
verse CT scanimages and its sagittal and three-dimensional (3D) recon-
structed images (Figures 1, 2, and 4). Since the images were prepared
when the animals were alive and the soft tissues were evident in the
images, the proximity of the lens to the anterior tubular part of the scle-
ral ring was clear (Figure 2). In the 2D transverse and sagittal CT scan
images, the adjacency of the lens with the anterior tubular part of the
bone ring was noticed (Figure 3). In radiographs, the overall described
structure of the ring and its placement in the skull were clearly identi-
fied (Figure 1). In ultrasonograms of the eye, an acoustic shadow was
observed in the posterior regions of the bone ring (Figure 5).

The structure of the scleral right and left rings in all subjects and
specimens consisted of 15 ossicles (Figure 7). The segments were
quadrilateral and had rectangular shapes. The inner surface of these
segments protruded inside with a prominent convexity (Figures 6
and 7) and the outer surface was indented (Figure 6). The long bor-
ders of segments were fused to form the body of the scleral ring, and
the short sides took part in the formation of the anterior and posterior
border of the scleral rings (Figure 7). Each of the bone segments was
wider in the centre than at the edges (Figure 7). At the long borders
of each segment, there was a specific surface that provides a binding
area for the long border of an adjacent segment. At these surfaces, the
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FIGURE 2 Three-dimensional (3D) reconstruction images (osseous-shaded-vp) of the long-eared owl (Asio otus), showing bones of the head
and neck, (a) Anterior view, (b) Lateral view, (c) Dorsal view, (d) Left sagittal section view, (e) Right sagittal section view. L, lens; SR, scleral ring

FIGURE 3 Computed tomography images (bone window) of the long-eared owl (Asio otus), (a-f) transverse planes, (g) dorsal plane, (h) left
sagittal plane. Right and left are marked with R and L in each image. B, brain; CB, ceratobranchiale; F, frontal bone; J, jugal bone; L, lens; M,
mandible; P, palatine bone; Pa, parietal bone; PG, paraglossum; SB, sesamoid bone of sclera; SRa, anterior part of the scleral ring; SRp, posterior

part of the scleral ring
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FIGURE 4 Three-dimensional (3D) reconstruction images
(osseous-shaded-vp) of the long-eared owl (Asio otus), Medial view
and tubercles are noted. For a better view of tubercles, you can refer
to Figure 8¢

bone was indented at a constant angle, and bone segments formed a
ring-like structure (Figures 7 and 8). The border between the bone seg-
ments was alsoimaged in 2D and 3D CT scanimages (Figures 2, 3,and 4
). In radiographic images, the boundary between bone segments was
partially observed (Figure 1). Of the 15 ossicles that make up the ring,

two were excellent ossicles. The numbering of the ossicles is shown in

( ar DRZAHTABVAR OW1
d(ﬁ)

~ 1394429

G

SP 6-12/Orthopedics

WW:2112
WL:d4
— ] cm

FIGURE 6 Transverse computed tomography image (bone
window) of the long-eared owl (Asio otus). SR, scleral ring; T, tubercle

Figure 7. In this study, ossicle number one was plus and ossicle number
six was minus (Figure 9).

In the ventral part of the ring, only in the four bone segments (ossi-
cles), there were some small tubercles on the outer surface in all speci-
mens, close to the anterior edge, which were not detected in other seg-
ments of these structures (Figure 8). These tubercles were well defined
in stereomicroscopic images and observed in CT scan images (Figure 6
) but not in radiographs. It should be noted that the CT scan image of
Figure 6 was taken transversely from the owl’s head and the scleral ring

in the skull is almost oblique, so the structure of the tubercles seen in

Small Animal Hospital
3:59:30 PM
Small.P.
13.00 - 3.00
Pwr -7
Gn O
C6 f M4
P5 /E1
Ml 1.0

FIGURE 5 Sagittal ultrasonogram of the long-eared owl’s (Asio otus) eye. AC, anterior and posterior chamber; L, lens; P, pecten; PH, pecten
height; R, retina; SR, acoustic shadowing of the scleral ring; V, vitreous chamber
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Posterior border

(c)
Lateral pole

Anterior border

Medial pole

Posterior border

Lateral pole

/ \ 4

FIGURE 7 Scleral ring of the long-eared owl (Asio otus), (a) Lateral view, (b) medial view, (c) anterior view, numbering is shown, plus and minus

excellent ossicles are shown (+1 and -6) (d) Caudal view

FIGURE 8 Scleral ring of the long-eared owl (Asio otus), (a) posterior border, (b) anterior border, (c) tubercles

Figure 8 is obliquely in Figure 6, so they have a different view. In addi-
tion, one of the tubercles is shown in Figure 6. Of the four tubercles, the
tubercle was larger on the fourteenth ossicle. The length and height of
this tubercle were measured in each eye (Table 2). These four tubercles

were found in ossicles 12-15.

3.2 | Morphometric results
Measurements of tubercles were performed on the tubercle of the
fourteenth ossicle, which was larger and more distinct than the oth-
ers. The difference in tubercle length and height between right and left
eyes was not statistically significant (p > 0.05) (Table 2). The difference
in tubercle length and width between males and females was statisti-
cally significant. Therefore, it can be said that this tubercle was larger
infemales (p < 0.05) (Table 2).

There was no significant difference between the left- and right-

eye morphometric parameters in the male and female birds (p > 0.05)

(Tables 2 and 3). There was a significant difference between male and
female owls and all parameters of female owls were larger than those of
male owls (p < 0.05) (Tables 2 and 3). Therefore, female owls had larger
eyeballs than males. Females also had longer and wider optic nerves.

There was a significant difference between the length, height, and
width of the skull of the male and female owls. Female skulls were
longer, wider, and taller than males (p < 0.05) (Table 4).

There was a significant difference between the volume of the
eyeballs and brain, and the eyeballs had a larger volume in the male
and female owls (p < 0.05) (Table 2). In the right and left eyes of male
and female owls, the difference between the anterior and posterior
chambers and vitreous chamber volume was statistically significant. In
addition, the difference in lens volume with the vitreous chamber was
significant (p < 0.05) (Table 3). However, the difference between the
volume of the lens and the anterior and posterior chambers was not
significant (p > 0.05) (Table 3). Based on these statistical results, it can
be said that the volumes of the anterior and posterior chambers and

the lens are equal and that the vitreous chamber has a larger volume.
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FIGURE 9 Scleral ring plus excellent ossicle (ossicle number one) of the long-eared owl (Asio otus), (a) inner surface, (b) outer surface

TABLE 2 Measured parameters of the scleral ring and eyeballs of the male and female long-eared owl (Asio otus) (mm)

Parameters

Anterior diameter (scleral ring)

Length (scleral ring)

Posterior diameter (scleral ring)
Anterior-posterior (AP) diameter (eyeball)
Optic nerve length

Optic nerve sheath diameter (ONSD)
Tubercle length

Tubercle height

Pecten height

Male owls Female owls

Mean + SD (Right eye) Mean + SD (Left eye) Mean + SD (Right eye) Mean + SD (Left eye)
2450+1.18 24.33+1.22 26.82+1.22° 27.03 +1.31°
1456 +1.31 14.44 +1.24 17.06 +1.43* 16.64 + 1.14°
36.85+0.39 37.05+1.21 39.15 + 1.44° 38.81+1.19°
20.89 +1.42 21.09 +1.32 21.99 +1.31% 22.09 +1.23°
412+0.44 4.27 +0.33 3.92+0.21 4.11+041
3.92+0.31 3.87+0.42 4.02+0.33 4.11+0.12
3.56+0.31 3.40+0.44 444 +0.11° 4.20+0.21*
0.26 +0.14 0.31+0.11 0.37 +0.09° 0.39+0.11°
6.42+0.23 6.65+0.23 6.66 +0.12 6.45+0.13

aEach column represents a significant difference between male and female parameters (p < 0.05), In this table, statistical analysis of the parameters recorded
in different columns has been done and a comparison between rows has not been done, in addition, the comparison of right and left in one sex with itself has

not been done.

TABLE 3 Measured volumes of the eyeballs and brain of the male and female long-eared owl (Asio otus) (cm?)

Parameters Male owls Female owls
Mean + SD (Right eye) Mean + SD (Left eye) Mean + SD (Right eye) Mean =+ SD (Left eye)

Volume of the eye ball 2526 +1.31 2577 +1.22 29.16 +1.22° 29.27 +1.32°
Volume of the anterior and 4.21+0.23 4.32+0.32 542 +0.44° 5.61+0.327

posterior chamber
Volume of the Lens 4.01+0.33 4.21+0.12 5.71+0.23% 5.63+0.127
Volume of the vitreous chamber 16.72 +1.44 17.21+1.01 17.95 + 1.542 18.12+1.012
Volume of the brain 21.03+1.15 25.22 +1.45°

aEach column represents a significant difference between male and female parameters (p < 0.05), In this table, statistical analysis of the parameters recorded
in different columns has been done and a comparison between rows has not been done, in addition, the comparison of right and left in one sex with itself has

not been done.
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TABLE 4 Measured parameters of the skull of the male and female
long-eared owl (Asio otus) (mm)

Male owls Female owls
Parameters Mean + SD Mean + SD
Skull length 54.65+1.29 56.23+1.33°
Skull height 40.38 + 1.39 43.08 +1.21%
Skull width 66.69 +1.47 68.51 + 1.35°

2Each column represents a significant difference between male and female
parameters (p < 0.05). In this table, statistical analysis of the parameters
recorded in different columns has been done and a comparison between
rows has not been done, in addition, the comparison of right and left in one
sex with itself has not been done.

In the female and male owls, the difference in brain volume with the
right and left eyes was statistically significant (p < 0.05) (Table 3). Based
on these statistical results, it can be said that in male and female owls,
the eyes have a larger volume of the brain. The difference in height
between right and left pecten in both sexes was not statistically signifi-
cant (p> 0.05) (Table 2). The difference in pecten height between males
and females was not statistically significant (p > 0.05) (Table 2). The dif-
ference in optic nerve length and optic nerve sheath diameter (ONSD)
between males and females was not statistically significant (p > 0.05)
(Table 2).

4 | DISCUSSION

The general form of the scleral ring and its constituent segments is
one of the remarkable specifications that can be used for classifica-
tion or taxonomy of species. Regarding Althene cunicularia, the struc-
ture reported resembles the one observed for the Asio otus in this study
(Lima et al. 2009). It has been documented that the ellipsoidal shape of
the globe has an impact on the shape of the ossicles in Strigiformes, Fal-
coniformes and aquatic birds, which ultimately makes the globe tubular,
and such a shape of the eye does not change against the pressure of air
and water (King and Mclelland, 1984). It should also be pointed out that
the presence of this bone structure in various forms that could prevent
the passage of ultrasound waves should be considered in performing
eye ultrasonography.

There are reports on fractures of this bone structure in a number
of cases because of head injury. Denise et al. reported a fracture in
the scleral ring of a Buteo jamaicensis using radiography (Denise et al.,
1988). In 1988, scientists examined the structure of the scleral ring
and its phylogenic connections in Ophisthocomus hoazin (Queiroz and
Good, 1988). According to Franz's studies in 2008, it can be claimed
that Teleostei can have two shapes (namely, rounded and stretched
arched) with respect to the scleral ossicles (Franz-Odendaal, 2008a;
Jobling, 2010). In a study on the phylogeny of the scleral ring in fish and
birds, it was found that the cartilaginous structures that will turn into
the ossicles in this structure originate from scleral cartilage, although
they are dermal bones in birds (Lima et al., 2009). It should be noted
that Franz-Odendaal et al. in 2007 were the first to study the devel-

opmental and morphological variation in the teleost craniofacial skele-
ton. Franz-Odendaal et al. pointed out that scleral ossicles in teleosts
may not be homologous to those in other vertebrates, such as reptiles.
(Franz-Odendaal et al., 2007). Franz-Odendaal and Hall (2006b) also
noted that homology cannot be assumed for scleral skeletal elements,
although they share the same name, scleral ossicles.

Franz-Odendaal researched the morphology of cartilaginous struc-
tures that turn into ossicles and ossification with the growth stages for
chickens (Franz-Odendaal, 2008b). In 2009, the structure of the ossi-
cles was examined in Brazilian birds. It was noted in this study that
there are 17 ossicles in Athene cunicularia’s eye (Lima et al., 2009); how-
ever, there were 15 ossicles observed in the case of the Asio otus. In
the current study, it was revealed that the medial ring wall in the Asio
otus is longer than the lateral wall. Furthermore, the anterior border
was smoother than the posterior border. Needless to say, the ante-
rior border faces the cornea and the posterior border is in front of
the sclera. Franz-Odendaal and Krings in 2019 noted a heterochronic
shift in the timing of scleral cartilage development and ossicle min-
eralisation (but not induction) to later in development compared to
in chickens and suggested that the scleral ossicles are likely function-
ally important bones for vision in owls and possibly other altricial
species.

In 1998, some studies indicated that the sclerotic ring in owls and
some other birds possesses a bone segment that was not regarded
or described in previous studies. The bone is located on the pyrami-
dal muscle tendon and has a sulcus to pass it. It has been reported
that this structure prevents the splitting of the muscle from the sclera
during contraction and tendon deviation during muscle function. Con-
cerning the pyramidal muscle, it is linked to the nictitating membrane
or third eyelid in the owls, which is at the upper edge of the globe.
Mahecha, in his study, stated scleral sesamoid bone for this struc-
ture (Mahecha and Oliveira, 1998). In the present study, there was no
osseous structure separated from the scleral ring, even though there
were small bony tubercles at the outer surface of the ring, near the
anterior edge of four ossicles, constituents of the ring. Due to failure
to notice a separate bone structure as scleral sesamoid bone, these
structures seem to be their equivalent and perform the same func-
tion. It should be highlighted that these structures have not been dis-
cussed or even reported in previous studies conducted on the scle-
ral ring. In the striped owl (Asio clamator), Rodarte-Almeida noted that
one scleral sesamoid was located anteriorly and medially, close to the
anterior margin of the scleral ossicle ring, a margin that corresponds
to the region of the corneal limbus in the living being, and the scle-
ral cartilaginous lamina was fixed to the posterior margin of the ossi-
cle ring (Rodarte et al., 2013). In another study focused on Brazilian
bird species, a scleral sesamoid bone was also mentioned in Cariama
cristata (Lima et al., 2009). Mahecha noted that the specific structure of
the scleral sesamoid bone was not observed in Glaucidium brasilianum;
however, it is small and rounded in Athene cunicularia, stretched in Bubo
bubo, and stretched and two-segmental in Bubo virginianus. Conversely,
none of these forms was noticed in the species researched in this study.
According to radiographs and 2D and 3D CT scan images, the proba-

bility of the presence of a bone and its being disregarded because of a
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mistake in the bone isolation process is almost zero. Whether there
was a structure in a size reported by Mahecha (approximately 3 mm),
it would be visible in our CT scan images, which were prepared with a
1-mm slice thickness. With regard to Athene cunicularia, it seems pos-
sible that the bone structure of the scleral sesamoid bone was similar
to the species examined in the current study (Mahecha and Oliveira,
1998). Based on information provided in other studies, the scleral ring
inowls is type B. Fischer and Schoenemann pointed out that in this type
of scleral ring, ossicle number one is plus excellent ossicles and bone
number seven is minus excellent ossicles (Fischer and Schoenemann,
2019). As mentioned in the case of the Asio otus, ossicle number one is
plus and ossicle number six is minus. In the article mentioned, the num-
ber of ossicles, such as Asio otus, was 15.

Based on the various shapes observed in this study and other stud-
ies in the case of owls, it seems that the bone structures associated
with pyramidal muscle are in two forms: a bone structure separated
from the scleral ring, which is called the scleral sesamoid bone, and
a few prominences on the bone towards the pyramidal muscle. These
structures can be called the scleral ring tubercle or scleral tubercle. Of
course, the frequency of the tubercles in the scleral ring is greater than
their frequency in scleral sesamoid bones. In all reported cases, there
was one bone reported for each eye but four tubercles in the Asio otus.
On the other hand, the height and length of these tubercles are less
than those in the scleral sesamoid bones (Mahecha and Oliveira, 1998).
Further research is suggested to be on Athene cunicularia to determine
the types of structures relevant to the pyramidal muscle. Histologic
studies on the scleral sesamoid bones have shown that this structure
has a thin and modular cortex with a thin periosteum that is in contact
with the periosteum of the bones forming the ring (O’Malley, 2005).
According to the cases mentioned, it can be said that these tubercles
are of two types; one type observed in some owls is that of a tubercle, a
condition reported in Asio clamator. Of course, Rodarte-Almeida called
this structure sesamoid, but according to the pictures presented in the
article, this structure is tubercle-shaped (Rodarte et al., 2013). Another
type of structure is one in which there are several tubercles on the ring,
but these tubercles are smaller than the previous type. In this study, we
observed this type in the case of Asio otus. Stygian owl (Asio stygius) is
one of the owls that is close to our owl (Asio otus) in terms of scientific
classification (taxonomy); both owls mentioned belong to the common
genus Asio. However, in Asio stygius, there is a structure in the form of a
sesamoid bone, while in Asio otus, there are several tubercles. Mahecha
and Oliveira note that no cladistic analysis was presented for owls in
the present study; also, we did not find complete information about this
type of classification (Mahecha and Oliveira, 1998). Therefore, using
information from scleral ring and scleral sesamoid bone morphological
studies in owls to extract phylogenetic information and cladistic analy-
sis can be suggested.

In the case of humans, a study noted that there are differences in
the morphometric parameters of the right and left eyes, which causes
asymmetry of the right and left eyeballs in humans. In this study, it
is mentioned that there is an asymmetry in diameter but not in the
case of eyeball volume. Except in some cases, the parameters measured

in women’s eyeballs are smaller than in men’s eyeballs. One of these

parameters that is not different in the eyeballs of men and women is
the volume (Murat et al., 2016).

Based on the results of this study in the Asio otus, it can be said that
the sizes of different eye structures in females were larger than those in
males. The same is true of skull measurements, and females had larger
skulls. These differences in eye and skull size appear to be related to
differences in body size and weight of male and female birds (O’Malley,
2005). It should be noted that no asymmetry was observed in the stud-
ied structures in the right and left eyes. The lack of difference in pecten
height between male and female owls, despite the difference in eye
size, seems to be a concern for future studies. The pigmented, highly
vascular pecten arises from the retina at the ovoid exit point of the
optic nerve and protrudes into the vitreous body. It is unique to the
eye of birds. The function of the pecten remains unclear. The lack of
pecten height difference between males and females may also cause
differences in their vision. In a study on Coturnix coturnix japonica, this
difference between males and females was not observed (Orhan et al.,
2011). It is mentioned that pecten might play a role in thermoregula-
tion and absorption of light (Orhan et al., 2011); no difference in pecten
height between male and female birds despite the difference in vol-
ume and some other sizes of the eyeball can cause differences in vision
between males and females. It is suggested that studies in this field be
performed in the future. Hwang et al. noted that for birds of prey, ultra-
sound is one of the best ways to examine the eye, as it can be performed
without anaesthesia (Hwang et al., 2021).

In the present study, CT allowed proper visualisation of the lens,
anterior eye chamber, posterior eye chamber, cornea, scleral ring, ocu-
lar nerve, retrobulbar space, and whole skull except for examination. It
should be noted that in CT, it was not possible to examine pecten sepa-
rately from the vitreous chamber, which was eliminated by ultrasonog-
raphy. This issue has been addressed in similar studies (Hwang et al.,
2021). It should be noted here that the average height of the pecten in
Asio otus is less than that of Aegypius monachus (11.47-13.50 mm) but
is almost in the same range as that of Asio clamator (4.49-6.73 mm). Of
course, the difference in body size of these birds should be noted.

According to the observations made in this study on the scleral ring
in the Asio otus, it can be concluded that it has anterior and posterior
parts. The anterior part is tubular with an almost circular cross-section
and the posterior part is infundibular with an almost oval cross-section.
The eye lens is in the immediate vicinity of the anterior part. In the
ventral part of the scleral ring, there are some small tubercles on the
outer surface of the rings. In the case of the right and left scleral rings,
it can be said that in terms of the number of ossicles, the shape and size
have a symmetrical structure. The eye and most of its related struc-
tures studied in this study were larger in females than in males, but in
some cases, such as optic nerve length, optic nerve sheath diameter,
and pecten height, no difference was observed. These cases and their
effect on the visual status of males and females should be considered
in future studies. In this owl, we observed several tubercles instead of
the scleral sesamoid bone. These tubercles were described in terms of
size, shape, and connections, and it was suggested that the term “scle-
ral tubercle” be used instead of “scleral sesamoid” in this owl. Simi-
lar species will be found in other studies. Based on the results of this
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article and other similar articles, scleral tubercles can be divided into
two types, one type in which thereis a large tubercle instead of the scle-
ral sesamoid. The other type is that there are several small tubercles
next to each other on the scleral ring. It should be noted that several
small tubercles were observed in Asio otus.

One of the most important points in this study is that we did not
euthanise any animal and all 20 of the samples were alive after our
study. It can be asserted that diagnostic imaging techniques are very
useful not only for avian clinics but also for anatomical studies focused

on endangered or endemic species.
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