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Preface

Herpetological medicine constitutes an area of specialty within the broader field of zoological

medicine and encompasses the veterinary care of extremely diversified vertebrate taxa with highly

variable biological properties. Despite the fact that the field of herpetological medicine is evolving

in a myriad of ways, and that clinicians who work with reptiles are able to rely on a constantly

increasing array of possibilities, there is a continuing need to advance herpetological medicine by

elaborating the scientific knowledge that allows the development and optimization of diagnostic and

therapeutic possibilities in reptile species. This Special Issue focuses on disorders of the spectacle and

subspectacular space in squamates, the evaluation of anesthetic protocols in different reptile species,

the comparison and evaluation of surgical procedures for the treatment of reptile reproductive

disorders, novel insights in reptile oncology, and the various aspects of viral as well as bacterial

diseases in reptiles.

Tom Hellebuyck

Guest Editor
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Anatomy, Physiology, and Disorders of the Spectacle,
Subspectacular Space, and Its Lacrimal Drainage System
in Squamates

Tom Hellebuyck * and Ferran Solanes Vilanova

Department of Pathobiology, Pharmacology and Zoological Medicine, Faculty of Veterinary Medicine,
Ghent University, Salisburylaan 133, B-9820 Merelbeke, Belgium
* Correspondence: Tom.Hellebuyck@UGent.be

Simple Summary: Various snake and lizard species have transparent and fused eyelids that make
up a spectacle. From an evolutionary point of view, it is assumed that ancestral snakes developed
this structure to protect the eye as an adaptation to their burrowing, underground existence. Between
the spectacle and the eye lies a narrow subspectacular space that is filled with a tear-like fluid that
drains to the roof of the mouth via the lacrimal duct. Although disorders of the eye are relatively
uncommon in squamates with a spectacle, disorders of the spectacle, the subspectacular space,
and its drainage system are frequently encountered in veterinary practice. As the spectacle is an
integral part of the skin it is renewed with each shedding cycle. Retention of the old layers of the
spectacle may occur because of infectious as well as non-infectious causes. Besides inflammation and
trauma of the spectacle, overfilling due to blockage of the drainage system (pseudobuphthalmos)
as well as bacterial and parasitic infection of the subspectacular space (subspectacular infection) are
undoubtedly the most frequently observed disorders in snakes and spectacled lizards. An adequate
diagnostic approach often allows the establishment of a successful treatment for these conditions.

Abstract: Various squamate species have completely fused eyelids that make up a transparent
spectacle. The spectacle is a continuation of the integument that is renewed with each shedding cycle
and creates a narrow subspectacular or corneospectacular space that is filled with lacrimal fluid. The
latter is considered as the analogue of the conjunctival sac in other vertebrates. Almost all reptiles
that have a spectacle lack a nictitating membrane, bursalis muscle, and lacrimal glands. The lacrimal
fluid in the subspectacular space is secreted by the Harderian gland. The features of the spectacle
and its lacrimal drainage system are an illustration of the enormous variation of the morphological
adaptations that are seen in reptiles and one of the most distinguishable traits of snakes and most
gecko species. Whereas ocular disease in squamates with a spectacle is infrequently seen in practice,
disorders of the spectacle and the subspectacular space are commonly encountered. In order to
apply an adequate diagnostic and therapeutic approach for these conditions, a sound knowledge
and understanding of the anatomical and physiological peculiarities of the spectacle, subspectacular
space, and lacrimal drainage system are fundamental.

Keywords: lizards; pseudobupthalmos; snakes; spectacle; subspectacular abscess

1. Introduction

It is generally accepted that moveable eyelids are the primitive condition for squa-
mata [1–4]. In several squamate lineages, however, the eyelids may show a varying degree
of modification ranging from thinning of the dermal layers to the presence of a single
transparent scale or multiple transparent scales creating a window in the lower eyelid
(Figure 1) or covering the eye. In various taxa, moveable eyelids have been completely
replaced by a truly transparent and rigid spectacle (Table 1) [2–6]. The reptilian spectacle is
considered the most sophisticated type of spectacle (tertiary spectacle) that is posteriorly

Animals 2023, 13, 1108. https://doi.org/10.3390/ani13061108 https://www.mdpi.com/journal/animals1
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lined with conjunctival epithelium bordering a narrow subspectacular or corneospectacular
space filled with a fluid analogous to the tear film of lidded vertebrates allowing the eye to
rotate freely [2,3,6].

 

Figure 1. (A) Schneider’s skink (Eumeces schneiderii); this species has a window in the lower eyelid
(arrow) made up by multiple transparent scales (B).

Table 1. Overview of squamate lineages that show a varying degree of modification of the eyelids or
possess a truly transparent and rigid spectacle.

Clade/Superfamily Family Comments

Amphisbaenia
(Worm lizards)

Amphisbaenidae
Bipedidae
Blanidae
Cadeidae
Rhineuridae
Trogonophidae

Reduced eyes. Moveable eyelids have been replaced by a
transparent ocular scale that covers the eye (Figure 2A,B).
Sometimes the ocular scale is not thinner than the skin and
pigmentation might be present [2,6].

Dibamidae
(Blind lizards) Dibamidae Reduced eyes. Moveable eyelids have been replaced by

transparent scales that cover the eye [4,6].

Gekkota Pygopodidae
Only the clade of the eublepharid geckos (Eublepharidae) has
fully moveable eyelids. A true transparent and rigid spectacle is
present in all other Gekkota [1,5–9].

Diplodactylidae
Gekkonidae
Phyllodactylidae
Sphaerodactylidae

Scincomorpha Scincidae
(skinks)

Many species belonging to various genera have a transparent
window in the lower eyelid made up by multiple transparent
scales (Figure 1).
Genera Leiolopisma and Trachylepsis (formerly Mabuya): single
large transparent scale in the lower eyelid large enough to cover
the cornea [6,10–12].
Genera Ablepharus (Figure 2C), Morethia, Proablepharus, and
Cryptoblepharus: true spectacle [5,12]. Genus Ablepharus: only
genus in which lacrimal glands are present [4–6].

Xantusiidae
(Night lizards) True spectacle (Figure 2D) [2,4,13,14].
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Table 1. Cont.

Clade/Superfamily Family Comments

Lacteroidea
Gymnophtalmidae
(Spectacled lizards,
microteiids)

Most species: moveable upper eyelids and immobile lower
eyelids with a transparent window [3,4,14–17].
Monophyletic tribe Gymnophtalmini: true spectacle [15,18,19].

Lacertidea

Genus Eremias: simplest eyelid modification involving a
thinning of the layers of multiple scales creating an
‘eyelid window’.
Genus Ophisops: true spectacle.

Typhlopoidea (Scolecophidia,
Blind snakes)

Reduced eyes. Transparent ocular scale rather than a spectacle.
The scale extends well beyond the margins of the globe, in some
cases to the mouth (oculolabial scale) (Figure 2E,F) [2,3,20,21].

All other snakes than Blind
snakes (Alethinophidia) True spectacle [2,3,20,21].

 

Figure 2. A varying degree of modification of the eyelids is present in several squamata lineages.
In worm lizards (Amphisbaenia), such as the Turkish worm lizard (Blanus strauchi) (A) and the
checkerboard worm lizard (Trogonophis wiemanni) (B), reduced eyes are covered by an ocular scale.
(C) The Budak’s snake-eyed skink (Ablepharus budaki) and other members of its genus have a true
spectacle and are the only known reptile species that possess a lacrimal gland. (D) In all members
of the family Xantusiidae, such as the Costa Rican tropical night lizard (Lepidophyma reticulatum),
moveable eyelids have been replaced by a true spectacle. Ocular scales that extend well beyond the
margins of the globe are present in blind snakes such as the long-nosed worm snake (Myriopholis
macrorhyncha) (E) and the Eurasian blind snake (Xerotyphlops vermicularis) (F). ©Frank Pasmans.
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Outside of the squamata, modification of the eyelids is only seen in a few turtle
species (e.g., the Indian flapshell turtle (Lissemys punctata) and the eastern long-necked
turtle (Chelodina longicollis)) that have a single large transparent scale in the lower eyelid
large enough to cover the cornea [13]. Except for some burrowing snakes (Scolecophidia:
Typhlopoidea, blind snakes) that possess an ocular or oculolabial scale and species of the
eublepharid geckos that possess fully moveable eyelids (Figure 3), snakes and geckos
(Figure 4) are the only taxa where the spectacle occurs in all species regardless of habitat
and ecology (Table 1) [2,3,20–23]. The phylogenetic position of eublepharid geckos suggests
that having functional eyelids is a re-aquisited feature of more primitive forms, although
spectacles may have also evolved independently in non-eublepharid geckos and their sister
taxa [7–9,22].

 

Figure 3. Members of the eublepharid clade, such as this leopard gecko (Eublepharis macularius), are
the only Gekkota that possess fully moveable eyelids.

 

Figure 4. The spectacle in a New Caledonian giant gecko (Rhacodactylus laechianus) is bordered by a
extra-brillar ring that resembles eyelids but is a separate, fixed structure.

4



Animals 2023, 13, 1108

Although we might never fully understand what prompted the ancestors of snakes to
develop a spectacle, it is generally accepted that snakes evolved from burrowing lizards that
lived underground and the reduced eyes and spectacle are adaptations to this burrowing
existence to primarily protect the eye. It would not have been until snakes re-emerged
from their underground existence that they re-developed functional eyes that were initially
adapted to nocturnal conditions [2,3,6,23,24].

Although it was first hypothesized that the spectacle evolved from a modification
of the nictitating membrane [13], studies in natricid and viperid snakes demonstrated
that the spectacle is derived from the concentric fusion of the mesenchymal tissues that
form the eyelids at the level of the pupil during the embryonic stage. The fused eyelids
become transparent and are voided of all glands and muscles [6,10,24–26]. The spectacle is
well developed at the time of birth in ovoviviparous and oviparous snakes, but in some
species, fusion of the eyelids and formation of the spectacle occurs post-oviposition [3,5].
Most species belonging to the Gymnophthalmidae family, also referred to as the spectacled
lizards or microteiids, have moveable upper eyelids and immobile lower eyelids with
a transparent window [4]. Within this family, the members of the monophyletic tribe
Gymnophtalmini have a true spectacle and embryonic fusion of the eyelids takes place
above the pupil region [3,4,15–19]. It remains uncertain, however, if functional eyelids
can be either considered as a primitive condition or as a re-acquisition of the character in
Tretrioscincus species belonging to the single genus of the tribe where functional eyelids are
present [4]. The spectacle of other saurian species and the ocular scale of amphisbaenians
and blind snakes are also considered to be formed by fusion of the eyelids, but it is unknown
if the embryonic development pattern equals that of snakes or Gymnophthalmini [1,4]. In
amphisbaenians, the thickness of the ocular scale and its degree of pigmentation is variable,
suggesting that the emphasis placed on vision varies significantly among these fossorial
squamates [2].

2. The Structure and Function of the Spectacle in Squamates

The periocular scales form a discrete rim that continues in a transition zone of dermis
that gradually becomes thinner and connects with the spectacle (Figure 5) [27–29].

 

Figure 5. The transition zone between the periocular scales and the spectacle can be clearly distin-
guished in this West African Gaboon viper (Bitis gabonica rhinoceros).

5



Animals 2023, 13, 1108

Histologically, the spectacle consists of three layers and has been best studied in
snakes [30,31]. The outer epithelial layer (3.5–10.5 μm) has one (germinal layer) or more lay-
ers of basal cells and is covered by keratin made up of 2 to 4 alternating layers of alpha and
beta keratin depending on the stage of the shedding cycle. Beta keratin composition seems
to differ between species and bears a relationship with taxonomy, suggesting that optical
transparency is not restricted to a few isoforms [32]. The inner epithelial layer (1.6–3.6 μm)
is a single germinal layer that is considered as the continuation of the palpebral conjunctiva
and is separated from the underlying stroma layer by a basement membrane. The free
border of the inner epithelium that delineates the lacrimal-fluid-filled subspectacular space
is considered as the homologue of the corneal endothelium [31]. The stroma (9–132 μm)
contains parallel layers of evenly spaced lamellar of collagen fibrils with an alternating
course, similar to what is seen in the vertebrate cornea. In contrast to the cornea, however,
the stroma layer contains blood vessels, fibroblasts, and nerve fibers [2,31].

In snakes, spectacular thickness seems to reflect evolutionary adaptation and devel-
opment to their natural habitat and ranges from 74 to 244 μm. The thinnest spectacles are
found in arboreal and terrestrial species, whereas the thickest occur in aquatic and fossorial
or burrowing species. In general, colubrids have thinner spectacles than boas and pythons.
The thinnest spectacles are found in viperids and the thickest in pipe snakes [33].

In addition to the protective role of the spectacle, it also constitutes the main refrac-
tive ocular surface (refractive index n ≥ 1.5) and plays a crucial role in the quality of
vision [2,31,32]. The refractory potential of the spectacle together with the lacrimal fluid in
the subspectacular space equals that of the lens in species that do not possess a spectacle
and renders the role of the cornea in refraction irrelevant [34]. The spectral transmittance
has been studied in snakes as well as lizards and a wide range of wavelengths from red
light to ultraviolet (UV) (280–315 nm) are transmitted; however, the spectacle also acts as an
optical filter that reduces the passage of UV irradiation with short wavelengths in diurnal
species [35,36].

Although the spectacle is optically transparent, similar to other parts of the integument
it is well vascularized [37]. As spectacled reptiles are nearly the only vertebrates that possess
non-retinal blood vessels in the visual fields, adaptations to minimize loss of clarity in the
optical transmissive regions of the eye are necessary. In addition to transparent blood vessel
walls and a specific spatial layout and density in the spectral regions that serve the foveal
and binocular visual fields, it has been shown that these vessels undergo cycles of dilation
and constriction to impact visual clarity as minimally as possible in snakes [2,37]. During
activity or whenever a snake is visually stimulated, spectacle vessels remain constricted for
longer periods than during a resting phase. During the renewal phase of the shedding cycle,
spectacle vessels remain dilated and blood flow remains strong and continuous [2,34,37].
The mechanism and patterns of blood flow in the spectacle seem to guarantee visual acuity
when snakes are active or presented with a visual stimulus and promote physiological
shedding by avoiding desiccation of the spectacle layers during ecdysis [35,38]. Similar
vascularization patterns of the spectacle or ocular scale have also been described in geckos,
xantusiid lizards, and amphisbaenids [37,39].

Clinically, it is important to differentiate between a normal vascularization pattern,
also during different stages of the shedding cycle, and neovascularization of the cornea, as
well as physiological dilatation of iris vessels (Figure 6) or reactive dilation in case of uveitis.
Engorged spectacular vessels might be seen in the chronic stages of pseudopubhthalmos or
subspectacular abscesses (Figure 7) [31].

6
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Figure 6. Unilateral dilation of iris vessels in the left eye of a satanic leaf-tailed gecko (Uroplatus
phantasticus) can occur as a transient physiological phenomenon.

 

Figure 7. Engorged spectacular vessels in a Burmese python (Python bivittatus) with chronic pseudop-
ubhthalmos. Besides overfilling of the subspectacular space, prominent swelling of the periocular
and facial region can be noted.

3. The Lacrimal System in Squamates

In snakes, lacrimal glands are absent; however, non-Harderian glandular structures
that empty into the subspectacular space have been identified in boid species and parts of
the epithelium of the subspectacular space might be secretory [6,40]. The serous Harderian
gland of snakes is located in the dorsonasal orbit, medial and posterior to the eye and
contains several ductules that drain into a lacrimal sac or ampulla that communicates with
the ventral portion of the subspectacular space [5,41,42]. In general, saurian species with
spectacles also lack lacrimal glands (except for members of the Ablepharus genus; Table 1)

7
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and their Harderian gland is located in the nasal aspect of the orbit. In geckos, it has been
demonstrated that it is a seromucous gland that secretes proteins and lipids [3,26]. The
Harderian gland is primarily responsible for the production of the tear film but might also
play a role in vomeronasal olfaction [26,43].

In snakes, a single punctum is located in the ventromedial medial fornix of the subspec-
tacular space and continues in the lacrimal duct [5,6,40,41]. After the duct passes through
the lacrimal foramen, lateral to the prefrontal bone it shows a circuitous course rostrally
and medially between the caudal aspect of the maxillary and palatine bones. Next, it runs
between the vomer and the hypochoanal cartilage and exits in the oral cavity, medial to the
opening of the duct of the vomeronasal organ [6,41]. Based on a computed tomographic
anatomical study of the ophidian lacrimal system, the complexity of the tortuous course
of the lacrimal duct varies between snake species [41]. This variation may be pertinent to
predispositions of certain snake taxa towards the development of disorders of the subspec-
tacular space, in particular pseudobuphthalmos and subspectacular infections, and also
has implications towards the treatment and prevention of these disorders [41].

4. Ecdysis and Healing of the Spectacle

Ecdysis is the periodical process of renewal of the outer layer of the epidermis of the
entire skin, including the spectacle [44–46]. In most squamates, this is a discontinuous,
cyclic process. During the cleavage phase, the old skin separates from the newly formed
layer by enzymatic activity of the lymphatic fluid. In snakes, the skin often appears dull
or has a blueish hue during the renewal phase. This is most obvious in the spectacle
as the result of accumulation of old and new layers of the epidermis causing opacifica-
tion [44–49]. Curiously, this phenomenon does not occur or is almost unremarkable in
lizards that have spectacles [2]. Shortly before the actual shed, the spectacle and skin of
snakes regain their normal appearance as the lacunae of the stratum intermedium are
broken down [47]. If a normal shedding cycle occurs, snakes shed their entire skin in
a single piece (Figures 8 and 9). Most lizards that have spectacles show a more gradual
renewal process of the skin in comparison to snakes but will eventually also slough the old
skin in a short period of time [48,49].

 

Figure 8. Ecdysis in a chicken snake (Spilotes pullatus). (A) Sloughing of the skin in a healthy snake
should always occur in a single piece and include the spectacles. (B) The shed spectacle and its
transition to the sloughed skin of the head are clearly visible and resemble a cast of the newly
formed spectacle.
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Figure 9. In most spectacled lizards, the renewal of the skin is a more gradual process in comparison
with snakes, but the actual sloughing of the skin occurs in a short period of time. The spectacle
should always be released together with the shed of the head as seen in (A) a satanic leaf-tailed gecko
(Uroplatus phantasticus) and (B) a Madagascar day gecko (Phelsuma madagascariencis).

The clinical and histological healing of the spectacle was studied in ball pythons
(Python regius) [50]. Twenty-four hours after experimental removal of a quadrant of the
spectacle, infiltration of inflammatory cells and the development of a proteinaceous plug are
noted at the cut edges of the spectacle. After 7 to 10 days, a proteinaceous crust bridges the
spectacle defect. As the cellular inflammatory component gradually decreases, the deeper
germinal epithelium becomes hyperplastic and covers the defect, whereas a prominent
vascular response is present. After 21 days, the regenerated spectacle shows a normal
vascular pattern beneath the crust. Initially, the thickness and transparency of healed
spectacles may show considerable variation, and a normal appearance with a restored
subspectacular space is mostly regained after one or more shedding cycles (Figure 10) [50].
The development of the proteinaceous crust is considered as a highly important step in the
healing process as it acts as a scaffold for the regenerating epithelium of the spectacle [50].

 

Figure 10. Appearance of the spectacle in a Burmese python (Python bivittatus) following a first shed
after performing a partial spectaculectomy.
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Regeneration of the spectacle has been described in two snake species for the treat-
ment of a near-complete spectaculectomy or spectacle avulsion by use of porcine small
intestinal submucosal or amniotic membrane grafting combined with application of topical
ointments [51,52]. In both cases, full regeneration of the spectacle following two or more
shedding cycles was observed; based on these results, grafts are considered to serve as a
scaffold for the healing of larger or complete spectacular defects [51,52].

5. Clinical Examination of the Spectacle and Subspectacular Space

Assessment of the spectacle and subspectacular space should always be included as
a part of the general clinical examination of spectacled squamates [46,48]. Evidently, the
presence of the spectacle excludes the application of fluorescein dye stain of the cornea,
measuring lacrimal secretion or intraocular pressure [31].

Although many abnormalities can be detected with the naked eye, the detection and
in-depth assessment of moderate to discrete changes often require the use of a magnifying
glass. Slit-lamp biomicroscopy is highly useful to obtain a magnified three-dimensional
view of the spectacle and the subspectacular space, as well as the anterior segment of the
eye and the lens if a normal opacity of the spectacle and lacrimal fluid in the subspectacular
space is present [31]. Although the normal microvasculature of the spectacle can vary
greatly, it can be assessed using a slit lamp [31,35,38,53].

Comparison of the left and right spectacle often allows the detection of mild distention
of the subspectacular space or discrete changes in the opacification and the transparency
of the lacrimal fluid (Figure 11). Any abnormality detected at the level of the spectacle
or spectacular space should warrant appropriate testing and sampling. Systemic disease
should be considered in case of bilateral lesions.

 

Figure 11. Bilateral opacification of the spectacle in a Burmese python (Python bivittatus). The blueish
hue of the left spectacle is related to the renewal phase of the skin, whereas opacification of the right
spectacle is caused by the presence of flocculent exudate in the ipsilateral subspectacular space due
to bacterial infection.

Optical coherence tomography (OCT) and scanning laser ophthalmoscopy have been
used to visualize the spectacle, assess the thickness of the spectacle, and evaluate the
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subspectacular space [33,53]. In particular, OCT proves to be a valuable tool to assess the
anterior segment structures of the spectacle [53,54].

During the clinical examination, and especially during the sampling and treatment
of lesions of the spectacle and subspectacular space, appropriate local and/or general
analgesic and anesthetic protocols should be used that are tailored on an individual basis
and take into account the involved reptile species, anatomical structure, and lesion.

6. Retention of the Spectacle

Especially in snakes, retention of the spectacle is a commonly observed disorder. As
the transition zone of the spectacle to the periocular zone is one of the body sites with the
highest mechanical resistance, retention may also occur in healthy reptiles. If retained spec-
tacles are part of generalized dysecdysis, this might be attributed to non-infectious causes,
such as inappropriate environmental conditions (mainly inappropriate humidity levels or
a lack of objects in the captive environment to rub against), as well as infectious causes, in-
cluding ectoparasitosis (Figure 12) and bacterial, mycotic, or viral dermatitis. Malnutrition
or generalized disorders, especially those resulting in dehydration and/or hypoproteine-
mia, may also result in impaired shedding, including spectacular retention [44–46,48]. The
diagnosis and treatment of the primary causes of retained spectacles are indispensable
parts of the treatment of this disorder.

 

Figure 12. Extreme infestation with snake mites (Ophionyssus natricis) in a deceased ball python
(Python regius).

Retention of the spectacle is easily diagnosed if several layers of shed spectacle have
accumulated in contrast to retention of a single layer, especially shortly after sloughing, as
this results in minimal changes in opacification. Whenever possible, the shed skin should
be examined for the presence of the spectacles (Figure 13).

In some cases, the retained spectacle may be released spontaneously with the next
shed (Figure 14).
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Figure 13. Examination of the shed skin from a northern spiny-tailed gecko (Strophurus ciliaris)
confirms complete shedding of the spectacle.

 

Figure 14. Fresh shed skin from the head of a corn snake (Pantherophis guttatus) detached a retained
spectacle at the right side.
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Multiple layers of retained shed often become very rigid and highly difficult to re-
move. Premature removal or aggressively peeling back the retained spectacle may damage
the normal epidermal layer and in severe cases the subspectacular space and/or cornea
might be exposed with the development of corneal ulceration, exposure keratitis, or even
panophthalmitis [44–46,48]. Repeatedly putting the affected snake or lizard in lukewarm
water baths for 10 to 15 min in combination with optimization of the environment and/or
applying topical eye droplets, tear preparations, or ointments multiple times a day mostly
allows the safe removal of retained spectacles (Figure 15) [44–46].

 

Figure 15. (A) Multiple retained layers of the spectacle in a Burmese python (Python bivittatus).
(B) Release of the retained layers after a few days of topical treatment with ophthalmological ointments.
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Hydrodissection is a technique that consists of irrigating saline between the spectacle
layers using a 23-to-27-gauge catheter that seems to be quite effective to rapidly delineate
and remove retained layers without the risk of removing the basal layer of the spectacle [31].

7. Indentation and Trauma of the Spectacle

Bilateral or unilateral indentations of the spectacle can be regularly seen in various
snake species, notably ball pythons. In most cases these indentations are physiological,
although they may also be associated with mild trauma, generalized skin disorders, or
systemic diseases. Indentations of the spectacle will resolve quickly with the next shed
unless underlying disease is present [44–48].

Injuries of the spectacle are most frequently seen as a consequence of iatrogenic trauma
(e.g., inappropriate removal of retained spectacle layers), trauma from the environment,
especially in snakes or lizards that show repetitive rubbing or explosive flight behaviour,
or biting lesions caused by prey items (Figure 16) [48]. Often, this coincides with more
extensive rostral trauma, dermal granulomas, and/or stomatitis. Although mild trauma
and abrasions of the spectacle will often heal quickly with the next shedding phase, sec-
ondary bacterial or fungal infection might occur if the deeper layers of the spectacle are
exposed [44–48].

 

Figure 16. (A) Rat bite induced rostral trauma involving the spectacle in a ball python (Python regius).
(B) Healing of the skin and spectacle following topical wound treatment and shedding (week 4).
(C) Mild residual scarification of the skin and spectacle after a second shedding phase (week 16).
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It has been postulated that in cases of traumatic near-complete spectaculectomy or
avulsion of the spectacle, spontaneous regeneration will not occur and intensive treatment,
including the use of grafting, is necessary [31,51,52]. Based on our experiences, however,
topical application of antimicrobial ointments until a first shed has occurred has a fair
chance of resulting in complete regeneration of the spectacle and subspectacular space if
the basal layers at the transition zone are still intact. Although the regenerated spectacle
may initially appear wrinkled, it mostly regains its normal appearance after one or more
additional shedding cycles.

8. Spectaculitis

Spectaculitis may be seen as a localized lesion (Figure 17) or be part of a generalized
dermatoses, including those that are associated with systemic disease [29,31,55]. If spectac-
ulitis coincides with dermatitis, a mutual etiology can often be revealed (Figure 18) [44–48].

 
Figure 17. Spectaculitis associated with bacterial infection in a crested gecko (Correlophus ciliatus).

 

Figure 18. Dermatitis of the preocular and nasal skin extending to the medial part of the spectacle
associated with opportunistic mycosis in a great lakes bush viper (Atheris nitschei).
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Gram-positive bacteria are more commonly encountered in snakes with spectaculitis
than in other diseases [28,56]. Ophidiomyces ophiodiicola has been reported as a cause of
spectaculitis in both wild and captive snakes [57,58]. Rather anecdotally, the presence
of spectacular urate depositions as well as cases of disseminated lymphoma and myelo-
proliferative disease with involvement of the spectacle have been reported in snakes [31].
The latter disorders may be associated with localized or generalized inflammation and
opacification of the spectacle. Local or diffuse opacification of the spectacle may develop
following exposure to excessively short UV-B wavelengths [31,59].

Histological features of spectaculitis include serocellular crust formation, epithelial and
stromal edema, stromal neovascularization, and infiltration of inflammatory cells. In most
cases, the stroma and outer epithelial layers are involved, whereas the inner epithelium
only seems to be involved in severe cases of deep bacterial or mycotic infections [28,29]. If
the inner epithelial layer is involved, cellular hypertrophy and hyperplasia may occur and
necrotic epithelial cells may enter the subspectacular space [28,29].

Correlophus and Rhacodactylus species (Diplodactilydae) frequently present with local-
ized, ulcerative lesions in the center of the spectacle (Figure 19). Although the exact etiology
is unknown, the development of these lesions might be associated with opportunistic
infection caused by bacteria that are part of the oral microbiota. Although most geckos
clean and moisturize the spectacle by use of the tongue, Correlophus and Rhacodactylus
species seem to be predisposed to such infections if the integrity of the epidermal barrier of
the spectacle is impaired due to microtrauma, lacerations, inappropriate environmental
conditions, and/or secondary changes due to nutritional deficiencies. Especially during the
vitellogenic phase of the reproductive cycle, female crested geckos seem to be particularly
prone to the development of these typical lesions of the spectacle. In most cases, lesions
resolve following application of topical vitamin A and/or antimicrobial ointments followed
by renewal of the spectacle, although fibrosis might develop and recurrent episodes are
commonly observed.

  

Figure 19. Ulcerative lesion located at the center of the spectacle in a crested gecko (Correlophus ciliatus).
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9. Pseudobuphthalmos

Pseudobuphthalmos, also referred to as bullous spectaculopathy, results from obstruc-
tion of the lacrimal drainage system and is seen in snakes (Figures 20 and 21) as well as
lizards (Figure 22) [11,31,47].

 
Figure 20. Pseupdobuphthalmos in a neonate Dumeril’s boa (Acrantophis dumerili) that is presumably
related to developmental abnormalities in the lacrimal drainage system.

 
Figure 21. Pseudobuphthalmos presenting as a severe distention of the subspectacular space related
to obstruction of the lacrimal duct in a corn snake (Pantherophis guttatus).

In comparison to subspectacular infection, pseudobupthalmos is more frequently seen
in young animals and it may occur uni- or bilaterally. Typically, the excessive lacrimal fluid
in the subspectacular space is clear and the spectacle as well as the ocular globe show a
normal appearance. In severe cases, swelling of the facial and medial periocular region
(Figure 23) may occur [11,47,60].

Congenital pseudobupthalmos in neonates is possibly associated with developmental
abnormalities of the lacrimal duct [60]. In ovoviviparous snakes, the authors have witnessed
cases where up to 60% of the neonates from a single clutch were affected (Figure 24). In
some cases, development into subspectacular abscesses was observed.
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Figure 22. Pseupdobuphthalmos in a juvenile crested gecko (Correlophus ciliatus) resulting from
developmental abnormalities of the lacrimal drainage system.

 

Figure 23. Pseudobupthalmos in a juvenile boa constrictor (Boa constrictor) combined with swelling
of the facial region associated with ascending Pseudomonas aeruginosa infection via the lacrimal duct.
If left untreated, subspectacular infection and abscessation might develop.

Mild pseudobupthalmos can be seen shortly before the actual sloughing of the shed
in snakes. This might be attributed to obstruction of the drainage at the lacrimal punc-
tum caused by the accumulation of spectacle layers in the ventromedial subspectacular
space [31]. Although those cases mostly resolve spontaneously, recurrence might be ob-
served with each shedding cycle [61]. Other causes of pseudobuphthalmos also include
direct or indirect blockage along the course of the lacrimal drainage such as caseous stom-
atitis with debris obstructing the drainage opening (Figure 25) or ascending infection of the
lacrimal duct (Figure 26), abscesses, granulomas, foreign objects (e.g., substrate), trauma,
or neoplasia located in the roof of the mouth or the facial tissues [11,31,47]. Especially in
lizards, hypovitaminosis A with the development of metaplasia of the lacrimal duct and
subsequent (sub)obstruction of the duct should be considered [48]. Similar predispositions
and etiologies are commonly associated with dacryocystitis in, e.g., rabbits and cats in
which the lacrimal duct also shows pronounced tortuosity [31,41].
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Figure 24. Idiopathic congenital pseudobupthalmos in a neonate Malayan pit viper (Calloselasma
rhodostoma) shortly after the first shed after hatching. A morbidity of approximately 50% was
witnessed within the clutch.

 

Figure 25. Debris obstructing the combined orifice of the lacrimal duct and vomeronasal organ in the
roof of the mouth in a Burmese python (Python bivittatus) with pseudo-buphthalmos.

In case of pseudobuphthalmos, sampling of the clear fluid from the subspectacular
space mostly yields negative results following microbiological examination [31]. Pseu-
dobuphthalmos, however, can be an early presentation of ascending infection of the lacrimal
duct from the oral cavity and might eventually lead to the development of subspectacular
abscessation once infection has reached the subspectacular space. Secondary infection may
occur if the distended spectacle is traumatized or perforated, mostly in cases where affected
snakes or lizards show reactive and repetitive rubbing behavior. Detection and elimination
of the primary etiology is fundamental towards the successful treatment of pseudoboph-
talmos. Congenital pseudobuphthalmos that is related to developmental disorders has a
poor prognosis and, theoretically, conjunctivolateralostomy is often the single treatment
option [11,31,47,60].

As the fluid in the subspectacular space is often pure lacrimal fluid, percutaneous
aspiration of the fluid by inserting a needle between the periocular scales or aspiration
following puncture through the spectacle (Figure 27) is highly feasible. Repeated aspiration
of the fluid and flushing of the subspectacular space may be necessary. Unusually, a partial
spectaculectomy needs to be performed as described for treating subspectacular abscesses.
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If the spectacle is persistently and severely distended, it may be considerably stretched
and become wrinkled and collapse once the excessive volume of subspectacular fluid is
alleviated [31].

 

Figure 26. Medial peri-ocular and facial swelling associated with ascending bacterial infection of the
lacrimal duct in a northern spiny-tailed gecko (Strophurus ciliaris).

 

Figure 27. (A) Pseudobuphthalmos in a gopher snake (Pituophis catenifer). (B) Drainage of the
subspectacular space via punction through the spectacle.
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Successful treatment of pseudobuphthalmos can be confirmed by assuring restored
patency of the lacrimal duct. The latter may be performed by injection of a 1:5 balanced salt
dilution of 10% fluorescein into the subspectacular space, either percutaneously (Figure 28)
or through the spectacle [41]. If these routes seem ineffective, it might be useful to attempt
retrograde flushing via the drainage orifice of the lacrimal duct in the roof of the mouth,
although this might induce iatrogenic infection from the oral cavity.

 

Figure 28. Boa constrictor (Boa constrictor) following percutaneous injection of a 1:5 balanced salt
dilution of 10% fluorescein into the subspectacular space to ascertain patency of the lacrimal drainage
system following treatment for pseudobuphthalmos.

10. Subspectacular Infection

Subspectacular infection is presumably the most common disorder of the spectacle and
its drainage system in reptiles. Boa constrictors (Boa constrictor) (Figure 29) and Burmese
pythons (Python bivittatus) (Figure 30) seem to be especially predisposed to the development
of subspectacular infection, although the disorder is also diagnosed in colubrids and to
a lesser extent in viperids and lizards (Figure 31). Although subspectacular infection
might resemble pseudobuphthalmos in the earliest stages, the fluid in the subspectacular
space mostly becomes nontransparent with the appearance of flocculent exudate as seen in
hypopyon of the anterior eye chamber [11,31,44,47,61,62].

If bilateral infection is present (Figure 32), systemic infection should be considered as
a primary etiology. The amount of exudate, thickening, and opacification of the spectacle
as well as engorgement of the blood vessels (Figure 33) are correlated with the severity
and/or chronicity of the disorder. In chronic stages or cases of severe distension of the
spectacle, the spectacle may show a whitish appearance and become extremely fragile
because of impaired vascularization (Figure 34). In those cases, the spectacle might collapse
and wrinkle or might even detach at the level of the transition zone when manipulated.
When left untreated, subspectacular infection might extend to the periocular and facial
region [11,31,44,47,61,62].

Except for rare cases where infection enters the subspectacular space through perfora-
tion of the spectacle or results from systemic infection, ascending infection from the oral
cavity via the lacrimal duct is the predominant cause of subspectacular infection [11,44,45].
It is of fundamental importance to diagnose and eliminate facilitating or primary causes
of subspectacular infection in reptiles, such as upper respiratory tract and oropharyngeal
infection, in particular caseous stomatitis (Figure 35) and esophagitis. Especially in boa
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constrictors, these infections are commonly seen as a comorbidity to inclusion body disease
caused by divergent reptarenaviruses [31,63].

 

Figure 29. Subspectacular infection associated with bacterial infection in a boa constrictor (Boa
constrictor). The subspectacular space is filled with flocculent exudate.

 

Figure 30. Flocculent exudate causing partial opacification of the subspectacular space and mild
engorgement of the blood vessels of the spectacle in a Burmese python (Python bivittatus).

 

Figure 31. Thick-tailed gecko (Underwoodisaurus milii) with subspectacular abscess associated with
bacterial infection.
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Figure 32. Bilateral subspectacular abscesses as seen in this Burmese python (Python bivittatus) is
a relatively unusual presentation and should warrant the inclusion of possible systemic bacterial
infection as a primary etiology.
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Figure 33. Prominent engorgement of blood vessels as well as severe distention and deformation of
the spectacle as observed in a Burmese python (Python bivittatus), indicating chronic subspectacular
abscessation.

 

Figure 34. Extremely chronic subspectacular abscess in a Schultze’s pit viper (Trimeresurus schultzei).
Avulsion of the spectacle may occur if manipulated because of the chronic inflammatory changes.

In almost all cases, bacterial isolates can be cultured from subspectacular abscesses
and generally comprise Gram-negative bacteria, such as Pseudomonas aeruginosa, Aeromonas
species, and Salmonella species, but infection caused by Clostridium perfrigens or methicillin-
resistant Staphylococcus sp. infection has also been reported [11,61,62,64,65]. Interestingly,
combined infection of the subspectacular space with flagellated protozoan parasites, pre-
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sumably Tritrichomonas and Monocercomonas species, are frequently seen in snakes with
bacterial subspectacular abscesses and flagellated protozoan infection has also been demon-
strated in geckos with subspectacular abscesses [11,66]. Although the role in the etiopatho-
genesis of subspectacular abscesses remains unclear, it is certain that these protozoal
parasites also reach the subspectacular space via ascending infection from the oral cavity,
as the parasites can also be detected in the oropharyngeal cavity in most of these cases.
Less frequently, Serpentirhabdias-species eggs and nematode worms have been detected in
mostly bilateral subspectacular lesions in snakes [67,68].

 

Figure 35. Caseous stomatitis as seen in this reticulated python (Malayopython reticulatus) is commonly
seen in snakes with subspectacular infection as associated bacteria as well as flagellated protozoa
may reach the subspectacular space following ascending infection via the lacrimal duct.

Although subspectacular infection is easily diagnosed based on the clinical appearance,
the management of this disorder should always include the search for possible primary
systemic infection or causes of generalized or localized immunosuppression. The collection
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of exudate from the subspectacular space (Figures 36 and 37) for cytology (wet preparations,
Gram staining) and microbiological culture (including mycology), including susceptibility
testing, is of fundamental importance. Molecular testing might be necessary to demonstrate
fastidious organisms (e.g., Chlamydia spp. and Chlamydia-like organisms, Mycobacterium
spp.). As the flocculent exudate mostly prevents the collection of qualitative samples by
FNA (Figure 34), it is advisable to collect samples when creating a partial speculatectomy
opening, as almost in all cases this is an integral part of the treatment [11,31,47,61,62,64].

 

Figure 36. Sampling of a subspectacular abscess in a red-spotted garter snake (Thamnophis sirtalis
concinnus) via fine needle aspiration through the spectacle.

 

Figure 37. Sampling of a subspectacular abscess in a Burmese python (Python bivittatus) via fine
needle aspiration by insertion of the needle in between the periocular scales.

Conventionally, performing partial spectaculectomy entails the creation of a small
25-to-30-degree wedge in the ventrolateral quadrant of the spectacle, as this minimizes the
risk of damaging the drainage punctum [41]. In small-sized reptiles, it might be advisable
to use an operation microscope to avoid iatrogenic damage to the cornea. Introduction of
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a needle into the subspectacular space is recommended, followed by the use of Wescott
tenotomy scissors to excise the spectacle window (Figures 38 and 39).

 

Figure 38. Insertion of a 21-gauge needle into a Burmese python (Python bivittatus) through the
spectacle may allow aspiration of exudate from the subspectacular space and is also used as a first
step in performing a partial spectaculectomy.

 

Figure 39. Partial spectaculectomy in a Burmese python (Python bivittatus) with a subspectacular
abscess allows removal of the exudate from the subspectacular space.

Once the wedge has been created, the debris can be removed if complete aspiration
was not feasible and topical antimicrobial administration can be performed. Treatment
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should be based on antimicrobial susceptibility testing and irrigation of the subspectacular
space for an average 5 to 7 days is recommended [11,31,63,64]. Although crust formation is
considered as an integral part of the healing process of the spectacle [50], it will prevent top-
ical applications from reaching the subspectacular space. Consequently, it is recommended
to avoid total dissolution of the crust during repeated irrigation of the subspectacular space
or to perform this percutaneously [31,50].

As geckos moisten and clean their spectacles using their tongue, ingestion of excessive
amounts of topical applications should be avoided. If keratomalacia is present, topical
sodium EDTA may be useful to reduce collagenase activity [31]. If flagellate infection
is confirmed, especially when concurrent oropharyngeal infection is present, per oral
antiprotozoal treatment should be initiated [66]. In case exudative subspectacular infection
has extended into the periocular and facial subcutaneous tissues, it might be necessary to
surgically debride and flush these lesions (Figure 40), similar to what is performed during
the treatment of subcutaneous abscesses or granulomas in reptiles.

 

Figure 40. Whenever subspectacular infection of the spectacle has extended to the periocular and/or
facial region, making an incision in between the scales is often required to allow drainage and local
treatment of the subcutaneous infection.

Once the exudate has been removed from the subspectacular space and infection has
been eliminated, the distention of the spectacle often decreases quickly and the normal
appearance of the subspectacular space and fluid restores gradually. As described for pseu-
dobuphthalmos, the spectacle may collapse and wrinkle if chronic and severe distention
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occurred (Figure 41), and it is highly advisable to confirm patency of the lacrimal duct
during or at the end of the treatment.

 

Figure 41. Collapse and wrinkling of the spectacle after performing a partial spectaculectomy and
removal of the exudate in a Burmese python (Python bivittatus) are frequently seen in cases of
chronic infection.

If persistent pseudobuphthalmos occurs, e.g., in cases of developmental disorders
causing lacrimal duct obstruction or secondary to subspectacular infection, attempts can
be made to recreate lacrimal drainage. The latter procedure is referred to as conjunc-
tivoralostomy and comprises the creation of a new channel with a metal cannula or an
appropriately sized needle from the fornix between the lateral maxillary teeth and edge of
the oral cavity to the ventrolateral part of the spectacle [69]. The latter may be performed
starting from the subspectacular space via a 30◦ wedge incision of the spectacle or from
the fornix (Figure 42). Next, a 28-gauge silastic tube is threaded through the channel and
fixed with sutures at its dorsal location and ventrally to the facial skin via a small incision
in the labial scales. The tube has to be left in situ for at least 8 weeks in order to allow
epithelialization around the tube. The latter is only feasible in reptiles with a considerable
size, and postoperative fibrosis and occlusion of the newly created drainage duct are seen
as the main complications [69].

 

Figure 42. Conjunctivoralostomy performed in a corn snake (Pantherophis guttatus) with pseudobuph-
thalmos comprises the creation of a new channel. In this case, a metal cannula is advanced from the
fornix between the lateral maxillary teeth and the facial skin to the ventral subspectacular space as
the initial step of the procedure.
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11. Conclusions

The reptilian spectacle is considered as the most sophisticated type of spectacle and
is one of the most distinguishable traits of snakes and certain lizard species. In general,
reptiles with a spectacle lack lacrimal glands. The tear film that fills the subspectacular
space is produced by the Harderian gland and drains to the oral cavity via the lacrimal duct.
Retention of the spectacle, spectaculitis, and injuries of the spectacle are commonly observed
disorders. Especially in snakes, the complexity of the tortuous course of the lacrimal duct
may vary between species and may predispose certain species towards the development of
disorders of the subspectacular space, in particular pseudobuphthalmos and subspectacular
infection. These conditions are caused by blockage of the lacrimal drainage system and
ascending infection of the subspectacular space from the oropharyngeal cavity, respectively.
A sound knowledge of the anatomy and physiology of the spectacle and its drainage
system allows the establishment of an adequate diagnostic and therapeutic approach for
these disorders.
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Simple Summary: Common blue-tongued skinks (Tiliqua scincoides) are popular pets due to their
docile temper. Because of their popularity, they are routinely presented to veterinarians for ex-
aminations or procedures; however, to date, there has been limited research evaluating sedation
protocols for this species. This study aimed to test different sedation combinations in these skinks:
alfaxalone alone, alfaxalone with midazolam, dexmedetomidine with midazolam, and a combination
of alfaxalone, dexmedetomidine, and midazolam. All four combinations provided safe sedation, but
there were different physiologic responses noted. According to our trials, the combinations of all
three drugs or alfaxalone with midazolam are recommended for minor procedures.

Abstract: Common blue-tongued skinks (Tiliqua scincoides) are popular pet reptiles; however, there
has been limited research to investigate sedatives for this species. The purpose of this study was to
measure the physiologic effects of four combinations of alfaxalone, dexmedetomidine, and midazolam
for minor procedures such as intubation and blood collection. Eleven common blue-tongued skinks
(Tiliqua scincoides) were used for this prospective, randomized cross-over study. The subcutaneous
combinations were used as follows: 20 mg/kg alfaxalone (A); 10 mg/kg alfaxalone and 1 mg/kg
midazolam (AM); 0.1 mg/kg dexmedetomidine and 1 mg/kg midazolam (DM); and 5 mg/kg
alfaxalone, 0.05 mg/kg dexmedetomidine, and 0.5 mg/kg midazolam (ADM). Heart rate, respiratory
rate, palpebral reflex, righting reflex, escape reflex, toe pinch withdrawal reflex, tongue flicking,
and the possibility of intubation were recorded at baseline and every 5 min for 60 min. Venous
blood gases were measured at baseline, full sedation, and recovery. Heart and respiratory rates
decreased significantly in all groups, but the reductions were most prominent in DM and ADM.
Analgesic effects, as measured by the toe pinch withdrawal reflex, were only observed in DM and
ADM. Intubation was possible in all four protocols; however, it was not possible in two DM skinks.
Based on these trials, ADM and AM are recommended for minor procedures in blue-tongue skinks.

Keywords: anesthesia; blood gas; blue-tongue skink; intubation; lizard; pH; PCO2; reptile; sedation;
Tiliqua scincoides

1. Introduction

Common blue-tongued skinks (Tiliqua scincoides) are popular as pets and exhibit
animals at zoological institutions because of their inquisitive behavior and ease of care.
Because of the popularity of these lizards, veterinarians are being asked to provide medical
and surgical care for these animals. However, to date, there has been a dearth of evidence-
based research related to the medical and surgical management of these animals. A search
of PubMed and Google Scholar using the key words “Tiliqua” or “blue-tongued skink” on
1 July 2024 revealed only twenty-one articles related to the medical and surgical care of
these animals, with five being case reports and sixteen being clinically related research.
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Limited evidence-based research can make it challenging for veterinarians to identify “best
practices” for managing these animals in the captive setting.

One of the challenges a veterinarian faces when working with any new species is
identifying safe, consistent sedation and anesthetic protocols to manage different diagnostic
and surgical procedures. From the previously noted literature search, six papers were case
reports or evidence-based articles for non-anesthetic purposes that described sedation or
anesthesia in common blue tongue skinks, while one was an evidence-based research paper
that used a specific anesthetic regimen on a study population of skinks [1–7]. In these seven
articles, the sedation and anesthetic protocols were used to perform different procedures,
including computed tomography scans, endoscopic sexing, radiography, and induction of
anesthesia. The sedatives/anesthetics and doses used in these articles included propofol
(9 mg/kg intravenous [IV] and 5 mg/kg IV) [1,2], medetomidine (0.2 mg/kg) and ketamine
(1.1 mg/kg intramuscular [IM]) [3], alfaxalone alone (9 mg/kg IV and 10 mg/kg IM) [4,6],
alfaxalone (10 mg/kg) and midazolam (0.4 mg/kg IM) [5], and midazolam (0.7 mg/kg),
dexmedetomidine (0.05 mg/kg), and ketamine (5 mg/kg IM) [7]. The evidence-based study
only evaluated alfaxalone, and the dose used was sufficient to obtain a loss of righting
reflex for 9 min [4]. Based on these limited findings, it is important to pursue additional
evidence-based research to identify safe and reliable sedation protocols for this species.

Alfaxalone is an injectable anesthetic commonly used in captive reptiles. Based on a
search of the same engines and dates using the keywords alfaxalone and reptile, 42 original
research studies have described the use of alfaxalone in reptiles as a solitary sedative
or in combination with other sedatives [4,8–49]. Alfaxalone is a neuroactive steroid that
acts on GABAA receptors as a positive allosteric modulator; it can also act as a direct
agonist when used in high doses [50]. Major benefits attributed to alfaxalone are that it
has minimal inhibitory effects on the cardiovascular and respiratory systems compared
to other commonly used injectable anesthetics, and it has a rapid onset of action [12,51].
However, large volumes are needed in reptiles compared to other sedatives, which makes
subcutaneous (SC) injection preferred over IM injection.

Dexmedetomidine, an α2-adrenoceptor agonist, is also a widely used injectable anes-
thetic in veterinary medicine. Based on a review of the same methods noted previously
using the keywords dexmedetomidine, medetomidine, and reptile, 46 original research
studies described using dexmedetomidine (n = 24) or medetomidine (n = 23) in rep-
tiles [10,17,26,28,31–35,43,52–87]. The α2-adrenoceptor agonists have been found to provide
sedation, muscle relaxation, and visceral analgesia, while cardiovascular and respiratory
depression are the most commonly described adverse effects. Ineffective sedation has
been reported in brown anole lizards (Anolis sagrei), Japanese grass lizards (Takydromus
tachydromoides), and Argentine tegus (Salvator merianae) when dexmedetomidine was given
as a single agent [32,33,70]. However, it is more common to combine α2-adrenoceptor
agonists with other sedatives/anesthetics to reduce the dosages of each drug and minimize
any potential adverse effects. Another benefit of α2-adrenoceptor agonists is that they can
be reversed once a procedure is completed.

Midazolam is a commonly used benzodiazepine in veterinary medicine, and it is used both
alone or in combination with other sedatives and anesthetics. The benzodiazepines enhance
the effects of GABA on GABAA receptors, resulting in sedation. The most common uses for
midazolam in veterinary medicine are as a premedication before surgery, as a sedative, and for
seizure control [88,89]. According to the same search criteria mentioned previously and using the
keywords midazolam and reptile, 36 original research studies were found describing midazolam
use in reptiles [17,26,28,32,34,35,64,66,70,72,77,80,82,83,85,86,90–109]. As a sole agent, midazolam
has been found to provide both successful and limited sedative effects in reptiles [32,91,93,99];
however, it is more common to combine midazolam with other sedatives or anesthetics to achieve
a synergistic effect [70]. This also has been proven in pigs and rats, where the combination of
α2-adrenoceptor agonists and midazolam provided maximal pain control for a longer duration
than those used alone [110,111]. A major benefit of using multiple drugs in combination is that
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the adverse effects of each drug can be minimized by reducing the dose of each drug [112].
Another benefit of midazolam is that it can be reversed with flumazenil.

Given the limited data available for blue-tongue skinks, further evidence-based research
is needed to better ascertain the value of sedatives for this species. The purpose of this study
was to determine the preferred combinations and doses of alfaxalone, dexmedetomidine, and
midazolam for providing safe and reliable sedation for performing basic procedures in blue-
tongue skinks. The specific hypotheses for this study were that (1) all sedation protocols
would be safe and provide sufficient sedation for minor procedures such as tracheal intubation,
collecting radiographic images, and blood collection from the skinks; (2) sedation would occur
within 10 min after SC injection; and (3) that the combinations with dexmedetomidine would
result in decreased heart rates (HR) and respiratory rates (RR).

2. Materials and Methods

A prospective, crossover study was conducted under the regulations set forth by the
Louisiana State University Institutional Animal Care and Use Committee (23-077).

2.1. Animals

Eleven adult (yearling) non-sexed common blue-tongued skinks were used in the
study. The skinks were obtained from a private breeder and were used to routine handling.
Physical examinations were performed on the skinks prior to the study, and the animals
were found to be clinically healthy with mean ± standard deviation (SD) bodyweights of
666.8 ± 123.9 g. The animals were housed in 18” × 12” × 36” (45 × 31 × 91 cm) enclosures
(Rubbermaid, Wooster, OH, USA) in a room with an ambient temperature and humidity
of 86 ◦F (30 ◦C) and 20–30%, respectively. The skinks were exposed to a 12 h photoperiod
using ambient fluorescent lighting; no ultraviolet B lighting was provided. Animals were
provided ad-libitum chlorinated tap water daily and fed three times a week with 30 g of
wet cat food (Wellness, Burlington, MA, USA). The skinks were fasted the day before any
sedation trial. The sedation trials were performed in a room with an ambient temperature
of 75 ◦F (23.9 ◦C), but the skinks were kept in an incubator (TLC-40; Brinsea, Titusville, FL,
USA) set at 85 ◦F (29.4 ◦C) during trials to maintain a consistent body temperature. The
skinks were only removed from the incubator for the initial injection and for measuring
the physiologic parameters at baseline and every 5 min until the trial was completed; the
skinks were returned to the incubator after each sampling period.

2.2. Pilot Sedation Trials

A set of pilot studies were done to determine the final doses for the primary seda-
tion trials. Three drugs were used in four different combinations for the pilot studies:
alfaxalone (Alfaxan, 10 mg/mL; Jurox Inc., Kansas City, MO, USA), dexmedetomidine
(Dexmedesed, 0.5 mg/mL; Dechra Veterinary Products, Overland Park, KS, USA), and
midazolam (5 mg/mL; Hikma Pharmaceuticals, Berkeley Heights, NJ, USA). Four doses
of alfaxalone; two doses of alfaxalone with midazolam; two doses of dexmedetomidine
with 1mg/kg midazolam; and one dose of alfaxalone, dexmedetomidine, and midazolam
were evaluated (in total, 18 trials, Table 1). These doses were selected based on the authors’
previous clinical experiences with skinks. All injections were given SC using one syringe in
the right flank, caudal to the right forearm. Skinks were randomly selected for each pilot
study using a random number generator (random.org; accessed on 14 August 2023), and
two skinks were used for each dose tested. A 2 week washout was provided between each
pilot study. Moreover, all doses were tested in randomized dosing order, and the individual
assessing the skink during each trial was blinded to the drug and dose because a second
individual obtained and administered the drugs.

Prior to starting any trial, a baseline HR, RR, palpebral reflex, righting reflex, escape
reflex, toe pinch withdrawal reflex, tongue flicking, and the possibility of intubation were
recorded. Heart rate was measured using a crystal Doppler (Parks Medical Electronics,
Aloha, OR, USA) for 15 s and multiplying the number by 4 to determine beats/minute,
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while RR was measured by counting rib excursions for one full minute to limit the impact
of breath-holding behavior. The palpebral reflex was evoked by touching a cotton-tipped
applicator to the medial and lateral canthus of the eye and noting a blink. The righting
reflex was evoked by placing the skink on its back and measuring the time required to
return its body to a sternal position. The escape reflex was induced by pinching the distal
third of the tail and evaluating whether the skink moved away from this stimulus. This
reflex was also used to determine the suitability for collecting radiographic images using
the sedation protocols. For the toe pinch withdrawal reflex, the toes of the hindlimbs were
used. A padded hemostat was used to apply pressure to a digit to determine if the skink
withdrew the leg as an indicator of deep pain. The tongue flicking was based on whether
the tongue moved freely. For the reflexes and possibility of intubation, a 1–3 ordinal scale
was used: (1) reflex was present (<1 s) or unable to intubate at all, (2) reflex was delayed
(1–4 s) or unable to intubate easily but might be possible with physical restraint of the mouth,
and (3) reflex was absent (>5 s) or able to intubate smoothly. The HR, RR, reflexes, and attempts
at intubation were recorded every 5 min until all 5 reflexes returned to baseline (score = 1). Full
sedation was determined to be when the righting and escape reflexes were both scored as 3
(absent). All skinks recovered uneventfully from the pilot studies.

Table 1. Description of the drugs, sample sizes, and doses used to determine sedation protocols for
common blue-tongued skinks.

Drugs
Pilot Primary

Alfaxalone Dexmedetomidine Midazolam
N of Skinks

A

2 10 mg/kg
2 15 mg/kg
2 17 mg/kg
2 11 20 mg/kg

AM

2 11 10 mg/kg 1 mg/kg
2 15 mg/kg 1 mg/kg

DM

2 0.05 mg/kg 1 mg/kg
2 11 0.1 mg/kg 1 mg/kg

ADM

2 11 5 mg/kg 0.05 mg/kg 0.5 mg/kg

2.3. Primary Sedation Trials

The doses used in the pilot trials that had the least impact on HR and RR, provided
sedation, and consistently allowed for intubation were selected for the final complete sedation
trial evaluating all 11 skinks. The final doses selected were as follows: 20 mg/kg alfaxalone [A];
10 mg/kg alfaxalone and 1 mg/kg midazolam [AM]; 0.1 mg/kg dexmedetomidine and 1 mg/kg
midazolam [DM]; and 5 mg/kg alfaxalone, 0.05 mg/kg dexmedetomidine, and 0.5 mg/kg
midazolam [ADM]. The injection site and route were the same as in the pilot trials. All 11 skinks
were randomly assigned to the order in which they received each combination, and a 2 week
washout was provided between trials. Two to four combinations were used on each trial day
using three to six individuals, and the individuals assessing the skinks were blinded to the
drug and dose. To avoid a potential bias attributed to a refractory response to the sedatives
over time, the order of the sedatives used was included as an independent variable in the
statistical modeling. The primary sedation trials were performed under the same environmental
conditions as described for the pilot trials. Similar to the pilot study, all parameters were
measured at baseline and every 5 min until the skink recovered. However, unlike the pilot study,
0.05 mg/kg flumazenil (0.1 mg/mL; Hikma Pharmaceuticals) and 0.5 mg/kg atipamezole
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(Revertidine, 5 mg/mL; Modern Veterinary Therapeutics, Miami, FL, USA) were given 60 min
SC after induction to skinks receiving dexmedetomidine or midazolam, respectively, if the skinks
were not recovered. The time to loss of righting reflex, time to intubation, time to recovery,
duration of intubation, and duration of the loss of righting reflex were also analyzed. Intubation
was assessed only for feasibility and the tube was not maintained. Attempts were made every
5 min. Again, recovery was defined as the time when all reflexes returned to baseline (ordinal
score = 1). Blood samples were collected from the ventral tail vein of six randomly selected
skinks using a 25-gauge needle fastened to a 1 mL syringe to measure blood gases at baseline,
time of full sedation, and recovery for each of the drug combinations. The same 6 skinks were
sampled for each drug combination to minimize individual physiologic variation. The venous
gas analysis was conducted using the VetScan i-STAT 1 (Abaxis, Union City, CA, USA) and
CG4+ cartridge. The body temperature for the i-STAT was corrected to 86 ◦F (30 ◦C) to match
the skink body temperature. No more than 0.15 mL of whole blood was collected for each
sample, and thus, blood sampling was limited to <1% of body weight.

2.4. Statistical Analysis

The sample size for the primary trials was based on the following a priori data: an alpha
= 0.05, power = 0.8, an expected difference in full sedation time between drug combinations of
8 min, and standard deviations between groups of 8 min. The sample size for the blood gas
component of the study was based on an alpha = 0.05, power = 0.8, a mean difference in pH
between baseline and full sedation of 0.3, and a standard deviation of 0.15. The minimum sample
sizes for each of these comparisons were 10 and 5, respectively. Because our IACUC recommends
a 10% buffer to minimize the likelihood of a type II error, an additional subject was added to
each group to obtain the final numbers of 11 and 6 for the primary sedation trial and blood gas
component, respectively. Sample size calculations were performed using MedCalc® Statistical
Software version 22.006 (MedCalc Software Ltd., Ostend, Belgium; https://www.medcalc.org;
accessed on 14 August 2023). The distributions of the continuous data and their residuals
were assessed for normality using the Shapiro–Wilk test, q-q plots, skewness, kurtosis, and
histograms. Data that met the assumptions of normality are reported by the mean ± SD, while
non-normally distributed data are reported by the median (interquartile range [IQR]) values.
When the residuals met the assumption of normality, linear mixed models were used to determine
if there were differences in the outcome data (HR, time to loss of righting reflex, duration of
intubation, duration of loss of righting reflex, and blood gases values [pH, PCO2, HCO3, and
lactate]) by group (A, AM, DM, and ADM), time (0–60 min with 5 min intervals), and order
drugs (1–4). Skink was entered into the model as the random factor, and group, time, order,
and their interaction terms were entered as fixed factors. Body weight was also added to the
model as a covariate. The Akaike’s information criterion was used to help assess model fit.
Because the residuals for RR were not normal, a generalized linear mixed model was used to
determine whether the fixed factors group, time, order, and their interaction terms impacted RR.
Skink served as the random variable in the model and body weight was added as a covariate.
Bonferroni’s multiple comparisons test was used as a post-hoc test when differences were noted.
The time to intubation was analyzed using a generalized linear mixed model with group and
order as fixed variables and body weight as a covariate. Dunn’s multiple comparison test was
used as a post-hoc test. Ordinal data, including all reflexes and the possibility of intubation,
were analyzed using the duration of the loss of each reflex as a continuous outcome variable
using generalized linear mixed models. Group and order were included in the model as fixed
factors and body weight as a covariate. Data were analyzed using SPSS V27.0 (IBM Statistics,
Armonk, NY, USA) and GraphPad Prism V9.0 (GraphPad Software, San Diego, CA, USA).
A p-value < 0.05 was used to determine statistical significance.

3. Results

All skinks recovered well without any adverse effects from both the pilot and primary
studies. Following SC injection, erythema was immediately noted in more than half of the
trials with all drugs but had dispersed in all cases within 10 min.
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3.1. Pilot Sedation Trials

Every skink that received DM was sedated for over 180 min, regardless of the doses,
and thus were reversed with flumazenil and atipamezole. Within the pilot trials, times to
recovery for the two skinks in each trial were as follows: 25 and 30 min for 10 mg/kg alfaxalone;
35 and 35 min for 15 mg/kg alfaxalone; 30 and 50 min for 17 mg/kg alfaxalone; 60 and
130 min for 20 mg/kg alfaxalone; 60 and 65 min for 10 mg/kg alfaxalone with 1 mg/kg
midazolam; 60 and 65 min for 15 mg/kg alfaxalone with 1 mg/kg midazolam; 170 and >180
(reversed at 180 min with atipamezole) minutes for 0.05 mg/kg dexmedetomidine with 1 mg/kg
midazolam; >220 (reversed at 220 min with atipamezole and flumazenil) and 180 min for
0.1 mg/kg dexmedetomidine with 1 mg/kg midazolam; and 100 and 105 min for 5 mg/kg
alfaxalone, 0.05 mg/kg dexmedetomidine, and 0.5 mg/kg midazolam. All lizards receiving
DM or ADM were bradycardic and bradypneic at the time all their reflexes returned to baseline,
unless they were reversed. The loss of righting reflex was recorded in all skinks in the pilot
study except one of the skinks receiving 10 mg/kg alfaxalone. Intubation was only possible in
100% (2/2) of the pilot animals for 20 mg/kg alfaxalone, 10 mg/kg alfaxalone and 1 mg/kg
midazolam, 0.1 mg/kg dexmedetomidine with 1 mg/kg midazolam, and 5 mg/kg alfaxalone
with 0.05 mg/kg dexmedetomidine and 0.5 mg/kg midazolam. Intubation was not always
possible with the other drug combinations (10 mg/kg alfaxalone [0/2]; 15 mg/kg alfaxalone
[1/2]; 17 mg/kg alfaxalone [1/2]; and 0.05 mg/kg dexmedetomidine with 1 mg/kg midazolam
[1/2]).

3.2. Primary Sedation Trials

In the primary trials, differences in the reflexes were found between drugs and over time
(Figure 1, Table 2). The times to the loss of the righting reflex were the shortest in A and AM,
although this difference was not significantly different (p = 0.06). All skinks lost their righting
reflex during the trials except a single skink in the DM group; this animal was excluded from
the final calculation because the skink never achieved that outcome. There was a significant
difference in the duration of the loss of the righting reflex between drugs (F = 5.22, p = 0.011),
with ADM being significantly longer than A (p = 0.01) and DM (p = 0.046). The total loss of the
escape reflex in all skinks was only observed in the ADM skinks, whereas in the other drug
groups, it occurred in most of the skinks (A: 8/11; AM: 9/11; DM: 8/11). The duration of the
loss of the escape reflex was different by drug (F = 8.6, p = 0.001). The duration of the lost escape
reflex was the longest in ADM (55 [45–60] min) and was almost equal to the entire sedation
period after induction. The complete loss of the reflex in all 11 skinks was only obtained in
ADM. Post-hoc tests confirmed significant differences in the escape reflex between A-ADM
(p = 0.001) and AM-ADM (p = 0.001).

The palpebral reflex was never lost in the skinks receiving A (0 [0–0] min) or AM
(0 [0–0] min) but was lost for 50 (40–55) min and 55 (50–55) min in all skinks receiving DM
and ADM, respectively. There was a significant difference in the duration of the loss by drug
group (F = 102.5, p < 0.001), with pairwise differences found between all groups (all p < 0.001)
except A-AM and DM-ADM (p > 0.99). The toe pinch withdrawal reflex was never lost for skinks
given A (0 [0–0] min) or AM (0 [0–0] min) but was lost for 10 (0–40) min and 40 (15–50) min
for DM (8/11; 73%) and ADM (9/11; 82%), respectively. Again, a significant difference in the
duration of the loss by drug group was observed (F = 14.5, p < 0.001), with pairwise differences
(all p < 0.05) between all groups except A-AM and DM-ADM (all p > 0.99). The duration of the
loss of the tongue flicking was significantly different by drug (F = 14.0, p < 0.001). The durations
of time for the lost tongue flicking for each drug were as follows: A, 25 (0–30) min; AM, 30
(15–35) min, DM, 50 (25–60) min, and ADM, 55 (50–60) min. Significant differences were noted
between all groups (all p < 0.05), except A-AM (p = 0.196) and DM-ADM (p = 0.09).
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Figure 1. Frequencies for all reflexes by drugs over time for 11 common blue-tongued skinks. (a) The
loss of righting reflex was observed in all skinks except one skink which was given dexmedetomidine-
midazolam (DM). (b) The complete loss of the escape reflex in all 11 skinks was only achieved in
alfaxalone-dexmedetomidine-midazolam (ADM). Most of the skinks receiving alfaxalone (A) or
alfaxalone-midazolam (AM) maintained their (c) palpebral reflexes and (d) toe pinch withdrawal
reflexes. (e) The complete loss of tongue flicking was found in DM and ADM, and (f) the possibility
of intubation was highest in ADM followed by AM and A.

Table 2. Descriptive statistics for the durations of time (minutes) that reflexes were lost
in blue-tongued skinks following sedation with alfaxalone (A), alfaxalone-midazolam (AM),
dexmedetomidine-midazolam (DM), and alfaxalone-dexmedetomidine-midazolam (ADM). The
mean ± standard deviation or median (interquartile range) are reported.

Variables A AM DM ADM

Time to loss of righting reflex 8.18 ± 3.37 8.18 ± 4.05 14.09 ± 6.64 9.09 ± 4.37

Duration of loss of righting reflex * 38.18 ± 8.86 a 41.82 ± 9.83 40.91 ± 18.07 b 55.45 ± 4.98 ab

Duration of loss of escape reflex * 20 (0–35) c 30 (15–35) d 35 (0–45) 55 (45–60) cd

Time to intubation * 10 (5–20) e 5 (5–10) f 10 (10–30) efg 5 (5–15) g

Duration of intubation * 23.18 ± 9.11 h 31.36 ± 10.46 i 28.18 ± 21.24 j 48.18 ± 10.06 hij

Time to recovery † 55 (45–60) 60 (50–60) 60 60

The significant difference (p < 0.05) confirmed between groups (*). As DM and ADM groups were reversed at 60 min,
time to recovery was not analyzed by group (†). a (p = 0.01), b (p = 0.046), c,d (p = 0.001), e,f,g (p < 0.001), h (p < 0.001),
i (p = 0.002), j (p < 0.01).

There was a significant difference in time to intubation by drug (F = 16.9, p < 0.001),
with skinks receiving DM taking longer than A, AM, and ADM (all p < 0.001). The skinks
that could not be intubated (>60 min) were again excluded from the analysis. The duration
of intubation was significantly different by drug group (F = 11.9, p < 0.001), with differences
noted between ADM and A (p < 0.001), AM (p = 0.002), and DM (p < 0.001). One skink in
the A group and two in the DM could only be intubated for 5 min, and the time that was
available for the two DM skinks was 45 and 50 min. Since two skinks in the DM group
could not be intubated, 4/11 DM skinks only provided 0–5 min of time for intubation.
The remaining 7/11 DM skinks could be intubated for more than 40 min. The duration of
intubation was consecutive in A, AM, and ADM, whereas consecutive intubation was only
achieved in 3/11 DM skinks. All ADM skinks provided more than 40 min of intubation,
except for a single animal where only 20 min was possible.
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The majority of skinks administered A and AM recovered prior to the 60 min deadline,
except for a single skink given A (130 min) and two skinks given AM (reversed at 60 min).
None of the skinks receiving DM or ADM recovered by the 60 min deadline, and thus, all
11 animals in both treatments received the reversals for dexmedetomidine and midazolam.
All skinks recovered within 10 min of receiving the reversal agents.

Heart rate and RR significantly decreased after injection in all groups (Figure 2; Sup-
plementary Table S1). The distribution of HR was different based on drug (F = 654.5,
p < 0.001), time (F = 42.68, p < 0.001), and drug × time (F = 5.4, p < 0.001). The RR was also
significantly different based on drug (F = 129.0, p < 0.001), time (F = 37.6, p < 0.001), and
drug × time (F = 2.1, p < 0.001). The order the drugs were provided over the course of
the trial did not affect HR or RR (all p > 0.05). Mean ± SD and median (IQR) baseline HR
and RR were 79.7 ± 6.2 and 28.5 (20–39.8), respectively. In A and AM skinks, the lowest
median HR was 56 for both groups, whereas the lowest HR in the DM and ADM groups
were 24 and 28, respectively. Compared to the baseline HR values, a significant difference
was observed in A for 15–45 min, AM for 15–40 min, and both DM and ADM for 10–60 min
(all p < 0.05). The RR was also confirmed to be significantly different from baseline in A for
10–55 min (all p < 0.05), AM for 10–40 min (all p < 0.05), and DM and ADM for 5–60 min
(all p < 0.001). The lowest median RR for the A and AM groups were 9 and 7, respectively,
while the lowest RR in the DM and ADM groups was 0.

Figure 2. (a) Heart rate (HR) and (b) respiratory rate (RR) over time for each of the four drugs administered
subcutaneously to 11 skinks (A: alfaxalone 20 mg/kg; AM: alfaxalone 10 mg/kg + midazolam 1 mg/kg;
DM: dexmedetomidine 0.1 mg/kg + midazolam 1 mg/kg; ADM: alfaxalone 5 mg/kg + dexmedetomidine
0.05 mg/kg + midazolam 0.5 mg/kg). The median (dot) and interquartile range (bar) are shown. Both
parameters showed statistical differences by drug, time, and drug × time (all p < 0.05). All four drugs
showed significant decreases from baseline in HR and RR (p < 0.05). However, the duration of the shown
differences was almost doubled in DM and ADM. Significantly different time points from the baseline
value are marked (* A, ** AM, † DM, and ‡ ADM).

There were significant differences in pH, PCO2, and lactate over time (all p < 0.001; Figure 3;
Supplementary Table S1). For pH and PCO2, values at the time of full sedation were significantly
lower and higher, respectively, from baseline and recovery values (all p < 0.001); lactate was only
found to be significantly higher at full sedation compared to baseline (p < 0.001). The lactate was
increased at recovery but was not statistically significant from baseline (p = 0.054). A significant
difference for the interaction drug × time was only found for PCO2 (F = 3.2, p = 0.008). When
analyzing by each drug, DM showed differences between baseline and full sedation (p = 0.023),
and ADM at full sedation demonstrated a significantly higher value from baseline and recovery
(all p < 0.001).

40



Animals 2024, 14, 2636

Figure 3. Blood gas results for (a) pH, (b) PCO2, (c) HCO3, and (d) lactate from six skinks adminis-
tered alfaxalone (A), alfaxalone-midazolam (AM), dexmedetomidine-midazolam (DM), and alfaxalone-
dexmedetomidine-midazolam (ADM). The data are reported by the mean (dot) and standard deviation
(bar). The pH, PCO2, and lactate showed a significant difference by time (all p < 0.001), and only PCO2

was significant by drug × time (p = 0.008). Significant post-hoc comparisons by time are indicated by a–e

(all p < 0.001). When analyzing PCO2 by each drug, skinks receiving DM significantly increased at full
sedation from baseline (*; p = 0.023), while skinks receiving ADM showed significant differences between
full sedation and baseline and recovery (‡, §; all p < 0.001).

4. Discussion

The results of this study partially proved our first hypothesis that all four drug
protocols would be safe and provide sufficient sedation to allow for minor procedures such
as intubation, taking radiographs, and blood collection. Sedation aims to achieve central
nerve system (CNS) depression, resulting in an awake but calm state in which the animal is
generally uninterested in its surroundings but responsive to noxious stimulation [113]. Even
though every regimen induced sedation in this species, there was a noticeable difference
between these combinations, including the depth of sedation, duration of time the skinks
could be intubated, and duration of sedation provided, with some cohorts not fully being
sedated. From the authors’ experience, it is not uncommon to observe within species
variation in reptiles when using the same protocol. While we controlled temperature to
minimize that impact on metabolism, a recent study implicated obesity and right-to-left
cardiac shunts as reasons induction times for anesthesia can be prolonged in reptiles [114].
It is possible that differences in body fat between animals, shunting, and other physiologic
differences led to some of the variability found in this study.

In the pilot study, a dose-dependent effect of alfaxalone was confirmed for the duration
of sedation, which allowed us to select a dose that would provide the most complete
sedation as a single-agent trial. The DM and ADM doses selected for the primary trial
provided more than 100 min of sedation in the pilot trials; thus, they could prove valuable
for longer minor procedures, if desired. The doses of A and AM selected for the primary
trial offered appropriate time for minor procedures meant in this study, especially if
reversals are not available. If AM is utilized over A alone, a 50% lower alfaxalone could be
used, and the midazolam can be reversed if desired. Although the durations of sedation
were adequate at less than 60 min for the desired procedures, considering that there are no
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reversal agents available for alfaxalone itself, DM or ADM may be chosen to provide that
option. Additionally, in the two groups given dexmedetomidine, all skinks had decreased
HR and RR even when reflexes returned to baseline values, so reversal is recommended
when the goal for sedation is achieved. A study conducted in Argentine tegus found
that a combination of 0.2 mg/kg dexmedetomidine and 1 mg/kg of midazolam provided
sedation for 80–350 min [70]. The dose of dexmedetomidine used in the tegus was double
the dose used in our study, and both the HR and RR were significantly decreased for 6 and
4 h post-sedation, respectively, even though the righting and escape reflexes were returning
after 100 min. In our pilot trials, all skinks receiving DM and ADM regained those reflexes
at around 80–90 min as well.

The second hypothesis was also partially proven because the reflexes did decrease
within 5–10 min of SC injection in 75% of skinks, 81.8% when excluding the DM group.
The time to loss of righting reflex and intubation was faster and smoother in the groups
that received alfaxalone (A, AM, and ADM) compared to the group that did not (DM).
This rapid onset of SC alfaxalone has also been noted in ball pythons (Python regius) and
leopard geckos (Eublepharis macularius) [18,35]. As our findings have proved, these SC
drugs can induce effective sedation in blue-tongue skinks and avoid unnecessary pain
caused by the large volume being injected IM. The time to intubation in A, AM, and ADM
was reasonable, and our ability to perform the intubation was considered straightforward.
However, in DM-treated skinks, the time to intubation was highly variable. Among the
four DM individuals that could not be intubated or experienced delayed intubation, one of
the skinks also did not lose the righting reflex, and the escape reflex was retained in two
individuals. These findings affirm that the ability to intubate does not necessarily agree
with the loss of righting and escape reflexes. Despite successful initial intubation or the
loss of other reflexes, skinks given DM still occasionally reacted to touching their mouths
and closed them. This was why consecutive intubation was only achieved in three DM
skinks during the primary trials. For intubation, a sensory blockade around the mouth
and tongue was required; however, in A and AM skinks, a loss of pain response was not
necessary for intubation, and in some DM individuals, intubation was not possible even
when the tongue could not move. These results suggest that analgesia is not a prerequisite
for intubation.

All or most A and AM skinks maintained their palpebral and toe pinch withdrawal reflexes,
contrary to those of the DM and ADM groups. Similarly to our study, 9 mg/kg IV alfaxalone in
blue-tongue skinks did not affect the animals’ responses to interdigital pinching [3]. Based on
these results, alfaxalone should not be used as a sole agent for sedation protocols where a
painful response may be elicited. In the present study, the addition of dexmedetomidine
appeared to provide a certain level of analgesia for 10 (0–40) min in the DM and 40
(15–50) min in the ADM groups. The analgesic effect of α2-adrenoceptor agonists is
provided through supraspinal and spinal mechanisms [115]. The α1-adrenoceptor agonist
can also provide analgesic effects like an α2 agonist, but only at high doses, making them
clinically restrictive [116]. Although a direct comparison has not been made with other
α2-adrenoceptor agonists, dexmedetomidine (medetomidine) has a much greater (10 times
more than xylazine) α2 selectivity, so it is preferred when pain control is required [117,118].
Unfortunately, the use of α2 agonists as sole analgesics is not recommended because of their
negative cardiovascular effects [115]. Therefore, they are commonly used in combination
with ketamine or opioid analgesics to produce synergistic effects that can be achieved while
reducing the doses of each drug [115]. Dexmedetomidine has also been shown to have
an opioid-level analgesic effect in dogs when used in combination with ketamine [119].
Regardless, additional analgesics are recommended for blue-tongue skinks because some
of the animals receiving dexmedetomidine reacted to painful stimuli. A limitation of these
trials was that we only tested a deep pain response by pinching the toe; however, other
forms of superficial, thermal, or electrical stimuli can also induce pain. The antinociceptive
effects of a DM or ADM combination evoked by thermal, superficial, or deep pain stimuli
have been observed in ball pythons, Argentine tegus, and American alligators (Alligator
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mississippiensis) but not in leopard geckos [18,35,70,81]. Only one-third of leopard geckos
that received DM lost their superficial skin pinch response and none of the lizards lost their
deep pain response. Future studies with blue-tongue skinks should be done to further
evaluate and characterize how this species responds to painful stimuli.

Anesthesia is a state of unconsciousness characterized by controlled but reversible CNS
depression and perception in which the patient is not awakened by noxious stimuli [113].
According to these criteria, we could achieve some level of anesthesia using ADM but not
in A, AM, or DM. Skinks given DM appeared immobile but were somewhat sensitive to
stimuli, staying unresponsive when carefully turned over but responding to exaggerated
movements when flipped. They also displayed heightened sensitivity and aggressive
defensive responses, especially during recovery. These behavioral changes have also been
reported in Argentine tegus when using dexmedetomidine [70]. Such responses were not
observed when the skinks received ADM, and it was likely through the synergism with the
alfaxalone and the deeper sedation observed when all three drugs were used together that
these behaviors were eliminated.

Heart rate and RR were significantly decreased in all drug groups, but the reductions
were more prominent in the DM and ADM groups, indicating a profound suppressive effect
of dexmedetomidine. While this finding was consistent with our third hypothesis, we did
also find that HR and RR decreased in the skinks receiving the drug combinations without
dexmedetomidine. A decrease in HR from alfaxalone alone has been documented in green
iguanas (Iguana iguana) using 20 and 30 mg/kg IM and estuarine crocodiles (Crocodylus porosus)
using 3 mg/kg IV, but conversely, no change in HR was reported in corn snakes (Pantherophis
guttatus) given 5, 10, and 15 mg/kg SC and bearded dragons (Pogona vitticeps) given 15 mg/kg
SC [13,14,40,47]. Since all skinks given A or AM maintained their HR > 50 beats/minute, the level
of suppression was not considered a serious abnormality. The possibility that the baseline HR
and RR values were falsely elevated because of manual handling and excitement should
also be considered. It has been reported that even gentle handling increases the HR of the
green iguanas [120]. A previous study evaluating a low IV dose of alfaxalone (9 mg/kg)
in blue-tongued skinks found that it did not cause noticeable respiratory depression [3].
However, alfaxalone has been associated with decreasing the respiratory rate in other
reptiles, including green iguanas, ball pythons, loggerhead sea turtles (Caretta caretta), corn
snakes, and bearded dragons [8,13,22,25,40,47]. Compared to α2 agonists, most of them
given 20 mg/kg or less of A maintained respiration rates >6 breaths/minute, similar to
the skinks in the present study. However, apnea or bradypnea has been observed in green
iguanas and ball pythons given very high doses of A (30 mg/kg) [13,25]. According to one
study conducted on bearded dragons comparing injection routes, IV alfaxalone caused
the biggest respiratory suppression over other routes [47]. The species differences noted
in these studies further reinforce the importance of closely monitoring the HR and RR of
reptiles undergoing sedation or anesthesia protocols because we cannot expect all animals
to respond similarly to these drugs.

Using dexmedetomidine (DM and ADM), HR decreased to <30 beats/minute and
the RR plunged to <2 breaths/minute, representing a >60% decrease in HR and a >90%
decrease in RR from the baseline values. Moreover, the period showing a significant
difference in HR and RR compared to the baseline values in the DM and ADM groups
was twice that of A and AM. This influence on the HR and RR by an α2 agonist has been
previously reported in reptiles, including ball pythons, leopard geckos, Argentine tegus,
and red-footed tortoises (Geochelone carbonaria) [18,70,73,80]. These cardiovascular effects
were found to be minimized in dogs by giving these drugs via IM or SC routes rather
than IV, and at lower doses [121]. However, a significant decrease in HR and RR was still
observed in the skinks even when injected SC. This could be related to dosing, as the doses
commonly used in reptiles are 10 times higher than that recommended for dogs. Similarly,
in humans, dexmedetomidine was found to be the least respiration-depressing anesthetic
among those compared; however, the dose used in humans was 100 times lower (1 μg/kg)
than that commonly used in reptiles [122]. While these skinks did experience significant
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reductions in their HR and RR, they did all have unremarkable recoveries and continue
to be healthy more than 8 months after the completion of the study. A few reports have
described successful sedation in reptiles using dexmedetomidine without alterations in the
RR, including leopard geckos and yellow-bellied sliders (Trachemys scripta scripta) [18,62].
In those studies, the doses used for DM were similar to what we used in the skinks, while
the dexmedetomidine, at twice the dose used in skinks, was combined with ketamine in
the slider turtles. Again, these findings further reinforce the importance of developing
species-specific sedation protocols to identify potential complications that might occur
so that the clinical team managing the reptile patient can provide appropriate corrective
measures (e.g., reversal) if needed.

Although the body temperature of the skinks was not measured due to the influence
of ambient temperature on reptiles, it is known that sedation with DM in dogs results in a
decrease in body temperature [123]. Additionally, since drug metabolism in reptiles can
be significantly impacted by body temperature, it is important to maintain the reptiles
at a similar environmental and, thus, body temperature in experimental studies [12]. A
study of red-eared sliders found that the administration of alfaxalone at 20 ◦C resulted in
significantly longer recovery times and lower heart rates compared to 30 ◦C. Even with the
same dose of alfaxalone, none of the sliders could be intubated at the higher temperature
with a dose of 10 mg/kg, and only 30% could be intubated with 20 mg/kg. However, at
the lower temperature, 80% could be intubated with the 10 mg/kg dose and 100% with the
20 mg/kg dose. In the present study, the skinks were maintained at the same temperature
and exposed to all four sedation protocols to reduce within-animal and temperature-based
biases. However, if the DM or ADM protocols reduced body temperatures to lower than
the environmental temperature, it could have impacted the skinks. In the future, measuring
the core body temperatures of animals being exposed to these sedation protocols could be
used to determine whether body temperature is impacted so that corrective measures, such
as increasing the environmental temperature, can be implemented.

Given that the authors could only sample a subset of the skink for blood gases, two
studies conducted on eastern copperheads (Agkistrodon contortrix) and eastern ratsnakes
(Pantherophis alleghaniensis) were referenced for comparison [124]. The blue-tongued skinks
in the present study had slightly higher pH values at baseline (average 7.41) compared
to the eastern copperheads but similar values to the eastern ratsnakes. The lowest pH
recorded in a skink at full sedation was 7.02 with a PCO2 of 50.7 and HCO3 of 14.8. When
the skink recovered, the pH returned to the baseline range, indicating respiratory acidosis
due to reduced RR. The pH significantly decreased at the point of full sedation and then
increased at recovery, while there was a corresponding initial increase in PCO2 due to
the decreased RR, followed by a decrease in PCO2 as the RR increased at recovery. Since
blood was collected when full sedation was first recorded (approximately 20 min after
injection), the parameters reported may not represent the peak or trough values during
sedation. However, the marked decrease in pH and increase in PCO2 indicated that these
sedatives indeed impacted respiratory ventilation. Although the critical limits for these
two parameters in reptiles have not been reported, this point should be emphasized in
patients where decreased ventilation could be fatal.

The alterations in the blood gases aligned with the significant differences noted over
time at the individual drug levels for both DM and ADM, where the most severe respi-
ratory depression occurred. No changes in pH, PCO2, or lactate were observed in dogs
anesthetized with isoflurane during continuous infusion with dexmedetomidine [125].
However, it is again worth noting that the dose used was 10 times lower than the single
dose administered in reptiles. Additionally, the anesthesia in dogs was maintained using
isoflurane with tracheal intubation, which provided adequate oxygen even though they
did not provide intermittent positive pressure ventilation (IPPV). In our study, a single
injection at a lower concentration did not achieve sufficient sedation, indicating the need
for further research on the effects of continuous low-dose infusion on respiration and blood
gases. A decrease in blood pH has also been described in loggerhead sea turtles given
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10 mg/kg alfaxalone IV, and the decreased pH was attributed to a marked decrease in RR
and thus increase in PCO2 [22]. The turtles were given IPPV, but it was not clear whether
the resolution of hypoxemia was due to manual ventilation or to the return of spontaneous
breathing. One study conducted in rattlesnakes anesthetized with propofol demonstrated
that IPPV significantly affected blood gas parameters [126]. Snakes that received fewer
mechanical ventilation compared to baseline had significantly lower pH and PaO2 and
higher PaCO2 than subjects that received more ventilation. Based on these findings, it is
recommended to compensate for the physiological changes identified in our study through
appropriate IPPV when using these sedation protocols.

Lactate is produced as part of glycolysis in an anaerobic environment and is cleared
through the liver and kidneys [127]. It is known that excessive excitement, such as escaping
from a predator, can rapidly increase oxygen demand and, thus, lactate in reptiles. This
has been reported in crocodiles and gopher tortoises, and in both species, individuals
that were physically stunned, so that there was no persistent stress, or that were less
stressed due to restricted movement by trapping, showed a smaller increase in lactate
compared to those in groups that were stressed [128,129]. In our study, the skinks showed
significant increases in lactate at full sedation but subsequently decreased by recovery.
The increase was most likely attributed to the hypoxia caused by the decreased RR and
stress caused by blood collection. The skink with the lowest pH also had the highest
lactate concentration. This alteration in lactate likely reflected the reduction in oxygen and
the need to buffer the respiratory acidosis. A study in rattlesnakes similarly found that
lactate increased and then decreased after anesthesia; however, in that study, there was
no significant difference in lactate concentrations across levels of mechanical ventilation,
which made analysis of respiration influences difficult [126]. These results further reinforce
the value of measuring blood gases in reptile patients to gain a better understanding of the
physiologic consequences of sedatives or anesthetics in these animals.

There were several potential limitations with this study. Sample size is traditionally a
limitation in these types of clinical trials. However, to increase the power associated with
the study, a complete crossover study was done to reduce within-skink variability between
sedation protocols. Moreover, since we were able to reject the null hypotheses for the
primary hypotheses we tested, the sample size was sufficient to limit the impact of a type II
error. For the blood gas analysis, we collected venous blood gas samples. This is commonly
done for reptiles because of the challenges in obtaining arterial samples without invasive
methods (e.g., surgical cut-down). While arterial blood gases are preferred, venous blood
gases are less of a concern for reptiles, especially three-chambered heart species, because
of the inherent mixing of blood during systole. In our case, the venous blood gases still
provided an opportunity to characterize trends over time and between sedation protocols.

5. Conclusions

Overall, blue-tongued skinks were sufficiently sedated to perform an examination, col-
lect blood, and be positioned for radiographs using all four sedation protocols. Intubation
was also achieved using all four sedation protocols; however, with DM (dexmedetomidine-
midazolam), 4/11 animals could not be intubated or intubated over 45 min. The authors
found that ADM (alfaxalone-dexmedetomidine-midazolam) provided the best overall se-
dation for performing these minor procedures, followed by AM (alfaxalone-midazolam).
These findings further reinforce the importance of using multiple drugs in combination at
lower doses to achieve a synergistic effect and minimize side effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14182636/s1, Table S1: Descriptive statistics for heart rate,
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blue-tongued skinks provided four different combinations of sedatives.
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Simple Summary: Anesthesia in red-eared sliders is necessary both for surgical procedures and for
imaging techniques. Propofol is a nonbarbiturate anesthetic agent used for induction in many species
and should be administered intravenously. Jugular intravenous cannulas provide safe access with
the least lymph contamination for anesthetic administration. In this study, red-eared sliders were
anesthetized with 5 mg/kg and 10 mg/kg propofol administered in the jugular veins. Our results
indicate that the 10 mg/kg dose is efficient for inducing anesthesia for short non-painful procedures,
whereas the 5 mg/kg dose did not prove to be enough for anesthetic induction.

Abstract: This study compares the effects of two different doses of propofol administered intra-
venously (IV), in the jugular vein, to red-eared sliders (Trachemys scripta elegans). In this crossover
study, 5 or 10 mg/kg propofol was administered to six Trachemys scripta elegans after cannulation of
the jugular vein. Each turtle received each dose, G1 (5 mg/kg IV) and G2 (10 mg/kg IV), after a 7-day
washout period. The parameters evaluated were heart rate, palpebral reflex, cloacal reflex, muscle
relaxation, ease of handling, sensitivity to anterior and posterior pinch stimuli, and possibility of
intubation. Additionally, respiratory rate was measured when possible, and the times from propofol
administration to full recovery and from intubation to extubation were recorded. None of the turtles
in G1 could be intubated, and this dose provided little relaxation and ease of handling, with a
duration of effect until full recovery of 12.16 ± 8.32 (SD) min for this group. In G2, five out of the six
turtles could be intubated, and the duration of effect was 32.33 ± 5.85 (SD) min. Heart rates were
influenced by manipulation for catheter placement. There were statistically significant differences
(p value ≤ 0.05) between the two groups in muscle relaxation degree, handling, cloacal reflex, and
possibility of intubation. The 5 mg/kg propofol dose was not sufficient to induce anesthesia, even
when administered in the jugular vein, in red-eared sliders. A dose of 10 mg/kg IV or higher should
be used.

Keywords: propofol; anesthesia; Trachemys scripta elegans; turtle; jugular vein
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1. Introduction

In reptiles, the onset of anesthesia from inhalatory anesthetics delivered by mask
can be prolonged and, in some cases, like turtles, very difficult to achieve. This is due
to their anatomical and physiological characteristics, most importantly, the dive reflex.
Moreover, freshwater turtles, such as Trachemys spp., exhibit large cardiac shunts, owing
to the incomplete anatomical division of the ventricle [1]. Due to these shunts, systemic
venous blood recirculates into systemic arteries and lowers arterial oxygen partial pressure,
slowing the uptake of inhaled anesthesia [2–4]. As a consequence, there is a clinical demand
for viable injectable anesthetics in turtles.

Propofol (2,6-diisopropylphenol) is a nonbarbiturate anesthetic, used extensively for
anesthetic induction in amphibians and reptiles [5,6], that is eliminated through hepatic
metabolism to glucuronide metabolites and renal excretion [7]. It provides rapid induction
and has been used in lizards [8], snakes [9], and chelonians [10–12]. The intramuscular (IM)
administration of propofol is not recommended, both because it has been shown to cause in-
flammation and necrosis in different species [13] and because it is ineffective for producing
sedation or anesthesia. Several studies report the use of propofol in reptiles, with a rapid
induction time and short recovery, with dosages ranging from 5 to 20 mg/kg [6,8,10,14–18].
Some studies even advise the possibility of intracoelomic [19] or intraosseous [20] adminis-
tration in red-eared sliders. Nevertheless, the recommended route of administration for
propofol in all species is intravenous [15]. We hypothesized that the administered effective
dose could be lower due to jugular vein administration, and thus decided on the two doses,
5 and 10 mg/kg.

Venous access is very important for many medical-based procedures, specifically
medication administration. It can be challenging in many reptilian species, but mostly
in Chelonians, due to the inability to visualize veins and the difficulty in restraint and
handling. This is primarily because they can retract their head and limbs into their shell.
The most used venipuncture sites in turtles are the subcarapaceal or supravertebral vessel,
the dorsal coccygeal vein, the brachial vein, the occipital plexus, and the external jugular
vein [15]. The last is the blood sampling site of choice in turtles and tortoises and should be
used when possible [21,22]. This recommendation is based on the fact that it carries the
least risk of lymph contamination compared to the subcarapaceal plexus or occipital sinus.

In this context, the aim of this study was to compare the sedative and muscle relaxant
effects of two dose rates of propofol (5 and 10 mg/kg) in red-eared sliders, administered
intravenously via the jugular vein. To our knowledge, this is the first study assessing the
effects of propofol administered via this route in Trachemys scripta elegans.

2. Materials and Methods

2.1. Turtles

Six healthy adult female red-eared sliders (Trachemys scripta elegans) weighing
1.37 ± 0.593 (SD) kg were used in this study. All turtles were considered clinically healthy
based on physical examination and history.

Turtles were anesthetized to perform CT scans with or without a contrast substance,
as a method of screening for reproductive disorders. They were privately owned animals,
living outside in a pond, from a single owner, who had signed their informed consent. This
study was performed in compliance with directive 2010/63/EU as well as the applicable
items of the REFLECT statement.

Prior to this study, the animals were acclimatized one day before and were kept in
the same environment. Their housing consisted of plastic water tubs, equipped with an
area for basking under artificial lighting and an area for retreat, with the temperature of
the water and basking spot being in the POTZ—preferred optimum temperature zone—of
the species (20 ◦C to 25 ◦C in the water and 25 ◦C to 45 ◦C for basking). The turtles were
provided with UV B lighting and fed a commercial diet with extra green, s every second
day. For the purpose of this study and to limit possible complications, all turtles were kept
for 10 days and then returned to the owner’s pond.
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2.2. Study Design

An uncontrolled crossover design was used, meaning that each individual received
both dosages, 5 mg/kg (G1) propofol (PropoVet Multidose, 10 mg/mL, Zoetis, Copenhagen,
Denmark) and 10 mg/kg propofol (G2), IV, in one of the jugular veins, with a 7-day washout
period. On each of the days of the experiments, the turtles were weighed, and an IV cannula
was inserted in either the right or the left jugular vein, without any prior sedation. After
local antisepsia with chlorhexidine and alcohol, one examiner would insert either a 24 G or
a 26 G IV catheter, depending on the size of the animal.

The heads of the turtles were slightly directed ventrally, and the jugular vein was
identified. This vessel lies very superficially, running from the tympanic membrane at the
jaw angle to the base of the neck, and compression at the level of the coelomic inlet is useful
for better visualization. Once the cannulation was successful, 1 mL/kg IV sterile water
was used to flush and confirm the correct placement, and propofol was administered in
a bolus, in about 10 s. Turtles were then placed back in ventral recumbency, and various
measurements were taken every 5 min (heart rate, palpebral reflex, cloacal reflex, muscle
relaxation, ease of handling, sensitivity to anterior and posterior pinch stimuli, possibility of
intubation). Respiratory rate was measured when possible; when animals were ventilated,
this was performed with room air using a small Ambu bag, at 8 breaths/minute. Heart
rate (HR) was obtained by Doppler ultrasound (Ultrasound Blood Flow Detector MD4,
Sonomed, Warsaw, Poland) after placing the probe at the left thoracic inlet and directing it
towards the heart. Palpebral and cloacal reflexes were evaluated by touching the lateral
and medial canthus of the eye with a cotton-tipped applicator and the cloacal opening,
respectively, and were assigned a score of ‘0’ when absent and ‘1’ when present.

Using the three-point scale of Santos et al. [12], muscle relaxation, ease of handling
and sensitivity to pinch stimuli were evaluated. When the turtle kept its head up and
retracted, muscle relaxation score was considered to be ‘0’; when the head, legs, and tail
retained a mild degree of muscle tone, the muscle relaxation score was considered to be
‘1’; and when the head, tail, and legs remained extended, the muscle relaxation score was
‘2’. In the case of handling, the same principles were applied: ‘0’ when there was difficulty
in flexing and extending the head, legs, and tail and in opening the mouth manually; ‘1’
when there was mild resistance to manipulation of the head, legs, and tail, or to opening
the animal’s mouth; and ‘2’ when no resistance to manipulation of the head, legs, and tail,
or to opening the animal’s mouth, was identified. The score for sensitivity to toe pinch
stimulus was considered to be ‘0’ when the withdrawal response after a pinch using tongue
forceps performed on both anterior and posterior limbs was accompanied by movement
of the head or another limb, and ‘1’ when the absence of a response to the toe pinch or
responses suggestive of a spinal reflex (limb withdrawal unaccompanied by limb or head
movement) was seen. Intubation was graded ‘0’ when possible and ‘1’ when impossible.

The induction of anesthesia was defined as the time point at which turtles achieved
both maximal muscle relaxation and ease of handling. ‘Recovery time’ was considered
to be when there was a full return of baseline scores for palpebral reflex, cloacal reflex,
muscle relaxation, and ease of handling. The times from propofol administration and full
recovery and the time from intubation to extubation were also recorded. To ensure blinding
and eliminate assessment bias, assessors were not informed beforehand about the dose
administered to the turtles.

The statistical analysis was performed in EpiInfoTM7 (CDC). The means and standard
deviation of heart rate were calculated and compared between the two dosage groups using
both an ANOVA Parametric Test for Inequality of Population Means and a Kruskal–Wallis
test for two groups. For the other variables (muscle relaxation, handling, and sensitivity to
pinching degrees), intubation grading and cloacal and palpebral reflex presence frequencies
and 95% confidence intervals were calculated, and frequencies were compared using
chi-square, and a p value < 0.05 was considered to be significant.
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3. Results

No complications were observed throughout the study and all the blind jugular
cannulations were successful (Figure 1). The CT images were unremarkable, showing
follicles in different stages of development.

Figure 1. Right jugular vein cannulation with a 24 G IV catheter in a female turtle.

The median heart rate was 48 (25–75% range: 45–60) for G1 and 46 (25–75% range:
42–60) for G2, considering all times. The median for each time measurement can be
seen in Figure 2. A lower heart rate mean was observed at times T10 for the group
receiving a 5 mg dosage and at T25 for the group receiving 10 mg/kg. When compared,
the differences between the means were not statistically significant (p > 0.05) whether
considering measurements at all times or for each time measurement.

Figure 2. Evolution of median heart rate for both G1 and G2 during the 30-minute evaluation time.

In the case of muscle relaxation degree (0, 1, 2), considering measurements at all times,
among the two groups, we observed a statistically significant difference (x2 = 10.7985,
df = 2, p = 0.0045) (Figure 3). Between T20 and T30, the prevalence of degrees of muscle
relaxation was similar among the two groups (Supplementary File S1).
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Figure 3. Muscle relaxation degree for G1 (left) and G2 (right) during the evaluation of the protocol,
where 0 = no muscle relaxation, 1 = mild muscle relaxation, and 2 = fully relaxed.

Similarly, in the case of handling degree (0, 1, 2), considering measurements at all
times, a statistically significant difference was observed among the two groups (x2 = 7.7895,
df = 2, p = 0.0203) (Figure 4). Between T20 and T30 the prevalence of degrees of muscle
relaxation was similar among the two groups (Supplementary File S1).
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Figure 4. Handling degree for G1 (left) and G2 (right) during the evaluation of the protocol, where
0 = reactivity to handling, 1 = mild response to handling, and 2 = no response when handled.

None of the turtles from G1, receiving the 5 mg/kg jugular vein IV propofol dose,
could be intubated (Supplementary File S1). On the other hand, when receiving the
10 mg/kg dose, five of the turtles could be intubated (Supplementary File S1) and stayed
intubated for 8.6 ± 4.15 (SD) min.

Intubation was possible in four cases (66.67%, 95% CI: 22.28–95.67) at T0 and three cases
(50%, 95% CI: 11.81–88.19) at T10 (two of the turtles were still intubated after 10 min), all in
the group with 10 mg dosages (Supplementary File S1). The difference in intubation success
was statistically significant between the dosage groups when considering measurements at
all times (x2 = 7.6364, df = 1, p = 0.002979).

The cloacal reflex was lost in four cases (66.67%, 95% CI: 22.28–95.67) at T0 and 1 case
(16.67%, 95% CI: 0.42–64.12) at both T5 and T10, both in group G2 (Supplementary File S1),
with a significant difference between the groups (x2 = 6.4615, df = 1, p = 0.00645267).

The palpebral reflex was lost in one case (16.67%, 95% CI: 0.42–64.12) at T0 in the
group with 10 mg/kg dosages (Supplementary File S1). The difference was not statistically

56



Animals 2024, 14, 1847

significant between the dosage groups when taking into consideration measurements at all
times (x2 = 1.012, df = 1, p = 0.25).

The duration from T0 (administration of propofol) to intubation was 3.2 ± 2.68 (SD)
min for G2, and the duration of effect until full recovery was 12.16 ± 8.32 (SD) min for G1
and 32.33 ± 5.85 (SD) for G2.

In our study, we were not able to evaluate respiration rate throughout the different
recorded times, but we could observe apnea in all individuals that could be intubated.
Nevertheless, once signs of spontaneous breathing could be observed, extubation followed.
We then observed an increase in the respiratory rate, which was also observed in the G2
group, probably because of manipulation for evaluation of the different parameters.

4. Discussion

Reptiles, and turtles, in particular, possess a renal portal system. This is a ring of vessels
around the kidney, including the cranial portal vein and caudal portal vein, with blood
flowing from the caudal area through the coccygeal and iliac veins, that then continues into
the afferent renal portal vein, which transfers blood to the kidneys [23,24]. Blood perfusion
tubules then leave the kidney through the efferent portal vein, which joins the post-cava
vein. This system seems to be involved in kidney perfusion during dehydration, avoiding
ischemic damage by ensuring adequate perfusion [25,26]. A system of valves located
between the abdominal and the femoral veins either directs the blood flow, influenced by
hydration status, directly to the kidneys or bypasses them and directs the flow directly to
the circulatory system. This is why the common recommendation is to administer drugs in
the cranial part of the body, to avoid this renal portal system, even though there is some
controversy surrounding this subject. Some studies have shown that the administration
of a combination of the same dosage of dexmedetomidine and ketamine in the cranial or
caudal quarter of the body showed a strong difference in sedation power [27,28], and on the
contrary, some have proven that the clinical relevance of the renal portal system is minimal
and might lead to interactions only in dehydrated animals [29,30].

The anesthetic effects of propofol were evaluated in different reptile species. In Trache-
mys scripta spp., Di Giuseppe et al. [31] evaluated the administration of 5 mg/kg of propofol
through the occipital venous sinus (cranial part of the body), the subcarapacial venous
sinus (cranial part of the body), and the coccygeal vein (caudal part of the body). When
administering the substance in the occipital venous sinus, they observed a full anesthetic
plain in all turtles, but this was not the case for the other two groups. They hypothesize that
in the case of the subcarapaceal plexus, a higher dosage might be required, 10 or 20 mg/kg
as shown by Ziolo et al. [11] and that the poor effect of coccygeal administration is due
to the renal portal system. Morici et al. [32] evaluated the difference in response when
administering another anesthetic, alfaxalone, at two different sites intravenously in the
cranial area: the cervical dorsal sinus and the caudal area, through the coccygeal vein. Their
results are consistent with other studies regarding the influence of the renal portal system,
proving once again that cranial substance administration will result in a better effect at a
lower dosage [32].

Our study is the first to evaluate intravenous propofol administration in the jugular
vein in this species. We chose 5 and 10 mg/kg dosages, to identify the lowest dosage that
could be used to permit endotracheal intubation in this species, and the jugular vein as it is
one of the safest sites for intravenous administration. The location of this vein in turtles
is superficial under the skin and can be approachable with or without chemical restraint,
depending on the cooperation of the patient. The vein runs on both sides of the neck, in
a caudodorsal direction from the dorsal aspect of the tympanum to the coelomic cavity.
For better visibility, the cervical folds can be tightened, or in some species, an otoscope can
be inserted in the mouth of the animal [22]. The vein can be used for phlebocentesis or
catheter placement and substance administration. Once a catheter is in place, it can then
also be used for anesthesia induction or supplementation. The 5 mg/kg dose did not prove
as effective as the 10 mg/kg dose, and even though the jugular vein is in the cranial part of
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the body and a very safe route for IV administration (since it is not lymph-contaminated
and no shunts will be involved in the excretion of the substances administered via this
vein), we did not obtain similar results to Di Giuseppe et al. [31] with occipital venous sinus
administration. In their case, the mean induction time was within 1.8 ± 30.8 min (with one
terrapin that did not lose the mandibular tone) and the mean tracheal tube insertion time
was within 3.89 ± 2.45 min [31]. We obtained a very high standard deviation concerning
the induction time; thus, we assume that with the 5 mg/kg propofol dose, there is more
of an individual response and that is why our study showed a more stable response at a
higher dose, that of 10 mg/kg.

Another reason for such different results might be the influence of the health status of
the animals or the environmental temperature. In one study evaluating the administration
of alfaxalone in Trachemys scripta spp. at two different temperatures, colder temperatures
were shown to affect anesthesia and time of recovery [33]. The room temperature in our
case was 24 ◦C, turtles were kept at 26 ◦C for acclimatization, and cloacal temperature
was not evaluated since it is not as relevant compared to its relevance in mammals. Di
Giuseppe’s turtles were kept at a temperature 1 ◦C higher compared to 3.2 ± 2.68 min in the
current study. Using a 10 mg/kg dose, Ziolo et al. [11] obtained a mean induction time of
1.7 ± 2.4 min, compared to our 3.2 ± 2.68 min, when administering it in the subcarapaceal
plexus. We can only assume that the substance distribution in the blood flow is faster when
administered in this area.

The choice of the subcarapaceal sinus as a site for substance administration is mostly
related to its ease of access in unsedated animals, with minimal manipulation [34], but is
not recommended in clinical practice due to reports of accidental submeningeal injection
and clinical abnormalities [35,36]. Kristensen et al. [14] reported in a study the use of
atropine and propofol at 15 mg/kg, administered in the subcarpaceal sinus, as described by
Ziolo and Bertelsen in 2009 [11]. In their study, repeated dosing of propofol was needed for
intubation, with the average propofol dose required being 17.8 mg/kg. Moreover, in one
of the turtles (out of eight), induction with propofol was unsuccessful. This might be due
to the possible extravasation of the substance when this route is used, a complication best
described by Rockwell et al. [37], making the use of the jugular or brachial veins the safest
route of IV administration for anesthetic substances when intravenous access is needed.
One of the few studies to use propofol administration in the jugular vein in other turtles,
Cicarelli et al. [38], used a dose ranging from 5 to 8 mg/kg, for intravenous anesthesia
in a marine turtle species, Caretta caretta. These dosages allowed a sufficient degree of
anesthesia for the minimally invasive procedures they performed. Also, the procedures
took around 10–15 min. In the same study, bronchoscopy was performed, and during this
time, total intravenous anesthesia with propofol was used. Marine turtles have a higher
capacity to maintain apnea than semi-aquatic ones, and none of these turtles were intubated.
We would assume that if intubation was required, the propofol dose should have been
higher. At the same time, these turtles were a very different species to the semiaquatic one
in our study and were not clinically healthy, since all the procedures were performed for
diagnostic and treatment purposes for pulmonary disease, hence the lower dose necessary
for induction in these individuals.

Concerning the effects of IV propofol on the cardiovascular system, previously, a stable
level and even a decrease in HR have been reported in most reptiles [8,11,12,39–41] except
in the case of Bertelsen et al. [39], which is consistent with our study and those on dogs and
cats [42–44]. In most individuals, we observed an increase in heart rate, independent of the
propofol dose that was used, after administration, even though our T0 was considered to
be the moment of propofol administration. We believe that this is due to stress caused by
manipulation and cannot be compared to a ‘baseline’ value which would have also been
very high, which is consistent with the proof of tachycardia as a consequence of physical
restraint [45,46]. Also, respiratory depression has been recorded in various species as a
concern when using propofol, like fish [47], amphibians [48,49], reptiles [10], avian [50],
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and mammalian [51] species. In our case, we observed apnea in all individuals that could
be intubated.

Prolonged recovery is a common post-anesthetic complication cited by veterinarians
practicing reptile medicine [52]. Compared to other studies [11], we consider the average
half-hour recovery time in our study to be efficient for nonsurgical procedures, such as
radiology, ultrasound, and CT scanning. The use of other anesthetic substances, like
inhalatory anesthesia, sedatives, or opioids, when performing anesthesia for surgical
procedures might prolong recovery time, and more research is advised to evaluate more
complex anesthetic protocols useful for more complex procedures in red-eared sliders.
As there are no analgesic properties to propofol, we recommend pairing it with proven
analgesic drugs in turtles undergoing invasive or potentially painful procedures. We would
also recommend a thorough pre-anesthetic physical examination and, if needed, at least
a protein analysis. There have also been reports of death [22] at high propofol dosages,
because propofol is highly protein-bound in vivo, meaning that hypoproteinemia will
result in a higher unbound fraction and thus effective dose, possibly leading to an overdose.
What our study showed was that propofol administered IV in the jugular vein at 10 mg/kg
may be used in red-eared sliders to produce a suitable degree of muscle relaxation for
diagnostic or small medical procedures and was enough to intubate five out of six turtles.
We have previously used the same dose in practice but injected it IV in the coccygeal vein
(personal communication), but this was not enough for intubation. Jugular IV canulation,
despite being 100% successful in our case, might be challenging in unsedated turtles, so
it could be of future interest to evaluate the use of sedatives like benzodiazepines before
propofol administration [53].

Limitations of the Study

1. Absence of Control Group: This study lacks a control group. This absence is justified
by the lack of a consensus regarding a safe anesthetic protocol in turtles, making it
difficult, if not impossible, to establish a positive control group.

2. Small Sample Size: This study includes a small number of turtles due to the limited
availability of individuals. As a result, the experiment was conducted as a small-scale
crossover trial to limit the variability in the within-sliders comparisons.

3. Generalization Limitation: Because of the small sample size and the absence of a
control group, the results of this study cannot be generalized widely. However, they
are considered an important advancement toward establishing a specific propofol
dose for general use in turtle anesthesia.

These points suggest that while this study has limitations, it represents progress in the
field and lays the groundwork for future research.

5. Conclusions

The results of this small-scale study show that propofol at 10 mg/kg administered
intravenously in the jugular vein provides a fast onset of anesthesia and a short recovery
time. Jugular vein cannulation, although slightly challenging, is the safest method of
propofol administration, and it should be used whenever possible. The 5 mg/kg IV dose
has little effectiveness, but it might be of interest to re-evaluate it in conjunction with the
administration of sedatives.
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Simple Summary: Anaesthesia in chelonians poses a challenge due to their resistance, making
injectable anaesthesia highly valuable for this order of reptiles. In this study, we evaluated the
effects of a dexmedetomidine–midazolam–ketamine–morphine (DMKM) combination delivered
subcutaneously (SC) or intramuscularly (IM) in twenty-one Aldabra giant tortoises (Aldabrachelys
gigantea) as a chemical restraint for a minimally invasive procedure for celioscopic sex identification.
The intramuscular administration of a DMKM combination seems to be a good option to be used as a
safe, reliable, short-lasting anaesthesia for minimally invasive procedures such as celioscopy.

Abstract: Sex identification through coelioscopy is a minimally invasive surgical technique used to de-
termine the sex of chelonians by directly visualizing their internal reproductive organs. An adequate
anaesthesiologic plan is essential to guarantee patient immobilization and proper analgesia during
the entire surgical procedure. In this study, we evaluated the effects of a combination of dexmedeto-
midine (0.05 mg/kg), midazolam (1 mg/kg), ketamine (8 mg/kg), and morphine (1 mg/kg) (DMKM)
randomly delivered intramuscularly (IM) or subcutaneously (SC) in twenty-one Aldabra giant tor-
toise (Aldabrachelys gigantea) into the right antebrachium for celioscopic sex identification. Heart
rate (HR), respiratory rate (RR), and body temperature (BT) were measured, along with the skeletal
muscle tone of the thoracic and pelvic limbs, neck retraction reflex, palpebral reflex, and jaw tone
every 15 min. The anaesthesiologic plan was considered to be adequate at the loss of the thoracic and
pelvic limb retraction reflexes. After a 45 min interval, if the anaesthetic plan was deemed insufficient
for the celioscopic procedure, a 5 mg/kg dose of propofol was administered intravenously into the
subcarapacial venous plexus. At the end of the procedure, atipamezole (0.5 mg/kg) and flumazenil
(0.05 mg/kg) were administered intramuscularly into the left antebrachium as reversal agents. Both
HR and RR decreased from baseline to both 15 and 30 min. Due to the persistence of thoracic and
pelvic limb retraction reflexes 45 min after DMKM administration, 6/11 (55%) cases in the SC group
required the additional administration of propofol, in contrast to only 1/10 (10%) cases in the IM
group (p = 0.05). The recovery times were comparable between the successfully induced animals
in the IM and SC groups. In this study, the intramuscular administration of a DMKM combination
quickly produced chemical restraint, suitable for celioscopic sex determination.

Keywords: DMKM; Aldabrachelys gigantea; anaesthesia; chelonians; reptiles
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1. Introduction

Aldabrachelys gigantea, commonly known as the Aldabra giant tortoise, is a critically
endangered species of tortoise native to the Aldabra Atoll in the Seychelles [1–3]. Cur-
rently, ongoing conservation measures are crucial to ensure the long-term survival of this
species [4,5]. Securing the preservation of these tortoise species heavily depends on the
implementation of effective captive breeding programs. Therefore, it is imperative for these
programs to adhere to optimal management practices, given the significance of population
density and the sex ratio of the specimens [5–7]. Immature Aldabra giant tortoises are
not sexually dimorphic, reaching sexual maturity between the ages of 20 and 25 years,
although this can sometimes take longer [8]. In clinical practice, the sex of immature
chelonians can be easily identified endoscopically [9]. Celioscopic sexing is a minivasive
technique that involves making a small incision in the body wall of the anaesthetized
chelonian in the prefemoral fossa for coelomic access. A rigid endoscope is then inserted
and used to directly identify the gonads and reproductive structures for accurate sex
identification [9]. Administering anaesthesia for coelioscopy in chelonians is a critical
aspect to ensure the safety and well-being of the animal during the procedure. Anaesthe-
sia allows the chelonian to be relaxed and unconscious, preventing pain and discomfort
during the coelioscopic examination [9–12]. Injectable anaesthetics are commonly used
for chelonians undergoing coelioscopy [11]. Some commonly used anaesthetic agents for
chelonians include injectable opioids, dissociative anaesthetics, and injectable or inhalant
induction agents [10,12]. These medications are typically administered intramuscularly or
intravenously to induce and maintain anaesthesia [10]. Because reptiles have a notoriously
prolonged recovery, it is important to choose a suitable combination of drugs that should
have wide safety margins, should be short-acting, and should be reversible where possi-
ble, promoting more rapid recovery after anaesthesia [10,12–14]. Dexmedetomidine, an
a2-adrenergic agonist, provides sedation, muscle relaxation properties, and analgesia in
many species, reptiles included [10]. Dexmedetomidine is frequently used in conjunction
with either ketamine or benzodiazepines to minimize the required drug dosage [10–12].
Midazolam is a short-acting, water-soluble benzodiazepine with sedative, anticonvulsant,
amnestic, anxiolytic, and skeletal muscle relaxant properties, with minimal effects on the
cardiopulmonary system [15]. It is efficiently absorbed when administered intramuscularly
(IM) or subcutaneously (SC), exhibiting limited impact on cardiovascular and pulmonary
functions. Its effects can be reversed with flumazenil [15,16]. When utilized as the sole
agent, midazolam frequently offers merely mild or unreliable sedation in reptiles [10]. Its
use in combination with opioids and other injectable agents (e.g., ketamine, medetomi-
dine, and dexmedetomidine) in a Galapagos tortoise (Chelonoidis nigra) and three African
spurred tortoises (Geochelone sulcata) has been reported [16,17]. Ketamine is a dissociative
anaesthetic and N-methyl-D-aspartate receptor antagonist. In snapping turtles (Chelydra
serpentina), the coadministration of ketamine and midazolam produced more profound
effects than either drug alone [18]. Similarly, in loggerhead sea turtles (Caretta caretta),
ketamine and medetomidine alone achieved less sedative effects than a combination of the
two, highlighting the benefits of multimodal mechanisms of action [19]. Morphine is a mu
opioid receptor agonist that offers strong pain-relieving properties in a variety of veterinary
species [10,12,20]. Substantial evidence suggests that morphine could prove to be a viable
analgesic option for certain reptile species, chelonians included [20,21]. In clinical doses, it
is typically associated with minimal respiratory side effects [20]. Nevertheless, in certain
species, higher dosages can lead to pronounced respiratory depression [21,22]. The onset
of action following morphine administration can be notably extended (2–8 h), and the
duration of its effects may exhibit significant variability across different species [21,22]. In a
recent study involving 10 hatchling green sea turtles (Chelonia mydas), researchers found
that the intramuscular administration of ketamine–medetomidine–tramadol was a reliable
and safe anaesthesia protocol. The turtles displayed no response to any of the potentially
painful stimuli, indicating the effectiveness of the anaesthesia. However, it should be
noted that anaesthesia did result in apnoea throughout the procedure [23]. In another
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case report of a leopard tortoise (Stigmochelys pardalis), a subcutaneous coadministration
of medetomidine–midazolam–ketamine produced 30 min of deep sedation, which was
sufficient to allow endoscopy-guided ectopic egg removal from the urinary bladder [24].
Propofol is an intravenous anaesthetic agent used extensively in reptilian anaesthesia be-
cause of its rapid onset of the anaesthetic effect and short recovery times. This expedites
endotracheal intubation, which can then be followed by the maintenance of anaesthesia
through the use of an inhalation agent [14]. However, rapid administration of propofol
can lead to respiratory depression [25]. Propofol requires intravascular or intraosseous
administration, which can be challenging in chelonians. Intrathecal propofol injection is
reported in chelonians and can lead to various complications, such as fore and limb paresis,
coma, and spinal necrosis [10]. The objective of this study was to investigate the hypothesis
that combining dexmedetomidine, midazolam, ketamine, and morphine (DMKM) would
result in efficient anaesthesia for short and minimally invasive procedures, such as celio-
scopic sex identification, without requiring additional propofol as an induction agent. This
combination was aimed at reducing the dosage of each drug while taking advantage of
their multimodal mechanisms of action. Additionally, we evaluated two different routes of
administration: subcutaneous (SC) and intramuscular (IM).

2. Materials and Methods

2.1. Animals

Ethical approval for the study was given by the University of Parma (PROT.
N. 04/CESA/2023). The owner gave informed consent to allow participation of their
animals in the study.

Twenty-one captive-bred, clinically healthy Aldabra giant tortoises (Aldabrachelys
gigantea) (AGTs) with a median body weight of 2090 g (IQR: 1390–4480 g; range: 890–7190 g)
and aged between three and five years were included in the study. Exclusion criteria
included any history or visible signs of systemic illness (e.g., signs of infection, external
wounds, inflammation, trauma, or neoplasia) or discomfort. No animals were excluded
in this study. All animals were divided individually into different plastic enclosures and
identified with progressive identification numbers. The animals were kept under controlled
environmental conditions, with a room temperature of 27 ◦C and a 12 h:12 h light/dark
cycle [26], and housed in a plastic tank of 3 × 2 × 1 m. They were fed a diet consisting
of hay and fresh greens and were given free access to water. Food was withheld 4 days
before the procedure to decrease the size of the gastroenteric tract, enhancing endoscopic
visibility of the reproductive tract. Every box had a heat bulb as a light source (100 W)
and a heat light bulb for basking (31–34 ◦C). Each animal was weighed, and accurate
physical examinations were performed. The animals were soaked daily in a few cm of
warm water so that they could rehydrate and defecate. Exclusion criteria included any
history of systemic illness or abnormalities, including dyspnoea, evidence of infection,
traumatic injuries, and abnormal posture.

2.2. Study Design

A mixture of dexmedetomidine (0.05 mg/kg; Dexdomitor 0.5 mg/mL, Vétoquinol
Italia S.r.l., Bertinoro, FC, Italy), midazolam (1 mg/kg; Midazolam Hameln ha 5 mg/mL,
Hameln Pharmaceuticals Gloucester Business Park, Gloucester, UK), ketamine (8 mg/kg;
Lobotor 100 mg/mL, Acme S.r.l., Via Fabrizio De Andrè 8, Milano, Italy), and morphine
(1 mg/kg; Morfina Cloridrato Monico 10 mg/mL, Monico s.p.a, Via Ponte di Pietra 7,
Venezia, Italy) was delivered to each tortoise in the right antebrachium using a syringe
equipped with a 21 gauge × 16 mm needle (IV Needle; Rays spa, Via Francesco Crispi 26,
Osimo, Italy) (Figure 1).
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Figure 1. In the IM route (A), the needle was inserted for the entire length perpendicularly in the long
axis of the right antebrachium, while in the SC route (B), the needle was inserted subcutaneously for
2–3 mm parallel to the long axis of the antebrachium.

Prior to injections, the skin was scrubbed using 2% chlorhexidine solution (Clorexinal
2%, Nuova Farmec, Settimo di Pescantina, VR, Italy). The route of administration (sub-
cutaneously (SC) or intramuscularly (IM)) was randomly chosen for each tortoise before
coelioscopy via simple randomization using randomizer software (www.randomizer.org,
accessed on 20 January 2023). Before the injection, aspiration was performed to ensure
whether a blood vessel had been accidentally punctured. In the case of accidental blood
aspiration, the drug mixture would not be delivered, and the procedure would be re-
peated. Following drug administration, mild pressure was applied to the injection site
using the thumb for a duration of 10 s to minimize the potential for drug leakage. However,
unquantifiable drug leakage was noted in both groups of animals (Figure 2).

Figure 2. A small amount of drug mixture leaked from the injection site in both the IM and SC groups
(white asterisk).

66



Animals 2023, 13, 3626

The time of drug administration was designated as time 0 (T0). The baseline heart rate
(HR), respiratory rate (RR), and body temperature (BT) were recorded for 60 s prior to drug
administration at T0 and then every 15 min until complete recovery of the animal, for a
maximum period of 2 h from initial drug injection. HR was measured using an ultrasonic
Doppler flow device (Doppler VET-BP, 8 mhz, Alcyon Italia, Via Nicotera 29, Rome, Italy)
directed towards the heart in the cervicobrachial acoustic window (Figure 3).

Figure 3. The ultrasonic Doppler probe was positioned in the left cervicobrachial acoustic window.

RR was monitored by observation of skin movement in the region between the neck
and shoulder or the prefemoral fossa. BT was monitored using a digital thermometer with
an iron external probe (Terracheck, TFA, Herp Italia, Via Giuseppe Verdi 2, Concamarise,
Italy) placed inside the cloaca. The following were evaluated every 15 min: palpebral
reflex, thoracic and pelvic limb withdrawal reflexes (applying pressure with haemostat
forceps), jaw tone, and ease of manual neck extension. Evaluations were performed until
complete recovery and for a maximum period of 2 h from drug administration. All reflexes
were denoted in a binary way as present (slowed and barely present included) or absent
(complete absence of reflexes). The absence of the thoracic and pelvic limb retraction
reflexes was considered an adequate anaesthetic plane for the celioscopic procedure. After
45 min, if the anaesthetic plan was considered not adequate for the celioscopic procedure
(persistence of the withdrawal reflex or muscle tone of the thoracic and pelvic limbs),
a 5 mg/kg propofol dose was administered intravenously in the subcarapacial venous
plexus. Tortoises that exhibited apnea (18/21, 85.71%) were intubated with a non-cuffed,
silicone endotracheal tube (Foschi s.r.l., Via Livornese est No. 269, Perignano, Italy) of
a size appropriate for their glottis diameter and manually ventilated with a bag valve
mask (one breath every 30 s) until resumption of spontaneous ventilation. Coelioscopy
was performed with the animal placed in right lateral recumbency. The left prefemoral
fossa was disinfected with 2.0% chlorhexidine digluconate (Clorexinal 2%, Nuova Farmec,
Via Walther Fleming 7, Settimo, VR, Italy). A 0.5 mm skin incision was performed using
a scalpel blade No. 11 (Mealli srl, Borgo Santi Apostoli, Firenze, Italy). The transverse
and oblique muscles were bluntly dissected pulling the haemostatic forceps in a cranio-
dorsal direction, reaching the coelom. A 2.7 mm, 30◦ viewing rigid endoscope (Storz
Telepack TP100 EN, Karl Storz Endoscopia Italia S.r.l., Rome, Italy) housed within a 4.8 mm
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operative sheath was used to detect and identify the gonads [9]. At the end of the procedure,
atipamezole (0.5 mg/kg; Antisedan 5 mg/mL, Vétoquinol Italia S.r.l.) and flumazenil
(0.05 mg/kg; Anexate 0.5 mg/5 mL, AVAS Pharmaceuticals S.r.l., Milano, Italy) were
administered intramuscularly in the left antebrachium as reversal agents. The recovery time
was measured from the time of reversal agent administration. A tortoise was considered to
have fully recovered from sedation or anaesthesia when it exhibited all assessed reflexes
or responses, when the presence of palpebral reflex, thoracic, and pelvic limb withdrawal
reflexes was indicated (either reduced or intact, as opposed to absent), and when the
animal could maintain its head above ground and initiate spontaneous movement. During
recovery, the tortoises were placed individually in a plastic tank of 3 × 2 × 1 m with
a disposable absorbent pad as a substrate. Environmental conditions were the same as
before the endoscopic procedure. Thirty-six hours after the end of the procedures, all of the
animals ate and were returned to the owner.

A timeline diagram of the whole procedure is represented in Figure 4.

Figure 4. Timeline diagram of the procedure.

2.3. Statistical Analysis

Statistical analysis was performed using R software (version 3.6.3). The data are
reported herein as the median, interquartile range (IQR = 25th–75th percentiles), and
range. Time to loss and time to recovery of reflexes are reported as the grouped median,
grouped interquartile range (IQR = 25th–75th percentiles), and range, to take into account
the fact that timepoints were taken at discrete intervals of 15 min, and are compared
using the Wilcoxon signed-rank test. Heart rate (HR), respiratory rate (RR), and body
temperature (BT) were rank transformed and compared between groups and timepoints
using pairwise t tests. The route (SC vs. IM) of DMKM administration (independent
variable) was evaluated as a predictor for the loss of each reflex and the need for additional
propofol administration (dependent variables) in logistic regression models. No threshold
on the p-value was used to assess statistical significance, since there is increasing evidence
that this practice should be avoided. Instead, we still report p-values in some cases together
with effect sizes (odds ratios (ORs)) and 95% confidence intervals (CIs) which should always
be considered all together along with other factors (e.g., related prior evidence, plausibility
of mechanism, study design, and data quality, etc.) to interpret the meaningfulness of the
findings in a critical manner [27–29].
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3. Results

Out of the 11 tortoises, 7 (64%) belonging to the IM group were identified as male,
and 4 (36%) tortoises belonging to the SC group were identified as female. The intramus-
cular (IM) and subcutaneous (SC) groups consisted of 10 and 11 animals, respectively. No
difference was observed in body weight (g) between the two groups (SC: median = 1970,
IQR = 1330–4310, range = 890–7190; IM: median = 2655, IQR = 1728–4190, range = 1370–5760;
p = 0.5). HR and RR decreased significantly over time in both groups in a comparable man-
ner before the administration of the antagonist to any animal (Figure 5A,B). No differences
were observed between the BTs of the two groups (Figure 5C).

Figure 5. Distribution of the (A) heart rate, (B) respiratory rate, and (C) body temperature over
time. For each timepoint, the values for the intramuscular (IM) (n = 10) and subcutaneous (SC)
(n = 11) groups are represented in pink (on the left) and light blue (on the right), respectively.
Asterisks (*) indicate the order of magnitude of the p-value between the baseline (0 min) and later
timepoints within the same treatment. Daggers (†) indicate the order of magnitude of the p-value
between different routes of administration at the same timepoint. An absence of symbols indicates a
p-value > 0.05. * p < 0.05, ** p < 0.01, **** p < 0.0001, † 0.01 < p < 0.05.

In the IM group, 9/10 (90%) animals lost the thoracic and pelvic limb withdrawal
reflexes within 45 min after DMKM administration, in contrast to only 5/11 (45%) animals
in the SC group (Figure 6A). Hence, due to the persistence of thoracic and pelvic limb
withdrawal reflexes 45 min after DMKM administration, the remaining 6/11 (55%) animals
in the SC group required the additional administration of propofol to allow the start of
the celioscopic procedure after 45 min, in contrast to only 1/10 (10%) animals in the IM
group (Figure 6B). These differences between the two groups suggest that, compared to
SC administration, the IM administration is 10.8 times (OR = 10.8, 95% CI = 1.33–237.05,
p = 0.05) more likely to result in loss of the thoracic and pelvic limb reflexes within 45 min
from the DMKM administration, allowing one to perform the celioscopic procedure in this
timeframe without the additional need for propofol.

Within 45 min after DMKM administration prior to propofol injection, 8/10 (80%) IM
and 5/11 (45%) SC cases also lost the palpebral reflex, 8/10 (80%) IM and 3/11 (27%) SC
cases lost neck muscle tone, and 5/10 (50%) IM and 3/11 (27%) SC cases lost jaw tone
(Figure 6A). For 9/10 (90%) of the IM and 5/11 (45%) of the SC cases for which DMKM
was effective within 45 min and did not need to be induced with propofol, there were no
remarkable differences in the time to loss of reflexes (Table 1).
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Figure 6. (A) Proportion of animals in the intramuscular (IM) (n = 10) and subcutaneous (SC) (n = 11)
groups that lost the thoracic and pelvic limb withdrawal reflexes, palpebral reflex, neck muscle, and
jaw tone within 45 min after DMKM administration prior to the decision on additional propofol
injection. (B) Proportion of animals in the intramuscular (IM) (n = 10) and subcutaneous (SC)
(n = 11) groups that had to be induced with propofol 45 min after the initial DMKM administration.
(C) Proportion of animals for which intubation was necessary and successful in the intramuscular
(IM) (n = 9) and subcutaneous (SC) (n = 5) groups successfully induced with DMKM after 45 min and
the propofol (n = 7) group.

Table 1. Time to loss of reflexes only including subjects successfully induced with DMKM within
45 min (9 IM, 5 SC). The median (IQR = 25th–75th percentiles) was calculated only including the
subset of animals within the ones successfully induced with DMKM which lost the stated reflex
within 45 min after DMKM administration.

Parameter IM DMKM SC DMKM p-Value

Time to loss of the thoracic limb reflex for positive cases (minutes) 16.9 (8.4–25.3)
(n = 9/9)

12.5 (6.3–20.6)
(n = 5/5) 0.6

Time to loss of the pelvic limb reflex for positive cases (minutes) 16.9 (8.4–25.3)
(n = 9/9)

17.5 (9.4–23.8)
(n = 5/5) 1

Time to loss of the palpebral reflex for positive cases (minutes) 18.8 (10–26.25)
(n = 8/9)

18.8 (9.4–28.1)
(n = 5/5) 1

Time to loss of neck muscle tone for positive cases (minutes) 30 (15.0–37.5)
(n = 8/9)

7.5 (3.8–21.2)
(n = 3/5) 0.06

Time to loss of jaw tone for positive cases (minutes) 22.5 (9.4–36.6)
(n = 5/9)

18.8 (11.3–24.4)
(n = 3/5) 0.8

In 1/1 (100%) of the IM and 5/6 (83%) of the SC cases successively induced with
propofol, all of the measured reflexes were lost within 15 min, allowing the start of the
procedure after 4 min from the time of propofol administration for the only IM case and
between 4 and 14 min from the time of propofol administration for the 5/6 SC cases. In
the remaining 1/6 (17%) SC cases successively induced with propofol, a delayed loss of
all reflexes was observed, except for pelvic limb retraction, which was abolished within
15 min, resulting in the procedure being started 24 min after propofol administration.

Among the animals that had to be induced with propofol, 7/7 (100%) also showed
apnoea, and the absence of jaw tone allowed successful intubation in all of them (Figure 6C).
Among the animals successfully induced with DMKM, 12/14 (86%) of them (8 IM, 4 SC)
showed apnoea, but in contrast to the group induced with propofol, only 8/14 (57%) of
them (5 IM, 3 SC) lost jaw tone (Figure 6A), and intubation was successful in 7/14 (50%)
(5 IM, 2 SC) of the cases (Figure 6C).
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No remarkable differences were observed in the average recovery time of the indi-
vidual reflexes between the IM and SC groups (Table 2). All animals reached a complete
recovery of all reflexes within 60 min. Twelve hours after the coelioscopy, all of the animals
were active and did not show any abnormal behaviour. No procedure-related complications
were noted.

Table 2. Time to resumption of reflexes after loss. Medians (IQR = 25th–75th percentiles) were
calculated only including the subset of animals that were successfully induced with DMKM and lost
the respective reflexes until the end of the procedure, discarding those that had already started to
partially recover the respective reflexes during the administration of the antagonist.

Parameter IM DMKM SC DMKM p-Value

Time to resumption of the thoracic limb reflex (minutes) 8.8 (4.4–13.1)
(n = 7)

22.5 (11.3–33.8)
(n = 3) 0.2

Time to resumption of the pelvic limb reflex (minutes) 7.5 (3.8–11.3)
(n = 8)

11.25 (5.6–18.8)
(n = 3) 0.2

Time to resumption of the palpebral reflex (minutes) 10.5 (5.3–16.9)
(n =7)

9.4 (4.7–14.1)
(n = 5) 0.7

Time to resumption of neck muscle tone (minutes) 10.5 (5.3–16.9)
(n = 7)

11.3 (5.6–18.8)
(n = 3) 0.9

Time to resumption of jaw tone (minutes) 9.4 (4.7–14.1)
(n = 5)

7.5 (3.8–11.6)
(n = 2) 0.8

Time to complete resumption of all reflexes (minutes) 13.1 (6.6–24.4)
(n = 8)

12.5 (6.3–26.3)
(n = 5) 1

4. Discussion

The following databases (Google Scholar, PubMed) were searched with the follow-
ing keywords: “DMKM, anaesthesia, Aldabrachelys gigantea, SC, IM, dexmedetomidine,
ketamine, midazolam, morphine”; one textbook was consulted [30]. No studies about
DMKM as an anaesthetic protocol in this species were found in these searches. In this study,
we administered a DMKM combination IM or SC in young and not sexually dimorphic
Aldabra giant tortoises. In a study by Lahner et al. [31], the induction times following
subcutaneous administration of ketamine–dexmedetomidine to red-eared slider turtles
(Trachemys scripta elegans) were notably longer and exhibited greater variability than those
following intramuscular injection. Instead, the level of anaesthesia attained within the ini-
tial 45 min displayed no distinction between intramuscular and subcutaneous injection [32].
In another study on leopard geckos, the administration of alfaxalone–midazolam via SC
injection resulted in the first effects occurring within 5 to 10 min [33]. A comparison be-
tween routes of administration of drugs in reptiles has not been well studied, and this
is typically dependent on species and related to anatomical variability [33]. Historically,
IM administration has been the favoured method for delivering anaesthetic and analgesic
drugs to reptiles. SC administration has generally been disregarded due to the belief that
its lower vascularity might result in extended and less consistent onset times, metabolism,
and elimination when contrasted with the IM route [34]. The contemporary literature
persists in discussing the potential for variable absorption with SC drug administration,
even though current research demonstrates that anaesthetic and analgesic effects achieved
through SC drug administration in reptiles are both prompt and consistent. Moreover, no
noteworthy disparity in anaesthetic depth has been observed when contrasting SC and
IM induction methods [10,32,33]. Additionally, in reptiles, the advantages associated with
SC administration, when contrasted with IM administration, encompass the consistent
accessibility of subcutaneous space across different species, the capacity to administer
large volumes, and the opportunity to utilize a range of subcutaneous sites [10]. However,
in this study, the subcutaneous space in the antebrachium was chosen as the injection
site of the SC group instead of the region set in the front half of the body, between the
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neck and the forelimb, where the cutis is more distensible. This choice was made because
clinically healthy tortoises tend to strongly retract their limbs into the shell, exposing only
a small portion of the cutis of the dorsal surface of the forelimb. Every attempt to force
the forelimbs out would have been either traumatic for the animal or unsuccessful. In
every animal belonging to both the IM and SC groups, a small, unquantifiable amount
of DMKM leaked from the injection site. This was supposedly related to the poor dis-
tensible skin and the well-developed antebrachial muscles, which are typical features of
large terrestrial chelonians [34], in relation to the volume of the injected drug mixture. In
a recent study evaluating the effect of the IM dexmedetomidine–midazolam–ketamine
(DMK) combination in red-footed tortoises, the median time to maximum drug effect was
reached in approximately 35 min [35]. In the literature, as there are no available studies
about the effects of DMKM in Aldabra giant tortoises, a limit of 45 min was chosen as
a cut-off for the time to loss of reflexes, and in the case of persistent thoracic and pelvic
limb withdrawal reflexes, the animal would be induced with IV propofol. In this study, we
found that the number of animals for which the anaesthesiologic plan was adequate for
the celioscopic procedure within 45 min of DMKM administration was notably higher in
the IM (9/10 (90%) cases) group than in the SC group (5/11 (45%) cases). For the subset
of cases successfully induced with DMKM either SC or IM, the time to loss of reflexes
was comparable between the two groups of animals. The signs used to assess the level of
sedation in reptiles are fairly consistent. The loss of withdrawal reflexes and muscle tone
is expected to follow the following sequence: pectoral limbs, pelvic limbs and neck, tail
and cloaca, and finally jaw tone [36]. In this case, only 8/14 (57%) animals (5 IM, 3 SC) that
were successfully induced through IM and SC DMKM lost jaw tone, and in only 7/14 (50%)
(5 IM, 2 SC) of these animals, intubation was successful. During induction, the jaw reflex is
often lost last, indicating a deeper state of narcosis and allowing intubation and manual
ventilation [37]. Additionally, among the animals successfully induced with IM DMKM,
one tortoise did not lose the neck retraction reflex, and another did not lose the palpebral
reflex, indicating a lighter plane of anaesthesia. HR and RR decreased significantly over
time in both groups before the start of the celioscopic procedure, as also reported in the
study by Eshar et al. [35] using IM DMK administration in captive red-footed tortoises
(Chelodinis carbonaria). In dogs and cats, the pharmacokinetics of anaesthetic drugs are
influenced by the route of administration [35]. Specifically, the subcutaneous route does
not always allow for complete and rapid uptake of the drug mixture. Interaction with the
α-2B receptors of the precapillary sphincter in peripheral vascular beds by α-2 receptor
agonists could lead to a reduction in peripheral drug absorption [36–38]. This mechanism
may have contributed to the reduction in systemic absorption of MKM when mixed with
dexmedetomidine in the subcutaneous group, with a consequently less sedative effect.

Propofol is commonly used alone as an induction agent in chelonians at 10 to
20 mg/kg [10] or combined with other injectable agents at a lower dosage [39,40]. A
dosage of 5 mg/kg was chosen as a DMKM mixture that was previously administered,
avoiding possible complications such as prolonged recovery after the coelioscopy or a dose-
dependent depressant respiratory function [41,42]. In fact, all of the animals that needed
propofol also lost jaw tone and were intubated, compared to 8/14 (5 IM 3 SC) tortoises in
the IM and SC groups which lost jaw tone, allowing 7 of them (5 IM, 2 SC) to be intubated.
Apnoea occurs in reptiles in the surgical and deep plane of anaesthesia; if they are breathing
spontaneously, the anaesthetic plane should be considered to be light [10]. However, even
though measuring pain and analgesia is challenging in reptiles [42], as no movements or
changes in the HR were noted during the surgical procedures, the analgesia was considered
adequate. Moreover, no change in the normal behaviour was noted 12 h postoperatively
and 36 h after the coelioscopy, and all of the animals ate, displaying no visible signs of
discomfort or lameness [42]. No swelling in the injection site was noted in any of the ani-
mals at 12 and 36 h after the coelioscopic procedure. Coelioscopy is considered a minimally
invasive surgical procedure [9]. However, multimodal anaesthesia was chosen to provide a
good analgesic level throughout the entire surgical procedure. In fact, a DMK combination
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provided sufficient sedation or light anaesthesia, allowing the execution of various clinical
procedures, including minimally invasive endoscopic examinations, blood sample collec-
tion, and imaging [18,24,27,43,44]. The authors of prior studies focusing on the anaesthesia
of red-footed tortoises used higher doses of dexmedetomidine–midazolam and ketamine
than those used in the present DMKM protocol [35,44] and did not include morphine in the
drug mixture. In this case, morphine was chosen as an additional pain relief agent, as this
has been demonstrated to be effective in several reptilian species [18]. Both opioids and
a2-adrenoceptor agonists can induce respiratory depression in reptiles [10,12,45–47]. The
occurrence of apnoea after the administration of medetomidine and dexmedetomidine is
reported in chelonians [13,35,46]. In this study, 12/14 tortoises belonging to the IM and SC
groups (8 IM, 4 SC) had apnoea and needed intubation and manual ventilation. The addi-
tional use of morphine in the DMK mixture should cause more respiratory depression than
using a2-adrenoceptor agonists alone. For this reason, breathing assessment should always
be performed and the patient should be intubated and ventilated when needed. However,
the recovery was smooth and rapid after the reversal administration, and no other apparent
adverse effects were noted. This investigation was a clinical study performed during sex
identification in 21 giant Aldabra tortoises. To detect possible complications, follow-up
studies including several individuals are needed. Moreover, an experimental setting should
be designed to evaluate the cardiocirculatory and analgesic effects of DMKM mixture in
terms of its pharmacokinetic and pharmacodynamic properties in this species.

5. Conclusions

In this study, a DMKM combination delivered IM resulted in deep sedation or light
anaesthesia lasting for the duration of the celioscopic procedure and a smooth and rapid
recovery after reversal administration. As more than half of the animals belonging to the
SC group needed an additional intravenous administration of propofol to reach the surgical
plane, this route of administration should be discouraged.
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Simple Summary: Due to their significant size and aggressiveness, the capture of adult crocodiles
carries significant risk, both in terms of stress and injuries to themselves and to operators. Neuro-
muscular blocking agents act by inducing flaccid muscle paralysis, thereby reducing the physical
and chemical risks associated with transportation and anesthesia. Pancuronium bromide and its
antagonist, neostigmine methylsulfate, have been successfully used in juvenile and subadult saltwater
crocodiles (Crocodylus porosus), but their applications in larger animals (body weight > 230 kg or total
length > 3.8 m) or in Nile crocodiles (Crocodylus niloticus) have never been described. We trialed
a dose recommendation in nine Nile crocodiles using pancuronium bromide that was originally
established for small- and medium-sized saltwater crocodiles, the effect of which can be reversed
using neostigmine. We found that the recommended dose caused a prolonged recovery time in
adult male Nile crocodiles, and we propose a weight-independent dose for Nile crocodiles with body
weight ≥ 300 kg or total length ≥ 4.0 m, which we successfully trialed in 32 animals.

Abstract: (1) Background: Pancuronium bromide is a neuromuscular blocker used for immobilizing
crocodiles that can be reversed with neostigmine. A recommended drug dose has only been estab-
lished for saltwater crocodiles (Crocodylus porosus), mostly based on trials in juveniles and subadults.
After trialing a dose recommendation in a small cohort of nine Nile crocodiles (Crocodylus niloticus),
we developed and applied a new dose recommendation for large adult Nile crocodiles. (2) Methods:
we trialed and adapted a pancuronium bromide (Pavulon 4 mg/2 mL) dose in Nile crocodiles origi-
nally established for saltwater crocodiles and applied the new dose for the immobilization of 32 Nile
crocodiles destined for transport. Reversal was achieved with neostigmine (Stigmine 0.5 mg/mL).
(3) Results: Nine crocodiles were included in the trial phase; the induction time was highly variable
(average: 70 min; range: 20–143 min), and the recovery time was prolonged (average: 22 h; range:
50 min–5 days), especially in large animals after reversal with neostigmine. Based on these results, we
established a dose-independent recommendation (3 mg pancuronium bromide and 2.5 mg neostig-
mine) for animals weighing ≥ 270 kg (TL ≥ ~3.8 m). When applied to 32 adult male crocodiles (BW
range: 270–460 kg; TL range: 3.76–4.48 m), the shortest induction time was ~20 min and the longest
~45 min. (4) Conclusions: Pancuronium bromide and its antidote, neostigmine, are effective for the
immobilization and reversal of adult male Nile crocodiles (TL ≥ 3.8 m or BW ≥ 270 kg) when given
in a weight-independent fashion.

Keywords: crocodilians; chemical immobilization; Nile crocodile; pancuronium bromide; neostigmine;
non-depolarizing neuromuscular blocking agents
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1. Introduction

Capturing adult crocodiles is challenging and dangerous due to their significant size,
aggressiveness, and potential to cause severe injury to themselves and to operators [1–4].

Gallamine triethiodide (Flaxedil 20 mg/mL), a nondepolarizing neuromuscular blocker,
has been commonly used since the 1970s for immobilizing captive and wild saltwater
crocodiles (Crocodylus porosus) and Nile crocodiles (Crocodylus niloticus) [5–9]. Following the
discontinuation of gallamine triethiodide in Australia, pancuronium bromide has empiri-
cally proven to be an effective and affordable alternative for immobilizing wild and farmed
saltwater crocodiles [4]. Research in mostly juvenile crocodiles (total length [TL] < 2.9 m
and body weight [BW] < 246 kg) established a minimum effective dose of 0.019 mg/kg and
a safety margin of 0.2 mg/kg for pancuronium bromide, with effective reversal obtained
with neostigmine methylsulfate administered at 0.02 mg/kg [10,11]. Limited dose recom-
mendation has, however, been published for adult saltwater crocodiles with a BW ≥ 246 kg
despite it being inadvisable to extrapolate a dose from smaller individuals [4,10–12]. In
addition, dose recommendations for pancuronium bromide have not been published for
Nile crocodiles. Here, we report a dosing recommendation using pancuronium bromide
and neostigmine methylsulfate for the immobilization of large adult captive Nile crocodiles.

2. Materials and Methods

In 2022, a total of 32 adult captive Nile crocodiles were scheduled for transportation
from Djerba Explore Park, Djerba, Tunisia to the Dubai Crocodile Park, Dubai, United
Arab Emirates. For this purpose, pancuronium bromide (Pavulon, 4 mg/2 mL, Neon
Laboratories Ltd., Mumbai, India) was chosen as the drug of choice for its high safety
profile, availability, low cost, and ability to be reversed with neostigmine methylsulfate
(Stigmine, 0.5 mg/mL, Société Arabe des Industries Pharmaceutiques, Tunis, Tunisia).

Prior to transport, we trialed and fine-tuned a pancuronium bromide dose estab-
lished for saltwater crocodiles by Bates et al. in subadult and adult Nile crocodiles [10,11].
All of the animals were reversed with neostigmine methylsulfate after one to two hours.
On the basis of the results obtained from the trial, we established a dose for animals
weighing ≥ 270 kg (TL ≥ ~3.8 m), consisting of 3 mg pancuronium bromide (1.5 mL Pavu-
lon 4 mg/2 mL) and 2.5 mg neostigmine methylsulfate (5 mL Stigmine 0.5 mg/mL). Subse-
quent to the trial, 32 adult male crocodiles (distinct from those included in the trial group)
were immobilized using the new recommendation and shipped to the Dubai Crocodile
Park. For crocodiles being transported, the reversal agent was administered by intramuscu-
lar injection into the hind limb once immobilization was achieved and the crocodile was
secured inside the transport crate (see below).

The depth of neuromuscular blockage was ascertained by prodding the base of the
tail with a pole (absence of avoidance reflex), verifying that the mouth remained open in a
relaxed position (the presence of the “Flaxedil (i.e., gallamine) reaction” [13]), and inserting
a pole inside the mouth (absence of bite reflex). Full recovery was defined as crocodiles
moving with a normal gait.

Before attempting injection during the trial and translocation phases, the enclosures
were drained of water to eliminate any risk of drowning. Crocodiles were administered
pancuronium bromide intramuscularly in the left lateral aspect of the base of the tail using
an expandable (90–180 cm) pole syringe (Jabstick, Daninject, Olgas Allé 4, 6000 Kolding,
Denmark) equipped with plastic syringes (Jabstick) and 2.0 × 50 mm (14G × 2”) metal-
lic needles (Kruuse A/S, Havretoften 4, DK-5550 Langeskov, Denmark). Only resting
crocodiles were targeted to avoid injuring both the crocodile and the operator [14]. To
calculate the pancuronium bromide dose, BW was first estimated based on the park’s
experience of extrapolating BW from TL. An accurate weight was obtained by weighing
crocodiles during immobilization, except for four large crocodiles during the trial, which
were too heavy to be weighed on site. All animals were paint-marked immediately after
injection to avoid accidental double-dosing. For safety reasons, the jaws were secured
with rope. Because nondepolarizing neuromuscular blockers do not abolish sensory input,
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the head was covered with a towel to reduce sensory stimuli, taking care not to obstruct
the nostrils. Body temperature was measured immediately after induction, either using a
cloacal thermometer inserted in the proctodeum (Checktemp, Cifec, 12bis rue du comman-
dant Pilot, 92200 Neuilly-sur-Seine, France) during the trial, or a temperature gun (Ketotek,
Xiamen Sizhi E-commerce Co., Ltd., 8E Mingyuan Building, 361000 Xiamen, China) aimed
at the nuchal region before and during the transport phase [15,16]. Because the duration to
induction and the duration of immobilization are expected to be inversely proportional to
body temperature [10,11], we only proceeded with the trial and transport phases once ambi-
ent temperatures were above 19–20 ◦C. Following immobilization, crocodiles were handled
carefully, kept out of direct sunlight (ambient temperature: 20–24 ◦C), and regularly doused
with water [17].

Crocodiles marked for translocation were transported in individual wooden crates
with foam-covered siding. The ambient temperature range measured in the crates was
13–20 ◦C during road transport and 22–24 ◦C during air transport. Transport was carried
out in two separate shipments (16 animals per shipment) at a one-week interval. All of
the transport specifications were in accordance with CITES and IATA (International Air
Transport Association) guidelines [18,19]. The two translocations took an average of 43 h,
consisting of crating (10 h 00 min and 8 h 15 min), followed by ground (22 h 30 min and 18 h
50 min), air (7 h 00 min and 6 h 40 min), and ground (7 h 10 min and 5 h 20 min) transport.

3. Results

The trial involved one subadult (BW: 54 kg; TL: 2.20 m) and eight adults (BW range:
130–370 kg; TL range: 2.75–4.30 m). The average cloacal temperature was 23 ◦C (range:
19–26.2 ◦C). The average induction time was 70 min (range: 20–143 min), and the av-
erage recovery time was 22 h and 14 min (median: 105 min; range: 50 min–5 days)
(Table 1). The recovery time for three adults having received the highest pancuronium dose
(0.011–0.015 mg/kg) was >24 h (two of which required an additional neostigmine injection),
whereas the highest dose (0.019 mg/kg) administered to one subadult (54 kg) did not lead
to delayed recovery. Four adult crocodiles were subsequently immobilized using a lower
dose of 0.006–0.008 mg/kg, leading to a longer average induction time of 109 min (range:
84–143 min) but a shorter average recovery time of 120 min (range: 55–105 min). Based
on these initial findings, and considering that the transfers to Dubai would only involve
large adult specimens with a BW ≥ 270 kg (TL ≥ 3.8 m), it was decided to substantially
reduce the pancuronium bromide dose in adults, deciding on a weight-independent dose
of 3 mg pancuronium bromide (1.5 mL Pavulon) and 2.5 mg neostigmine methylsulfate
(5 mL Stigmine) independent of BW or TL.

The transport phase involved 32 adult male crocodiles (aged approximately 25 years).
The average BW was 365 kg (median: 371 kg; range: 270–460 kg), with an average TL of
4.17 m (range: 3.76–4.48 m). The average nuchal temperature at induction was 25.6 ◦C
(range: 20.8–37.2 ◦C). The final pancuronium bromide dose range was 0.007–0.011 mg/kg
(mean: 0.008 mg/kg, ±SD 0.001). For logistical reasons, individual induction time was
not measured; however, the shortest induction time was ~20 min and the longest ~45 min.
Recovery time could not be recorded because crocodiles were already inside crates by the
time they would have recovered from immobilization. All of the 41 crocodiles included in
the trial and transport phase were alive and apparently healthy approximately ten months
after the intervention, with no reported instances of anorexia. No injuries during shipment
were noted. Approximately ten males displayed mating behavior within a day of arrival at
the Dubai Crocodile Park.
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Table 1. Induction and recovery time for the immobilization of subadult and adult Nile crocodiles
(Crocodylus niloticus) using pancuronium bromide (Pavulon, 2 mg/mL) and neostigmine (Stigmine,
0.5 mg/mL) based on existing recommendations in juvenile saltwater crocodiles (Crocodylus porosus),
n = 9.

Sex
Body

Weight
(kg)

Total
Length

(cm)

Cloacal
Temperature

(◦C)

Pancuronium
Bromide
(mg/kg)

Pavulon
(mL)

Induction
Time
(min)

Neostigmine
(mg/kg)

Stigmine
(mL)

Recovery
Time

M 54 220 19.0 0.019 0.5 20 0.014 1.50 50 min

F 130 275 20.5 0.015 1.0 30 0.034 8.75 § 5 days

F 172 315 21.6 0.008 0.7 50 0.015 5.00 120 min

M 260 380 22.6 0.015 2.0 45 0.019 10.00 § 2 days

M * 270 390 25.4 0.008 1.1 85 0.009 5.00 105 min

M * 330 410 26.0 0.007 1.1 84 0.008 5.50 90 min

M 353 425 20.4 0.011 2.0 55 0.007 5.00 1 day

M * 370 425 25.8 0.006 1.1 125 0.007 5.00 70 min

M * 370 430 26.2 0.006 1.1 143 0.007 5.00 55 min

* Approximate body weight; § received two doses.

4. Discussion

Immobilizing agents used in crocodiles include opioids (e.g., etorphine), dissociative
anesthetics (e.g., ketamine, tiletamine–zolazepam), alpha-2 agonists (e.g., medetomidine),
barbiturates (e.g., pentobarbital sodium), neuroactive steroids (e.g., alfaxalone), neuromus-
cular blocking agents (e.g., succinylcholine chloride, d-tubocurarine, atracurium besylate,
gallamine triethiodide, and pancuronium bromide), and other agents (e.g., propofol, tri-
caine mesylate) [10,11,13,17,20–30].

Neuromuscular blocking agents (NBAs) can be separated into two classes depending
on their mechanism of action. Depolarizing neuromuscular blockers (e.g., succinylcholine
chloride) act by binding to postsynaptic cholinergic receptors on motor endplates, caus-
ing depolarization and fasciculation, which leads to flaccid paralysis. Nondepolarizing
neuromuscular blockers (e.g., d-tubocurarine, atracurium besylate, gallamine triethiodide,
and pancuronium bromide) are competitive acetylcholine antagonists that bind to nicotinic
receptors on the postsynaptic membrane, blocking acetylcholine binding and thereby pre-
venting motor endplate depolarization. Nondepolarizing neuromuscular blockers can be
reversed with cholinesterase inhibitors, such as neostigmine [1,3,5,8,13].

There is a paucity of data on the immobilization of crocodiles using pancuronium
bromide. Bates et al. found that the average induction time in juvenile (BL < 2.90 kg)
and adult (BL < 90 kg) saltwater crocodiles immobilized with pancuronium bromide was
22 min when given at a dose of 0.02 mg/kg, which was lower than in our cohort [10,11].
The authors also showed that a higher dose of pancuronium bromide (>0.025 mg/kg)
did not significantly decrease induction time. In addition, the duration of immobilization
(without reversal with neostigmine) was proportional to the pancuronium bromide dose
and exercise intensity prior to immobilization (possibly linked to muscle fatigue). In
contrast, the duration of immobilization was inversely proportional to body temperature
(possibly because of faster drug metabolism) and to induction time. The recovery time was
shortened (<5 min) with a higher dose of neostigmine, but the time for the full recovery of
all reflexes was not influenced by the dose of pancuronium bromide, sex, body weight, or
induction time.

The translocation of 32 Nile crocodiles provided the opportunity to assess our dose
recommendation for pancuronium bromide and neostigmine methylsulfate, for which no
previous dose recommendations have been published. The results from our trial indicate
that it unadvisable to extrapolate dose recommendation by weight, as already hypothesized
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by Bates et al. and as predicted by the principle of allometric scaling (i.e., body weight
is inversely proportional to basal metabolic rate) [10,11]. Although our sample size was
small, our observations indicate that extrapolating a dose recommendation established for
juveniles in adult crocodiles resulted in a prolonged recovery time despite nearly doubling
the recommended neostigmine dose. Using a lower, weight-independent dose of 3 mg
pancuronium bromide for crocodiles with TL ≥ 3.8 m or BW ≥ 270 kg (corresponding
to 0.007–0.011 mg/kg among transported subjects) resulted in a satisfactory induction
time, a result that can be explained by allometric scaling. Based on the limited number
of animals included in the trial, we hypothesize that using a higher dose would likely
lead to a delayed recovery time. We were, however, unable to assess a lower, weight-
independent dose of 2.5 mg neostigmine sulfate (corresponding to 0.006–0.009 mg/kg
among transported subjects) because crocodiles were physically restrained and transported
in crates for an average of 43 h.

Unlike general anesthetics, NBAs cause flaccid muscle paralysis without sedation or
analgesia, thereby reducing the physical and physiologic risks associated with anesthesia,
especially during transportation. Monitoring the respiration rate is nevertheless advised be-
cause NBAs can affect respiratory function in crocodiles, with a 66% decrease in respiratory
rate noted for dose >0.2 mg/kg [4,10]. Our failure to measure the respiratory rate during
the field trial constitutes a limitation of our report, although the survival of all 32 crocodiles
during long-distance transport by road and air immediately after reversal suggests that
respiratory depression, if present, is unlikely to have been severe.

Animals immobilized with NBA are fully conscious and sensitive to visual, auditory,
and tactile stimuli, which can result in stress-induced physiologic reactions such as tachy-
cardia and tachypnea [3,10]. In our case, immobilization was conducted with a minimum
of people and reduced noise, and eyes and ears were covered to reduce stress from sensory
input [13]. For this reason, any pain-inducing procedures should never be performed when
a crocodile is immobilized with NBAs alone.

Physical techniques such as nets, snares, and traps can be used for capturing crocodiles,
but they are a frequent source of stress and injury (e.g., fractures, ocular injuries, and skin
abrasions), particularly due to fight or flight behaviors that can last until exhaustion (e.g.,
biting, tail thrashing, and body rolling) [3,4]. Anorexia of 18 months in duration has
also been reported in a Mugger crocodile (C. palustris) following manual capture [31].
In instances of prolonged struggle (e.g., during protracted capture), physiological stress
responses can result in the release of adrenaline and corticosterone, and increased anaerobic
glucose catabolism [16,18,19,32]. This can lead to lactic acidemia, capture myopathy, and
cardiac dysfunction, sometimes with fatal consequences [13,32–34]. Crocodilians, and
reptiles in general, lack the ability to rapidly metabolize and correct acidemia, which can be
severe [35]; blood pH levels of 6.6–6.8 (reference range: 7.0–7.4) have been recorded in Nile
crocodiles after prolonged struggling [3]. Lactate levels, which can be considered as an
indicator of anaerobic metabolism and physiological stress in crocodilians, were positively
correlated with capture duration (longer handling time or struggling causes an increase
in lactate), age (adult crocodilians had significantly higher lactate levels after capture
than non-adults), and weight (possibly confounded with handling time because larger
animals are generally harder to capture) [34]. Blood biochemistry values in chemically
immobilized crocodiles have, however, not been published and might differ from physically
caught crocodiles in terms of stress markers (e.g., blood lactate and pH) and physiological
parameters (e.g., heart rate and respiratory rate).

5. Conclusions

Pancuronium bromide is effective for the immobilization of adult male Nile crocodiles
(TL ≥ 3.8 m or BW ≥ 270 kg) when given in a weight-independent fashion. Reversal using
neostigmine methylsulfate was equally effective when given in a weight-independent
fashion, although the small cohort (n = 5) in which reversal was measured precludes any
firm conclusions. Systematic studies in a larger population of animals (juveniles, subadults,
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and adults) are needed to confirm our observations that dose is inversely proportional
to body weight and to monitor the effects of pancuronium bromide on physiological
parameters and stress markers.
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Simple Summary: The present study investigated the histological characteristics of 35 tumors
from 21 lizards, 1 snake, 10 tortoises and 3 turtles that were initially diagnosed as squamous or
basal cell carcinoma. Based on in-depth re-evaluation of the tissue characteristics, eight tumors
initially diagnosed as squamous cell carcinoma were re-classified as basal cell carcinomas and
three squamous cell carcinomas proved to be non-neoplastic lesions. All squamous and basal cell
carcinomas were classified into distinct histological variants. To date, basal cell carcinomas have only
been described in two reptile species. In the present study, basal cell carcinomas were diagnosed
in seven additional species. While immunohistochemical staining with cyclooxygenase-2 and E-
cadherin showed significant differences between the examined squamous and basal cell carcinomas,
no immunoreactivity was observed for epithelial antigen clone Ber-EP4 and epithelial membrane
antigen. The results of this study provide a proposal classification that allows the differentiation of
squamous and basal cell carcinoma and their histological variants in squamates and chelonians.

Abstract: In the present study, the histological characteristics of squamous cell carcinomas (SCCs) and
basal cell carcinomas (BCCs) obtained from 22 squamate and 13 chelonian species were retrospectively
evaluated. While the examined tissues were originally diagnosed as 28 SCCs and 7 BCCs based
on histological evaluation by a specialty diagnostic service, eight SCCs could be re-classified as
BCCs and three SCCs proved to be non-neoplastic lesions. In addition, all SCCs and BCCs were
classified into distinct histological variants. The SCCs could be categorized as one SCC in situ, three
moderately differentiated SCCs, seven well-differentiated SCCs, and six keratoacanthomas. BCCs
were classified as five solid BCCs, four infiltrating BCCs, five keratotic BCCs, and one basosquamous
cell carcinoma. In addition, the present study reports the occurrence of BCCs in seven reptile species
for the first time. In contrast to what has been documented in humans, IHC staining with the
commercially available epithelial membrane antigen and epithelial antigen clone Ber-EP4 does not
allow differentiation of SCCs from BCCs in reptiles, while cyclooxygenase-2 and E-cadherin staining
seem to have discriminating potential. Although the gross pathological features of the examined SCCs
and BCCs were highly similar, each tumor could be unequivocally assigned to a distinct histological
variant according to the observed histological characteristics. Based on the results of this study, a
histopathological classification for SCCs and BCCs is proposed, allowing accurate identification and
differentiation of SCCs and BCCs and their histological variants in the examined reptile species.
Presumably, BCCs are severely underdiagnosed in squamates and chelonians.

Keywords: basal cell carcinoma; immunohistochemistry; neoplasm; reptiles; squamous cell carcinoma

1. Introduction

Neoplasms are frequently encountered in the practice of reptile medicine, although
they were once considered uncommon [1]. Most data about the occurrence of neoplasms
in captive reptiles originate from specialty diagnostic services [1–5], and considerable
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variation in prevalence data, ranging from 9.8% to 26%, is reported [1–7]. In general,
neoplasms are more frequently observed in snakes and lizards in comparison to chelonians
and crocodilians [1,2,4–6], with the integumentary, hepatic, and musculoskeletal systems
being the most commonly affected sites [1,2,4–6]. Reports of skin tumors in reptiles are
largely derived from single cases, and mainly comprise squamous cell carcinomas (SCCs),
papillomas, and chromatophoromas [1–3,5]. The increasing number of neoplastic disorders
that are being diagnosed in captive reptiles can at least be partly attributed to the fact that
reptile owners more readily seek veterinary advice as well as to the increasing availability
and use of appropriate diagnostic tools. In addition, the increasing lifespan of reptile
pets as well as predisposing environmental and genetic factors may also contribute to the
seemingly increasing prevalence of neoplastic disorders [3,5,6,8–10]. Nevertheless, the
diagnosis of neoplasms in reptile patients can easily be missed at initial presentation as
associated clinical signs are often non-specific [4,5].

Basal cell carcinomas (BCCs) and SCCs account for 96% of skin neoplasms in humans.
Human BCCs are the most commonly diagnosed non-melanoma skin tumors and are
diagnosed three to four times more often than SCCs [11]. While SCCs are the most common
skins neoplasm in cats and the second most common in dogs [12], most BCCs in cats and
dogs have been re-classified as benign trichoblastomas and apocrine ductular adenomas,
respectively [12,13]. Consequently, true BCCs are considered to be relatively rare neoplasms
in these conventional domestic animals [12,13]. Furthermore, SCCs are among the most
common integumentary neoplasms in reptilian species, while BCCs are rarely documented
in these taxa. At present, reports of BCCs in reptile species are limited to a savannah
monitor (Varanus exanthematicus), and two Hermann’s tortoises (Testudo hermanni) [5,14].
Although the skin and oral cavity seem to be predilection sites for both SCCs and BCCs
in reptiles, SCCs originating near the mucocutaneous junction (MCJ) are also frequently
reported, particularly in bearded dragons (Pogona vitticeps) [3]. Recently, keratoacanthoma
(KA) has been described as a new histological variant of dermal SCCs in lizards with a
presumed species predisposition in panther chameleons (Furcifer pardalis) that often shows
a multicentric distribution, including involvement of the MCJ of the eyelid [8].

The discrimination of dermal SCCs and BCCs and their histological variants is highly
important towards prognosis estimation and establishing appropriate treatment protocols
as the associated invasiveness, recurrence rate, and metastatic potential are strongly cor-
related with the involved histological variant [15,16]. Histological variants of SCCs and
BCCs have been characterized in humans, dogs and cats and classifications have been
established [12,15,17]. Several classifications for human SCCs and BCCs were adopted
by the International Agency for Research on Cancer (IARC) and included in the World
Health Organization (WHO) classification for skin tumors [18]. However, the differentia-
tion and histological classification of certain variants remain challenging and, in some cases,
even controversial [12,18]. Nevertheless, correct identification and classification of SCCs
and BCC variants are essential towards the establishment of the most effective treatment
protocols [12,19,20].

At present, commonly observed high-risk histological variants of SCCs include acan-
tholytic SCCs, desmoplastic SCCs, and spindle cell SCCs, and low-risk histological variants
include verrucous SCC and KA. For human BCCs, infiltrating BCCs and BSCCs represent
high-risk histological variants, and solid BCCs, keratotic BCCs, and superficial BCCs repre-
sent low-risk histological variants [18]. While SCCs with varying degrees of differentiation
are commonly observed in reptiles as well as birds [21–24], studies focused on in-depth
comparative assessment of the histological characteristics of these neoplasms that allow
the establishment of a classification system, are lacking.

In human medicine, immunohistochemistry (IHC) has proven to be an essential tool to
differentiate certain histological variants of SCCs from BCCs [25,26]. In addition, IHC aids
in tumor staging, selecting optimal treatment protocols, and identifying genetic variants
in humans, dogs and cats [25–31]. Although two mammalian alpha-keratin markers were
successfully used to characterize SCCs in loggerhead sea turtles (Caretta caretta), the limited
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availability of reptilian monoclonal antibodies and the lack of commercially available
antibodies that cross-react with reptilian tissue continue to hamper the use of IHC in
reptiles [7,32–34].

Taking into account the challenges that have been and are still encountered in humans
and conventional pets towards the correct discrimination, identification, and classification
of histological variants of SCCs and BCCs [35], the present study aims to provide a basis
for the correct histological characterization and classification of SCCs and BCCs and their
histological variants in squamates and chelonians.

2. Materials and Methods

2.1. Tissues

Formalin-fixed and paraffin-embedded tissues from lesions obtained in 35 unrelated,
captive reptiles (22 squamates and 13 chelonians) that were presented at a veterinary
teaching hospital between 2010 and 2022 were included. The paraffin-embedded tissues
were selected based on their initial diagnosis as SCCs or BCCs by a specialty diagnostic
service following routine histological examination (Table 1). The tumors either originated
from the skin, the epidermis of the shell, the MCJ of the eyelid, or the oral mucosa. All
tissues were collected antemortem following excisional biopsy or in toto during surgical
resection of the lesion.

Table 1. Anatomic location and number of tumors from 35 reptile patients that were initially diag-
nosed as squamous cell carcinomas (SCCs) or basal cell carcinomas (BCCs) and re-classified into
histological variants following retrospective histological and immunohistochemical characterization.

Species Location
Initial

Diagnosis

Re-Classification

Final Diagnosis Histological Variant

Bearded dragon
(Pogona vitticeps) (n = 9)

Skin 6 SCC
4 SCC

3 WD SCC
1 KA

1 BCC 1 Infiltrating BCC
1 Non-neoplastic Gingival fibrous hyperplasia

MCJ 2 SCC 2 SCC
1 WD SCC
1 MD SCC

Oral 1 BCC 1 BCC 1 Solid BCC

Panther chameleon
(Furcifer pardalis) (n = 5)

Skin 4 SCC 4 SCC 4 KA

MCJ 1 SCC 1 SCC 1 SCC in situ

Veiled chameleon
(Chamaeleo calyptratus) (n = 2)

Skin 1 SCC 1 SCC 1 KA

MCJ 1 SCC 1 BCC 1 Keratotic BCC

Brown anole
(Anolis sagrei) (n = 2) Skin 2 SCC

1 SCC 1 WD SCC
1 BCC 1 Keratotic BCC

Common blue-tongued skink
(Tiliqua scincoides) (n = 1) Skin 1 SCC 1 Non-neoplastic

Cystic mass lined by
pseudostratified ciliated

epithelium

Green iguana
(Iguana iguana) (n = 1) Skin 1 SCC 1 BCC 1 Keratotic BCC

Von Höhnel’s chameleon
(Trioceros hoehnelii) (n = 1) Skin 1 SCC 1 BCC 1 Keratotic BCC

Boa constrictor
(Boa constrictor) (n = 1) Skin 1 SCC 1 BCC 1 Keratotic BCC

False map turtle
(Graptemys pseudogeographica) (n = 1) Skin 1 SCC 1 Non-neoplastic Pyogranulomatous dermatitis
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Table 1. Cont.

Species Location
Initial

Diagnosis

Re-Classification

Final Diagnosis Histological Variant

Yellow-belied slider (Trachemys scripta
scripta) (n = 1) Skin 1 SCC 1 SCC 1 WD SCC

Hermann’s tortoise
(Testudo hermanni) (n = 9)

Skin 1 SCC 1 BCC 1 Infiltrating BCC

Shell

2 SCC 1 SCC 1 WD SCC

3 BCC 4 BCC
1 Solid BCC

2 Infiltrating BCC
1 BSCC

MCJ 1 SCC 1 SCC 1 MD SCC

Oral 2 BCC 2 BCC 2 Solid BCC

African spurred tortoise
(Centrochelys sulcata) (n = 1) Oral 1 SCC 1 SCC 1 MD SCC

Red-eared slider
(T. scripta elegans) (n = 1) Skin 1 BCC 1 BCC 1 Solid BCC

MCJ, mucocutaneous junction of the eyelid; WD, well-differentiated SCC; MD, moderately differentiated SCC;
KA, keratoacanthoma; BSCC, basosquamous cell carcinoma.

2.2. Histopathology

Paraffin-embedded blocks were cut into 5-μm thick sections and stained with haema-
toxylin and eosin (HE). All sections were re-evaluated and neoplasms were further charac-
terized. Mitotic figures were counted in 10 high-power fields (HPF) in randomly chosen
areas and mean numbers were calculated. The mitotic index was graded as low (fewer or
2 mitoses per 10 HPFs), moderate (3 to 4 mitoses per 10 HPFs), or high (5 or more mitoses
per 10 HPFs). The degree of nuclear atypia was graded as mild, moderate, or marked if
less than 30%, between 30% and 60%, or more than 60% of the neoplastic cells had nuclear
atypia, respectively.

2.3. Immunohistochemistry

IHC staining for epithelial antigen clone Ber-EP4, epithelial membrane antigen (EMA)
clone E29, cyclooxygenase-2 (COX-2) clone 33, E-cadherin clone NCH-38, and cytokeratin
(Pan-CK) clones AE1/AE3 were performed in all tumors. Tissues were cut into 5-μm thick
sections and prepared on 3-aminopropyltriethoxysilane-coated (APES) slides. The slides
were then deparaffinised and rehydrated in xylene and decreasing concentrations of alcohol
in H2O (100, 96, 50, and 100% H2O, respectively).

Antigen retrieval was performed by immersion in citrate-buffered (0.01 M, pH 6)
distilled water and microwave treatment for 3.5 min at 850 W and 10 min at 450 W.
Next, slides were allowed to cool down for 20 min and incubated with H2O2 (S202386-
2, Agilent, Santa Clara, CA, USA) at room temperature for 5 min. Subsequently, slides
were incubated with mouse primary monoclonal COX-2 (1/20, 610204, BD Biosciences,
San José, CA, USA)/E-cadherin (1/100, M3612, Agilent, Santa Clara, CA, USA)/Pan-CK
(1/50, M3515, Agilent, Santa Clara, CA, USA)/epithelial antigen clone Ber-EP4 (1/10,
M0804, Agilent, Santa Clara, CA, USA)/EMA (1/10, M0613, Agilent) antibody at room
temperature for 30 min with an antibody diluent solution with background-reducing
components (S302283-2, Agilent). After incubation with a polymer-based secondary anti-
mouse antibody (K400111, Agilent, Santa Clara, CA, USA) at room temperature for 30 min,
visualization was performed in a 3.3-diaminobenzidine solution (K346811, Agilent) at room
temperature for 5 min. Cell nuclei were counterstained with haematoxylin, rinsed in tap
water, dehydrated and coverslips applied. Between all steps, the sections were washed
extensively and repeatedly with phosphate-buffered saline.
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Negative controls consisted of omitting the primary antibody in normal skin samples
from a dog and a bearded dragon. Normal skin samples from a dog were used as positive
controls for E-cadherin, COX-2 and pan-CK and mammary gland tissues were used as
positive controls for epithelial antigen clone Ber-EP4 and EMA.

To evaluate the expression of epithelial antigen clone Ber-EP4, EMA, COX-2, E-
cadherin, and Pan-CK, an immunoreactive score system (IRS), based on the percentage of
positive cells and intensity of staining according to Fedchenko et al. [36], was used (Table 2).

Table 2. Immunoreactive score system (IRS) [36].

A (Percentage of Positive Cells) B (Intensity of Staining) IRS Score (A × B)

0 = no positive cells 0 = no color reaction 0–1 = negative expression
1 ≤ 10% positive cells 1 = mild reaction 2–3 = poor expression

2 = 10–50% positive cells 2 = moderate reaction 4–8 = moderate expression
3 = 51–80% positive cells 3 = intense reaction 9–12 = strong expression

4 ≥ 80% positive cells Final IRS score (A × B): 0–12 1

1 The immunoreactive score (IRS) is calculated by multiplying the positive cells proportion score (0–4) and the
staining intensity score (0–3).

2.4. Statistical Analysis

Statistical analysis was performed by using the SPSS statistical software (IBM SPSS
Statistics version 27.0). A p-value < 0.05 with a 95% confidence interval was considered
statistically significant.

The Mann–Whitney U test was used to compare the median ranks of continuous
variables between two independent groups. The Kruskal–Wallis test was used to compare
the median ranks of continuous variables between three and more independent groups,
and the Friedman test was used to compare the median ranks of continuous variables
between three and more related groups.

3. Results

3.1. Histological Re-Classification

Based on the retrospective histological characterization of tissues obtained from 35 in-
dividual reptile patients, 3 tissues that were initially diagnosed as SCCs proved to be
non-neoplastic lesions and 8 SCCs were re-classified as BCCs. The three non-neoplastic
lesions consisted of a cystic mass lined by pseudostratified ciliated epithelium, pyogranulo-
matous dermatitis with irregular epidermal hyperplasia, and gingival fibrous hyperplasia.
In total, 17 out of the remaining 32 tissues were identified as SCCs (53.1%) and 15 were
identified as BCCs (46.9%) (Table 1). A total of 13 out of 17 (76.5%) SCCs were obtained
from squamates and 4 out of 17 (23.5%) from chelonians, while 7 out of 15 (46.7%) BCCs
were obtained from squamates and 8 out of 15 (53.3%) from chelonians.

Sixteen of the SCCs (94.1%) had a dermal origin and one (5.9%) originated from the
oral mucosa. Eleven dermal SCCs originated from the skin, one from the epidermis of
the shell and four from the MCJ of the eyelid (Table 1). A total of 12 out of 15 BCCs (80%)
had a dermal origin and 3 (20%) originated from the oral mucosa. Of the 12 dermal BCCs,
7 originated from the skin, 4 from the epidermis of the shell, and 1 from the MCJ of the
eyelid.

3.2. Squamous Cell Carcinoma and Its Histological Variants

Generally, all SCCs could be defined as malignant neoplasms originating from the
stratified squamous epithelium of the oral mucosa, MCJ of the eyelid or epidermis that
presented as irregular proliferations of tumor cells with various degrees of differentiation.
The neoplastic cells were often large with abundant eosinophilic cytoplasm and large nuclei,
resulting in a low nuclear-to-cytoplasm ratio. In a few SCCs, areas of necrosis and cystic
degeneration were noted. A variable degree of synchronous differentiation of peripheral
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basal-type cells to central squamous epithelial cells was observed. The most advanced
stage of differentiation resulted in advanced keratinization, presenting as keratin pearls.
Consequently, the presence and number of keratin pearls could be related to the degree of
differentiation of the involved neoplasm. In several cases, ulceration of the neoplastic nests
with infiltration of inflammatory cells from the dermis into the epidermis or subcutis was
present.

The histological SCC variants included 1 SCC in situ (5.9%), 10 conventional SCCs
(58.8%) and 6 KA (35.3%). Conventional SCCs could be further classified into two histo-
logical grades, representing either well-differentiated SCCs (7 cases; 41.2%) or moderately
differentiated SCCs (3 cases; 17.6%). An overview of the histological variants with their
mitotic index and degree of nuclear atypia are provided in Table 3.

The SCC in situ was characterized by epidermal dysplasia with enlarged and pleomor-
phic squamous cells that showed high mitotic activity and mild nuclear atypia, replacing
the entire thickness of the epidermis without invading the basal membrane (Figure 1).

Figure 1. Histological section of a squamous cell carcinoma in situ from the skin of the eyelid of a
panther chameleon (Furcifer pardalis). Prominent epidermal dysplasia with enlarged and pleomorphic
squamous cells replacing the entire thickness of the epidermis can be noted. The basal membrane
remains intact (arrows), without invasion of the dermis.

Conventional SCCs infiltrated the papillary dermis and, in some cases, the reticular
dermis and the subcutis. Seven conventional SCCs were graded as well-differentiated SCCs
and were characterized by tumor cells containing slightly enlarged and hyperchromatic
nuclei with abundant eosinophilic cytoplasm (Figure 2). They exhibited low mitotic activity,
mild to moderate nuclear atypia, and evidence of synchronous differentiation of peripheral
basal-type cells to central squamous epithelial cells, which resulted in the formation of
extracellular keratin pearls in most cases.
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Table 3. Histological characteristics of 17 squamous cell carcinomas (SCCs) and 15 basal cell carcino-
mas (BCCs) histological variants obtained from squamates and chelonians. The mitotic index and
degree of nuclear atypia are specified for each histological variant.

Neoplasm Total
Mitotic Index Degree of Nuclear Atypia

0–2 3–4 ≥5 <30% 30–60% >60%

SCC
17 15 (88.2%) 1 (5.9%) 1 (5.9%) 11 (64.7%) 4 (23.5%) 2 (11.8%)
1 0 0 1 1 0 0

• SCC in situ
• Conventional SCC

◦ WD 7 6 1 0 3 4 0
◦ MD 3 3 0 0 1 0 2

• KA 6 6 0 0 6 0 0
BCC 15 7 (46.7%) 7 (46.7%) 1 (6.7%) 8 (53.3%) 3 (20%) 4 (26.7%)
• Solid 5 4 1 0 4 0 1
• Keratotic 5 2 2 1 4 1 0
• Infiltrating 4 1 3 0 0 2 2
• BSCC 1 0 1 0 0 0 1

WD, well-differentiated SCC; MD, moderately differentiated SCC; KA, keratoacanthoma; BSCC, basosquamous
cell carcinoma.

Figure 2. Histological section of a well-differentiated squamous cell carcinomas (SCCs) from the skin of
the body wall in a bearded dragon (Pogona vitticeps) with tumor cells containing abundant eosinophilic
cytoplasm. Synchronous differentiation of peripheral basal-type cells to central squamous epithelial
cells (arrows) can be observed, eventually resulting in the formation of keratin pearls (asterisks).

Three conventional SCCs were graded as moderately differentiated SCCs based on a low
mitotic index and marked nuclear atypia (Figure 3). Keratin pearl formation in moderately
differentiated SCCs was a less prominent feature in comparison to well-differentiated SCCs.

Six SCCs could be unambiguously classified as KAs and were exclusively diagnosed
in lizards. They presented as an exo–endophytic, cyst-like epidermal proliferation that
creates a crateriform lesion with a central keratinous plug (Figure 4). Areas of pseudoep-
itheliomatous hyperplasia with minimally infiltrating well-differentiated squamous cells

89



Animals 2023, 13, 1327

formed folds inside the crater and the adjacent dermis. Mild nuclear atypia and a low
mitotic index were invariably present.

Figure 3. Histological section of a moderately differentiated squamous cell carcinoma from the oral
mucosa of an African spurred tortoise (Centrochelys sulcata) showing tumor cells containing scant
eosinophilic cytoplasm, haphazard squamous differentiation and marked nuclear atypia.

Figure 4. Histological section of a keratoacanthoma from the skin of the body wall of a bearded dragon
(Pogona vitticeps) showing a characteristic architectural pattern consisting of an exo–endophytic, cyst-
like invagination of the epidermis that creates a crateriform lesion with a central keratinous plug
(asterisk) and minimally infiltrating borders (arrows).
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3.3. Basal Cell Carcinoma and Its Histological Variants

BCCs were identified as malignant proliferations of the skin, the MCJ of the eyelid or
the oral mucosa originating from the epidermal basal cells. All BCC histological variants
typically contained islands or nests of cuboidal basaloid cells with a central, haphazard,
hyperchromatic nuclear arrangement and scant amount of slightly basophilic cytoplasm,
resulting in a high nuclear-to-cytoplasm ratio. Keratinization varied according to the histo-
logical variant. Peripheral palisade formation and stromal cleft formation was considered a
rare and inconsistent histological feature. Sporadic areas of necrosis and cystic degeneration
were noted. In several cases, ulceration with infiltration of inflammatory cells from the
dermis into the epidermis or subcutis was present. Four distinct histological variants could
be identified: solid BCCs (5 cases; 33.3%), keratotic BCCs (5 cases; 33.3%), infiltrating BCCs
(4 cases; 26.7%), and basosquamous cell carcinoma (1 case; 6.7%). An overview of the
histological variants and their mitotic index and degree of nuclear atypia are provided in
Table 3.

Solid BCCs (also referred to as nodular BCCs) were characterized by cords of small
polyhedral basaloid cells extending into the dermis that contained small foci of squamous
metaplasia (Figure 5). Advanced keratinization with frank extracellular keratin production
resulting in the formation of keratin pearls in the squamoid foci was occasionally seen. The
mitotic activity, the number of atypical mitotic figures and the degree of nuclear atypia
were low, except for one solid BCC that showed high nuclear atypia and moderate mitotic
activity.

Figure 5. Histological section of a solid basal cell carcinoma originating from the skin of the front leg
of a red-eared slider (Trachemys scripta elegans) characterized by a nodular pattern composed of cords
of small polyhedral basaloid cells extending into the dermis.

Keratotic BCCs presented a similar architecture as solid BCCs, but most epithelial
islands contained central or peripheral foci of abrupt squamous differentiation with central
mature keratinization (Figure 6). In addition, the squamous cells possessed large, vesicular
nuclei with small nucleoli and atypical mitotic figures. The neoplastic cells exhibited
variable mitotic activity, ranging from low to high, with minimal nuclear atypia.
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Figure 6. Histological section of a keratotic basal cell carcinoma from the skin of the body wall of a boa
constrictor (Boa constrictor) characterized by cords of small polyhedral basaloid cells extending into
the dermis and foci of abrupt squamous differentiation with central mature keratinization (asterisks).

Infiltrating BCCs were mainly characterized by irregular, narrow (<8 cells thick), and
elongated cords of small, atypical basophilic basal tumor cells, without differentiation into
squamous epithelium that were deeply infiltrating into the dermis and subcutis (Figure 7).
The neoplastic cells showed moderate to marked nuclear atypia, and mitotic activity was
consistently observed. Extensive fibroblast proliferation of the dermis was often observed
in response to the infiltrating neoplastic cords.

Basosquamous cell carcinomas (BSCCs) (also referred to as metatypical BCCs) pre-
sented areas with BCC as well SCC features (Figure 8). Atypical squamous cells formed
scattered islands, trabeculae, and nests that often had angular, irregular profiles. Similar to
what is seen in conventional SCCs and solid BCCs, a scarce stroma with moderate cellularity
surrounded the epithelial structures. Architecturally, the histological characteristics of the
BSCCs resembled those of keratotic BCCs but within the squamous component, malignant
histological features as observed for SCCs were prominent. Frequently, keratin pearls were
present.
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Figure 7. Histological section of an infiltrating basal cell carcinoma originating from the epidermis of
the shell of a Hermann’s tortoise (Testudo hermanni) characterized by irregular, narrow, and elongated
cords of small, atypical basophilic basal tumor cells.

Figure 8. Histological section of a basosquamous cell carcinoma originating from the epidermis of
the shell of a Hermann’s tortoise (Testudo hermanni) presenting as an invasive front showing BCCs
(asterisks) as well as SCCs (arrows) histological features.
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3.4. Immunohistochemistry

While 70.6% of the SCCs exhibited strong expression levels for E-cadherin, the re-
maining 29.4% showed moderate expression levels (Table 4). In contrast, 80% of the BCCs
showed moderate E-cadherin expression and the remaining 20% showed poor expression
levels, without overrepresentation of a particular histological variant. Statistical analysis
demonstrated that the observed difference in expression of E-cadherin between SCCs and
BCCs was significant (p < 0.05), with SCCs generally displaying higher expression levels
compared to BCCs (Figure 9). While E-cadherin expression levels were significantly higher
in the KAs compared to the well-differentiated SCCs (p < 0.05), no significant differences in
E-cadherin expression could be observed between the BCC histological variants.

Table 4. Expression of E-Cadherin and COX-2 according to the IRS score system (0–12) in 17 squamous
cell carcinomas (SCCs) and 15 basal cell carcinomas (BCCs) from squamate and chelonian species.

Neoplasm
E-Cadherin (IRS Score) (%) COX-2 (IRS Score) (%)

Total
Neg Poor Mod Strong Neg Poor Mod Strong

SCC 17 0 (0%) 0 (0%) 5
(29.4%)

12
(70.6%) 0 (0%) 0 (0%) 10

(58.8%)
7

(41.2%)
• SCC in situ 1 0 0 0 1 0 0 0 1
• Conventional SCC

◦ WD 7 0 0 5 2 0 0 3 4
◦ MD 3 0 0 0 3 0 0 1 2

• KA 6 0 0 0 6 0 0 6 0

BCC 15 0 (0%) 3 (20%) 12 (80%) 0 (0%) 7
(46.7%)

4
(26.7%)

4
(26.7%) 0 (0%)

• Solid 5 0 1 4 0 4 1 0 0
• Keratotic 5 0 1 4 0 0 1 4 0
• Infiltrating 4 0 1 3 0 3 1 0 0
• BSCC 1 0 0 1 0 0 1 0 0

WD, well-differentiated SCC; MD, moderately differentiated SCC; KA, keratoacanthoma; BSCC, basosquamous
cell carcinoma; Neg, negative; Mod, moderate.

Figure 9. Strong E-cadherin expression with immunoreactivity at the level of the plasma membrane
could be noted in all moderately differentiated squamous cell carcinoma cells (A), in contrast to
moderate to poor expression levels in cells of a solid basal cell carcinoma (B).

The proportion of SCCs that showed moderate or strong COX-2 expression was higher
(58.8% and 41.2%, respectively) than what was observed for the BCCs that almost in all cases
showed poor to negative expression (26.7% and 46.7%, respectively). Only in keratotic
BCCs, moderate COX-2 expression could be noted (Table 4). Based on the performed
statistical analysis, a significantly higher COX-2 expression was observed in the SCCs than
in the BCCs (p < 0.05) (Figure 10). While KA histological variants exhibited lower COX-2
expression compared to the other SCC variants (p < 0.05), the keratotic BCC histological
variant exhibited higher expression levels than the other BCC variants (p < 0.05).
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Figure 10. Diffuse and strongly positive intracytoplasmic cyclooxygenase-2 expression could be
noted in a well-differentiated squamous cell carcinoma (A) in contrast to negative cyclooxygenase-2
expression in a solid basal cell carcinoma (B).

All SCCs and BCCs described in this study showed strong pan-CK reactivity, which
allowed sharp delineation of the neoplastic processes from the surrounding tissue and
assessment of the integrity of the basement membrane.

Immunohistochemical analysis utilizing antisera against epithelial antigen clone Ber-
EP4 and EMA did not demonstrate positive staining in either the tumor cells or the control
skin tissues from reptiles. Nonetheless, positive controls consisting of mammary gland
tissue from dogs showed positive immunoperoxidase labelling for epithelial antigen clone
Ber-EP4 and EMA.

4. Discussion

Taking into account the existing human, canine, and feline classifications, we propose
a histological classification for SCCs and BCCs in squamates and chelonians based on the
results of the present study. As for humans and conventional pets, such a classification may
facilitate adapting the clinical and therapeutic approach according to the involved SCC or
BCC histological variant. Considering the existing controversy regarding the definition
and classification of certain SCC and BCC histological variants in humans as well as dogs
and cats [12,20,21,37–39], the proposed classification for squamates and chelonians should
be considered as a dynamic concept that needs to be subjected to regular evaluation and
revision based on scientific progress and new insights.

Even in humans, accurate identification of BCC and SCC histological variants [8,40],
might be challenging because of their similar basic histological in addition to their often
highly comparable clinical appearance as well as their mutual predilection sites. Moreover,
certain species predispositions are reported in reptiles, notably for certain SCC histological
variants in bearded dragons and panther chameleons [3,8,10]. The latter may strongly
bias the differential diagnostic approach and the differentiation of SCCs from BCCs as
illustrated by the initial misdiagnosis of eight SCCs that were re-classified as five keratotic
BCCs, two infiltrative BCCs, and one solid BCC in the present study. As normal reptile skin
typically contains higher amounts of keratin due to the presence of alpha and beta keratin
epidermal layers in comparison to humans and other mammals [41], especially keratotic
BCCs can be easily misdiagnosed as conventional SCCs or BSCCs because of the abundant
presence of keratin pearls [12]. For this reason, it was fundamental to classify keratotic
BCCs as a distinct histological variant from solid BCCs in the present study. Misdiagnosis of
infiltrative BCCs is presumably related to the limited amount of neoplastic basal cells in the
typically narrow neoplastic cords of this histological variant [1–3]. The solid BCC that was
misdiagnosed as SCC originated from the epidermis of the shell. The high concentration
of rigid beta-keratin layers in the shell of most chelonian species makes its epidermis
particularly hard to process for histological sectioning [42]. This can potentially lead to
loss of keratin layers or the architectural pattern of the sample, which are essential for
histological characterization of BCCs and SCCs. For the solid BCC in the present case,
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repeated sectioning of the paraffin-embedded tissue was necessary to obtain a correct
histological diagnosis. In conclusion, BCCs are presumably highly underdiagnosed in
reptiles because of their misdiagnosis as SCCs and the results of the present study may
raise awareness to correctly identify BCCs in reptiles.

Based on the histological examination of SCCs and BCCs from squamates and che-
lonians, the characteristics observed for all histological variants that were identified in
the present study, fully comply with the definitions applied for these histological variants
in humans [20]. In addition, KA characteristics fully complied with those described by
Solanes et al. [8]. Other commonly observed SCC histological variants in humans, such
as acantholytic SCCs, desmoplastic SCCs, spindle cell SCCs, and verrucous SCCs, could
not be demonstrated in the present study. Nevertheless, it cannot be excluded that these
histological variants may occur in reptiles.

Although poorly differentiated SCCs were not demonstrated in the present study, this
third histological grade of conventional SCCs may be encountered in reptiles. Histological
characteristics of poorly differentiated SCCs in humans include enlarged, pleomorphic
nuclei with asynchronous differentiation from basal to central squamous cells, marked
nuclear atypia, and frequent mitoses [20,22]. Keratin pearls are a highly unusual finding in
poorly differentiated SCCs.

At present, infiltrating BCCs and sclerosing BCCs are classified as distinct histological
variants in the WHO classification of skin tumors [20]. In the present study, we did not
classify sclerosing BCCs as a distinct histological variant as the clinical and microscopic
features of both variants in human medicine are highly similar. Additionally, the limited
number of infiltrating BCCs did not allow for the identification of distinguishing features.
Identification and characterization of additional cases from affected reptiles would be
necessary to allow their future classification as distinct histological variants.

Superficial BCCs are a highly prevalent histological variant in humans that presents as
a well-defined, red, scaly patch or plaque with a central clearing and thin rolled edges [21].
This histological variant of BCCs was not identified in this study and has not been previ-
ously reported in other animal species. It should be considered, however, that the diagnosis
of superficial BCCs may be easily missed in reptiles and other animals due to its discrete
gross pathological features and low tendency to invade or ulcerate, in comparison to other
BCC histological variants that mostly have a prominent invasive nodular appearance.
Consequently, these lesions are presumably often not routinely submitted for histological
evaluation or misdiagnosed as SCCs in situ or non-neoplastic lesions [43].

In the present study, a certain discriminative value of IHC staining using E-cadherin
and COX-2 towards differentiating SCCs from BCCs, including KA from well-differentiated
SCCs and keratotic BCCs from other BCC histological variants, was demonstrated. The
use of epithelial antigen clone Ber-EP4 and EMA IHC staining does not seem to have a
value towards distinguishing reptilian SCCs and BCCs as immunoreactivity was absent,
in contrast to their highly discriminative value in human SCCs and BCCs. The latter can
presumably be attributed to lack of cross-reactivity with mammal antibodies or different
protein expression patterns between reptilian and mammal tissues [24]. With regard
to EMA, it has been documented that the EMA gene emerged during evolution from
poikilothermic reptiles to homoeothermic mammals and for this reason, the epitopes for
the EMA antibodies are presumably lacking in reptiles [44]. It might have been interesting
to explore the value of CD10 and Bcl-2 markers in reptiles, as they are highly reliable
markers to distinguish SCCs from BCCs in humans [27,45]. However, a similar lack of
immunoreactivity, as observed for epithelial antigen clone Ber-EP4 and EMA markers, is to
be expected [46–48].

In humans and dogs, it has been demonstrated that upregulated COX-2 in SCCs
enhances prostaglandin synthesis, which increases cell proliferation, promotes angiogenesis,
inhibits immunosurveillance, and enhances invasiveness [38,49,50]. Based on the results
of this study, it can be presumed that COX-2 overexpression in reptile BCCs and SCCs, as
previously demonstrated in KAs in lizards, can also be used as a marker for invasiveness
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and it might be interesting to explore the development of therapeutic strategies relying
on the effect of specific COX-2 enzyme inhibitors for the adjuvant treatment of SCCs and
keratotic BCCs in reptiles [8,15]. Intercellular adhesion is mediated by E-cadherin, which
is typically downregulated in SCCs with high invasive and metastatic potential [51,52].
Despite evidence in humans and dogs indicating that BCCs are generally less invasive than
SCCs [12,51,52], BCC histological variants with low E-cadherin expression in squamates
and chelonians, such as solid, keratotic, and infiltrative BCCs, may exhibit unusually rapid
and infiltrative growth, as reported in a terminal BCC in a Hermann’s tortoise [16]. Further
studies, correlating the IHC staining patterns with the clinical course and therapeutic
results are needed to further elucidate the value of these IHC markers.

5. Conclusions

Based on the established human, canine, and feline classifications for skin neoplasms,
a classification for SCCs and BCCs, and their histological variants, in squamates and chelo-
nians is proposed in the present study. This proposed classification should be subjected to
continuous evaluation and revision as new scientific insights emerge. Accurate histological
classification of SCC and BCC histological variants is considered crucial to predict their
biological behavior and guide treatment decisions, particularly for histological variants
with high invasiveness and metastatic potential. The results of the present study allow
the correct identification of SCCs and BCCs in squamates and chelonians and might be
highly valuable in diagnosing and differentiating challenging histological variants, such
as keratotic BCCs and BCSCCs. IHC staining with E-cadherin and COX-2 markers aids
in the differentiation of SCCs from BCCs and their histological variants in squamates and
chelonians. COX-2 overexpression in reptile SCCs implies that specific COX-2 enzyme
inhibitors could be included as a part of the adjuvant therapy of these neoplastic disorders.
Further research should warrant the association of the distinct histological variants of SCCs
and BCCs of squamates and chelonians to their respective biological behavior.
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19. Vantuchová, Y.; Čuřík, R. Histological types of basal cell carcinoma. Scr. Med. Fac. Med. Univ. Brun Masaryk 2006, 79, 261–270.
20. Stratigos, A.; Garbe, C.; Lebbe, C.; Malvehy, J.; Del Marmol, V.; Pehamberger, H.; Peris, K.; Becker, J.C.; Zalaudek, I.; Saiag, P.; et al.

Diagnosis and treatment of invasive squamous cell carcinoma of the skin: European consensus-based interdisciplinary guideline.
Eur. J. Cancer 2015, 51, 1989–2007. [CrossRef]

21. Zehnder, A.M.; Swift, L.A.; Sundaram, A.; Speer, B.L.; Olsen, G.P.; Hawkins, M.G.; Paul-Murphy, J. Clinical features, treatment,
and outcomes of cutaneous and oral squamous cell carcinoma in avian species. J. Am. Vet. Med. Assoc. 2018, 252, 309–315.
[CrossRef]

22. Orós, J.; López-Yánez, M.; Rodríguez, F.; Calabuig, P.; Castro, P.L. Immunohistochemical staining patterns of alpha-keratins in
normal tissues from two reptile species: Implications for characterization of squamous cell carcinomas. BMC Vet. Res. 2018, 14,
219. [CrossRef]

23. Erdogan Bamac, O.; Seckin Arun, S. Histological and immunohistochemical evaluation of epithelial and mesenchymal tumors of
psittacines. Med. Weter. 2020, 76, 165–169.

24. Jones, A.L.; Suárez-Bonnet, A.; Mitchell, J.A.; Ramirez, G.A.; Stidworthy, M.F.; Priestnall, S.L. Avian papilloma and squamous cell
carcinoma: A histopathological, immunohistochemical and virological study. J. Comp. Pathol. 2020, 175, 13–23. [CrossRef]

25. Beer, T.W.; Shepherd, P.; Theaker, J.M. Ber EP4 and epithelial membrane antigen aid distinction of basal cell, squamous cell and
basosquamous carcinomas of the skin. Histopathology 2000, 37, 218–223. [CrossRef] [PubMed]

26. Ramezani, M.; Zavattaro, E.; Sadeghi, M. Immunohistochemistry expression of EMA, CD10, CEA, and Bcl-2 in distinguishing
cutaneous basal cell from squamous cell carcinoma: A systematic review. Gulhane Med. J. 2020, 62, 63–71. [CrossRef]

27. Alhumaidi, A. Practical immunohistochemistry of epithelial skin tumor. Indian J. Dermatol. Venereol. Leprol. 2012, 78, 698–708.
[CrossRef] [PubMed]

28. Compton, L.A.; Murphy, G.F.; Lian, C.G. Diagnostic immunohistochemistry in cutaneous neoplasia: An update. Dermatopathology
2015, 2, 15–42. [CrossRef]

29. Nagamine, E.; Hirayama, K.; Matsuda, K.; Okamoto, M.; Ohmachi, T.; Uchida, K.; Kadosawa, T.; Taniyama, H. Invasive front
grading and epithelial-mesenchymal transition in canine oral and cutaneous squamous cell carcinomas. Vet. Pathol. 2017, 54,
783–791. [CrossRef]

30. Thaiwong, T.; Sledge, D.G.; Collins-Webb, A.; Kiupel, M. Immunohistochemical characterization of canine oral papillary
squamous cell carcinoma. Vet. Pathol. 2018, 55, 224–232. [CrossRef]

31. Sanz Ressel, B.L.; Massone, A.R.; Barbeito, C.G. Immunohistochemical expression of selected phosphoproteins of the mTOR
signalling pathway in canine cutaneous squamous cell carcinoma. Vet. J. 2019, 245, 41–48. [CrossRef]

32. Gál, J.; Mándoki, M. Adenoma of the cloacal scent gland in a California Kingsnake (Lampropeltis getulus californiae). Acta Vet.
Hung. 2012, 60, 459–463. [CrossRef]

98



Animals 2023, 13, 1327

33. Petterino, C.; Bedin, M.; Podestà, G.; Ratto, A. Undifferentiated tumor in the ovary of a corn snake (Elaphe guttata guttata). Vet.
Clin. Pathol. 2006, 35, 95–100. [CrossRef] [PubMed]

34. Ritter, J.M.; Garner, M.M.; Chilton, J.A.; Jacobson, E.R.; Kiupel, M. Gastric neuroendocrine carcinomas in bearded dragons (Pogona
vitticeps). Vet. Pathol. 2009, 46, 1109–1116. [CrossRef] [PubMed]

35. Vargo, N. Basal cell and squamous cell carcinoma. Semin. Oncol. Nurs. 2003, 19, 12–21. [CrossRef] [PubMed]
36. Fedchenko, N.; Reifenrath, J. Different approaches for interpretation and reporting of immunohistochemistry analysis results in

the bone tissue—A review. Diagn. Pathol. 2014, 9, 221–233. [CrossRef] [PubMed]
37. Goldschmidt, M.H.; Goldschmidt, K.H. Epithelial and melanocytic tumors of the skin. In Tumors in Domestic Animals, 5th ed.;

Meuten, D.J., Ed.; John Wiley & Sons: Oxford, UK, 2017; Volume 1, pp. 88–148.
38. Misago, N.; Inoue, T.; Koba, S.; Narisawa, Y. Keratoacanthoma and other types of squamous cell carcinoma with crateriform

architecture: Classification and identification. J. Dermatol. 2013, 40, 443–452. [CrossRef]
39. Yanofsky, V.R.; Mercer, S.E.; Phelps, R.G. Histopathological variants of cutaneous squamous cell carcinoma: A review. J. Skin

Cancer 2011, 2011, 210813. [CrossRef]
40. Putti, T.C.; Teh, M.; Lee, Y.S. Biological behavior of keratoacanthoma and squamous cell carcinoma: Telomerase activity and

COX-2 as potential markers. Mod. Pathol. 2004, 17, 468–475. [CrossRef]
41. Alibardi, L.; Dalla Valle, L.; Toffolo, V.; Toni, M. Scale keratin in lizard epidermis reveals amino acid regions homologous with

avian and mammalian epidermal proteins. Anat. Rec. 2006, 288, 734–752. [CrossRef]
42. Alibardi, L.; Toni, M. Immunolocalization and characterization of beta-keratins in growing epidermis of chelonians. Tissue Cell

2006, 38, 53–63. [CrossRef]
43. Marzuka, A.G.; Book, S.E. Basal cell carcinoma: Pathogenesis, epidemiology, clinical features, diagnosis, histopathology, and

management. Yale J. Biol. Med. 2015, 88, 167–179.
44. Rajabi, H.; Kufe, D. MUC1-C oncoprotein integrates a program of EMT, epigenetic reprogramming and immune evasion in

human carcinomas. Biochim. Biophys. Acta 2017, 1868, 117–122. [CrossRef] [PubMed]
45. Ramezani, M.; Mohamadzaheri, E.; Khazaei, S.; Najafi, F.; Vaisi-Raygani, A.; Rahbar, M.; Sadeghi, M. Comparison of EMA, CEA,

CD10 and Bcl-2 biomarkers by immunohistochemistry in squamous cell carcinoma and basal cell carcinoma of the skin. Asian
Pac. J. Cancer Prev. 2016, 17, 1379–1383. [CrossRef] [PubMed]

46. Ordi, J.; Romagosa, C.; Tavassoli, F.A.; Nogales, F.; Palacin, A.; Condom, E.; Torné, A.; Cardesa, A. CD10 expression in epithelial
tissues and tumors of the gynecologic tract: A useful marker in the diagnosis of mesonephric, trophoblastic, and clear cell tumors.
Am. J. Surg. Pathol. 2003, 27, 178–186. [CrossRef] [PubMed]

47. Peat, T.J.; Edmondson, E.F.; Miller, M.A.; DuSold, D.M.; Ramos-Vara, J.A. Pax8, Napsin A, and CD10 as immunohistochemical
markers of canine renal cell carcinoma. Vet. Pathol. 2017, 54, 588–594. [CrossRef]

48. Aouacheria, A.; Navratil, V.; Combet, C. Database and bioinformatic analysis of Bcl-2 family proteins and BH3-Only proteins.
Methods Mol. Biol. 2019, 1877, 23–43.

49. Tsujii, M.; Kawano, S.; Dubois, R.N. Cyclooxygenase-2 expression in human colon cancer cells increases metastatic potential. Proc.
Natl. Acad. Sci. USA 1997, 94, 3336–3340. [CrossRef]

50. Karagece Yalçin, Ü.; Seçkin, S. The expression of p53 and Cox-2 in basal cell carcinoma, squamous cell carcinoma and actinic
keratosis cases. Turkish J. Pathol. 2012, 28, 119–127. [CrossRef]

51. Lyakhovitsky, A.; Barzilai, A.; Fogel, M.; Trau, H.; Huszar, M. Expression of E-cadherin and beta-catenin in cutaneous squamous
cell carcinoma and its precursors. Am. J. Dermatopathol. 2004, 26, 372–378. [CrossRef]

52. Papadavid, E.; Pignatelli, M.; Zakynthinos, S.; Krausz, T.; Chu, A.C. The potential role of abnormal E-cadherin and a-, b- and
g -catenin immunoreactivity in the determination of the biological behaviour of keratoacanthoma. Br. J. Dermatol. 2001, 145,
582–589. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

99



Citation: Solanes, F.; Chiers, K.; Kik,

M.J.L.; Hellebuyck, T. Gross,

Histologic and Immunohistochemical

Characteristics of Keratoacanthomas

in Lizards. Animals 2023, 13, 398.

https://doi.org/10.3390/

ani13030398

Academic Editor: Volker Schmidt

Received: 4 January 2023

Revised: 18 January 2023

Accepted: 23 January 2023

Published: 24 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Gross, Histologic and Immunohistochemical Characteristics of
Keratoacanthomas in Lizards

Ferran Solanes 1,*, Koen Chiers 1, Marja J. L. Kik 2 and Tom Hellebuyck 1

1 Department of Pathobiology, Pharmacology and Zoological Medicine, Faculty of Veterinary Medicine,
Ghent University, Salisburylaan 133, B-9820 Merelbeke, Belgium

2 Department of Biomedical Health Sciences, Pathology Division, Pathology Exotic Animals and Wildlife,
Faculty of Veterinary Medicine, Utrecht University, Yalelaan 1, 3584 CL Utrecht, The Netherlands

* Correspondence: ferransolanesvilanova@hotmail.com; Tel.: +32-9-264-74 -42; Fax: +32-9-264-7490

Simple Summary: Tumors of the skin are one of the most commonly observed neoplasms in captive
lizards. The current study characterizes keratoacanthoma, a previously undescribed skin tumor, in
five male lizards (one bearded dragon, one veiled chameleon, and three panther chameleons) with an
average to high age. In all lizards, keratoacanthomas presented as cystic nodules with a central keratin
pearl that was predominantly located at the body wall. In all chameleons, a multicentric distribution
was observed. Following surgical removal of the keratoacanthomas in all lizards, a follow-up period of
one to two years was established. While the skin neoplasia reappeared in the bearded dragon and the
veiled chameleon, no recurrence was seen in the panther chameleons. Keratoacanthoma constitutes a
rather benign histologic variant of squamous cell carcinoma, representing a non-invasive but rapidly
growing skin neoplasia that may be associated with the inappropriate use of ultraviolet lighting in
the captive environment. In addition, panther chameleons may show a species predisposition as well
as a tendency to develop multicentric keratoacanthomas. The present study delivers pertinent results
for the diagnosis, prevention, and treatment of keratoacanthomas in lizards.

Abstract: The present study describes the clinical behavior as well as the histopathologic and im-
munohistochemical characteristics of keratoacanthomas (Kas) in three different saurian species. While
Kas presented as two dermal lesions in a bearded dragon (Pogona vitticeps), multicentric Kas were
observed in three panther chameleons (Furcifer pardalis) and a veiled chameleon (Chamaeleo calyptra-
tus). Macroscopically, Kas presented as dome-shaped skin tumors with a centralized keratinous pearl
and a diameter ranging from 0.1–1.5 cm. In all lizards, Kas were predominantly located at the dorso-
lateral body wall, and KA of the eyelid was additionally observed in three out of four chameleons.
Histologically, KAs presented as relatively well-defined, circumscribed epidermal proliferations that
consisted of a crateriform lesion containing a central keratinous pearl with minimally infiltrating
borders. In all KAs, a consistent immunohistochemical pattern was observed, with the expression
of cyclooxygenase-2, E-cadherin, and pan-cytokeratin. A follow-up period of one to two years was
established in all lizards. While no recurrence was observed in the panther chameleons, recurrence
of a single keratoacanthoma was observed in the bearded dragon after one year, and in the veiled
chameleon, multicentric keratoacanthomas reappeared during a follow-up period of two years. We
describe KA as a previously unrecognized neoplastic entity in lizards that constitutes a low-grade,
non-invasive but rapidly growing skin tumor that may show a multicentric appearance, especially
in chameleons. As previously postulated for dermal squamous cell carcinomas (SCC), artificial
ultraviolet lighting may play an important role in the oncogenesis of KAs in lizards. Although dermal
SCCs in lizards show similar predilection sites and gross pathologic features, our results suggest that
KA should be considered as a histologic variant of SCC that represents a rather benign squamous
proliferation in comparison to conventional SCCs. Early diagnosis of KA and reliable discrimination
from SCCs are essential for the prognosis of this neoplastic entity in lizards.
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1. Introduction

Although once considered to be uncommon, neoplasia in reptiles is routinely encoun-
tered in veterinary practice, with the hematopoietic, hepatobiliary, and integumentary
systems being most frequently affected [1,2]. Chromatophoromas and squamous cell carci-
nomas (SCCs) represent the predominant skin neoplasia in captive squamates [3,4], with
SCC showing a presumptive species predisposition in bearded dragons (Pogona vitticeps)
and panther chameleons (Furcifer pardalis) [2,5–7]. Keratoacanthoma (KA) has been de-
scribed in humans, dogs, and birds, especially in broiler chickens, as a well-differentiated
histologic variant of SCC [8–11]. In dogs, KA is either referred to as infundibular keratiniz-
ing acanthoma (IKA) or subungual KA depending on its localization [10–12]. Although
correct histologic characterization allows differentiation of KA from SCC, some controversy
remains concerning the correct classification of KAs, as some consider it to be a precancer-
ous stage of dermal SCC or a pseudo-cancerous lesion [13–16]. The present study describes
the clinical, histologic, and immunohistochemical (IHC) characteristics of KAs in lizards.

2. Materials and Methods

2.1. Animals

Five unrelated lizards that were part of captive collections were presented at a veteri-
nary teaching hospital between 2020 and 2022 because of showing nodular skin lesions.
The lizards included one bearded dragon, one veiled chameleon (Chamaeleo calyptratus),
and three panther chameleons (Table 1). In all cases, tissue samples were collected from
the skin nodules following in toto excision after intravenous (IV, jugular vein) induction
of anesthesia with 10 mg/kg alfaxalone (Alfaxan® Multidose, 10 mg/mL, Jurox Limited,
Crawley, UK). Anesthesia was maintained with 1.5–2.0% isoflurane (Isoflo®, Abbott Logis-
tics B.V., Breda, The Netherlands) in 1 L medical oxygen with intermittent positive-pressure
ventilation. All dermal nodules were surgically removed with resection margins of, on
average, 1 mm in small lesions and 3 mm in the larger lesions. Routine closure of the skin
was performed using a simple everting pattern with a 5-0 absorbable suture (Monocryl®,
Ethicon, Raritan, NJ, USA). All samples were fixed in 10% neutral buffered formalin for
24–36 hours for histopathological evaluation and IHC staining.

2.2. Histopathology

Following dehydration and embedding of tissues into paraffin blocks, 5-μm-thick
sections were cut and stained with hematoxylin and eosin (HE). All histological sections
were confirmed as neoplastic and further characterized histologically. Mitotic figures were
counted in 10 high-power fields (HPF) in randomly selected areas, and the mean numbers
were calculated. The degree of nuclear atypia was categorized as mild, moderate, or marked
if less than 30%, between 30–60%, or more than 60% of the neoplastic cells showed nuclear
atypia, respectively.

2.3. Immunohistochemistry

IHC staining for cyclooxygenase-2 (COX-2), E-cadherin, and pan-cytokeratin (Pan-CK)
in all eyelid lesions and one body wall lesion per lizard was performed. Paraffin-embedded
dermal tissue blocks were cut into 5 μm sections and mounted on 3-aminopropyltriethoxysilane-
coated slides. Next, slides were deparaffinized and rehydrated in xylene and decreasing
concentrations of alcohol in H2O (100, 96, 50, and 100% H2O, respectively).

Antigen retrieval was performed by immersion in citrate-buffered (0.01 M, pH 6)
distilled water and microwaving for 3.5 min at 850 W and 10 min at 450 W. Next, slides
were allowed to cool down for 20min and incubated with H2O2 (S202386-2; Agilent,
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Santa Clara, CA, USA) at room temperature for 5 min. Subsequently, incubation with
the primary monoclonal mouse COX-2 (1/20, 610204, BD Biosciences, Franklin Lakes,
NJ, USA)/E-cadherin (1/100, M3612, Agilent)/pan-CK (1/50, M3515, Agilent) antibodies
(1:200; ab7778; Abcam, Cambridge, UK) was performed at room temperature for 30 min
with background-reducing components (S302283-2; Agilent). Followed by incubation with a
polymer-based anti-mouse secondary antibody (K400111, Agilent) at room temperature for
30 min, visualization was performed in a 3.3-diaminobenzidine solution (K346811, Agilent)
at room temperature for 5 min. The cell nuclei were counterstained with hematoxylin,
rinsed in tap water and dehydrated and coverslips were applied. In between all steps, the
sections were washed extensively and repeatedly with phosphate-buffered saline.

Table 1. Signalment of five lizards that were presented with nodular skin lesions. The number and
distribution of skin lesions, the interval between detection of the skin lesions and initial presentation,
the follow-up period, and recurrence are specified for each case, as well as the type of ultraviolet B
(UV-B) source that was provided and the average basking distance to the UV-B lighting source.

Species
Panther

Chameleon 1
(Furcifer pardalis)

Panther
Chameleon 2

(Furcifer pardalis)

Panther
Chameleon 3

(Furcifer pardalis)

Veiled Chameleon
(Chamaeleo
calyptratus)

Bearded Dragon
(Pogona vitticeps)

Age 5 years 4 years 4 years 3 years 6 years

N◦ of nodular skin
lesions at initial

presentation
18 15 3 4 2

Location of the
nodular skin

lesions

Eyelid,
dorsolateral
body wall

Dorsolateral body
wall

Eyelid,
dorsolateral
body wall

Eyelid, head,
dorsolateral
body wall

Dorsolateral
body wall

Time between first
detection and

initial
presentation

2 years 6 months 3 months 2 months 4 months

Follow-up period 2 years 2 years 1 year 2 years 1 year

Recurrence No No No 16 1

UV-B source
ExoTerra Solar

Glo 80 W
ZooMed

Powersun 100 W
ZooMed

Powersun 100 W Arcadia D3 Forest JBL UV-B Spot
Plus 80 W

Average basking
distance

16 cm 15 cm 18 cm 20 cm 26 cm

Negative controls consisted of omitting the primary antibody in normal skin samples
from a dog and a bearded dragon.

To evaluate the expression of COX-2, E-cadherin, and cytokeratin, an immunoreactive
score system (IRS), based on the percentage of positive cells and intensity of staining
according to Fedchenko et al., was used (Table 2) [17].

Table 2. Immunoreactive score system (IRS) [17].

A (Percentage of Positive Cells) B (Intensity of Staining)
IRS Score (Multiplication of

A and B)

0 = no positive cells 0 = no color reaction 0–1 = negative

1 = <10% positive cells 1 = mild reaction 2–3 = mild

2 = 10–50% positive cells 2 = moderate reaction 4–8 = moderate

3 = 51–80% positive cells 3 = intense reaction 9–12 = strongly positive

4 = >80% positive cells Final IRS score (A × B): 0–12 *
* The immunoreactive score (IRS) is calculated by multiplying the positive cells’ proportion score (0–4) and the
staining intensity score (0–3).
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3. Results

3.1. Clinical History and Gross Pathology

All examined lizards were males with an age ranging from 3–6 years. In general,
the captive management of all cases was deemed adequate. In all lizards, however, the
minimum safe distance to the ultraviolet (UV-B) source was considered inappropriate,
taking into account manufacturer recommendations based on the natural UV-B exposure
values that have been described for the involved species [18]. Based on the clinical history,
first detection of dermal lesions by the owner ranged from two months to two years prior
to initial presentation (Table 1). In all cases, the lesions initially presented as skin nodules
with a smooth surface and greyish discoloration that rapidly developed into whitish-
greyish crateriform nodules with a keratinous core. In most cases, the owners did not seek
veterinary advice until multiple dermal nodules were noticed, or until one or more dermal
nodules reached a considerable size.

While 18, 15, and 3 lesions were noted in panther chameleon 1, 2, and 3, respectively,
the veiled chameleon was presented with four dermal nodules, and two dermal nodules
were detected in the bearded dragon (Table 1). The number of dermal lesions seemed to
be positively correlated with the interval between first detection of the lesions and initial
presentation. Besides panther chameleon 1, which showed a poor body condition and
sunken eyes, indicating more than 8–10% of dehydration [19], none of the remaining lizards
displayed other clinical signs in addition to the skin lesions.

While the dermal lesions were located at the dorsolateral body wall in all lizards
(Figure 1A–D), a single, unilateral nodular lesion of the eyelid was additionally present
in the veiled chameleon, panther chameleon 1, and panther chameleon 3 (Figure 2). The
diameter of the lesions ranged from 0.1–1.5 cm, with an average diameter of 0.33 cm. In
the bearded dragon and panther chameleon 3, the average diameter of the lesions was
0.56 cm. In the chameleons with multicentric distribution, on average two large lesions with
an average diameter of 1 cm (Figures 1A and 2) were present and the remaining lesions
consisted of small nodular lesions with a diameter of 0.1–0.2 cm (Figure 1B,C).

During surgical removal, it was noted that all dermal nodules were well-demarcated
and did not infiltrate the subcutis. Especially in the smaller nodules, the central keratin
plug detached spontaneously when pressure was performed during surgical removal
(Figure 1B).

Recovery from anesthesia was uneventful in all cases and a follow-up period of one
to two years was established in all lizards (Table 1). When the lizards returned to their
owners, management advice was provided with an emphasis on the optimization of the
provision of UV-B lighting according to the recommended values. While the owners of
panther chameleons followed these recommendations, the owners of the veiled chameleon
and the bearded dragon did not make adjustments. In the bearded dragon, a new dermal
nodule developed in approximately the same location as the first tumor after 1 year, and in
the veiled chameleon, multicentric skin nodules located at the lateral body wall and the
head, including both eyelids, reappeared during a 2-year follow-up period (Figure 3). As
the nodules interfered with the normal feeding behavior, the chameleon deteriorated and
was euthanized by a local veterinarian.

3.2. Histopathology and IHC

Histologic examination of eleven skin lesions revealed a characteristic architectural pat-
tern in all five cases. Nodular lesions presented as a relatively well-defined, circumscribed
epidermal proliferation including a multilobular, exo-endophytic cyst-like invagination of
the epidermis that creates a crateriform lesion with a central keratinous plug with mini-
mally infiltrating borders (Figure 4). Peripheral to the keratin-filled crater, lip-like borders
of well-differentiated squamous cells with a low degree of pleomorphism were observed
(Figure 5). Areas of pseudoepitheliomatous hyperplasia that formed folds inside the crater
and the adjacent dermis were noticed. Depending on the section, those folds presented as
buds, cords, or isolated islands, centered by orthokeratotic pearls. Based on these findings,
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a final histological diagnosis of KA was made for all examined skin nodules that were
obtained from the lizards.

Figure 1. Nodular, crateriform dermal lesions located at the dorsolateral body wall in two panther
chameleons (Furcifer pardalis) (A–C) and a bearded dragon (Pogona vitticeps) (D) that were histologi-
cally diagnosed as keratoacanthoma (KA). KAs presented as whitish-greyish crateriform nodules
with a keratinous core. Especially in smaller lesions, the central keratin plug detached spontaneously
when digital pressure was applied (arrows) (B).

 

Figure 2. Macroscopic multicentric nodular, crateriform dermal lesion located at the dorsal part of
the eyelid in panther chameleon 1 (Furcifer pardalis) that was histologically diagnosed as a keratoacan-
thoma with malignant transformation.
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Figure 3. Macroscopic multicentric nodular, crateriform dermal lesions located at the head, including
both eyelids, in a veiled chameleon (Chamaeleo calyptratus).

Neoplastic cells were typically enlarged and showed a pale eosinophilic ground glass-
like cytoplasm (Figure 5). All examined KAs showed a mitotic index ranging from 0–2
and absent to mild nuclear atypia. At the base of 80% of the KAs, a mild inflammatory
infiltrate with heterophiles, lymphocytes, and macrophages, as well as small keratin pearls,
was present.

Histological sections of the eyelid nodule in panther chameleon 1 showed two com-
ponents. While the central area of the process clearly showed KA features with a mitotic
index of 1, low cellular atypia, and pleomorphism (Figure 6A), the characteristics of the
neoplastic cells at the periphery were fully compatible with well-differentiated SCC, in-
cluding a mitotic index of 4, marked nuclear atypia, and pleomorphism (Figure 6B). A
final histopathological diagnosis of KA with malignant transformation was made, sim-
ilar to what has been previously described in humans by Sánchez Yus et al. [20] and
Weedon et al. [21]

The results of the IHC study are presented in Table 3. Strong staining with E-cadherin
(IRS score 9–12) was noted along the plasma membrane of the six examined Kas, indicating
high integrity of cell-cell adhesion (Figure 7A). Moreover, strong positivity for Pan-CK (IRS
9–12) (Figure 7B) and moderate cytoplasmic immunoexpression for COX-2 (IRS 4–8) were
noted (Figure 8A). In the KA with malignant transformation, strongly positive immuno-
expression for COX-2 (IRS 9–12) was present in the SCC area of the process (Figure 8B) in
contrast to the central part that showed KA features.
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Figure 4. Histologic section of a keratoacanthoma (KA) from the dorsolateral body wall in a veiled
chameleon (Chamaeleo calyptratus) showing a characteristic architectural pattern consisting of an
exo-endophytic, cyst-like invagination of the epidermis that creates a crateriform lesion with a central
keratinous plug (asterisks) and minimally infiltrating borders (arrows).

 

Figure 5. Histologic section of a keratoacanthoma in a panther chameleon (Furcifer pardalis) from
the dorsolateral body wall. A characteristic epithelial lip (arrow) is present at the periphery, which
partially extends over the central keratin plug. Note the typical large, pale pink cells with a glassy
appearance (asterisks) surrounded by a thin layer of basophilic cells of the epithelial lip.
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Figure 6. Histologic sections of a keratoacanthoma (KA) with malignant transformation obtained
from the eyelid in panther chameleon 1 (Furcifer pardalis) with KA features in the central area (A) and
a well-differentiated SCC at the periphery of the process (B).
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Figure 7. Immunohistochemical results of a keratoacanthoma (KA) from the lateral body wall of
a panther chameleon (Furcifer pardalis) (A,B). Intense E-cadherin staining with immunoreactivity
at the level of the plasma membrane of all neoplastic cells (A). Strongly positive pan-cytokeratin
staining showing specific intracytoplasmic immunoreactivity abruptly delineating the neoplastic
tissue (arrows) from the healthy skin (asterisk) (B).
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Figure 8. Moderate intracytoplasmic COX-2 staining of a keratoacanthoma (KA) from the lateral
body wall of a panther chameleon (Furcifer pardalis) (A). Strong intracytoplasmic COX-2 staining
of the squamous cell carcinoma arising at the periphery of a KA with malignant transformation,
obtained from the eyelid of a panther chameleon (B).
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Table 3. Six keratoacanthomas from lizards (n = 6) were categorized according to the percentage
of positive cells (0–4), the intensity of immunostaining (0–3), and the IRS score (0–12) (Table 2) for
e-cadherin, cyclooxygenase-2 (COX-2), and pan-cytokeratin (Pan-CK).

Immunomarker

Percentage of
Positive Cells

Intensity of
Immunostaining

IRS Score

0 1 2 3 4 0 1 2 3 0–1 2–3 4–8 9–12

E-cadherin (n = 6) 0 0 0 0 6 0 0 0 6 0 0 0 6

COX-2 (n = 6) 0 0 1 4 1 0 1 4 1 0 0 6 0

Pan-CK (n = 6) 0 0 0 0 6 0 0 0 6 0 0 0 6

4. Discussion

The present study describes the clinical behavior and macroscopic appearance as well
as the histopathologic and IHC characteristics of KAs in three different saurian species.
Besides KA of the spectacle in a boa (Boa constrictor) [22], KA has not previously been
described in reptiles. Based on the findings of the present study, however, the description
of the disorder of the spectacle in the boa does not seem to meet the clinical, macroscopic,
and histologic criteria that are fundamental to obtaining a definitive diagnosis of KA, and
the lesion rather resembled retention of multiple layers and ulceration of the spectacle
associated with impaired shedding.

It is noteworthy that all affected lizards in the present study were males with an adult
to relatively old age according to physiological lifespan reference intervals [23–25]; this is
similar to what has been reported for KA in humans and dogs [26–29]. In avian species,
however, KA is almost exclusively observed in juvenile broiler chickens without an obvious
gender predisposition [9]. Despite the relatively limited number of cases in the present
study, male panther chameleons with an average to old age may be predisposed to the
development of KA. A similar age and gender predisposition seems to exist for multicentric
SCCs in panther chameleons [6].

Dermal SCC is a malignant neoplasia of epidermal keratinocytes that may exhibit
various degrees of differentiation and invasiveness, as well as metastatic potential [30].
Based on this variation, the World Health Organization (WHO) Classification of skin tu-
mors proposed by the International Agency for Research on Cancer (IARC) categorizes
different histologic variants of dermal SCC with acantholytic SCC, desmoplastic SCC and
spindle cell SCC representing high-risk histologic variants, and verrucous SCC and KA
representing low-risk histologic variants [8,30,31]. KA is defined as a well-differentiated,
minimally invasive neoplasia with low metastatic potential [9,32,33]. In contrast to dogs
and birds, KA in humans often shows a spontaneous regression phase that may occur
within 4–6 months of the initial diagnosis [34]. In the present study, signs of spontaneous
regression were observed in none of the lizards, even in the cases that had a 6-month to
2-year interval between the first detection of skin lesions and initial presentation; in two
cases, recurrence was observed. Although spontaneous regression of human KA is often
observed, cases wherein KA is observed as a pre-stage of malignant SCCs [14] have also
been documented [35]. If malignant transformation of KA into SCC takes place in humans,
it seems to occur within a couple of months of KA development. This transformation is
considered to occur spontaneously and is mainly seen in senile skin with actinic degen-
eration or immunocompromised persons [33]. It is unknown, however, what proportion
of human KAs eventually transform into SCC and what the deciding factors for trans-
formation are [34,36,37]. In the present study, a skin nodule of the eyelid was diagnosed
as a KA with malignant transformation in panther chameleon 1, which was presented
2 years after the first detection of skin lesions (Table 1 and Figure 2). In the other cases, the
interval between detection and initial presentation ranged from 2 months to 6 months, and
no signs of transformation into SCC could be demonstrated. The latter findings suggest
that transformation of KA into SCC does not seem to rapidly occur in the examined lizard
species, and if it occurs, it can rather be expected in chronic cases. Multicentric SCC has
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been reported in panther chameleons, a veiled chameleon, and a bearded dragon [2,5,6].
The multicentric SCCs that were described in panther chameleons by Meyer et al. [6] may
have initially comprised Kas, and the case referred to as a multicentric in situ carcinoma
was most likely a KA, based on the description that is provided. As the time between the
development of the primary skin lesions and the diagnosis of the multicentric SCCs was
not reported, it is impossible to state whether if malignant transformation had occurred it
would have initially comprised KAs in the described cases [6].

Based on the distribution of KAs in the lizards in the present study, mainly areas of
skin that are most frequently exposed to UV-B irradiation were affected. From a behavioral
point of view, chameleons typically can be classified as occasional sun baskers living in
leafy shrubs [18,38]. They create a larger body surface by basking in a lateral position and
flattening the coelom to a maximum in order to increase their exposure to UV-B irradia-
tion and/or their body temperature [38]. Although artificial UV-B lighting is considered
an essential part of captive management, especially for insect- and herbivorous reptiles,
exposure to high-intensity focused bundles of artificial UV-B irradiation often surpasses
the exposure values in the wild [6,18]. As previously postulated for dermal SCCs, BCCs,
chromatophoromas, and hemangiomas, the inappropriate use of UV-B lighting sources is
considered one of the most important predisposing factors towards the development of
these dermal neoplasia in reptiles [3,4,6,7]. In all cases in the present study, UV-B exposure
was considered inappropriate based on the recommended UV-B values for the involved
species [18,38]. As the latter may play an important role in the oncogenesis of KA in lizards,
we consider the provision of well-balanced UV-B irradiation essential for the prevention of
this neoplastic disorder in captive lizards.

In humans, the IHC study of keratin 16 (K16) expression demonstrated that KA origi-
nates from the outer root sheath cells below the infundibulum of the hair follicle [14,39].
While reptiles do not possess hair follicles, lacunar cells are typically seen as an interme-
diate, undifferentiated keratinocyte cell type that appears during the epidermal renewal
phase (the second phase of the physiological shedding cycle) and regeneration of the skin
following traumatic insults [40]. As these lacunar cells also express K16 [41], they may also
play an important role in the development of KA in lizards, especially when lacunar cells
are exposed to excessive levels of UV-B irradiation and/or other traumatic insults to the
skin [41,42].

All KAs in this study showed strongly positive cell membrane reactivity (IRS score
9–12) for E-cadherin, indicating high integrity cell-cell adhesion and thus low migratory
potential, in contrast to what is seen in SCCs and other malignant neoplasia [31,43,44].
The strong Pan-CK immunostaining (IRS score 9–12) contributes to the delineation of KA
margins and assesses the integrity of the basement membrane [45]. In contrast to the
moderate COX-2 expression of KAs in the lizards in this study (Figure 7A), strong COX-2
staining was observed in the KA with malignant transformation in panther chameleon
1, similar to what has been described in humans and bird SCCs, indicating increased
cell proliferation, angiogenesis, and invasiveness [33,37,43,44,46–48]. Based on these IHC
results, COX-2 and E-cadherin staining especially can serve as an important tool in the
diagnosis of KA and its differentiation from KA with malignant transformation and SCC
in lizards.

If left untreated, large KAs may severely impair normal vision if located at the eyelid,
and may eventually interfere with normal foraging and feeding behavior. This study
demonstrates that complete excision of KA in lizards is a highly feasible and safe treatment,
even in cases that show large and multicentric KAs, KAs at delicate sites such as the skin
of the eyelid in chameleons, or KA with malignant transformation. Long-term follow-up
was achieved in all cases of the present study (Table 1). While no recurrence was seen in
the three panther chameleons, KAs reappeared in the veiled chameleon and the bearded
dragon. Presumably, recurrence was associated with continued exposure to inappropriate
levels of UV-B irradiation. Although longer follow-up periods are necessary, we consider
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the provision of optimal UV-B irradiation in captive lizards essential for the prevention of
the development and recurrence of KA.

5. Conclusions

This study describes the biological behavior and histopathological and IHC charac-
teristics of KA, a previously undescribed neoplastic entity in lizards. KA seems to mainly
affect adult male lizards and the dorsolateral body wall seems to be a predilection site.
Chameleon species that show lateral basking behavior might make them predisposed to
the development of multicentric KAs if they are exposed to inappropriate UV-B levels in
the captive environment. As demonstrated in one of the panther chameleons, malignant
transformation of KA can occur in a chronic stage. Even in chronic stages and cases with
multicentric KAs, surgical treatment carries a good prognosis. Correct histologic characteri-
zation and IHC staining allow the differentiation of KA from conventional SCCs in lizards,
although in some cases the exact classification of KA with a variable degree of malignant
transformation may remain challenging; this is a similar situation to that encountered
in humans.
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Simple Summary: Neoplasia is a complex disease that affects many species across the animal
kingdom, including lizards. Currently, cancer in lizard species is an understudied part of veterinary
medicine. In this study, we focused on identifying factors that could aid in improving patient care
and quality of life for lizards with neoplasia. We identified multiple factors including species, type of
neoplasia, and type of treatment significantly associated with both positive and negative outcomes
for lizards affected by different types of neoplasia. Specifically, we tested for statistical associations
between eight clinical factors and patient outcomes. We used reported cases of neoplasia in lizards
from published papers, as well as a clinical oncology database for exotic animal species. We also
identified a subset of neoplasia types that were not associated with death due to their neoplasia.
Our results highlight the importance of determining variables that aid veterinarians in deciding the
most appropriate care for their patients. We expect that future research in this area will improve our
understanding of neoplasia in lizards and better improve the identification of predictor variables for
improving patient outcomes.

Abstract: Neoplasia has been reported in lizards, but more research is needed to accurately docu-
ment the prevalence and prognosis of the various known neoplasms that affect lizards. This study
reviewed medical records from an online database, the Exotic Species Cancer Research Alliance
(ESCRA), and reviewed published literature to determine the prevalence of neoplasia, malignancy,
metastasis, treatment strategies, and outcomes by species and sex. Records from 55 individual lizards,
20 different species, and 37 different tumors were identified. In the literature, 219 lizards, 59 species,
and 86 unique tumors were identified from 72 published case reports. Potential signalment factors
such as age, sex, and species were evaluated to see if they affected case outcome. Additional factors
including neoplasia type, presence of metastasis, and types of pursued treatments were also evalu-
ated. Statistical analysis was performed to determine whether a factor was significantly associated
with animal death due to the identified neoplasia or with animal survival or death due to other
causes (non-neoplastic outcomes). Komodo dragons and savannah monitors were more likely to die
from neoplasia compared to other lizard species. Cases where the status of metastasis was unknown
were significantly associated with death due to neoplasia. Having an unknown status of male versus
female was significantly associated with non-neoplastic outcomes of death. Leukemia and islet
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cell carcinoma were significantly associated with death due to neoplastic causes. Chondrosarcoma,
myxosarcoma, osteosarcoma, and squamous cell carcinoma were significantly associated with non-
neoplastic outcomes of death. Surgery alone and radiation therapy alone each were significantly
associated with non-neoplastic outcomes of death, while lizards not receiving treatment were signifi-
cantly associated with death due to neoplasia. Benign neoplasia was significantly associated with
non-neoplastic outcomes of death. These results will aid in the improved diagnosis and management
of neoplasia in lizard species, as well as expanding our understanding of prognostic indicators of
neoplasia in lizards.

Keywords: neoplasia; lizard; surgery; chemotherapy; bearded dragon; iguana; monitor;
lymphoma; carcinoma

1. Introduction

Neoplasia in lizards has been extensively documented going back well into the pre-
vious century consisting of mostly single case reports and a handful of reviews [1,2].
Neoplasia is common in lizards and a wide variety of neoplasms have been diagnosed.
Similar to other taxa, various etiologies have been proposed, such as environmental, ge-
netic, and infectious causes [3–7]. Several reports hypothesize species predispositions
for certain neoplasms such as gastric neuroendocrine carcinoma in bearded dragons and
pancreatic masses in Komodo dragons [4,8]. As advanced care is increasingly utilized in
lizards, treatment is also more commonly being pursued for neoplasia. The therapeutic
approaches for cancer reported in lizards include chemotherapeutics, radiation therapy,
and surgical excision [9–11]. Though treatment modalities are described, comprehensive
data on treatment efficacy and outcomes are lacking. Efforts to gather further information
on neoplasia prevalence, treatment, and outcomes are ongoing. The Exotic Species Cancer
Research Alliance (ESCRA) is a multi-institution database that collects clinical data on
neoplasia in zoological species. The existence of such databases in other fields, such as the
National Cancer Institute Data Catalogue, increases access to relevant information for re-
searchers and promotes broader analyses. This database also promotes the standardization
of information recording and reporting within the field.

This study combined case data from the ESCRA database with available published
cases to determine the described prevalence of specific neoplasms, as well as to document
the efficacy of treatment approaches by measuring outcomes. In addition, this summary of
lizard neoplasia data from the literature can benefit researchers and clinicians alike.

2. Materials and Methods

2.1. Case Selection
2.1.1. Literature Review

Databases including PubMed, CAB Abstracts, and Web of Science were searched for
lizard neoplasia cases from the dates of database inception (1983 for PubMed, 1973 for CAB,
and 1865 for Web of Science). Final searches for appropriate publications were performed
between 27 July and 6 August 2021. Lizards that had experimentally induced tumors were
excluded from this study. Search criteria were related to neoplasia in lizards, using terms
for species within the order Squamata and including scientific names, common names,
synonyms, and alternate spellings. The list of terms for neoplasia based on PubMed’s
cancer subset search strategy was also utilized in this search. The described search criteria
yielded manuscript results as follows: 28 manuscripts from PubMed met the inclusion
criteria for this study, of which 20 were unique from CAB Abstracts and Web of Science;
51 manuscripts were identified from Web of Science, of which 13 were unique from the
CAB Abstracts and PubMed manuscripts; and 73 manuscripts were identified from CAB
Abstracts, of which 39 were unique from the PubMed and Web of Science manuscripts.
This yielded a combined total of 72 unique manuscripts ranging from 1978 to 2021.
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Data were imported from these lizard neoplasia case searches into Microsoft Excel
(Microsoft 365 MSO (Version 2307)). Collected publication information included PubMed
identification number/CAB ID code/Web of Science ID, title, authors, year of publication,
and journal of publication. Collected animal information included the common and sci-
entific name of the animal, age (in months), maturity (adult vs. juvenile (<3 months old)),
sex (if known), body area/system of the primary mass, the histological diagnosis of the
primary mass, primary mass malignancy, presence and location of any metastases, presence
and identity of concurrent but non-metastatic masses, if treatment was pursued, treatment
method pursued, case outcome, and survival from time of diagnosis (in months).

Diagnoses were grouped by primary histologic diagnosis, as reported by the primary
investigator. The designation of benign versus malignant was primarily based on the
reported diagnosis. Lymphoma and leukemia cases were categorically defined as malig-
nant. In cases in which the reported diagnosis was ambiguous, neoplasms were classified
as “malignant” in cases with observed distal (metastatic disease) or local invasion with
tissue destruction [12]. If neither the diagnosis nor the description were sufficient, the neo-
plasm was classified as “undetermined.” Treatments were categorized as follows: surgery
only (including complete and marginal excision), chemotherapy only, radiation therapy
only (including external beam and strontium techniques), surgery and chemotherapy,
surgery and radiation, unknown treatment, and no treatment provided. The diagnostic
sampling of masses such as fine needle aspirates and incision biopsies was not categorized
as a treatment.

2.1.2. ESCRA Database Review

The ESCRA database was searched for submitted lizard neoplasia cases. Cases were
confirmed to be neoplasia by board-certified veterinary pathologists working at either inde-
pendent laboratories or university settings before entry per ESCRA submission guidelines.

Data were summarized from these lizard neoplasia case searches using Microsoft Excel
(Microsoft 365 MSO (Version 2307)). The same animal data were collected from each submit-
ted case as from the literature review. Diagnoses were grouped also by primary histologic
diagnosis and behavior as reported by submitting clinicians and the benign/malignancy
parameters applied to the literature review.

Treatments were categorized into groups per the ESCRA submission form as follows:
surgery only (which included surgical excision, cryosurgery, or cryotherapy), chemotherapy
only (which included electrochemotherapy, steroid therapies, and NSAIDs), radiation
therapy only (including photoradiation and phototherapy), surgery and either radiation
therapy or chemotherapy, surgery with radiation therapy and chemotherapy, supportive
care (which included systemic or topical antibiotics and NSAIDs), unknown treatment, and
no treatment provided. The diagnostic sampling of masses such as fine needle aspirates
and incision biopsies were not categorized as treatments.

2.2. Data Analysis

Identified case information was analyzed using IBM Corp. IBM SPSS Statistics for Win-
dows (released 2019; Version 26.0, Armonk, NY, USA) and R statistical computing software
(version 4.3.2; R Core Team 2023. R: A language and environment for statistical comput-
ing. R foundation for Statistical Computing, Vienna, Austria, https://www.Rproject.org/,
accessed on 7 December 2023) [13]. Boosting analysis was used to evaluate the data. For
the statistical method of boosting, the mboost package (Model-based boosting, R package
version 2.9-9, https://CRAN.R-project.org/package=mboost, accessed on 7 December 2023)
was used. Neoplasms were grouped into more general classification categories by behavior
(benign vs. malignant) as well as by tissue and tumor type for the mboost evaluation of the
survival of animals affected by these types of neoplasms. For boosting analysis, predictor
variables were modeled with the use of brandom as a base-learner. For each data set, a set
of predictor variables was utilized. The literature data and ESCRA data sets were evaluated
together and also separately using the eight variables of species, sex, life stage (juvenile or
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adult), primary neoplasia diagnosis, neoplasia malignancy, presence of metastasis, tumor
location, and treatment type. Outcomes were assigned to lizards, with “1” designated for
those that died or were euthanized due to the neoplasm and “0” designated for those that
died due to another cause. Lizards without a known cause of death were included in the
final analysis. The modeled effects of the predictor variables with outcomes for each animal
evaluated were compared to a set of 2000 null model distributions of effects generated
from modeling performed with permutated outcomes, with p < 0.05 being the threshold
of significance regarding the tails of the null model distribution (two-sided hypothesis),
similar in method to Mayr et al. [13]. Significance was calculated only for variables with
two or more individuals in the represented population.

3. Results

3.1. Lizard Population

There were 274 individual lizards included in this study. There were 219 individual
lizard cases identified in the literature review. The described search criteria applied to
the ESCRA database yielded a total of 55 unique individual lizard cases. The individual
cases represented 65 different species, with 59 species identified in the literature review,
20 species identified in the ESCRA database, and 14 species being common between
the two.

3.1.1. Literature

Green iguanas (Iguana iguana, n = 55) were the most represented species, followed by
central bearded dragons (Pogona vitticeps, n = 32) and North African spiny-tailed lizard
(Varanus exanthematicus, n = 10) (Table 1). Males (n = 40) were slightly more represented
than females (n = 41), with the majority of the animals’ sex being unknown (n = 138). Life
stage was generally unknown (n = 141), with adults (n = 52) being more represented than
juveniles (n = 6). Individual age ranged from 5 months to 300 months (12 years) where age
was available (n = 50), with a mean of 77.7 months (6.5 years) and a median of 60 months
(5 years). Age information was not available for the remaining 169 individuals.

Table 1. Frequency of the most prevalent lizard species with neoplasia from the literature and ESCRA
sources.

Literature Species (Scientific Name) Frequency
ESCRA Species

(Scientific Name)
Frequency

Beaded lizard
(Heloderma exasperatum/horridum)

2/219
(0.91%)

Central bearded dragon
(Pogona vitticeps)

21/55
(45.5%)

Broad headed skink
(Eumeces laticeps)

2/219
(0.91%)

Blotched blue-tongued lizard
(Tiliqua nigrolutea)

2/55
(3.6%)

Central bearded dragon
(Pogona vitticeps)

32/219
(14.6%)

Green iguana
(Iguana iguana)

3/55
(5.5%)

Crocodile lizard
(Shinisaurus crocodilurus)

2/219
(0.91%)

Leopard gecko
(Eublepharis macularius)

4/55
(7.3%)

Desert grassland whiptail lizard
(Cnemidophorus uniparens)

2/219
(0.91%)

Panther chameleon
(Furcifer pardalis)

4/55
(7.3%)

East Indian water lizard
(Hydrosaurus amboinensis)

2/219
(0.91%)

Veiled chameleon
(Chamaeleo calyptratus)

3/55
(5.5%)

European green lizard
(Lacerta viridis)

4/219
(1.8%)

Gila monster
(Heloderma suspectum)

5/219
(2.3%)

Green anole
(Anolis carolinensis)

2/219
(0.91%)

Green iguana
(Iguana iguana)

55/219
(28%)
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Table 1. Cont.

Literature Species (Scientific Name) Frequency
ESCRA Species

(Scientific Name)
Frequency

Komodo dragon
(Varanus komodoensis)

3/219
(1.4%)

Leopard gecko
(Eublepharis macularius)

5/219
(2.3%)

Mexican beaded lizard
(Heloderma horridum)

2/219
(0.91%)

Panther chameleon
(Furcifer pardalis)

2/219
(0.91%)

Round island skink
(Leiolopisma telfairii)

2/219
(0.91%)

Savannah monitor
(Varanus exanthematicus)

10/219
(4.6%)

Spiny-tailed lizard
(Uromastyx acanthinura)

10/219
(4.6%)

Spiny-tailed monitor
(Varanus acanthurus)

3/219
(1.4%)

Veiled chameleon
(Chamaeleo calyptratus)

8/219
(3.7%)

3.1.2. ESCRA

Central bearded dragons (Pogona vitticeps, n = 25) were the most represented species,
followed by Panther chameleons (Furcifer pardalis, n = 4) and Leopard geckos
(Eublepharis macularius, n = 4) (Table 1). Males (n = 26) were more represented than females
(n = 20), and a minority of individuals’ sex were unknown (n = 9). All individuals were
either adults (n = 42) or their life stage was unknown (n = 13). Individual age ranged from
24 (2 years) to 173 months (14.4 years) for individuals where age was available (n = 34),
with a median age of 72 months (6 years) and mean age of 81.5 months (6.8 years). Age
information was not available for the remaining 21 individuals.

3.2. Neoplasia Information

There were 108 neoplasms included in this study. A total of 85 neoplasms were
identified in the literature review sources, and 38 neoplasms were identified in the ESCRA
database cases. Sixteen neoplasms were common between the two sources.

3.2.1. Literature

Lymphoma was the most represented neoplasia (n = 18) followed by squamous cell
carcinoma (n = 13), chromatophoroma (n = 10), and teratoma (n = 10) (Table 2). Malignant
neoplasia (n = 133) was more represented than benign neoplasia (n = 58). Some cases
(n = 28) did not have an identified location of neoplasia. The liver was the most commonly
identified site (n = 15). An unknown presence of metastasis (n = 156) was more common
than confirmed presence of metastasis (n = 13) or lack of metastasis (n = 50).
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Table 2. Frequency of the most prevalent neoplasias from reviewed literature sourced with identified
affected lizard species, malignancy behavior, and represented individuals reported.

Neoplasia
(Malignancy Behavior)

Frequency
Affected Species
(Scientific Name)

Represented
Individuals

Biliary adenocarcinoma
(malignant)

6/219
(2.7%)

Broad headed skink
(Eumeces laticeps) 1

Green iguana
(Iguana iguana) 3

Plumed basilisk
(Basiliscus plumifrons) 1

Spiny tailed iguana
(Ctenosaura pectinate) 1

Carcinoma
(malignant)

3/219
(1.4%)

Central bearded dragon
(Pogona vitticeps) 2

Warren’s girdled lizard
(Cordylus warren) 1

Cholangiocarcinoma
(malignant)

4/219
(1.8%)

Central bearded dragon
(Pogona vitticeps) 1

Green iguana
(Iguana iguana) 2

Texas horned lizard
(Phrynosoma cornutum) 1

Chondrosarcoma
(malignant)

2/219
(0.91%)

Spiny-tailed monitor
(Varanus acanthurus) 1

Storr’s monitor
(Varanus storri) 1

Chromatophoroma
(benign)

3/219
(1.6%)

Green iguana
(Iguana iguana) 1

Savannah monitor
(Varanus exanthematicus) 1

Veiled chameleon
(Chamaeleo calyptratus) 1

Chromatophoroma
(malignant)

6/219
(2.7%)

Central bearded dragon
(Pogona vitticeps) 1

Day Gecko
(Gekko phelsuma) 1

Dwarf bearded dragon
(Pogona henrylawsoni) 1

Leopard gecko
(Eublepharis macularius) 1

Veiled chameleon
(Chamaeleo calyptratus) 2

Colon adenocarcinoma
(malignant)

2/219
(0.91%)

Leopard gecko
(Eublepharis macularius) 1

Mexican beaded lizard
(Heloderma horridum) 1

Fibroma
(benign)

6/219
(2.7%)

Green iguana
(Iguana iguana) 4

Veiled chameleon
(Chamaeleo calyptratus) 2
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Table 2. Cont.

Neoplasia
(Malignancy Behavior)

Frequency
Affected Species
(Scientific Name)

Represented
Individuals

Fibropapilloma
(benign)

2/219
(0.91%)

Green iguana
(Iguana iguana) 1

Sailfin lizard
(Hydrosaurus postulatus) 1

Fibrosarcoma
(malignant)

3/219
(1.4%)

Central bearded dragon
(Pogona vitticeps) 1

Spiny-tailed lizard
(Ctenosaura pectinata) 1

Unknown water dragon
(Physignathus sp.) 1

Gastric carcinoid
(malignant)

3/219
(1.4%)

Central bearded dragon
(Pogona vitticeps) 3

Granulosa cell tumor
(malignant)

3/219
(1.4%)

Green iguana
(Iguana iguana) 2

Savannah monitor
(Varanus exanthematicus) 1

Hemangiosarcoma
(malignant)

2/219
(0.91%)

Green iguana
(Iguana iguana) 1

Hispaniolan curly-tailed lizard
(Leiocephalus schreibersii) 1

Hepatocellular carcinoma
(malignant)

3/219
(1.4%)

Green iguana
(Iguana iguana) 4

Hepatoma
(benign)

2/219
(0.91%)

Broad headed lizard
(Eumeces laticeps) 1

Gila monster
(Heloderma suspectum) 1

Interstitial cell adenoma
(benign)

2/219
(0.91%)

Cuban iguana
(Cyclura nubila) 1

Green iguana
(Iguana iguana) 1

Islet cell carcinoma
(malignant)

3/219
(1.4%)

Komodo dragon
(Varanus komodoensis) 3

Leiomyosarcoma
(malignant)

5/219
(1.4%)

Central bearded dragon
(Pogona vitticeps) 3

Leukemia
(malignant)

5/219
(2.3%)

Central bearded dragon
(Pogona vitticeps) 2

Green iguana
(Iguana iguana) 2

Green tree monitor
(Varanus prasinus) 1
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Table 2. Cont.

Neoplasia
(Malignancy Behavior)

Frequency
Affected Species
(Scientific Name)

Represented
Individuals

Lymphoma
(malignant)

18/219
(8.2%)

East Indian water lizard
(Hydrosaurus amboinensis) 1

Green iguana
(Iguana iguana) 5

Italian wall lizard
(Lacerta sicula) 1

Savannah monitor
(Varanus exanthematicus) 3

Spiny-tailed lizard
(Uromastyx acanthinura) 8

Melanophoroma (benign) 2/219
(0.91%)

Green iguana
(Iguana iguana) 2

Melanophoroma
(malignant)

3/219
(1.4%)

Beaded lizard 1

Leopard gecko
(Eublepharis macularius) 1

Veiled chameleon
(Chamaeleo calyptratus) 1

Myxoma
(benign)

3/219
(1.4%)

Central bearded dragon
(Pogona vitticeps) 1

Green iguana
(Iguana iguana) 2

Osteosarcoma
(malignant)

5/219
(2.3%)

Central bearded dragon
(Pogona vitticeps) 1

Green iguana
(Iguana iguana) 2

Spiny-tailed monitor
(Varanus acanthurus) 2

Pancreatic adenocarcinoma
(malignant)

2/219
(0.91%)

Solomon island skink
(Corucia zebrata) 1

Veiled chameleon
(Chamaeleo calyptratus) 1

Papilloma
(benign)

3/219
(1.4%)

Ocellated lizard
(Lacerta lepida) 1

European green lizard
(Lacerta viridis) 2

Parathyroid adenoma
(benign)

4/219
(1.8%)

Green iguana
(Iguana iguana) 5

Renal adenoma
(benign)

2/219
(0.91%)

Green iguana
(Iguana iguana) 2
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Table 2. Cont.

Neoplasia
(Malignancy Behavior)

Frequency
Affected Species
(Scientific Name)

Represented
Individuals

Squamous cell carcinoma
(malignant)

13/219
(5.9%)

Blue-tongued skink
(Tiliqua scincoides) 1

Central bearded dragon
(Pogona vitticeps) 4

European green lizard
(Lacerta viridis) 1

Leopard gecko
(Eublepharis macularius) 2

Panther chameleon
(Furcifer pardalis) 2

Round island skink
(Leiolopisma telfairii) 2

Spiny-tailed monitor
(Varanus acanthurus) 1

Teratoma
(benign)

7/219
(3.2%)

Central bearded dragon
(Pogona vitticeps) 1

Desert grassland whiptail lizard
(Cnemidophorus uniparens) 2

Green iguana
(Iguana iguana) 3

Lau banded iguana
(Brachylophus fasciatus) 1

Teratoma
(malignant)

3/219
(1.4%)

Central bearded dragon
(Pogona vitticeps) 1

Green iguana
(Iguana iguana) 2

Thyroid carcinoma
(malignant)

3/219
(1.4%)

Marbled velvet gecko
(Oedura marmorata) 1

Centralian rough-knob tail gecko
(Nephrusus amyae) 1

Smooth knob-tail gecko
(Nephrusus levis) 1

Undifferentiated sarcoma
(malignant)

2/219
(0.091%)

Chuckwalla
(Sauromalus obesus) 1

Five-lined skink
(Eumeces fasciatus) 1

[1–11,14–112].

3.2.2. ESCRA

Squamous cell carcinoma was the most represented neoplasia (n = 8) followed by
spindle cell sarcoma (n = 4) (Table 3). Skin (n = 6) and skin/scales of the head region
(n = 6) were the most commonly identified sites of neoplasia. Malignant neoplasia (n = 40)
was more represented than benign neoplasia (n = 7), with many other cases not having
identified malignancy information (n = 9). A lack of metastasis (n = 7) was slightly more
common than the presence of metastasis (n = 5), with an unknown presence of metastasis
being most common (n = 43).
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Table 3. Frequency of the most prevalent neoplasms from the ESCRA database with identified
affected lizard species, malignancy behavior, and represented individuals reported.

Neoplasia
(Malignancy Behavior)

Frequency
Affected Species
(Scientific Name)

Represented
Individuals

Chromatophoroma
(benign)

1/55
(1.8%)

Veiled chameleon
(Chamaeleo calyptratus) 1

Chromatophoroma
(malignant)

1/55
(1.8%)

Central bearded dragon
(Pogona vitticeps) 1

Leukemia
(malignant)

2/55
(3.6%)

Central bearded dragon
(Pogona vitticeps) 2

Lymphosarcoma
(malignant)

2/55
(3.6%)

Central bearded dragon
(Pogona vitticeps) 1

Western banded gecko
(Coleonyx variegatus) 1

Myxosarcoma
(malignant)

2/55
(3.6%)

Central bearded dragon
(Pogona vitticeps) 2

Papilloma
(benign)

1/55
(1.8%)

Green iguana
(Iguana iguana) 1

Papilloma
(unknown)

1/55
(1.8%)

Veiled chameleon
(Chamaeleo calyptratus) 1

Sarcoma
(malignant)

1/55
(1.8%)

Central bearded dragon
(Pogona vitticeps) 1

Sarcoma
(unknown)

1/55
(1.8%)

Central bearded dragon
(Pogona vitticeps) 1

Spindle cell sarcoma
(malignant)

4/55
(7.3%)

Blotched blue-tongued lizard
(Tiliqua nigrolutea) 1

Central bearded dragon
(Pogona vitticeps) 2

Leopard gecko
(Eublepharis macularius) 1

Squamous cell carcinoma
(malignant)

7/55
(12.7%)

Central bearded dragon
(Pogona vitticeps) 4

Leopard gecko
(Eublepharis macularius) 1

Panther chameleon
(Furcifer pardalis) 2

3.3. Treatment Information
3.3.1. Literature

Treatment was more commonly not pursued (n = 161) than pursued (n = 31), with
surgery being the most common treatment performed (n = 25) followed by chemother-
apy alone (n = 3), radiation therapy alone (n = 2), and surgery with chemotherapy
(n = 1) (Table 4).
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Table 4. Frequency of the most prevalent treatments sought for lizards with neoplasia from literature
sources with average survival time, species, and identified neoplasia reported.

Treatment Frequency
Average

Survival Time
(Months)

Species
(Scientific Name)

Neoplasia

Chemotherapy only 3/219
(1.4%) 3.5

Central bearded dragon
(Pogona vitticeps) Squamous cell carcinoma

Emerald monitor
(Varanus prasinus) Leukemia

Radiation only 2/219
(0.91%) 19.5

Central bearded dragon
(Pogona vitticeps) Myxosarcoma

Green iguana
(Iguana iguana) Lymphoma

Surgery only 25/219
(11.4%) 10.4

Beaded lizard
(Heloderma horridum) Adenocarcinoma

Blue-tongued skink
(Tiliqua scincoides) Squamous cell carcinoma

Central bearded dragon
(Pogona vitticeps)

Carcinoma, anaplastic sarcoma, myxoma,
peripheral nerve sheath tumor, teratoma,

squamous cell carcinoma

Day Gecko
(Gekko phelsuma) Chromatophoroma

European Green lizard
(Lacerta viridis) Papilloma

Green iguana
(Iguana iguana)

Adenoma, benign melanophoroma,
chromatophoroma, granulosa cell tumor,
adrenal cortical adenocarcinoma, adrenal

cortical adenocarcinomas, multifocalc
cholangiocarcinoma, teratoma

Lau banded iguana
(Brachylophus fasciatus) Teratoma

Leopard gecko
(Eublepharis macularius) Chromatophoroma

Marbled velvet gecko
(Oedura marmorata) Thyroid carcinoma

Panther chameleon
(Furcifer pardalis) Squamous cell carcinoma

Savannah monitor
(Varanus exanthematicus) Mesothelioma

Veiled chameleon
(Chamaeleo calyptratus) Chromatophoroma

3.3.2. ESCRA

The pursuit of treatment was either unknown or not attempted for the majority
of cases (n = 36), compared to instances of treatment (n = 19). Surgery was the most
common treatment performed (n = 17), followed by chemotherapy alone (n = 1) and
surgery combined with radiation therapy (n = 1) (Table 5).
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Table 5. Frequency of the most prevalent treatments sought from the ESCRA database of lizards with
neoplasia with average survival time, species, and identified neoplasia reported.

Treatment Frequency
Average

Survival Time
(Months)

Species
(Scientific Name)

Neoplasia

Chemotherapy
only

1/55
(1.8%) Not reported Central bearded dragon

(Pogona vitticeps) Leukemia

Surgery and
radiation

1/55
(1.8%) Not reported Central bearded dragon

(Pogona vitticeps) Anaplastic sarcoma

Surgery only 17/55
(30.9%) 9.75

Central bearded dragon
(Pogona vitticeps)

Fibrosarcoma, myxosarcoma,
sarcoma, spindle cell sarcoma,

squamous cell carcinoma,
chondrosarcoma

Fat-tailed gecko
(Hemitheconyx caudicinctus) Neurofibrosarcoma

Green anole
(Anolis carolinensis) Carcinoma

Green iguana
(Iguana iguana) Sertoli cell tumor

Leopard gecko
(Eublepharis macularius) Squamous cell carcinoma

Panther chameleon
(Furcifer pardalis)

Squamous cell carcinoma,
papilloma

Veiled chameleon
(Chamaeleo calyptratus) Chromatophoroma

3.4. Case Outcome and Survival Times
3.4.1. Literature

Case outcome information was available for 89 of the identified cases. Death or
euthanasia due to neoplasia (n = 25) and the individual still being alive (n = 25) were the
most commonly known outcomes. Death due to unknown causes (n = 11) and death not
due to neoplasia (n = 1) were also identified. Case outcomes were unknown for the majority
of cases (n = 130). Survival time information was available for 108 of the identified cases,
ranging from 0 months to 56 months (4.6 years) after the time of diagnosis with neoplasia
until death. Mean survival time was 20.0 months (1.7 years), with a median survival time
of 0 months.

3.4.2. ESCRA

Case outcome information was available for 41 of the identified cases. Death or
euthanasia due to neoplasia was the most common outcome identified (n = 17), with
death or euthanasia due to non-neoplastic causes (n = 14) and unknown status of survival
(n = 14) as the next largest groups, followed by the individuals still being alive (n = 9). Only
1 individual was identified to have died from unknown causes. Survival time information
was available for 13 of the identified cases, ranging from 0 months to 30 months (2.5 years)
after the time of diagnosis with neoplasia until death. Mean survival time was 10.3 months,
with a median survival time of 2 months.

3.5. Prognosis

The significance of predictor variables on individual outcomes was estimated using
boosting and permutation as described above and applied to each of the literature and
ESCRA sample populations. This provided estimations for the impact of a given variable
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on whether an individual case would result in death from diagnosed neoplasia or survival
or death from other causes (referred to as “non-neoplastic outcomes” in this paper).

3.5.1. Combined Data from Literature and ESCRA

Komodo dragons and savannah monitors were the species identified as being sig-
nificantly more likely to die due to neoplasia (p < 0.05). Panther chameleons and round
island skinks were significantly associated with non-neoplastic outcomes of death (p < 0.05).
Leukemia and islet cell carcinoma were significantly associated with death due to neoplasia
(p < 0.05). Chondrosarcoma, myxosarcoma, osteosarcoma, and squamous cell carcinoma
were significantly associated with non-neoplastic outcomes (p < 0.05). Surgery alone and
radiation therapy alone each were significantly associated with non-neoplastic outcomes,
while lizards not receiving treatment were significantly associated with death due to neo-
plasia (p < 0.05). Unknown sex was significantly associated with non-neoplastic outcomes
of death (p < 0.05), whereas unknown life stage was significantly associated with death due
to neoplasia (p < 0.05). Benign neoplasia was significantly associated with non-neoplastic
outcomes of death (p < 0.05), and an unknown status of being benign or malignant was
associated with death due to neoplasia (p < 0.05). The tumor location of the liver was sig-
nificantly associated with death due to neoplasia, while some of the other tumor locations
were significantly associated with non-neoplastic outcomes of death (p < 0.05) (Table 6).
A contrast in survival times relating to death being due to neoplasia (with or without
treatment) compared to non-neoplastic outcomes is shown in Figure 1. For both benign
and malignant neoplasia, neoplasia without treatment exhibits a faster rate of mortality
in comparison to neoplasia with treatment. Malignant neoplasia also exhibits a faster rate
of mortality in comparison to benign neoplasia. For malignant neoplasia, non-neoplastic
outcomes of death were intermediate in the rate of mortality compared to neoplasia without
treatment and neoplasia with treatment.

Figure 1. Kaplan–Meier survival plot of survival percentages according to status of neoplasia and
treatment. + symbols are for right-censored data (i.e., still alive). Shaded areas show 95% confidence
intervals. (a) Cases of malignant neoplasia in lizards, including those dying from non-neoplastic
cause. (b) Cases of benign neoplasia in lizards.
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Table 6. Predictor variable values of lizards with neoplasia that had significant association with
treatment outcomes based on boosted modeling from the combined data of reviewed literature
sources and the ESCRA database.

Predictor Variable Variable Value
Sample

Size
Outcome a

Benign vs. malignant
Benign 20 0.10 b

Unknown 6 −0.073 b

Histological
diagnosis

Chondrosarcoma 2 0.028 b

Islet cell carcinoma 3 −0.038 b

Leukemia 4 −0.060 b

Myxosarcoma 2 0.027 b

Osteosarcoma 3 0.040 b

Squamous cell carcinoma 3 0.12 b

Life stage Unknown 7 −0.077 b

Sex Unknown 17 0.074 b

Species

Komodo dragon
(Varanus komodoensis) 3 −0.038 b

Panther chameleon
(Furcifer pardalis) 4 0.046 b

Round island skink
(Leiolopisma telfairii) 2 0.025 b

Savannah monitor
(Varanus exanthematicus) 5 −0.070 b

Spiny-tailed monitor
(Varanus acanthurus) 2 0.027 b

Treatment
Surgery alone 35 0.12 b

Radiation alone 2 0.031 b

No treatment 52 −0.13 b

Tumor location

Abdominal organ (gastrointestinal
and alimentary) 3 0.046

Arm/leg (joint/bone/cartilage) 2 0.028 b

Jaw 2 0.027 b

Kidney 2 0.031 b

Liver 4 −0.053 b

Pancreas 3 0.042 b

Skin/scales (head region) 4 0.049 b

a Outcome effect is relative to positive or negative outcomes with each clinical report scored as +1 and 0,
respectively. Negative outcome is death due to neoplasia, and positive outcome is non-neoplastic (survival or
death to non-neoplastic cause). b Significance of outcome effect based on p < 0.05.

3.5.2. Literature

Malignant neoplasia was significantly associated with death due to neoplasia
(p < 0.05). Radiation alone and surgery alone were significantly associated (p < 0.05)
with non-neoplastic outcomes of death, while no treatment was significantly associated
with death due to neoplasia (p < 0.05). Chondrosarcoma, osteosarcoma, and squamous
cell carcinoma were significantly associated with non-neoplastic outcomes (p < 0.05),
while papilloma was significantly associated with death due to neoplasia (p < 0.05). Tu-
mor location in the hematopoietic/lymphatic system was significantly associated with
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death (p < 0.05). No metastasis was significantly associated with death due to neoplasia
(p < 0.05), while unknown sex was significantly associated with non-neoplastic outcomes
of death (Table 7). Round island skinks were significantly associated with non-neoplastic
outcomes of death (p < 0.05), while savannah monitors were significantly associated with
death due to neoplasia (p < 0.05). Jaw and skin tumor locations were significantly associated
with non-neoplastic outcomes of death (p < 0.05), while bone marrow and liver tumor
locations were significantly associated with death due to neoplasia (p < 0.05).

Table 7. Predictor variable values of lizards with neoplasia that had significant association with
treatment outcomes based on boosted modeling from the reviewed literature sources.

Predictor Variable Variable Value
Sample

Size
Outcome a

Benign vs. malignant Malignant 41 −0.076 b

Histological diagnosis

Chondrosarcoma 2 0.046 b

Osteosarcoma 3 0.062 b

Papilloma 2 −0.068 b

Squamous cell carcinoma 7 0.14 b

Metastasis No 39 −0.077 b

Sex Unknown 16 0.095 b

Species

Round island skink
(Leiolopisma telfairii) 2 0.039 b

Savannah monitor
(Varanus exanthematicus) 4 −0.083 b

Treatment

Radiation only 2 0.054 b

Surgery only 20 0.095 b

No treatment 29 −0.14 b

Tumor location

Bone marrow 3 −0.069 b

Jaw 2 0.042 b

Liver 4 −0.079 b

Skin 5 0.093 b

a Outcome effect is relative to positive or negative outcomes with each clinical report scored as +1 and 0,
respectively. Negative outcome is death due to neoplasia, and positive outcome is non-neoplastic (survival or
death from non-neoplastic cause). b Significance of outcome effect based on p < 0.05.

3.5.3. ESCRA

Cases where the status of metastasis was unknown or the life stage (juvenile or adult) was
unknown were significantly more likely to die due to non-neoplastic causes of death (p < 0.05).
Benign neoplasia and the adult life stage were significantly associated (p < 0.05) with death
due to non-neoplastic causes of death. Papilloma was unexpectedly found to be significantly
associated with death due to neoplasia (p < 0.05). Surgery alone was significantly associated
(p < 0.05) with death due to non-neoplastic causes, while no treatment was significantly asso-
ciated with death due to neoplasia (p < 0.05). Tumor location in the gastrointestinal/hepatic
system was significantly associated with death due to neoplasia, while tumor location in the
gastrointestinal and alimentary parts of the abdominal organ were significantly associated
with death due to neoplasia (p < 0.05) (Table 8).
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Table 8. Predictor variable values of lizards with neoplasia that had significant association with
treatment outcomes based on boosted modeling from the ESCRA database.

Predictor Variable Variable Value
Sample

Size
Outcome a

Benign vs. malignant Benign 6 0.13

Unknown 6 −0.13

Life stage Adult 34 0.085 b

Unknown 6 −0.11 b

Treatment
Surgery only 15 0.18 b

No treatment 23 −0.13 b

Tumor location Abdominal organ
(gastrointestinal/alimentary) 5 −0.094 b

a Outcome effect is relative to positive or negative outcomes with each clinical report scored as +1 or 0, respectively.
Negative outcome is death due to neoplasia, and positive outcome is non-neoplastic (survival or death due to
non-neoplastic cause). b Significance of outcome effect based on p < 0.05.

4. Discussion

Exotic animal oncology is still a developing field of study within veterinary medicine
with large gaps in the understanding of disease progression, prognosis, and treatment [113].
This lack of understanding of exotic animal oncology is partly due to a lack of research
focused on characterizing disease in these animals. This issue results in a large amount of
extrapolation from the understanding of similar neoplastic diseases in cat, dog, and human
models. The purpose of this study was to increase the knowledge of neoplasia in lizards
specifically and to evaluate the effects of neoplasia on individual animals by exploring the
relationships between different variables and patient outcomes. This information could be
used to aid in the management of similar clinical cases by providing insight into factors
that may positively or negatively affect a patient’s ultimate outcome.

Through this study, we sought to evaluate neoplasia in lizards by investigating the
literature as well as a database mainly containing unpublished data on tumor cases. The
combination of these two data sources produced a broader range of predictions than either
data source analyzed alone. Our approach in using both ESCRA and published datasets
for the analyses therefore provided a more informative evaluation of the clinical treatment
of neoplasia in lizards.

Consensus between predictions stemming from each separate data source were limited
and were specific to negative prognoses for cases having no treatment attempted and
positive prognoses for cases involving having surgery only. ESCRA uses a standardized
approach to collecting relevant clinical information. Unfortunately, a similar guideline for
published data in the literature does not exist and would have improved comparisons.
The literature was also substantially affected by the publication bias of unique cases, first-
reported treatments, or first-reported deaths. Another issue impacting consensus may relate
to how it was determined if a patient died due to underlying neoplasia or another cause,
which is reliant on the interpretation of the treating veterinarian, pathologist, or researcher.

It does appear that the measurement of survival times is useful in interpreting the
association of treatment with neoplasia prognoses. Further investigation would ideally
collect information on tumor response (size over time) and other time series data, which
would lead to better information regarding clinical intervention strategies for neoplasia
in lizards.

While evaluating the species represented in this study, two species (Komodo dragons
and savannah monitors) were identified as being statistically more likely to die due to
neoplasia than non-neoplastic outcomes. Conversely, panther chameleons and round
island skinks were identified as being statistically more likely to die due to non-neoplastic
outcomes than neoplasia. These species were not among the most represented species
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within the literature data, with representation being at n = 5 or less, so additional prevalence
or incidence investigation is needed to determine if each finding is a true species difference,
influenced by limited sample size, or a publication bias.

Of the neoplasms identified in this study, islet cell carcinoma and leukemia cases
within the combined data of the literature and ESCRA data sources were associated with
death due to neoplasia. Papilloma cases were also associated with death due to neoplasia,
but only within the literature data source. Chondrosarcoma, myxosarcoma, osteosarcoma,
and squamous cell carcinoma cases from the combined data of the ESCRA and literature
data sources were found to be significantly associated with non-neoplastic outcomes of
death. The findings concerning papillomas were unexpected due to the typical behavior
of the neoplasms. Possible explanations for these findings may be advanced life stage,
concurrent systemic disease, owner decisions to pursue euthanasia, excessive size of the
neoplasm that inhibited movement, eating or normal life actions, or other complications
that lead to death due to other reasons. Additional investigation should be undertaken to
confirm these findings, as a better understanding of the general progression and severity
of a disease and the effectiveness of treatment is of great clinical importance. Compared
to this, squamous cell carcinoma cases were found to have the greatest association with
non-neoplastic outcomes. This neoplasia, while typically significantly locally aggressive,
can often be managed with adjunctive therapies that allow an animal to survive long
enough to die from non-neoplastic causes [114] and may represent a true association.

Of the combined set of 274 cases, metastasis was reported for only 6.6% of these cases.
The presence of metastasis was unknown in the majority of cases evaluated (73%). The
reason for having a majority of cases where metastasis data is not reported is most likely
due to a lack of thorough post-mortem testing on all tissues in these retrospective cases
to confirm or deny the presence of metastasis. The encouragement of full necropsies of
representative tissues will improve the future evaluation of lizard neoplasia cases to assess
metastasis. Benign neoplasia was expectedly associated significantly with outcomes of
survival or death due to non-neoplastic causes in the ESCRA data set. Malignant neoplasia
was significantly associated with death due to neoplasia in the literature data set. Generally,
treatment was not sought in the majority of all cases (81%). A lack of treatment was found
to significantly negatively impact patient outcomes. Multiple factors can play into the
decision to seek treatment or not, including the type of neoplasm present, the current
condition of the patient, the availability of different treatments, and personal factors for
the owner. It is not unexpected that the lack of treatment would lead to euthanasia or the
death of the animal due to the underlying neoplasia. Without addressing the underlying
disease process, most neoplasms will negatively affect the quality of life and lifespan of an
individual over time.

Sex as a variable was not found to have a significant association with case outcome,
but cases where sex was not reported were found to be significantly associated with death
due to non-neoplastic causes. In reviewing the cases of individuals with unknown sex
included in this study, it was observed that the majority of cases also experienced a lack
of treatment by the owners, which, as discussed above, was shown to be significantly
associated with neoplasia-related death. This may reflect a lack of investment in the
animals by the owners or could be a reflection of the significant effect of not seeking
treatment for these conditions. Regardless, these animals appeared to survive or to die of
non-neoplastic causes, and ongoing investigation and statistical analysis is indicated to
confirm this association. The surgical removal of neoplasia had a significant association
with averting death due to neoplasia and had a greater effect in this regard than treatment
with radiation therapy alone. This is consistent with previous publications investigating
neoplasia in lizards [1,113]. Surgical excision is the basis of most oncological treatment
procedures, and even if no further treatment is performed, it is known to prolong the
duration and quality of life in veterinary patients. Surgical excision gives a chance for the
complete removal of the neoplasia, through which the best prognosis can be achieved [115].
Treatment protocols remain a developing aspect of exotic animal oncology, and precise
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dosing and choice of medications are still being established [14,113]. An even greater range
of positive outcomes in patients receiving treatment of different modalities may result once
more refined protocols are created and used with greater frequency.

5. Conclusions

Multiple predictor variables were significantly associated with death or euthanasia due
to neoplasia. Some of the greatest effects in this association were for lizards not receiving
treatment, tumors of the liver, leukemia, and tumors for which the statuses of life stage
and of being benign versus malignant were unknown. Conversely, the greatest effects of
predictor variable values for lizards that did not die due to neoplasia were due to those
receiving radiation alone, those with benign tumors, squamous cell carcinoma tumor types,
and tumors of the skin/scales head region. In general, treatment for neoplasia contributed
to longer survival times in contrast to the rapid rate of death associated with animals dying
of neoplasia that did not receive treatment.
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Simple Summary: This report describes the diagnostic evaluation and therapy of a bearded dragon
with an irregular mass within its body cavity. Initially, the eight-year-old lizard was presented with
unspecific clinical symptoms (reduced overall condition and reduced forage intake). A round-shaped
mass was determined by physical examination. The irregular structure subsequently was visualized
by ultrasonography. After two days of stabilization therapy in the clinic, the mass was removed
surgically under general anesthesia. The histological examination of the irregular tissue revealed
a pancreatic tumor. Neoplasms of the pancreas are rare in lizards, and successful treatment and
long-term survival are not commonly reported. The lizard recovered slowly but gradually after the
surgical procedure and regained regular forage intake and behavior within three weeks. Long-term
survival was confirmed by follow-ups within two years after the surgery.

Abstract: An adult, 362 g, male, intact inland bearded dragon (Pogona vitticeps) was admitted to a
veterinary clinic due to a temporary cloacal prolapse and a two-week history of reduced overall
condition and forage intake. Physical examination revealed an approximately 2 × 1 cm round-
shaped, rigid intracoelomic tissue mass. Multiple sand deposits were present on the cloacal mucous
membranes, though no signs of cloacal prolapse were present. The lizard was otherwise responsive
but showed reduced body tension and movement behavior. Initial fecal examination revealed a
high-grade oxyuriasis. A 2 × 1.5 cm sized intracoelomic, well-vascularized, round-shaped mass
was subsequently visualized by ultrasonography. After a two-day stabilization therapy, the intra-
coelomic mass was removed by performing a standard ventral coeliotomy under general anesthesia.
Histopathological examination of the excised mass revealed an acinar pancreatic adenocarcinoma
with infiltration of the peritumorous connective soft tissue. The lizard remained at the clinic for a
further seven days. Its postsurgical condition improved slowly. However, the lizard started regular
forage intake 10 days after surgery, and general behavior enhanced constantly within the following
three weeks. The animal was presented for a follow-up six weeks after surgery, showing bright and
alert behavior with no signs of disease or illness. The lizard was re-examined 20 months after the
initial presentation due to a reduced overall condition and reduced food intake. Blood chemistry
evaluation revealed markedly decreased protein parameters, and moderate ascites was identified
ultrasonographically. A distinct association with the preceding neoplastic disease could not be made,
and the lizard returned to its regular condition under supportive therapy within three weeks. To
the authors’ knowledge, this is the first report of successful treatment of a pancreatic carcinoma in a
bearded dragon.

Keywords: lizard; neoplasia; pancreatic disease; ultrasonography; histopathology; coeliotomy

1. Introduction

Diagnosis of pancreatic disease in reptiles is challenging, as clinical signs are often
nonspecific and indicative signs, like pronounced changes in blood parameters, are lacking
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compared to mammalian medicine [1]. Accurate diagnoses of pancreatic diseases in reptiles
are oftentimes based on postmortem examinations.

Pancreatic neoplasia reports in reptiles are rare [2]. For lizards, multihormonal islet cell
carcinomas have been described for Komodo dragons (Varanus komodoensis) [3]. A pancre-
atic glucagonoma was found in a rhinoceros iguana (Cyclura c. figgensi) [4]. A retrospective
study of neoplasms of captive lizards in the United Kingdom evaluated 158 tumors, reveal-
ing a prevalence of pancreatic neoplasia in 1.3% of all tumor diseases [5]. Survey-based data
on long-term outcome of pancreatic neoplastic disease in lizards are not available. Disease is
usually found to be in an advanced stage by the time of presentation [1]. Clinical symptoms
like lethargy, anorexia and weakness are pronounced but nonspecific [1]. Treatment attempts
should include nutritional support, fluid therapy, and analgesia [1,2]. However, most animals
are euthanized due to severe clinical conditions and poor prognosis [1].

2. Clinical Case

2.1. History and Clinical Examination

An eight-year-old, 362 g, male inland bearded dragon (Pogona vitticeps) raised under
human care was presented to the veterinary clinic due to a temporary cloacal prolapse.
Also, the animal owner reported a three-week history of progressing lethargy and re-
duced forage intake. Husbandry conditions included a 180 × 60 × 60 cm glass terrarium
with a temperature gradient of 24–29 ◦C (75–85 ◦F) and a basking area of 35 ◦C (95 ◦F).
The animal owner provided an ultraviolet light source for 10 h/day and maintained a
40–50% humidity within the terrarium. The daily diet included various herbs, salads,
and vegetables. Insects (crickets, cockroaches) were given twice a week and were con-
stantly dusted with supplemental calcium powder. The animal owner did not report any
pre-existing disease or medical problem in the lizard.

Clinical examination revealed a good body condition. However, the lizard showed
reduced body tension and movement behavior. An approximately 2 × 1 cm round-shaped,
rigid intracoelomic tissue mass in the middle third of the medial right coelom was identified
by coelomic palpation. Minor sand deposits were stuck at cloacal mucous membranes,
though no signs of cloacal prolapse were present. Based on the general examination, no
other abnormalities than those mentioned above were present. Upon case history and gen-
eral examination, neoplastic disease of different coelomic organs (intestinals, spleen, liver,
gallbladder, pancreas) and an intracoelomic abscess were the main differential diagnoses.

2.2. Diagnostic Procedures

Initial diagnostic methods included parasitological fecal examination, radiography,
and ultrasonography. The animal owner declined a blood examination due to financial
restrictions. Microscopic fecal examination at 100× magnification revealed a high infesta-
tion of oxyurids (>20 eggs per field of view) and a low-grade flagellate infestation. Under
manual restraint, dorsoventral and horizontal beam lateral radiographic projections were
performed (Figure 1; digital X-ray; detector system: Fujifilm Console Advance DR-ID
300 CL, Fujifilm Europe GmbH, Düsseldorf, Germany; tube system: Gierth X-ray Interna-
tional GmbH, Riesa, Germany; film focus distance FFD 60 cm, 50 kV, 5 mAs). The lateral
radiograph was insufficient for any evaluation due to a technical issue. On the dorsoventral
view, the medial right coelom was filled with soft-tissue material and hypodense areas
(moderately filled gastrointestinal tract and gastrointestinal gas). Mineral opacities were
visible in the left coelom, indicating deposits of foreign material (sand or similar anor-
ganic substrate) in the large intestine. Both lung fields were visible on the dorsoventral
radiograph, though superimpositions with the gastrointestinal tract did not allow a clear
evaluation of the entire lung field size. No distinct intracoelomic lesion was determinable
upon radiography. Ultrasonographic examination under manual restraint and in dorsal
recumbency (Micro curved array transducer, 5–9 MHz; Vivid 7 Dimension; GE Healthcare
GmbH, Solingen, Germany) with transverse and longitudinal views from the ventral cou-
pling site showed an approximately 2 × 1.5 cm round-shaped, intracoelomic mass located

138



Animals 2024, 14, 1976

in the middle third of the medial right coelom. The structure was surrounded by intestinal
and fat body tissue (Figure 2). However, the mass showed good vascularization, and
demarcation to surrounding tissue was clearly feasible (Figure 3). No other abnormalities
of coelomic organs were visualized during the ultrasound examination.

Figure 1. Dorsoventral radiograph of an eight-year-old bearded dragon (Pogona vitticeps). No
indicative coelomic alterations are visible.

Based on the ultrasonographic findings and the reduced clinical condition, the pre-
sumptive diagnosis for the intracoelomic mass was a neoplastic disease involving the
gastrointestinal tract. Distinct organ affiliation could not be interpreted at this stage. Fur-
ther diagnostic imaging, including a coelioscopy (and, if possible, a biopsy of the affected
tissue), might have been reasonable. However, the animal owner declined any further
diagnostic testing. An explorative coeliotomy as a treatment attempt was conducted. The
animal preoperatively was treated with fluid administration (20 mL/kg SC SID; Stero-
fundin, ISO 1/1 E, B. Braun Melsungen AG, Melsungen, Germany), analgetic therapy
(0.3 mg/kg SC SID; Meloxicam; Metacam 2 mg/mL, Boehringer Ingelheim GmbH, Ingel-
heim, Germany), and housing in the species’ preferred optimal temperature zone (POTZ)
over a period of two days.
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Figure 2. Transverse ultrasonographic image of the medial right coelom in a bearded dragon acquired
with a 5 to 9 MHz micro curved array transducer (penetration depth 3 cm; frequency 15 MHz) showing
an approximately 2 × 1.5 cm round-shaped, irregular intracoelomic mass (arrows). Additionally, the
gastrointestinal tract (medial, here: to the left of the mass) and fat body (lateral, here: to the right of
the mass) are visible and closely related to the mass.

Figure 3. Transverse ultrasonographic image of the medial right coelom in a bearded dragon acquired
with a 5 to 9 MHz micro curved array transducer and Color Doppler evaluation (penetration depth
2 cm; frequency 15 MHz). Note the distinct vascularization of the round-shaped intracoelomic mass
(arrows). Additionally, gastrointestinal tract (medial, here: to the left of the mass) and fat body
(lateral, here: to the right of the mass) are visible and closely related to the mass.

General anesthesia was induced with hydromorphone (1 mg/kg IM; Hydromorphon
2 mg/mL, hameln pharma GmbH, Hameln, Germany), ketamine (10 mg/kg IV; Ketamin
100 mg/mL, CP-Pharma Handelsgesellschaft mbH, Burgdorf, Germany) and medetomidine
(0.1 mg/kg IV; Cepetor 1 mg/mL, CP-Pharma Handelsgesellschaft mbH). The bearded
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dragon was intubated with a modified 14-gauge IV catheter. Anesthesia was maintained
using inhalant isoflurane (1–3%) and oxygen (0.8 L/min) via intermittent positive-pressure
ventilation. Anesthesia monitoring included monitoring the heart and respiratory rate
as well as cloacal temperature. Thermal support was provided throughout the surgical
procedure. The lizard was placed in dorsal recumbency and, after a standardized aseptical
preparation using an iodine solution (Jodosept®, Vetoquinol GmbH, Ismaning, Germany)
and chlorhexidine, a coeliotomy using a ventral paramedian approach was performed.
After a skin incision with a scalpel blade (#11), the ventral abdominal muscles and the
peritoneal membrane were incised stepwise using Metzenbaum scissors. A prominent,
round-shaped, well-vascularized mass in the medial right mid-coelom was identified. The
tan-colored bulging tissue with an uneven but smooth surface was closely related to the
small intestines and even more closely adjacent to pancreatic tissue. However, no capsule-
like demarcations were visibly connected to further organs and the mass was resected
completely. An extensive hematoma was present in between the pancreatic tissue, small
intestines, and the irregular mass lesion. It was removed partly using Metzenbaum scissors,
as its inseparable connection with the surrounding small intestine and pancreatic tissue did
not allow for a complete extirpation. No resection or incision of regular small intestine and
pancreatic tissue was performed. The surgical procedure was proceeded by a thorough
coelomic inspection and lavage with sterile warm fluids (Sterofundine ISO 1/1 E, 15 mL; B.
Braun AG, Melsungen, Germany). Conclusively, stepwise standard closure of the coelom
with a continuous over-and-over one-layer suture for the peritoneal membrane and ventral
abdominal muscles (Polyglycolide, coated, absorbable), as well as simple interrupted skin
sutures (Polyglycolide, coated, absorbable), was performed.

2.3. Postoperative Care and Follow-Up

The lizard recovered slowly from anesthesia. Despite administering a reversal agent
of atipamezole (0.1 mg/kg IM; atipamezole 5 mg/mL, CP-Pharma Handelsgesellschaft
mbH, Burgdorf, Germany) and fluids (20 mL/kg SC BID, Sterofundin, ISO 1/1 E) post-
operatively, the lizard remained unresponsive, with markedly decreased reflexes and no
signs of independent movement behavior for the first 18 h postoperatively. However,
fluids (20 mL/kg SC BID; Sterofundin, ISO 1/1 E) and analgetic therapy (Meloxicam
0.3 mg/kg SC SID; Tramadol, 10 mg/kg every 48 h IM; Tramadolhydrochloride 50 mg/mL,
Dechra Veterinary Products GmbH, Aulendorf, Germany) were proceeded and an antibiotic
treatment (10 mg/kg SID SC; Enrofloxacin, Baytril 25 mg/mL, Elanco GmbH, Cuxhaven,
Germany) was started. The patient’s behavior improved continuously on day one post
surgical procedure.

On the second day after surgery, the animal’s body tension and reflexes returned to
their full extent. The animal also regained independent movement behaviour. Postsurgical
therapy for three days included the fluid, analgetic and antibiotic treatment mentioned
above as well as supportive care with sucralfate (50 mg/kg SID PO; Sucrabest®, Combustin
GmbH, Hailtingen, Germany), forced feeding (15 mL/kg SID PO; Oxbow Critical Care
Herbivore, Oxbow Pet Products, Murdock, NE, USA) and UV-radiation therapy for 15 min
daily. The lizard was released from the clinic three days after surgery. The owner continued
oral therapy with enrofloxacin (prescribed for further ten days), meloxicam (seven days),
tramadol (five days), sucralfate (seven days) and forced feeding (salad and herbs every
48 h, and crickets twice per week). Three days later, the owner presented the bearded
dragon with markedly reduced movement behavior and body tension and anorexia. Blood
sampling and a follow-up ultrasonography were recommended to the animal owner but
rejected due to financial restrictions. The patient was treated in the clinic for a period
of another three days, continuing the therapy mentioned, which included enrofloxacin
(10 mg/kg SID SC), Meloxicam (0.3 mg/kg SC SID), tramadol (10 mg/kg every 48 h IM),
fluids (20 mL/kg SC BID; Sterofundin, ISO 1/1 E), sucralfate (50 mg/kg SID PO) and
forced feeding (daily). Its general condition improved, and one week after release from
the clinic the owner reported slow but constant progress in the animal’s condition. The
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lizard regained regular food intake after 16 days. Its overall condition was evaluated as
unremarkable in a follow-up six weeks after surgery. The healing of the incision site on the
ventral coelom was unremarkable, and all skin sutures were removed.

The lizard was re-examined 20 months after the initial presentation due to a reduced
overall condition and appetite. Clinically, it showed nonspecific symptoms, including a
reduced body tension and moderately weakened overall condition. Based on the general
examination, no other abnormalities than those mentioned above were present. Ultrasonog-
raphy of the coelom under manual restraint in dorsal recumbency identified moderate
ascites, but no other distinct findings relating to any of the coelomic organs were found.
Also, the coelomic area of the previous surgery revealed no abnormalities. Blood collection
from the ventral tail vein was performed using a 22G cannula (0.5 mL, lithium-heparine).
Blood chemistry evaluation revealed markedly decreased protein parameters (total protein
1.95 g/dL (3.0–8.1 g/dL), albumin 1.02 g/dL (1.2–4.0 g/dL), references according to Exotic
Animal Formulary, J. Carpenter, fifth edition, 2018). All other blood parameters were
evaluated to be within the species-specific references. Differential diagnoses included
various liver and gastrointestinal diseases. Any further plausible diagnostic procedures
(complete blood cell count, ascites sampling, coelioscopy, magnetic resonance imaging)
including stationary therapy were declined by the animal owner. A supportive therapy
for the lizard included furosemide (5 mg/kg SID PO; furosemide 50 mg/mL, cp-pharma,
Handelsgesellschaft mbH, Burgdorf, Germany), a liver-supporting product (50 mg/kg SID
PO; Legaphyton®, Vetoquinol S.A., Lure, France), and forced feeding of a high-protein diet
(raising the number of cockroaches and crickets from 2–3 up to 7–8 weekly). The lizard’s
condition improved, and the animal regained regular food intake three weeks later. The
animal owner neither presented the lizard for the follow-up appointment four weeks later
nor any later follow-up.

2.4. Histological, Immunohistochemical and Electron Microscopical Evaluation

The surgically removed mass was fixed in 10% neutral buffered formalin, routinely
embedded in paraffin, and 2–3 μm sections were stained with hematoxylin and eosin (H&E)
for histologic examination.

Histological examination of the completely excised tissue revealed a well-differentiated
moderately cell-dense demarcated multinodular neoplastic mass with an acinar growth
pattern that extended multifocally into the organ capsule (Figure 4A,B). The mass replaced
normal pancreatic architecture. Upon multiple cross sections, no endocrine islets were
detectable. The multifocally dilated acinar structures consisted of cuboidal to columnar
tumor cells. Throughout the tumor, a strong eosinophilic, slightly granular staining of the
apical cytoplasm was seen, indicating the presence of cytoplasmic zymogen granules (white
arrows, Figure 4C). The medium-sized or large nuclei of the tumor cells were located in the
periphery of the cells and had prominent nucleoli (black arrows, Figure 4C). Sometimes
tumor cells with vacuolated cytoplasm and vesicular appearing nuclei were found (black
arrowheads, Figure 4C). There was moderate anisocytosis and anisokaryosis with nucleolar
pleomorphism. Mitotic figures were not seen. Between the tumor cells, a scant amount of
fibrovascular stromal tissue was present. The mass was surrounded by a rim of connective
tissue (interpreted as organ capsule) which had multiple hyperemic blood vessels, a mild
focal hemorrhage, and multifocal infiltration by tumor cells (Figure 4D). Based on the
histomorphology, an acinar pancreatic carcinoma was suspected.
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Figure 4. Pathomorphological findings in the surgically excised mass, bearded dragon. (A) Overview
of the multinodular pancreatic mass (asterisks) with capsular infiltration (arrow) and central fibrosis
(F). Hematoxylin-Eosin (HE). Bar = 500 μm. (B) Low magnification of one nodule (asterisk) high-
lighting that nodules are unencapsulated but well demarcated (arrows) and paler than surrounding
tissue. HE. Bar = 500 μm. (C) Tumor cells are arranged in tubulo−acinar structures with bright
pink granular material in the apical cytoplasm (white arrows). The cells exhibit prominent nucleoli
(black arrows) and the partly vesicular appearance of nuclei (black arrowheads). HE. Bar = 50 μm.
(D) Multifocally tumor cells were present within the capsule (arrowheads) as well as extracapsular
adjacent to blood vessels (arrow). The dashed line indicates the thickness of the fibrous capsule
(C). HE. Bar = 100 μm (E) A diffuse centroacinar immunolabeling of tumor for pan-cytokeratin
was detected. The immunolabeling represents the reaction that can be observed in normal exocrine
pancreas of bearded dragons (insert). IHC for pan-cytokeratin. Bar = 20 μm. (F) Ultrastructurally,
epithelial tumor cells surrounding an empty lumen (L) were detected. Within the cytoplasm, large
amounts of rough endoplasmic reticulum (rER) were present in the perinuclear areas. In addition,
moderately electron-dense, well-demarcated granules were seen in the apical cytoplasm of the tumor
cells resembling zymogen granules (ZG). Transmission electron microscopy. Bar = 2500 nm.

To confirm the diagnosis, additional testings have been applied to the samples.
Periodic acid-Schiff (PAS) reaction and PAS reaction with diastase digestion were

used for demonstration of zymogen granules. Immunohistochemistry (IHC) on paraffin
sections was carried out using the avidin−biotin complex (ABC) technique and primary
mouse monoclonal antibodies to pan-cytokeratin (panCK, clone AE1/AE3: 1:500), vimentin
(clone V9: 1:100), and neuroendocrine markers, i.e., synaptophysin (clone DAK-SYNAP;
1:500), and neuron-specific enolase (NSE, clone BBS/NC/VI-H14: 1:100). In addition, a
rabbit polyclonal antibody against bovine chromogranin A (bovine pituitary secretory
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protein chromogranin, SP1 CrgA: 1:2000) was applied. All antibodies were purchased
from Dako Deutschland GmbH, Hamburg, Germany (now Agilent Technologies GmbH,
Waldbronn, Germany). As secondary antibodies, biotinylated goat anti-mouse and goat
anti-rabbit antibodies (each 1:200) were used. Signal enhancement was achieved with the
avidin−biotin−peroxidase complex kit (VECTASTAIN® Elite® ABC-Kit, Vector Labora-
tories, Inc., Burlingame, CA, USA). Peroxidase activity was detected using 0.1% H2O2
with 3,3′-diaminobenzidine solution as the chromogen. Sections were counterstained
with Mayer’s hematoxylin. All immunohistochemical reactions included positive control
archival tissue of bearded dragon intestine and pancreas, as well as appropriate canine
tissues. As negative controls, respective dilutions of immunoglobulin isotypes or rabbit
serum replaced the primary antibodies (Supplementary Table S1).

All H&E and IHC slides were digitized using the Olympus VS200 digital slide scanner
(Olympus Deutschland GmbH, Hamburg, Germany). Representative images of slides were
exported with the OlyVIA software (Olympus Deutschland GmbH, Hamburg, Germany;
www.olympus-lifescience.com/de, accessed on 2 March 2024).

Transmission electron microscopy was performed by re-embedding H&E-stained
paraffin sections in epoxy resin using the pop-off technique described by Lehmbecker
et al. [6]. Slides were evaluated with an EM906-transmission electron microscope (Carl
Zeiss CMP GmbH, Göttingen, Germany). Pictures were recorded on a CCD-digital camera
(TRS Tröndle Restlichverstärkersysteme, Moorenweis, Germany).

The PAS reaction showed that PAS-positive zymogen granules were present in the
cytoplasm of tumor cells and that their numbers varied from numerous to frequent between
different areas of the tumor. Also, the number of cells with diastase-resistant cytoplas-
mic zymogen granules varied from frequent to uncommon between different areas of
the tumor. Immunohistochemically, tumor cells showed a positive diffuse centroacinar
immunolabeling for panCK. (Figure 4E). In addition, multifocally single to few acinar
tumor cells showed a homogenous cytoplasmic staining. No labeling was observed with
all other applied markers (vimentin, NSE, CrgA, synaptophysin). Immunolabeling for
pan cytokeratin resembled the pancreatic pattern observed in the control tissue of another
bearded dragon (insert, Figure 4E). Altogether, the findings of the immunohistochemical
examination mentioned above confirmed the diagnosis of an acinar pancreatic carcinoma.

Transmission electron microscopical examination revealed the presence of zymogen
granules in the apical cytoplasm of tumor cells. Zymogen granules were distinct, round,
and had a homogenous and sometimes fine granular appearance. They showed a slight
to medium electron density, and their number varied between different tumor cells (ZG,
Figure 4F). In addition, high amounts of rough endoplasmic reticulum are present in the
tumor cells (rER, Figure 4F).

3. Discussion

Diseases of the reptile pancreas are not commonly reported. However, several dif-
ferential diagnoses should be considered relating to the case reports in the literature [1].
Herpes viral inclusion bodies, as well as arenavirus and ferlavirus related inclusion bodies,
have been found to affect the pancreas in snakes [7,8]. Also, differential diagnoses of pan-
creatic neoplasia include pancreatitis, which has also been described for reptile species [2].
Acute necrotizing pancreatitis, as in mammals, can be a result of the escape and activation
of pancreatic enzymes, leading to severe inflammation processes [1]. Depending on the
location and severity of the inflammation, both exocrine and endocrine portions of the
pancreas may be involved. Also, pancreatitis can be described as being associated with
endoparasitic infection [2]. Migratory nematodes and trematodes might cause damage
to pancreatic tissue. They might also trigger secondary bacterial inflammation processes.
Validated blood chemistry values might be highly beneficial as elevated enzyme parameters
could serve as pancreatitis markers. However, validation of these enzymes has not yet been
established for reptiles. Therefore, diagnostic imaging methods, mainly ultrasonography
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and endoscopy (coelioscopy), represent important diagnostic tools for further verification
of pancreatitis and other pancreatic disorders.

In the present case, ultrasonography was used for diagnostic clarification. Ultrasound
examination represents a valuable tool for the assessment of bearded dragons and the
visualization of most, but not all, coelomic structures [9]. However, a clear association of the
intracoelomic mass to a specific organ could not be determined with the imaging techniques
used. Further imaging techniques have not been established to reliably identify the pancreas
in bearded dragons. A coelioscopy, including taking a biopsy of the affected tissue, might
have been a reasonable diagnostic tool for further diagnostic workup. Nevertheless, a
subsequent explorative coeliotomy was preferred by the authors due to the poor overall
condition of the lizard.

The pancreatic gross anatomy of lizards is described as being trilobed, with each lobe
extending toward the gallbladder, duodenum, and spleen, respectively [10,11]. Intraopera-
tively, the mass lesion’s close anatomical position adjacent to pancreatic tissue and the small
intestines made different tentative diagnoses feasible. Pancreatitis appeared unlikely due
to the physiological gross anatomy of the visible pancreatic tissue. Small intestine neoplasia
was a potential diagnosis due to the lesion’s anatomical localization. However, intact
intestinal passage and unremarkable integrity of the intestines did not support this option.
A tentative diagnosis of pancreatic neoplastic disease was made due to the anatomical lo-
calization and the heterogeneous, well-vascularized texture of the tissue mass most closely
related to the pancreatic tissue. Grossly, the surgically removed pancreatic carcinoma of this
bearded dragon appeared as a focal, solitary, round-shaped, tan-colored, bulging, nodular
mass with an uneven but smooth surface. These macroscopical features resemble those
described for acinar pancreatic carcinoma in humans, dogs, and cats [12–14]. Based on
the histopathological findings, demonstration of zymogen granules by PAS and TEM and
the immunohistochemical positivity of tumor cells for panCK obtained on the surgically
excised mass, a well-differentiated acinar pancreatic carcinoma was diagnosed. According
to the literature, cells of acinar cell carcinoma of the pancreas contain cytokeratins 8 and
18, and these two cytokeratins react with broad spectrum cytokeratin antibodies such as
AE1/AE3, which has been demonstrated in human, canine, and feline acinar cell pancreatic
carcinomas [12,14–18].

In addition, the lack of immunolabeling for neuroendocrine markers favors the diag-
nosis of an exocrine pancreatic tumor. The infiltration of tumor cells through the capsule in
the present case is indicative of a malignant tumor, as is reported in domestic mammals [16].
Due to the necessity of evaluating capsular and/or vascular invasion, the total excision of
detected potential endocrine tumors should be preferred. Due to the malignant characteris-
tics of the pancreatic tumor, the risk of metastatic spread was conclusive. An ideal follow-up
management of the animal in this report would have comprised regular follow-up exami-
nations, including ultrasound, radiographic and computed tomography examinations for
screening any recurring neoplastic (and metastatic) tumor emergences [16].

Retrospective studies have shown that exocrine pancreatic carcinomas are rare in
both older dogs and cats [13,14]. In contrast to humans, the majority of canine and feline
pancreatic carcinomas have an acinar growth pattern, while ductal carcinomas occur less
frequently [13,14]. As described for acinar pancreatic carcinomas in humans and cats [12,14],
and in a report about a pancreatic clear acinar cell carcinoma in one dog [18], the acinar
tumor cells of the pancreatic carcinoma in the bearded dragon examined in this study
expressed panCK. Ultrastructurally, zymogen granules were demonstrated in the tumor
cells of the neoplastic tissue of this bearded dragon, as already reported for humans and
one dog with acinar pancreatic carcinoma [12,17]. Besides histology, positive PAS reaction
and positivity for panCK, the presence of intracytoplasmic zymogen granules in tumor
cells is described as being one of the most important diagnostic features of acinar pancreatic
carcinomas in humans [18] and was also described in one dog [17].

Several reports describe the occurrence of neoplasms in the alimentary tract of bearded
dragons, including different types of gastric and intestinal carcinomas, most frequently
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being neuroendocrine carcinomas [19–21]. Furthermore, reports on one case each of a
gall bladder carcinoma [22] and a round cell tumor of liver and spleen exist [23]. In the
retrospective study by Kubiak et al. [5], only three of 43 neoplasms affecting the alimentary
tract of lizards were of pancreatic origin. In one of these three cases, a round cell sarcoma
was present in the pancreas and intestines of a bearded dragon. In two animals, belonging
to a different species of lizard, an undifferentiated carcinoma and an islet cell carcinoma of
the pancreas were found, respectively. However, in none of the aforementioned reports
described a pancreatic carcinoma. Database searches (Web of Science, Scopus, CABI,
PubMed and Google Scholar) for ‘neoplastic disease in reptiles’, ‘tumor and metastasis’,
‘pancreatic carcinoma in bearded dragons’ covering the years 1924–2023 were negative for
a report of a pancreatic carcinoma in a bearded dragon.

The lizard’s clinical condition 20 months after the initial presentation with moderate
ascites and marked hypoproteinemia might be related to re-emerging pancreatic and/or
further gastrointestinal disorders. However, etiologies for ascites and hypoproteinemia are
diverse, including liver, kidney, or cardiopulmonary disease [1]. Due to the patient’s clinical
improvement under supportive therapy and the financial impairments of the animal owner,
no further diagnostic methods were conducted to evaluate possible etiologies.

4. Conclusions

Pancreatic neoplasms are rarely diagnosed in bearded dragons. Establishing a pro-
found diagnosis is challenging. However, pancreatic neoplasia should be considered as a
differential diagnosis for intracoelomic mass lesions. High-risk treatment attempts can be
rewarding if they utilize surgical extirpation of neoplastic tissue and thorough perioperative
care.
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Simple Summary: Tortoises and turtles (chelonians) are routinely presented in veterinary practice
because of their reproductive disorders. Although egg binding in chelonians can often be resolved
with conventional therapy, the diagnosis and treatment of complicated cases of egg binding and
various other disorders of the reproductive tract in chelonians often require a more advanced thera-
peutic approach. If surgical intervention is required, endoscope-assisted techniques comprise the
least invasive and thus preferred surgical approach. In cases where the use of endoscope-assisted
procedures is not feasible, the reproductive tract needs to be accessed through the plastron (transplas-
tron coeliotomy). The present report describes the diagnostic and surgical approach applied in seven
cases of female chelonians with reproductive disorders. The therapeutic efficacy largely relies on the
choice of minimally invasive endoscope-assisted surgery versus transplastron coeliotomy.

Abstract: Throughout the last decades, the increased popularity of the keeping of reptiles has led to a
better understanding of the captive needs of a wide variety of species. Although this is reflected by the
successful captive reproduction in many of those species, reproductive disorders such as preovulatory
follicular stasis, postovulatory dystocia, secondary yolk coelomitis, and prolapse of the oviduct and
male copulatory organ are commonly encountered in veterinary practice. In comparison to squamates,
chelonians with postovulatory dystocia seem to be more responsive to oxytocin treatment, even in
cases of chronic dystocia. There are various conditions, however, that necessitate the use of surgical
procedures for the treatment of dystocia and other reproductive disorders in chelonians. Although
restrictions may be encountered, the endoscope-assisted prefemoral approach is the least invasive
and thus preferred technique instead of the ventral transplastron coeliotomy. The present report
describes the diagnostic and surgical approach applied in seven cases of female chelonians with
reproductive disorders. The therapeutic efficacy largely relied on the choice of minimally invasive
endoscope-assisted surgery versus transplastron coeliotomy that was primarily dictated by the
involved species, etiology, and associated pathology.

Keywords: chelonians; coeliotomy; endoscopy; oophorectomy; transplastronectomy

1. Introduction

The increased popularity of reptile pets has led to continued advances in husbandry
and nutrition and the successful breeding of a wide variety of species. Nevertheless,
reproductive disorders such as preovulatory follicular stasis (PFS) and dystocia are still
some of the most frequently observed disorders in the reptile patient [1,2]. Follicular activity
and ovulation can occur in solitary female reptiles, mostly resulting in the production of
infertile ova. Although PFS and dystocia are mostly seasonal problems, environmental
control in captivity may result in reproductive activity throughout the year, especially in
nontemperate species [1–3].

Dystocia can be classified into obstructive or nonobstructive dystocia. Obstructive
dystocia is caused by a barrier that prevents the normal passage of eggs or feti through the
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oviduct or cloaca and may be related to a maternal or fetal abnormality including deforma-
tion of the pelvis, space-occupying processes in the coelomic cavity, oviductal strictures,
adhesive salpingitis and eggs or feti with an abnormal shape, size, or mineralization as well
as broken or damaged eggs [2]. Nonobstructive dystocia can be attributed to a wide variety
of primary etiologies, including inappropriate environmental factors and malnutrition,
mainly those that result in calcium deficiency, or any disorder that results in a poor physical
condition of the female. The etiology is mostly multifactorial, and often it is challenging to
obtain a proven causation [1,2].

True nonobstructive dystocia is routinely treated with the administration of oxytocin
or, if available, arginine vasotocin, but therapeutic efficacy is variable and seems to be
higher in chelonians than in squamates [4,5]. If medical treatment fails or if a permanent
solution is desirable, surgical intervention is required. In squamates, reproductive surgery,
mainly consisting of oophorectomy, salpingotomy, and/or salpingectomy, is routinely and
relatively easily performed through coeliotomy. Surgical intervention for the treatment
of dystocia and other reproductive disorders in chelonians, on the other hand, is more
challenging due to the constraints of the chelonian shell [6,7]. Whenever possible, the mini-
mally invasive endoscope-assisted prefemoral approach is the preferred technique instead
of the ventral transplastron coeliotomy. The latter is largely dictated by the anatomical
characteristics of the involved species, and especially in cases of obstructive dystocia, the
primary and secondary pathologies [6–9].

The present report describes the diagnostic and therapeutic approach of reproductive
disorders in seven cases of female chelonians with an emphasis on the deciding factors
towards selecting a transplastron coeliotomy or endoscope-assisted surgical approach.

2. Materials and Methods

2.1. Animals and Diagnostic Procedures

The cases in this study involve female chelonians that were presented at a veterinary
teaching hospital with signs that were attributed to a reproductive disorder. Table 1
provides an overview of the species, the age, and bodyweight at initial presentation for
each case, as well as the provided housing and feeding regimen.

Table 1. Overview of chelonian cases with reproductive disorders that were treated with transplastron
coeliotomy (TC) or endoscope-assisted coeliotomy. Tx: treatment; Dx: diagnosis; CT: cystotomy;
OE: oophorectomy; EAO: endoscope-assisted oophorectomy; ST: salpingotomy.

Case nr. Species Age, Body
Weight

Management and Nutrition Clinical Signs Dx Tx Follow-Up
Period

1
Red-eared

slider
(Trachemys

scripta elegans)

29 years,
0.85 kg

Housing: glass tank of 200 L. Heat bulb
installed in the dry part (35 × 50 cm) of
the enclosure creating a local hotspot of

28 ◦C. UV irradiation not provided.
Diet: cat food pellets on a daily basis.
Co-housed with a female (20 yrs) and

male (18 yrs) red-eared slider.

Apathy,
anorexia

Scirrhous
ovarian

carcinoma,
chronic egg

binding

TC,
OE 24 months

2
Yellow-bellied

slider
(Trachemys

scripta scripta)

14 years,
1.185 kg

Housing: aquarium containing 120 L of
water and dry area (50 × 50 cm) covered

with sand as a substrate. Ultraviolet
irradiation provided with an average

temperature at the basking spot of 27 ◦C.
Diet: commercial cat food pellets

combined and gammarus on a
daily basis.

Co-housed with a female yellow-bellied
slider of the same age.

Apathy,
anorexia

Ectopic eggs,
coelomitis,
chronic egg

binding

EAO 48 months

149



Animals 2022, 12, 3439

Table 1. Cont.

Case nr. Species Age, Body
Weight

Management and Nutrition Clinical Signs Dx Tx Follow-Up
Period

3

Common
snapping turtle

(Chelydra
serpentina)

32 years,
11.2 kg

Housing: outside pond (6 × 3 × 1.2 m)
where the animals hibernated from

early September to late April.
Diet: adult mice and liver twice a week.
Co-housed with a male snapping turtle

of the same age.

Post-
hibernation

anorexia
Granulomatous

oophoritis EAO 18 months

4
Black marsh

turtle
(Siebenrockiella

crassicollis)

19 years,
0.34 kg

Housing: inside pond of 80 L and a dry
area of 80 × 80 cm with cocopeat as

substrate. UV irradiation provided with
hotspot of 29 ◦C.

Diet: commercial turtle pellets, liver
once every 2 days.

Co-housed with two females and a male
black marsh turtle of the same age. UV
irradiation was provided in the dry part

and a water part of 80 L was present.

Apathy,
anorexia

Bacterial
salpingitis ST 12 months

5
Red-eared

slider
(Trachemys

scripta elegans)

22 years,
1.1 kg

Glass tank of 150 L with a dry part
(40 × 30 cm) provided with local hot

spot of on average 27 ◦C created by an
UV irradiation heat bulb.

Diet: commercial turtle pellets on a
daily basis.

Co-housed with a male and female
red-eared slider of the same age.

Tenesmus,
buoyancy
disorder

Obstructive
dystocia

TC,
ST,
OE

18 months

6
Hermann’s

tortoise
(Testudo

hermanni)

51 years,
0.98 kg

Housing: outside enclosure of 6 × 3 m
with glass house of 80 × 50 × 80 cm.

Individually housed.
Diet: herbs and vegetables on a

daily basis.

Apathy,
anorexia,

dehydration

Chronic egg
binding,

oviductal
invagination

TC,
ST,
OE

8 months

7
Hermann’s

tortoise
(Testudo

hermanni)

5 years,
0.630 kg

Housing: terrarium of 150 × 60 × 40 cm
with wood chips as a substrate. A heat
lamp creating a local hotspot of 27 ◦C
on average. Neither UV irradiation,

calcium, nor vitamin supplementation
were provided.

Co-housed with a male Hermann’s
tortoise of same age.

Diet: vegetables on a daily basis.

Anorexia,
apathy,

dyspnea

Dystocia,
ectopic eggs

within urinary
bladder

TC,
CT,
OE

6 months

If a radiographic examination was performed, radiographic projections comprised
a laterolateral and craniocaudal projection (horizontal beam) as well as a dorsoventral
projection (vertical beam). An ultrasonographic examination was performed using an
8–15 MHz microconvex transducer using the prefemoral coupling window. Unless stated
otherwise, ultrasonographic abnormalities were confined to the reproductive tract.

2.2. Anesthetic Procedures

In all cases, an identical anesthetic and analgesic protocol was used consisting of intra-
venous (IV) induction of anesthesia with alfaxalone (10 mg/kg, Alfaxan Multidose, Jurox
Limited, Crawley, UK) administered via the right jugular vein and intubation with an un-
cuffed endotracheal tube. Anesthesia was maintained with 1.5–2% isoflurane (Isoflo, Abbott
Logistics B.V., Breda, The Netherlands) in 1 L medical oxygen per minute with intermittent
positive-pressure ventilation. In case of performing a transplastron coeliotomy, morphine
was administered perioperatively at 2 mg/kg (IM, Morphine HCL Sterop 10 mg/mL,
Laboratoires Sterop NV, Brussels, Belgium) and tramadol (5 mg/kg, PO, Tramadol EG, Eu-
rogenerics NV, Brussels, Belgium) postoperatively. For the endoscope-assisted prefemoral
approach, local infiltration with 2 mg/kg lidocaine (Xylocaine 1%, Aspen Pharma Trad-
ing Limited, Dublin, Ireland) of the prefemoral incision site was performed prior to the
start of the surgery, and meloxicam was administered perioperatively (0.3–0.5 mg/kg, IM,
Metacam 20 mg/mL, Boehringer Ingelheim, Vetmedica GmbH, Ingelheim, Germany).
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2.3. Surgical Procedures

Routine considerations for preanesthetic evaluation and surgical preparation were
performed, and fasting times varied between 24 and 36 h. The chelonians were encouraged
to defecate and urinate before surgery by stimulation of the cloaca using a cotton tip
applicator or shallow bathing in the turtles and testudinid species, respectively.

For the endoscope-assisted prefemoral procedures, a routine approach as previously
described by Innes and Hernandez-Divers [10] and Proença and Divers [11] was used to
enter the coelomic cavity with the animal placed in lateral recumbency. Depending on the
species and/or the surgical aim, a left or bilateral prefemoral approach was applied.

Transplastron coeliotomies were performed as described by Divers and Wüst [6] and
special preoperative considerations included assessing the plastron thickness, including
its expansion towards the plastrocarpacial bridge, and locating the hinge region and the
degree of access required to perform the procedure. An oscillating sagittal saw was used
to incise the plastron, and the caudal cut was generally made incomplete, leaving a few
millimeters of bone thickness and allowing the segment to break spontaneously when
lifting the segment with a periostal elevator. The latter was considered to help stabilizing
the loose segment during closure and increased the chance of maintaining blood supply
and thus primary healing. Entry into the coelomic cavity was achieved by making a midline
incision of the coelomic membrane between the abdominal veins in the Testudo species and
a unilateral paramedian incision in the (semi-)aquatic species. For closure of the plastron
incision, veterinary acrylic (Technovit 6091, Kulzer GmbH, Hanau, Germany) was used.

3. Results

3.1. Case 1

A 29-year-old female red-eared slider (Trachemys scripta elegans) was presented with
anorexia and apathy after 2 weeks. During the past 22 years, the turtle annually produced
4 to 6 eggs and had no clinical history. Radiographic projections (Figure 1A,B) revealed the
presence of 5 eggs located at the right side of the caudal coelomic cavity. Three eggs had an
irregular shape, and one egg had an unusual small size and seemed to be fused with one of
the other eggs. All eggs showed abnormally thickened shells, and a lamellar appearance
was noticed in the most cranial egg. A generalized soft tissue opacity occupying the entire
coelomic cavity was noted, causing obvious compression of the lung field on the latero-
lateral (Figure 1B) and craniocaudal projection. An ultrasound confirmed the presence
of retained eggs and the presence of a large soft tissue mass measuring approximately
11.5 × 6.1 cm (Figure 1C) at the left-mid- to caudal coelomic cavity. The mass showed a
heterogenic appearance, and a color doppler examination revealed pronounced vascular-
ization. The latter findings yielded obstructive dystocia and chronic egg retention caused
by a space-occupying mass.

Taking into account the size of the mass and the presence of multiple retained eggs
with an abnormal appearance, the transplastron coeliotomy was chosen as the most ap-
propriate surgical procedure for this case. The mass appeared to originate from the right
ovary. Following ligation and resection of the mass, static displacement of the heart, liver,
gastrointestinal tract, and left oviduct to the right coelomic cavity was noted. Based on a
visual inspection, no signs of metastasis could be observed. Next, a bilateral salpingotomy
was performed to remove two eggs from each oviduct followed by the oophorectomy of
the right ovary that showed an inactive and normal appearance. Recovery from anesthesia
was uneventful, and the turtle showed a good appetite and normal behavior the day after
surgery. The histological examination of the ovarian mass revealed a cell-rich tissue that
was growing infiltrative in dense collagen stroma (Figure 1D). The neoplastic cells were
organized in islets to multi-layered tubules and showed a moderate amount of clear, polyg-
onal cytoplasm. The nuclei were pale with a small nucleolus, and the number of mitosis
per high power field was less than one. A histological diagnosis of a scirrhous ovarian
carcinoma was made. During a 2-year follow-up period, the turtle showed a good general
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condition, and based on the ultrasonography and radiographic examination performed
6 and 18 months after surgery, no indications of neoplastic disease could be noted.

 

Figure 1. Chronic egg binding associated with a scirrhous ovarian carcinoma in a red-bellied slider
(Trachemys cripta elegans). (A) Dorsoventral radiographic projection: 5 eggs located at the right side
of the caudal coelomic cavity. An irregular shape is noted in 3 eggs and all eggs show abnormally
thickened shells with a lamellar appearance in the most cranial egg. One egg has an unusual
small size and is fused with one of the other eggs (arrow). (B) Generalized soft tissue opacity of
the coelomic cavity with obvious compression of the lung field on the left laterolateral projection.
(C) Postoperative view after removal of the ovarian neoplasia and retained eggs. (D) Histological
section of a scirrhous ovarian carcinoma (Hematoxylin and eosin stain) composed of a cell-rich
tissue that is growing infiltrative in dense collagen stroma. Neoplastic cells are organized in islets to
multi-layered tubules.

3.2. Case 2

A 19-year-old female yellow-bellied slider (Trachemys scripta scripta) was presented
because of anorexia and having displayed overactive behavior for two weeks. During
the past 10 years, the turtle had produced two clutches of eggs per year with, on average,
8 eggs per clutch. During the past 5 years, recurrent episodes of dystocia were resolved
following the administration of oxytocin by a local vet. Two days before initial presentation,
the turtle had received 3 administrations of oxytocin (IM, Oxytocine Kela 10 IU/mL, Kela
Veterinaria NV, Antwerpen, Belgium) at 15 IU/kg without effect. An ultrasound revealed
the presence of at least 2 oval-shaped eggs, and a radiographic examination (Figure 2A,B)
confirmed the presence of 4 eggs with a well-mineralized but thin shell. Three eggs had an
abnormal shape, and one egg showed an abnormally small size. The most caudal, large
egg showed a vertical position and was located cranial to the pelvis inlet.

Based on these findings, and especially because of the positioning of the most caudal
egg, obstructive dystocia was presumed, and an endoscope-assisted left coeliotomy was
performed. All eggs appeared to be free in the coelomic cavity. Despite the large size of
the eggs relative to the size of the prefemoral incision, an endoscope-assisted localization
and manipulation of the eggs followed by bilateral oophorectomy was attempted instead
of performing a transplastron coeliotomy. Taking into account the diameter of the eggs in
relation to the size of the prefemoral incision, ovocentesis needed to be performed using a
19 gauge needle. After aspiration of the content of the eggs, the eggshells were collapsed
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and exteriorized. Once the eggs were removed, a bilateral oophorectomy was performed
via the left prefemoral fossa. No indications of oviductal rupture were found. Recovery
was uneventful, and one week postoperatively the turtle displayed a normal and active
behavior, and the appetite was restored. The turtle remained healthy during a 4-year
follow-up period.

 

Figure 2. Laterolateral (A) and craniocaudal (B) radiograph (horizontal beam) of a yellow-bellied
slider (Trachemys scripta scripta) revealing the presence of 4 ectopic eggs with 3 eggs that have a
well-mineralized but thin shell and an abnormal shape. The fourth egg has an abnormally small
size. The long axis of the most caudal, large egg showed a vertical position and is located in the right
caudal coelomic cavity cranial to the pelvis inlet.

3.3. Case 3

A 32-year-old female common snapping turtle (Chelydra serpentina) was presented
because of post-hibernation anorexia. The turtle was housed together with a male of the
same age in an outside pond where the animals hibernated from early September to late
April. Although mating behavior had been noticed, the female never produced eggs.

A radiographic examination did not reveal abnormalities, but based on the ultrasound,
both ovaries contained previtellogenic follicles as well as a large number of heterogeneous
vittelogenic follicles with an average diameter of 1.2 cm showing an anechogenic central
core and a peripheral anechoic rim. Blood was collected from the jugular vein for a serum
biochemistry profile and hematological evaluation. Besides hypercalcemia (14.9 mg/dL),
the serum biochemistry did not reveal abnormalities in comparison to physiological refer-
ence intervals [12], and a complete blood cell count revealed pronounced heterophilia and
monocytosis. Based on these findings, a presumptive diagnosis of oophoritis was made,
and an endoscope-assisted oophorectomy was planned, taking into account the typically
nonrestrictive prefemoral fossa in this mature snapping turtle. Following a routine left
prefemoral approach to the coelom, the ipsilateral ovary was located, and a 3 mm atrau-
matic forceps was used to grasp the interfollicular tissue and retract the ovary to the prefemoral
incision. Next, the whole ovary was gently exteriorized and the mesovarium dissected using
radiosurgery. Following the same procedure, the contralateral ovary was removed.

The macroscopic appearance of both ovaries (Figure 3A,B) complied to the ultrasono-
graphic findings with adhesions of multiple follicles to the coelomic wall, and a bilateral
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oophorectomy was performed. A moderate amount of free coelomic fluid with a blurry
appearance and diphtheroid plaques at the serosal surface of the liver were noticed. As the
snapping turtle showed persistent anorexia following surgery, force-feeding was performed
every 3 days. A histological examination of ovarian tissue revealed the presence of a small
number of previtellogenic follicles and multiple vitellogenic follicles that contained protein
globules surrounded by large numbers of foamy macrophages and giant cells (Figure 3C).
Occasionally, aggregates of lymphocytes, plasma cells, and heterophils were noticed. In the
ovarian parenchyma, the multifocal presence of cholesterol crystals that were surrounded
by macrophages and giant cells could be observed (Figure 3D). Ziehl Neelsen staining
was negative. A histological diagnosis of granulomatous inflammation with the formation
of cholesterol granulomas, presumably caused as a reaction to the leakage of yolk, was
made. A microbiological examination of ovarian tissue yielded negative results. Four
weeks postoperatively, the turtle regained her appetite and was sent home. During the
first months of an 18-month follow-up period, the owner stated that the appetite largely
exceeded the appetite that was seen preoperatively, and 6 months postoperatively the
bodyweight had increased to 12.3 kg. After adapting the feeding schedule, the body weight
was reduced to the preoperative body weight 3 months later and remained stable until the
end of the 18 month follow-up period.

 

Figure 3. (A) Left prefemoral coelioscopic view of the left ovary in a common snapping turtle
(Chelydra serpentina) with oophoritis. Previtellogenic and a large number of excessively vascularized
early vitellogenic follicles can be observed. (B) Several follicles show adhesions to the coelomic
membrane. (C) Histological section of the ovarian tissue (Hematoxylin and eosin stain). Note the
presence of multiple follicles surrounded by large numbers of foamy macrophages and giant cells.
(D) In the ovarian parenchyma, the multifocal presence of cholesterol crystals (arrows) surrounded
by macrophages and giant cells can be observed.
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3.4. Case 4

A 19-year-old female black marsh turtle (Siebenrockiella crassicollis) was presented with
pronounced apathy and anorexia after one week. During the previous year, the turtle had
produced 2 to 4 fertilized eggs each year. Based on a radiographic examination, a mild but
decreased mineralization of the skeleton and a large, excessively mineralized egg were seen
in the left caudal coelomic cavity, while in the right caudal coelomic cavity, the remnants of
an eggshell could be noticed (Figure 4A,B). An ultrasound confirmed the presence of a well-
developed egg in the left oviduct and a hyperechoic structure surrounded by a moderate
amount of mildly hyperechoic fluid in the right oviduct. As the turtle did not respond to
3 injections with oxytocin at increasing doses of 5, 10, and 15 IU/kg administered at 2 h
intervals, an endoscope-assisted bilateral salpingotomy was planned. The prefemoral fossa
was deemed nonrestrictive, and it was considered that both oviducts could be reached
using a unilateral approach. Via a routine left prefemoral approach to the coelom, the
ipsilateral oviduct was identified and grasped using a 3 mm atraumatic forceps, and a
left salpingotomy was performed. Obvious inflammation of the oviductal mucosa was
noticed, and a decayed and collapsed eggshell that contained thickened yolk as well as
free fluid was removed from the oviduct and sampled for microbiological examination.
Next, the contralateral oviduct was located and exteriorized via the left prefemoral incision,
and the egg was removed through salpingotomy. Postoperatively, antimicrobial treatment
with amoxicillin-clavulanic acid (20 mg/kg, PO, once daily, 10 days, Synulox 50 mg, Zoetis
Belgium SA, Louvain-la-Neuve, Belgium) was initiated, and the appetite was restored after
four days. A microbiological examination revealed a pure culture of Citrobacter freundii that
was sensitive to the used antimicrobial treatment. The bacterium was presumed to have
established salpingitis following ascending infection, secondary to egg retention and decay.
During a one-year follow-up period, the turtle did not show recurrence of salpingitis. Despite
several mating attempts, the turtle did not ovulate or produce eggs during this period.

 

Figure 4. Ventrodorsal (A) and laterolateral (B) radiograph of a black marsh turtle (Siebenrockiella
crassicollis) showing mild generalized decreased mineralization of the skeleton and a large, excessively
calcified egg in the left caudal coelomic cavity as well as the remnants of an eggshell (arrow) in the
right coelomic cavity.
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3.5. Case 5

A 22-year-old female red-eared slider was presented with buoyancy disorder and
tenesmus after one week. During the past decade, the turtle produced a clutch of 6 to
8 eggs each year. A radiographic examination revealed the presence of 7 eggs with a
well-mineralized shell, but the two most cranial eggs with a normal size as well as an
excessively small egg were collapsed. The most caudal egg had a relatively large size
and was considered to obstruct the pelvis inlet (Figure 5A,B). Based on these findings, a
diagnosis of obstructive dystocia was made, and a transplastron coeliotomy was performed,
taking into account the diagnosis of obstructive dystocia, the large number of eggs, as well
as the abnormal appearance of several eggs and the variable size of the eggs.

 

Figure 5. Ventrodorsal (A) and laterolateral (B) radiograph of a red-eared slider (Trachemys scripta
elegans) with obstructive dystocia revealing the presence of 7 eggs with a well-mineralized shell. The
2 most cranial eggs with a normal size as well as an excessively small egg are collapsed, and the most
caudal egg has a relatively large size and obstructs the pelvis inlet.

Following bilateral salpingotomy, 3 eggs were removed from each oviduct. The most
caudal egg needed to be moved in retrograde using gentle digital manipulation via the
cloaca before it could be removed through the left salpingotomy incision. Next, bilateral
oophorectomy was performed. The day following surgery, the turtle showed good appetite,
and buoyancy was restored one week after the surgery. During an 18-month follow-up
period, an increased food intake was noticed according to the owner which was reflected
by a substantial gain in body weight to 1.35 kg. The transplastronectomy segment was
removed as a bony sequestrum after 6.5 months, and bony growth could be noticed below.
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3.6. Case 6

A 51-year-old female Hermann’s tortoise (Testudo hermanni) was presented because
of chronic egg binding. Based on a ventrodorsal radiograph, the local vet diagnosed the
presence of a presumed egg with an abnormal shape 2 years prior to initial presentation.
Treatment with oxytocin by the local vet did not result in oviposition, and the owner
declined further treatment and did not seek further veterinary advice as the tortoise did
not show clinical signs at that time. Two years after the initial diagnosis, the animal
was irresponsive and anorectic immediately after awakening from hibernation and was
presented 3 weeks later. Based on the clinical examination as well as the biochemistry test
results and hematological evaluation, severe dehydration, moderate hypercalcemia, and
a marked rise in creatinine kinase, in addition to a relatively low PCV (17%) and mild
heterophilia were demonstrated. A radiographic examination revealed a large radiopaque
structure in the left caudal coelomic cavity (Figure 6A). The size, shape, and position of the
structure were identical to the radiographic findings of the local vet.

 

Figure 6. (A) Dorsoventral radiograph of a Hermann’s tortoise (Testudo hermanni) showing a large,
retained egg with an abnormal shape in the left caudal coelomic cavity. (B) Intraoperative view
during transplastron coeliotomy exteriorization of the oviduct containing the retained egg. (C) The
egg after surgical removal from the oviduct.

Following 5 days of rehydration and nutritional therapy, the tortoise showed a marked
improvement of the general condition, and a transplastron coeliotomy was performed to
remove the retained egg from the left oviduct through a salpingotomy. The latter surgical
approach was preferred, taking into account the large size of the retained structure and the
chronicity of the condition. The cranial part of the oviduct seemed to be invaginated into
this opening and could be reposed using digital manipulation (Figure 6B). The structure
seemed to consist of a severely thickened eggshell with a central lumen (Figure 6C). Next,
a bilateral oophorectomy was performed. The tortoise showed an obvious improvement in
general condition and a restored appetite one week after surgery, respectively. During an
8-month follow-up period, the tortoise remained without clinical signs.
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3.7. Case 7

A 5-year-old female Hermann’s tortoise was presented due to showing anorexia for
one week, and apathy as well as open-mouth breathing for two days. Prior to showing
anorexia, the tortoise had shown overactive and nesting behavior for 5 days. The tortoise
showed prominent flattening and pyramiding of the carapace and decreased mineralization
of the shell as well as bilateral distention of the prefemoral fossae. Based on an ultrasound,
an overfilled urinary bladder was noticed as well as well-mineralized eggs that were
considered to be present within the urinary bladder, and a percutaneous cystocentesis was
performed. As the vertical distance between the caudal edge of the carapace and plastron
was considered to be abnormally limited, it was presumed that the eggs had entered the
urinary bladder from the cloacal vestibule through the urodeum and urethral opening as
they could not pass through the vent. A radiographic examination was advised but declined
by the owner. Taking into account the abnormal development of the tortoise as well as the
presence of 4 eggs within the urinary bladder, a transplastron coeliotomy was performed,
and following entry of the coelom, the presence of the eggs within the urinary bladder was
confirmed. Next, a cystotomy was performed as previously described by Divers [13] to
remove the eggs after intraoperative cystocentesis followed by bilateral oophorectomy.

Recovery from the surgery was smooth, and following a week of supportive care and
force-feeding, the appetite was restored. Both management and nutritional advice were
provided to the owner. During a 6-month follow-up period, the tortoise appeared to show
a normal condition.

4. Discussion

The cases in the present report illustrate the successful use of endoscope-assisted
prefemoral surgery as well as transplastron coeliotomy for various reproductive disorders
in several chelonian species. Although most signs at initial presentation could be related
to egg retention in 6 out of 7 cases and chronic retention was demonstrated in 3 cases,
primary conditions such as neoplastic disease as well as secondary complications, such as
salpingitis, ectopic eggs in the coelomic cavity or urinary bladder, and coelomitis need to
be considered in cases with obstructive or nonobstructive dystocia [1,2,14].

Although transplastron coeliotomy is considered as an invasive procedure, it has been
documented as an effective and safe procedure for the treatment of reproductive and other
disorders (e.g., cystic calculus removal) in various chelonian species [8]. In the present
report, four out of seven cases required the use of transplastron coeliotomy. The use of this
technique versus an endoscopy-assisted prefemoral approach should be well-considered,
and in chelonians this choice is primarily dictated by the involved species. In chelo-
nian species with nonrestrictive prefemoral fossae (e.g., C. serpentina, Sternotherus spp.,
Terrapene spp., softshell turtles) [15], the endoscope-assisted surgery of reproductive dis-
orders is often possible. Depending on the size of the animal, the size and number of
retained eggs, or other pathology of the reproductive tract as well as complicating factors, a
uni- or bilateral approach can be used [6]. As previously documented, endoscope-assisted
oophorectomy usually can be performed through a single fossa in Trachemys sp. [6,10],
as demonstrated for the cases involving terrapins as well as the snapping turtle in the
present study. In the terrapins with the ovarian carcinoma (case 1) and the obstructive
dystocia (case 5), a prefemoral approach would not have allowed successful treatment,
while in the yellow-bellied slider (case 2) and the black marsh turtle (case 4), the prefemoral
approach was adequate and a single point of entry proved to be sufficient for the removal
of retained eggs and performing of a bilateral oophorectomy in the slider. In the latter case,
however, intraoperative ovocentesis was necessary in order to remove multiple eggs from
the coelomic cavity.

Taking into account the signalment of the described cases, it is noteworthy that 6 out
of 7 cases had an average to relatively old age [15]. Several of the described cases had
successfully produced clutches of eggs prior to developing dystocia and other reproductive
disorders. Although several reproductive disorders in chelonians may be expected to be
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seen more frequently in aged animals (e.g., neoplastic disease) and solitary females [2],
we do not consider the age as a fundamental risk factor in the development of reproduc-
tive disorders, and five out of seven cases in the present study were co-housed with a
conspecific male.

Specifically, nutritional secondary hyperparathyroidism (NSHP) and other disorders
that cause calcium deficiency are considered to predispose the development of dystocia
and PFS in reptiles [2]. In the present study, mild to severe signs of skeletal demineral-
ization were demonstrated in the black marsh turtle (case 4) and the Hermann’s tortoises
(cases 6 and 7). Especially in case 7, the retrograde migration of eggs from the cloaca to the
urinary bladder through the urodeum was undoubtedly related to developmental abnor-
malities of the shell that were primarily related to NSHP. Although relatively uncommon,
the authors observed several cases of ectopic eggs in the coelomic cavity in saurian and
chelonian species as seen in the yellow-bellied slider (case 2) and in a Hermann’s tortoise
(case 7). In most cases, the repeated administration of usually high doses of oxytocin seemed
to have a causal relationship with this pathology, especially in cases where obstructive
dystocia was not recognized prior to the start of the treatment [14,16].

Several cases in the present study illustrate that chronic egg retention can be left
unnoticed during long periods of time until secondary complications occur or the primary
cause leads to overt signs. Radiographic signs of chronic egg retention may include
the excessive mineralization of the eggshells that sometimes develops into a lamellar
appearance after a prolonged period of time as observed in several cases in this study.
In addition, abnormally shaped or collapsed eggs and the rupture of the eggshell with
the subsequent development of salpingitis as observed in the black marsh turtle (case 4)
constitute other pathologies that can be related to chronic egg binding.

While postovulatory dystocia, especially obstructive cases, can be considered as one of
the most common reproductive disorders that requires surgical treatment, the prevalence of
true PFS in chelonians seems to be low, and to the authors’ knowledge there are no literature
data that unambiguously demonstrate cases of PFS in chelonians. Although other disorders,
such as ovarian and oviductal neoplasia as described in the first case of this study, are also
relatively rare in chelonians [17], oophoritis and salpingitis as diagnosed in the snapping
turtle (case 3) and the black marsh turtle (case 4), respectively, may be underdiagnosed
in chelonians in comparison to other reptile taxa. This may be largely attributed to the
chelonian shell that hampers easy visualization and sampling of the reproductive tract.

5. Conclusions

There are various reproductive disorders in chelonians that necessitate the use of
surgical procedures. We consider the series of disorders described in the present report as
representative of the reproductive conditions in chelonians that may be encountered in
veterinary practice and that require advanced surgical treatment. The findings of this study
may aid the practitioner in establishing an etiological diagnosis, differentiating between
conditions that need a conservative or surgical approach, and selecting the most suitable
surgical treatment for these and comparable reproductive disorders. Although restrictions
may be encountered, the endoscope-assisted prefemoral approach is the least invasive, and
thus preferred, technique instead of the ventral transplastron coeliotomy. In conclusion,
the therapeutic efficacy for the described cases largely relied on the choice of minimally
invasive endoscopic-assisted surgery versus transplastron coeliotomy that was primarily
dictated by the involved species, etiology, and associated pathology.
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Simple Summary: Three adult female leopard geckos (Eublepharis macularius) belonging to three
different owners were referred to for coelomic distention, anorexia, and weight loss. X-rays showed
the presence of a macrosomic egg set in the third caudal of the coelomic cavity, and the diagnosis of
dystocia was made in all three geckos. A cloacal endoscopic examination was performed on all three
animals. A voluminous egg protruding through the urogenital papilla to the cloaca was visible. All
the eggs were removed easily using endoscopic forceps. In two geckos, the eggshell was torn, and
the content was aspirated to reduce the egg volume. After the procedure, a subcutaneous deslorelin
implant was implanted. All geckos recovered rapidly after surgery. Two of the three geckos were
healthy at the follow-up visit (respectively one and two years after the surgery) and did not show any
signs of dystocia. Only in the third gecko, the dystocia recurred again 6 months later, and bilateral
ovariosalpingectomy was performed. After surgery, the gecko recovered rapidly, resumed eating,
and was discharged after one week of hospitalization in good condition.

Abstract: Dystocia is a multifactorial, life-threatening condition commonly affecting pet reptiles.
Treatment for dystocia can be either medical or surgical. Medical treatment usually involves the
administration of oxytocin, but in some species or, in some cases, this treatment does not work
as expected. Surgical treatments such as ovariectomy or ovariosalpingectomy are resolutive, but
invasive in small-sized reptiles. In this paper, we describe three cases of post ovulatory egg retention
in three leopard geckos (Eublepharis macularius) successfully treated through a cloacoscopic removal
of the retained eggs, after a non resolutive medical treatment. The intervention was fast, non-invasive,
and no procedure-related adverse effects were noted. The problem relapsed six months later in
one animal, and a successful bilateral ovariosalpingectomy was performed. Cloacoscopy should be
considered a valuable, non-invasive tool for egg removal in dystocic leopard geckos when the egg is
accessible to manipulation. Recrudescence or complications such as adhesions, oviductal rupture, or
the presence of ectopic eggs should recommend surgical intervention.

Keywords: Eublepharis macularius; dystocia; endoscopy; reproductive disorders

1. Introduction

Dystocia (egg binding) in reptiles is a common, multifactorial disease [1]. Different
factors of captivity are often related to the occurrence of dystocia, such as inadequate
husbandry (improper temperature gradients or humidity levels, inadequate nesting sites,
overcrowding), poor physical conditions (illness, dehydration, malnutrition), reproduc-
tive apparatus disorders (infectious diseases, traumatic injuries, misshapen or large eggs),
and metabolic diseases (hypocalcemia secondary to nutritional or renal hyperparathy-
roidism) [1,2]. Two common forms of reproductive disorders in reptiles are recognizable:
preovulatory follicular stasis and postovulatory stasis or egg binding. The first form occurs
when egg development stops prior to ovulation after vitellogenesis, resulting in persistent
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follicles and leading to inflammation and eventually rupture, coelomitis, and death [2–4].
The second form, the postovulatory stasis, occurs when the eggs are not laid and retained
inside the oviduct for an indefinite period of time, or ectopic [1,3–5]. In both conditions, the
animal can refuse to eat and its conditions can deteriorate rapidly, leading it to death [4,5].
The diagnosis of postovulatory stasis is usually made by X-ray [4,6,7] due to the radiopacity
of the eggshell. Retained eggs can become overcalcified and appear more radiopaque on
radiographic images [6]. Egg presence can also be assessed through careful palpation of the
mid- or caudal coelom. Vitellogenic follicles during preovulatory stasis are better visualized
and even measured through ultrasound or CT scan [8–11]. Treatment for dystocia can
be either medical or surgical. Medical treatment involves the administration of oxytocin
(1 to 10 UI/kg) intramuscularly (IM) or the administration of arginine vasotocine [12,13].
Oxytocin seems to work better in chelonians than in snakes and lizards [12]. It is generally
used one hour after IM calcium gluconate administration, especially if the blood calcium
level is low [12,14]. Arginine vasotocine seems to be more effective in reptiles than oxytocin,
but the short storage life, high cost, and unlicensed use make this medical treatment option
problematic in clinical practice [12]. Percutaneous ovocentesis is often reported by some
authors as a treatment of dystocia in geckos [7]. However, it carries a high risk of organ
rupture, with consequent coelomitis. If the eggs can be visualized through the cloacal
opening, ovocentesis can be performed to make the eggs collapse and therefore be removed
more easily [3]. Hormonal therapy, such as deslorelin implants, seems to be ineffective in
suppressing ovarian activity in leopard geckos [15,16] and its use is still under debate in
other reptiles [17–19]. In cases where medical treatment fails or is not applicable, surgery
remains the elective choice. Ovariectomy or ovariosalpingectomy is resolutive [4,5,20].

2. Clinical Cases

2.1. Histories and Clinical Examination
2.1.1. Case 1

A 2-year-old, 45 g captive bred female leopard gecko (Eublepharis macularius) was
presented for clinical examination due to one week of anorexia and weight loss. The animal
was kept in a 60 (length) × 50 (height) × 30 (depth) cm glass terrarium without substrate,
with only paper towels at the bottom that were changed weekly. The temperature inside the
cage was 30 ◦C (86 ◦F) during the day and 25 ◦C (77 ◦F) at night. The diet was consistent and
consisted of insects with calcium powder given three times a week. A UVB light bulb with
5.0 spectrum was provided and changed every 6 months. A plastic box with peat moss was
present in the terrarium and misted daily. The owner indicated that the gecko was acquired
two weeks earlier from another breeder. Once introduced in the new environment, the
gecko spent the most of time burrowed in the substrate. At clinical examination, the gecko
was lethargic and mildly to moderately dehydrated. The coelomic cavity was distended,
and the presence of a large egg was palpable and visible in transparency through the skin
in the caudal half of the coelom on the right half of the sagittal plane.

2.1.2. Case 2

A 4-year-old, 50 g captive bred female leopard gecko (Eublepharis macularius) was
presented for clinical examination due to dysecdysis, lethargy, anorexia, and distention
of the coelomic cavity (Figure 1). The animal was housed with a two-year-old male in a
50 (length) × 50 (height) × 50 (depth) cm glass terrarium with paper towels as a substrate
and maintained at 30 ◦C (86 ◦F) during the day and 24 ◦C (75.2 ◦F) at night. The diet was
consistent and consisted of insects dusted with calcium powder given twice a week. A UVB
light bulb with 5.0 spectrum was provided and changed every 6 months. The owner also
reported that a box with a wet mixture of peat moss and coconut fiber was added to the
terrarium to facilitate deposition, and the female spent most of the time burrowing inside
the box. No eggs were found during the daily check by the owner. At clinical examination,
the gecko was lethargic and moderately dehydrated. The abdomen was swollen, and the
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presence of two voluminous masses was palpable in the caudal half of the coelom on the
left and right halves of the sagittal plane.

Figure 1. Case 2: The gecko presented with distenction of the coelomic cavity, dysecdysis, and poor
nutritional status.

2.1.3. Case 3

A 4-year-old, 52 g captive bred female leopard gecko (Eublepharis macularius) was presented
for a veterinary second opinion. The owner indicated that the gecko was kept with an adult male
of unknown age; both were kept in an 80 (length) × 40 (height) × 40 (depth) glass terrarium
with paper towels as a substrate at 32 ◦C (89.6 ◦F) at day and 24 ◦C (75.2 ◦F) at night. In the cage,
a box with a wet mixture of peat moss and coconut fiber was present as a wet nest to facilitate
molting, and after the suggestion of the original breeder, deposition. The female spent most of
the time burrowing inside without eating for two weeks. The diet was consistent and consisted
of insects dusted with calcium powder given twice a week. No UVB light was provided. The
animal was first presented due to lethargy and anorexia, and a diagnosis of egg binding was
made by the first veterinarian based on the anamnesis and by the dorsoventral X-ray taken
the same day. Oxytocin at 10 UI/kg was administered by the previous veterinarian. IM was
performed twice with a one-hour interval without any results. At clinical examination, the gecko
was lethargic and mildly dehydrated. The coelomic cavity was distended, and the presence of a
large egg was palpable in the caudal half of the coelom on the right half of the sagittal plane.

2.2. Diagnostic Procedures
2.2.1. Case 1

Complete blood work, X-rays, and ultrasounds were performed. The CBC count and
PCV were unremarkable. The biochemistry tests showed a moderate increase in AST and
the CK X-rays showed the presence of large eggs in the caudal half of the coelomic cavity
on the right half of the sagittal plane, and the presence of radiopaque foreign material
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was interpreted as ingested sand in the intestinal tract (Figure 2). Ultrasound examination
confirmed the egg presence and the presence of hyperechoic material inside the intestinal
lumen; no oviduct rupture was noted. Oxytocin at 5 UI/kg (10 UI/mL neurofisin, FATRO S.p.a,
Ozzano dell’Emilia, Italy) [14] was administered in the right tricep after IM administration of
calcium gluconate at 100 mg/kg (200 mg/mL Calcio PH, FATRO S.p.a, Ozzano dell’Emilia,
Italy) 1 h before, without success. Given the inefficacy of the treatment, cloacoscopy was
planned to examine any potential oviduct abnormalities and determine whether the egg could
be removed through endoscopic grasping forceps, avoiding a more invasive celiotomy. The
animal was anaesthetized using alfaxalone (10 mg/mL Alfaxan, Dechra Veterinary Products
Srl, Torino, Italia) at a dosage of 5 mg/kg delivered intravenously in the right jugular vein [21].
The heart rate and respiratory rate were monitored during all procedures. The animal lost
the rightening reflex after approximately 40 s but experienced apnea, so it was intubated and
mechanically ventilated (one breath every 10 s). A 2.7 mm × 18 cm, 30◦ oblique telescope
(within a 4.8 mm operative sheath) (Storz Telepack TP100 EN, Karl Storz Endoscopia Italia Srl,
Verona, Italy) was used for cloacal inspection, and showed one egg protruding from the right
salpinx to the cloaca (Figure 3). During the procedure, the operator held the animal in ventral
recumbency with the left hand, while the right hand maneuvered the telescope. The eggshell
was broken using grasping forceps, and the content was removed without any difficulties
(Figure 4, Video S1).

Figure 2. Case 1: Dorso-ventral X-ray. A large egg was visible in the caudal coelom (white arrows).
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Figure 3. Case 1: Cloacoscopy. Endoscopic view of the right egg protruding from the oviduct to the
cloaca.

2.2.2. Case 2

Complete blood work, X-rays, and ultrasounds were performed. The CBC count
showed an increased WBC count with moderate heterofilia and monocytosis, mild ba-
sophilia, mild eosinopenia, and lymphocytosis (Table 1). The PCV was mildly increased.
Biochemistry tests showed a moderate increase in creatinine kinase (Table 2). X-rays were
performed in dorsoventral and latero-lateral projections, showing the presence of two large
eggs in the caudal coelom (Figure 5). Ultrasound examination confirmed the presence
of eggs; no oviduct rupture was noted. The use of oxytocin as medical treatment was
not performed due to the severe weakness of the gecko. Due to the mild dehydration,
warm fluids (ringer solution) were administered subcutaneously at 10 mL/kg/die and
stabilized at 28 ◦C for 12 h. Cloacoscopy was planned for the day after to verify whether
the eggs were visible and removable using endoscopic grasping forceps, avoiding a more
invasive celiotomy. The animal was anesthetized using alfaxalone (10 mg/mL Alfaxan,
Dechra Veterinary Products Srl, Via Agostino da Montefeltro, 2, Torino, Italia) at a dosage
of 5 mg/kg delivered intravenously in the right jugular vein [21]. The animal lost the
rightening reflex after approximately 60 s and maintained spontaneous breathing during
the entire procedure. A 2.7 mm × 18 cm, 30◦ oblique telescope (within a 4.8mm operative
sheath (Storz Telepack TP100 EN, Karl Storz Endoscopia Italia Srl, Verona, Italy) was used
for cloacal inspection and showed the surface of the two eggs protruding from the left and
right salpinx to the cloaca (Figure 6). During the procedure, the operator held the animal in
ventral recumbency with the left hand, while the right hand maneuvered the telescope, as
described in the Case 1. The eggshell was broken using grasping forceps, and the content
was removed by performing cloacal lavages with warm sterile NaCl solution. The empty
eggshells were removed as described for case 1.
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Figure 4. Case 1: End of the procedure. The egg was aspirated and easily extracted through the
cloacal opening.

Table 1. Comparison between CBC (complete blood count) parameters of the cases and the reference
values. Abnormal values are in bold.

Case 1 Case 2 Case 3
Normal Values [22,23]

(Female)

PCV% 40 45 45 21–40%
WBC × 103/mm3 8 13 10 6–9.4
RBC × 106/mm3 0.7 1.3 1.1 0.43–0.89

Heterophils (103/μL) 2.9 3.5 2 1.08–2.73
Eosinophils (103/μL) 0.4 0 0.8 0.15–1.95
Basophils (103/μL) 1 3 3 0.00–2.26

Monocytes (103/μL) 1 4 2 0.60–2.16
Lymphocytes (103/μL) 3 4 3 1.67–5.39

Table 2. Comparison between biochemical values of the cases and the reference values. Abnormal
values are in bold.

Case 1 Case 2 Case 3
Reference Values

[22,23]

AST (U/L) 12 78 11–65
Total protein (g/dL) 7 9 4.2 2.4–8.0

Albumin 18 22 15 13–23
Creatinkinasis (U/L) 4.897 4.000 1861 0–3.701

Phosphorous (mg/dL) 14.5 8.4 14 1.5–16.4
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Table 2. Cont.

Case 1 Case 2 Case 3
Reference Values

[22,23]

Calcium (mg/dL) 18 22 31 14–>37
Potassium (mmol/lt) 6.8 5.5 6.1 4.50–7.0

Uric acid (mg/dL) 3.3 6.7 4 0.5–6.6 mg/dL
Biliary acids 0.6 3.2 1.1 0.8–21 μmol/L

Figure 5. Case 2: Dorsoventral X-ray. Two large eggs were visible in the caudal coelom (white
arrows).

167



Animals 2023, 13, 924

Figure 6. Cloacoscopy. Endoscopic view of the right (black asterisk) and the left (yellow asterisk) egg
protruding from the vagina to the cloaca.

2.2.3. Case 3

Complete blood work, X-rays, and ultrasounds were performed. The CBC count
showed a mildly increased WBC count with mild basophilia. The PCV was mildly in-
creased. Biochemistry tests were unremarkable. X-rays were repeated and showed the
presence of one large hypocalcified egg on the left half of the coelomic cavity (Figure 7)
and a high radiopaque area on the left side, measuring approximately 0.5 cm × 1 cm in
diameter. Ultrasound examination confirmed the egg presence in the right oviduct and the
presence of a hyperechoic foreign body in the left oviduct. No oviduct ruptures were noted.
Cloacoscopy was planned for the day after. As described for the case 2, warm fluids (ringer
solution) were administered subcutaneously at 10 mL/kg/die and the gecko stabilized at
28 ◦C for 24 h. The animal was anesthetized using the same protocol described for cases
1 and 2. The animal lost the rightening reflex after approximately 40 s and maintained
spontaneous breathing during the entire procedure. A 2.7 mm × 18 cm, 30◦ oblique tele-
scope (within a 4.8 mm operative sheath) (Storz Telepack TP100 EN, Karl Storz Endoscopia
Italia Srl, Verona, Italy) was used for cloacal inspection and showed the surface of the
egg protruding from the right salpinx to the cloaca. During the procedure, the operator
held the animal as described in case 1 and 2. The eggshell was broken, and the content
was removed by performing cloacal lavages with warm sterile NaCl solution. The empty
eggshells were removed as described for cases 1 and 2. A subcutaneous deslorelin implant
(4.7 mg, Suprelorin®, Milano, Italy) was applied in the neck region upon the owner’s
request despite the owner having been informed that there is no scientific evidence of its
efficacy in leopard geckos.
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Figure 7. Case 3: Dorso-ventral X-ray. A large egg was visible in the caudal half of the coelomic
cavity (white arrows).
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2.3. Postoperative Care and Follow-Up
2.3.1. Case 1

The gecko recovered 15 min after the end of the procedure, and no adverse effects were
noted. Warm fluids (ringer solution) were administered subcutaneously at 15 mL/kg/die
at the end of the endoscopic procedure to support the renal function after the anesthesia.
Assisted feeding (Emeraid IC critical care formula, Emeraid LLC, A Division of Lafeber,
Cornell, IL, USA) was administered once a day as nutritional support. Five days after the
procedure, the gecko started to eat, so it was discharged. One month later, the gecko’s
weight had increased by 5 g, and she was active and in good nutritional status. One year
later, the gecko laid six infertile eggs, but dystocia had not occurred.

2.3.2. Case 2

The gecko recovered 20 min after the end of the procedure, and no adverse effects
were noted. Fluid therapy and nutritional support were administered as described in case
1. Two days after the procedure, the gecko started to eat, so it was discharged. The owner
was instructed to separate the male gecko from the female gecko and the problem had
never occurred at the two-year follow-up.

2.3.3. Case 3

The gecko recovered 18 min after the end of the procedure, and no adverse effects were
noted. Warm fluids (ringer solution) were administered subcutaneously at 15 mL/kg/die
at the end of the endoscopic procedure. Fluid therapy and nutritional support were
administered as described in case 1. Five days after the procedure, the gecko started to
eat, so it was discharged. The owner was instructed to separate the male gecko from the
female gecko. The leopard gecko did not lay any eggs in the next 6 months, and then
a new episode of dystocia occurred; a large egg was evident in the right oviduct again,
and the calcification in the left oviduct was still present. A bilateral ovariosalpingectomy
was proposed and accepted by the owner. The gecko was premedicated with a mixture
of dexmedetomidine at a dosage of 0.1 mg/kg (0.5 mg/mL Dexdomitor®, Vetòquinol
Italia S.r.l, Bertinoro, Italy) and ketamine at a dosage of 10 mg/kg (100 mg/mL Ketavet®,
Intervet production Srl, Aprilia, Italy) delivered in the right triceps [24]. The animal was
intubated, maintained under gaseous anesthesia with 2% isoflurane (IsoFlo®, Zoetis Italia
s.r.l, Roma, Italy) and mechanically ventilated (one breath every 15 s). A paramedian
incision was performed to avoid the abdominal venous sinus. The cutis, abdominal
muscles, and the coelomic membrane were cut, and the right oviduct with a voluminous
egg inside was rapidly identified and isolated. A right salpingotomy was performed
to remove the egg, making the access to the ovaries easier and improving the visibility
of the near organs and blood vessels. Both the right and left ovaries and the respective
oviducts were removed after ligature of the main vessels (Figure 8) with a 7/0 absorbable
monofilament (Monosyn® Braun Avitum Italy S.p.A. Mirandola, Italy). The hyperechoic
structure visible on ultrasound examination revealed a residual hypercalcified eggshell
inside the left salpinx. The coelomic membrane was closed with a simple continuous
suture through the abdominal muscles with a 6/0 absorbable monofilament (Monosyn®

Braun Avitum Italy S.p.A. Mirandola, Italy). The cutis was closed with an everted simple
interrupted suture with a 6/0 absorbable monofilament (Monosyn® Braun Avitum Italy
S.p.A. Mirandola, Italy). Atipamezole at a dosage of 0.5 mg/kg (Atidorm® Fatro Industria
Farmaceutica Veterinaria S.p. A, Ozzano dell’Emilia, Italy) was administered to the left
triceps muscles at the end of the surgical procedure. The animal awakened 4 min after
administration of the anesthesia reversal agent. A single 5 mg/kg dose of tramadol was
administered IM, and 0.2 mg/kg meloxicam was administered SC once a day (SID) [25]
postoperatively. The antimicrobial ceftazidime was administered SC every 3 days at a dose
of 20 mg/kg [26]. The gecko started to eat after 2 days of therapy and was discharged
after one week of hospitalization in good condition. At the 3-month follow-up, the clinical
examination was unremarkable.
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Figure 8. Case 3: Surgery. Left ovarian stalk (black asterisk) ligature during the ovariosalpingectomy
intervention. Cr: cranial. Cd: caudal. Lfb: left fat body.

3. Discussion

Rigid endoscopy is a useful tool for the direct and also indirect evaluation of the
reproductive tract in reptiles [3,27–29]. Coelioscopy is used as a direct method for the
evaluation of the reproductive tract in chelonians, snakes, and lizards [3,28–30]. In tortoises,
cystoscopy permits an indirect visualization of the coelomic organs in transparency through
the urinary bladder wall [30,31]. This technique also permits the detection of retained eggs
in the urinary bladder as well as their removal [32–34]. To the authors’ knowledge, this
is the first report of endoscopic-assisted egg removal through cloacoscopy in leopard
geckos. All three cases presented here were diagnosed as obstructive postovulatory stasis
in three female leopard geckos. As stress can be a predisposing factor for dystocia [1,3], it
is possible that the already pregnant female, recently acquired and recently housed in a
new environment, developed postovulatory stasis due to a high level of stress. As sexually
active males can attempt mating persistently, their constant presence in the same cage,
together with the female, could have been a predisposing factor to dystocia in case 2 and
case 3 [35,36].

In case 1, PCV% and CBC count were unremarkable. In case 2, PCV%, RBC, WBC,
heterophils, basophils, monocytes, and lymphocytes were slightly increased (Table 1), and
in case 3, PCV%, WBC, RBC and basophils were slightly increased. These alterations were
considered to be related to the dehydration status [37] and not related to any reproductive
disorder. In cases 1 and 2, CK was mildly augmented (Table 2). In reptiles, CK levels can
vary with variations in environmental temperature [30]. Given the above, in case 1 and
2, the increase in CK was considered to not be related to any disease. AST, total protein,
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and uric acid were slightly increased in case 2 (Table 2). Increases in AST and total protein
in reptiles with follicular development have been reported [30]; however, in this case, the
mild increases in AST and total protein were thought to be related more to dehydration, as
uric acid was also augmented. Oxytocin, as a promoter of muscle contractibility [14], was
administered in cases 1 and 3 without success. It is possible that in geckos, oxytocin is less
effective than in chelonians, as has been described for snakes and some lizards [12,14].

Deslorelin acetate is a synthetic nonapeptide analogue of the natural gonadotrophin-
releasing hormone (GnRH). It acts as a contraceptive by temporarily suppressing the
hypothalamic–pituitary–gonadal axis (HPG axis), inhibiting the production of pituitary hor-
mones such as follicle-stimulating hormone (FSH) and luteinizing hormone (LH) [16,38,39].
In reptiles, the use of GnRH agonists has been poorly investigated; the use of deslorelin
implants in leopard geckos seems to be less effective or ineffective at suppressing gonadal
activity [15,16]. In lizards, suppression of gonadic activity was reported only in iguanas [38].
In chelonians, a desloreline implant was successfully used to treat chronic ovodeposition in
a Greek tortoises (Testudo graeca) up to 24 months after application [40]. In a male Chelonia
mydas, an annual application of deslorelin implants decreased serum testosterone levels
after the fourth treatment [40].

In case 3, the gecko did not lay any eggs in the 6 months after treatment. A mature
female leopard gecko can lay four to five clutches of two eggs per season with a one-month
interval between clutches [36]. In this case, we do not know whether the gecko was at
the end of the reproductive season or whether the ovarian activity was suppressed by the
implant. Available scientific data [15] suggest that the latter hypothesis is unlikely. In all
three cases, cloacal endoscopy permitted not only egg visualization but also egg removal
through the cloacal opening under general anesthesia. Only one gecko (case 1) underwent
apnea, and it was intubated and mechanically ventilated. Apnea has been reported in
leopard geckos with the protocol used in case 1 [21]. In case 3, the recrudescence of egg
binding required ovariosalpingectomy intervention. No procedure-related complications
were noted.

The underlying causes of dystocia in these three cases remain unclear: it is likely
that the voluminous eggs were too large to pass through the cloaca openings, or the
oviduct was hypocontractile. Even the total calcium was considered normal according
to the reference values [23], the ionized calcium was not measured. It is possible that an
underlying hypocalcemia caused a decreased oviductal smooth muscle contractility [3,14].
The authors find this hypothesis unlikely since calcium supplementation was regularly
provided by the owners. Moreover, no clinical signs of hypocalcemia such as seizures
or skeletal deformities were noted at the physical examination. No evident fractures or
skeletal demineralizations were radiographically detected. Diminishing egg pressure,
leaking the shell with grasping forceps, and removal were performed easily. However,
this procedure should be performed carefully to avoid the oviduct damage or rupture. A
rude egg manipulation with the grasping forceps or a powerful cloacal flush could tear the
oviductal or cloacal walls, predisposing to coelomitis.

Even if ultrasonography is a useful tool in diagnosing dystocia in reptiles [3,9,10], we
were unable to visualize the distal part of the oviduct in all three geckos. In fact, the distal
part of the reproductive tract is often difficult to image in lizards due to its location within
the pelvic canal [41]. In these three described cases, the eggs protruding from the salpinx to
the cloaca were visible and directly approachable during the cloacoscopy. This procedure
should be critically evaluated whenever the eggs are not directly accessible or when
adherences between the eggshell and the oviduct is suspected. Cloacoscopic egg removal
should be considered before performing more invasive techniques, such as explorative
celiotomy, when medical treatment fails. In fact, wound dehiscence and herniation are
common post-surgical complication in leopard geckos, in relation to the thinness and the
softness of the coelomic membrane and body wall musculature, which causes the muscles
to tear more easily when tension is applied during the coelomic closure [33]. Percutaneous
ovocentesis is contraindicated in reptiles and is not recommended because it increases
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the risk of yolk coelomitis and oviduct adherence. [9,28]. Many reptiles that are routinely
presented for medical examinations are used for breeding and commercial purposes. In
particular, leopard geckos have been bred for many years and today there are selections or
“morphs” with a high commercial value on the market [42]. It is therefore of paramount
importance to consider the owner’s desire to maintain functionality and the integrity of the
reproductive system.

4. Conclusions

Considering the predisposition that leopard geckos have to dystocia, the use of the
rigid endoscope as a minimally invasive instrument to reduce soft tissue trauma, duration,
and post pain surgery, is a valuable option in all subjects affected by dystocia secondary to
malformations of the egg, as in the cases described herein. Endoscopic egg removal could
be a valuable tool in dystocic leopard geckos when the egg is accessible to manipulation,
or in subjects in which it is essential to preserve the possibility of future reproduction.
Adhesions, oviductal rupture, or the presence of ectopic eggs should recommend surgical
intervention. However, the veterinarian must understand and correct the underlying causes
of reproductive disorders to prevent a recurrence.
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Simple Summary: Sex determination in reptiles is frequently requested by reptile breeders, and it is
a real challenge in reptiles with little or no sexual dimorphism, such as in immature subjects. Twenty-
three clinically healthy young Sierra Nevada lizards (Timon nevadensis) aged between 4 and 6 months
were included for sex determination using two techniques: cloacal probing and contrast radiography.
Results showed that contrast radiography may have major sensitivity for sex determination compared
to probing. Given the above, this technique could represent a valid and less invasive aid for sexing
young lizards.

Abstract: Sex determination has a fundamental role in a captive breeding context, both for commercial
reasons and in relation to animal welfare itself. However, this can be particularly difficult, especially
in reptiles with little or no sexual dimorphism. Twenty-three clinically healthy young Sierra Nevada
lizards (Timon nevadensis) were included in this study for sex determination. The first attempt at
sexing was carried out by cloacal probing. A small, buttoned probe was inserted very gently into the
hemipenal pouches, and the length of the inserted part was evaluated and measured. Subsequently,
for each animal, a contrast medium was administered into the cloaca, and radiography was performed
within 5 min. Through probing, 11 males and 8 females were recognized. The test was, however,
equivocal in four subjects. In contrast radiography, 14 males and 9 females were identified. All
the animals were rechecked after 8 months through an ultrasound examination, confirming 15 of
the 14 previously male sexed animals based on contrast radiography. All the animals identified as
female (n = 9) by contrast radiography were confirmed. From these results, it seems that contrast
radiography may have major sensitivity in sex determination compared to probing. This technique
could represent a valid and less invasive aid for sexing young lizards.

Keywords: sex determination; reptiles; radiology; lizards

1. Introduction

The genus Timon currently comprises six species found on three different continents [1].
The Asian species Timon princeps and Timon kurdistanicus inhabit regions in Turkey, Iran
and Iraq; and Timon tangitanus and Timon pater are found in Morocco, Tunisia and Algeria.
Timon nevadensis and Timon lepidus are restricted to Europe [1]. Timon nevadensis are present
in the south-eastern part of Spain [1]. Adults can be over 130 mm in snout–vent length
(SVL) [2] and they are sexually dimorphic: the male is big compared to the female [2].
Mature males display evident prefermoral pores, whereas in females, these pores are not
well developed [3]. Juveniles lack evident sexual dimorphism [2–4]. While Timon lepidus
has most recently been assessed for the IUCN Red List of Threatened Species in 2008 as
near threatened (NT), there are no data available for Timon nevadensis.

Sex determination is frequently required in reptiles, especially for species with no
evident sexual dimorphism [5]. Sex identification in lizards is usually visually performed
by evaluating secondary sexual characteristics, such as the presence of well-developed
femoral pores in males or the presence of brilliant colors of livery. Knowing the sex of
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individual subjects is essential for zoological facilities or for private breeders to make
reproductive pairs. In species where intersex aggression is frequent, a male to female ratio
favoring females is typically desired [6,7]. The male and female reproductive systems
have different disorders, and knowing the sex of a single animal is very useful for the
diagnosis of diseases associated with the reproductive organs [8,9]. Male lizards have a
pair of inverted hemipenes [10] placed inside two pouches at the base of the tail; only
one hemipene at a time is used for copulation [10], whereas in females, hemipenes are
lacking. During copulation, semen is carried from the urogenital opening in the roof of the
female vent cloaca along a groove called “sulcus spermaticus.” Hemipene shape varies
among reptile species; sometimes they bear spikes or corneal hooks to adhere better to the
cloacal mucosa [11]. However, many species lack evident sexual dimorphism [12]. Different
techniques for sexing lizards include the following. In probing, a lubricated, stainless-steel
probe of the proper diameter is carefully and gently inserted into the side of the vent of
the lizard (or even snake) and then directed towards the tail tip along the interior of the
side of the tail. If the lizard is a male, the probe will slip inside the hemipenal pouch for
approximately one quarter of the tail length, depending on the species [13]. If the probe
advances only a short way to a depth of one to six scales [13,14], the lizard is considered a
female, as there are no hemipenes for the probe to advance into [15]. Probing is considered
quite invasive and should be carefully performed to avoid tissue damage [12,14]. Manual
eversion of the hemipenes involves placing a small amount of pressure at the tail base
to evert the hemipenes (in males) out of the hemipenal pouches [16]. This practice may
be traumatic if performed with excessive force [12,16]. Ultrasonography is also used in
lizards as a useful tool to determine follicular development or for sex determination [17,18].
However, in juvenile animals or in very small specimens, the gonads may be difficult or
impossible to visualize [12,14]. In addition, ultrasound examination may be difficult to
perform in species with thick scales or in subjects where the gut is filled with gas [12].
Contrast radiography is another useful technique involving the use of contrast media
introduced into the hemipenal pouches to highlight the presence of the inverted hemipenes
inside [12]. The presence of a certain quantity of cellular debris or fluid inside the precloacal
pouches seems to interfere with a proper contrast distribution, leading to a false-negative
result [19]. Genotipic sex determination via karyotyping and diagnostic techniques such
as computed tomography (CT) scanning are useful tools for sex determination in lizards,
but they are still expensive [20]. Regarding CT, the image resolution can be inadequate
in very small specimens, leading to inconclusive results [12]. The aim of this study was
to compare and evaluate the relative diagnostic sensitivity of two different techniques,
probing and contrast radiography, for sex determination in immature specimens of Sierra
Nevada lizards (Timon nevadensis).

2. Materials and Methods

Ethical approval for the study was given by the University of Parma. The owners
gave informed consent to allow participation of their animals in the study. Twenty-three
clinically healthy, young Sierra Nevada lizards (Timon nevadensis) aged between 4 and
6 months and owned by a private reptile breeder were presented to the Department of
Veterinary Science, University of Parma, Italy, for sex determination. The animals weighed,
according to an analytical balance (VEVOR® Digital Precision Scale 5000 g × 0.01 g, Taicang
Vevor Industry Co., Ltd. 9448 Richmond Pl, #e, Rancho Cucamonga, CA, 91730, USA) from
10 to 18 g (0.022 to 0.039 lb; median, 13.7 g (0.030 lb) and measured from 6 to 12 cm SVL
(average 9.8 cm). All the animals were divided individually into different plastic cages
and identified with progressive identification numbers. Two different operators performed
the imaging, and they were unaware of the sexes of the animals and of the prior results
for every performed technique. A first attempt at sex determination was carried out by
cloacal probing. The animals were placed under gaseous anesthesia using 2% isoflurane
(Isoflo® Zoetis Italia S.r.l, Via Andrea Doria, 41 M, 00,192 Roma RM) for 15 min inside the
induction chamber until the rightin reflex was completely lost. A small, buttoned, straight,
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1.0 × 60 mm lacrimal duct cannula (E-VET A/S, Ole Rømersvej 26A, 6100 Haderslev,
Denmark) was introduced gently into the proctodeum, and then turned backward toward
the tail, entering the hemipenal pouch. The length of the inserted part was evaluated and
measured. If the probe slipped through the vent inside the hemipenal pouches for more
than 5 or 6 caudal scales, the animal was identified as a male. In contrast, if the probe did
not go through the vent for more than 4 scales or if any signs of resistance were recorded
in both pouches, the animal was classified as female. In every case of dubious results,
e.g., different lengths measured for the left and the right pouch in the same subject, the
animal was classified as not determined (ND). Subsequently, and blindly, for each animal,
0.1 mL iodinated contrast medium (Ioversol Optiray® 350, Guebert S.p. A, Via Albricci 9,
Segrate, Italy) was administered into the postcloacal region by another operator through a
buttoned, straight, 1.0 × 60 mm lacrimal duct cannula (E-VET A/S, Ole Rømersvej 26A,
6100 Haderslev, Denmark), and ventro-dorsal (VD) total body radiography was performed
within 5 min (Regius 110S, Konica Minolta Health care, Tokyo, Japan). The excess contrast
media outlining the cloacal rim was gently cleaned with a piece of a paper towel to avoid
artefacts in the radiograms. If one or both of the hemipenes could be visualized, the
lizard was classified as male, whereas if the hemipenes were not visualized, the lizard was
classified as female. All the animals were rechecked at 8 months (T2) through an ultrasound
examination (Esaote Class C, Esaote S.p.a. Via di Caciolle 15, 50127, Florence, Italy) using
a 12 MHz linear probe (Esaote Mylab 30 Vet Gold, Esaote S.p.a. Via di Caciolle 15, 50127,
Florence, Italy), searching and identifying the gonads. All the animals were placed in dorsal
recumbency, and the probe was gently slid cranio-caudally in the third of the coelomic
cavity, until the gonads were detected between the spine and the longissimus dorsi in
both transversal and longitudinal plane (Figure 1A,B). All the results were compared for
statistical analysis.

 

Figure 1. Ultrasonographic examination was performed 8 months after the contrast radiographic
study (T3). 1: longitudinal diameter. 2: Transversal diameter (A) Transverse plane, dorsal recumbency,
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dorsocaudal coelom: 0.6 cm c.ca., ovoid in shape and homogeneous in echogenicity organs were
identified as testicles in 15 lizards. (B) Axial plane, dorsal recumbency, dorsocaudal coelom (left side):
ovoid organs characterized by heterogeneous echogenicity due to the presence of numerous 2 mm c.ca
anechoic follicles on the organ’s surface were identified as testicles in 8 lizards. 1: transversal diameter.

Statistical Analysis

We obtained a moderate correlation in the case of probing (T1) and T2 (cor = 0.50,
p value = 0.01475) and a correlation of 0.91 between CRX (T1) and T2 (cor = 0.91,
p value < 1.592 × 10−9) (Figure 2). We used a two-proportion z-test to compare the
two observed proportions (sex determination between T1 and CRX T1). The statistical
test showed that successful probing sex determination was significantly lower than CRX
(p value = 0.01) (Figure 2).

Figure 2. (A) A correlation of 0.91 between CRX (T1) and T2 (cor = 0.91, p value < 1.592 × 10−9) was
measured. (B) The two-proportion z-test showed that the successful sex determination was 28.1%
higher in contrast radiography than in probing.

3. Results

All the animals maintained spontaneous ventilation during the anesthesia. The lizards
were placed individually in a plastic container and monitored during recovery from anes-
thesia. The animals awakened from 2 to 8 min before the end of the procedure (average 5.2
min), and no adverse effects were noted. Through probing, 11 males and 8 females were
recognized. The test was, however, equivocal in four subjects, in which the probe seemed to
enter, but opposing an intermediate level of resistance, and different lengths were measured
for the left and the right pouch. In contrast radiography, 14 males and 9 females were
identified (Table 1). In males, when filled with iodinated contrast medium, hemipenes were
seen on radiographs as spindle-shaped cavities pointing caudally to the vent (Figure 3A).

179



Animals 2022, 12, 2144

In all the females, the contrast did not fill any structures, so no shapes were visible in the
X-rays (Figure 3B). For the four subjects for which the test was equivocal (ND), contrast
radiography confirmed 1 female and 3 males. After 8 months, ultrasound examination
confirmed 14 of the 15 previously male sexed animals based on contrast radiography
due to the presence of a 0.6 cm homogeneous echogenicity, ovoid in shape, with organs
located in the third caudal of the coelomic cavity (Figure 1A). All the animals identified
as female (n = 9) by contrast radiography were confirmed due to the pair of ovoid organs
characterized by heterogeneous echogenicity due to the presence of numerous, around
2 mm anechoic follicles on the organs’ surfaces (Figure 1B). Only one specimen sexed as
a male was revealed to be a female by ultrasound. At 10 and 11 months, three animals
died for unknown reasons, and gross necropsy was performed, identifying the gonads
and confirming the ultrasonographic sex identification (Table 1), except for one specimen,
for which necropsy was not performed due to severe body autolysis. One year after the
first measurements (T3), the animals began to show sexual dimorphism: males displayed
more developed prefemoral pores than females, and hemipene bulges were evident in all
subjects (Table 1).

Table 1. Identification number (N1 to N23), technique, (probing, contrast radiography, visual check at
time T1, T2 and T3), results, (ND = not determinable; M = male; F = female), length (cm) and weight
(g) are shown in the table. Three animals died before T3 at 10 (N20) and 11 (N3, N5) months.

No.
Probing

(T1)

Contrast
Radiography

[Crx (T1)]

8 Months Ultrasound
Examination (T2)

One Year Visual
Check (T3)

Lenght T0, T1
(cm)

Weight (g) (T1)

1 M M M M 10 14

2 ND M M M 9 11

3 ND F F F (Deceased) 9 12

4 F F F F 11 15

5 M M M M (Deceased) 6 10

6 ND M M M 10 14

7 M M M M 9 12

8 F F F F 11 16

9 ND M M M 10 15

10 M M M M 10 16

11 F F F F 11 17

12 F F F F 10 15

13 M M M M 9 11

14 M M M M 9 12

15 M M M M 9 12

16 F F M M 12 18

17 F F F F 11 15

18 M M M M 11 16

19 F M M M 8 12

20 M M M ND (Deceased) 11 15

21 F F F F 9 10

22 M M M M 10 13

23 M F F F 11 15
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Figure 3. (A) Positive contrast radiographic study of a four-month old, 8 cm SVL Sierra Nevada lizard
(Timon nevadensis); dorsoventral projection. White arrows indicate both the right and left hemipenes.
(B) Negative contrast radiographic study of a four-month old Sierra Nevada lizard (Timon nevadensis);
dorsoventral projection. There is no evidence of hemipenes in the postcloacal region.

4. Discussion

A variety of techniques have been used for sex determination in reptiles [1,12–14,19,21].
Laparoscopy and laparotomy are well described techniques [22–27]. While laparotomy
for sex determination could be nowadays considered an outdated technique due to the
invasiveness of the procedure, laparoscopy, due to the auxilium of a rigid endoscope directly
inserted into the coelomic cavity, provides rapid and less invasive gonad visualization
in medium size chelonians and lizards [24–26]. Probing was performed using a small,
metallic, buttoned, straight, 1.0 × 60 mm lacrimal duct cannula. Even if the use of a rigid
metallic cannula could be more traumatic than using an endovenous (EV) Teflon catether,
we found the rigid cannula easier to introduce inside the cloacal rim without bending it or
occluding its tip during contrast media infusion. Contrast radiographies identified at least
one hemipene of all the male lizards classified as equivocal with probing. The hemipenes
were visualized as a radiopaque elongated structure filled with contrast medium, inverted
and directed cranio-caudally (Figure 1a). No adverse effects were seen after the injection
of the contrast medium into the cloaca. Although sexual maturity of Timon lizards is
reached at approximately two years of age [21], the ultrasound examination performed
after 8 months (T2) detected and easily identified the gonads [23,24,28]. One animal died at
10 months and two animals at 11 months after the first measurements (T1) for unknown
causes. Two lizards were dissected, and even if the cadaveric alterations were moderate to
severe, the gonads were recognizable, and the results were consistent with the previously
obtained data. One year after the first measurements at T1, the animals were visually
rechecked (T3) and began to show signs of sexual dimorphism. In males, the presence of
hemipenes was evident by the presence of hemipene bulges. Further research might be
needed to confirm the results in a larger sample set. Nevertheless, the two-proportion z-test
showed that the successful sex determination was 28.1% higher in contrast radiography
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compared to probing, which highlights the likely higher sensitivity of the former than
the latter.

5. Conclusions

From these results, it seems that contrast radiography may have higher sensitivity in
sex determination compared to probing. Even if we did not note any procedure-related
traumatic complications, we recommend being very gentle during the contrast media
injection, because of the thinness of the hemipenal pouches and the very small size of the
lizards. Given the above, this technique could represent a valid and less invasive aid for
sexing young and very small lizards.
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Simple Summary: This report describes how to apply the combination of 3D scanning, computer-
aided design (CAD), and 3D printing to make a protective device for rescuing wild animals. In
recent years, although 3D tools have become relatively low-cost and reachable, veterinary medical
applications based on this technology are quite limited. The present article successfully extricates a
wild freshwater turtle from an extensive shell defect within a short period. Integration of multiple
sciences to 3D technology can provide a facile model for veterinary medical applications.

Abstract: Numerous cases and a shortage of resources usually limit wild animal rescue. New
technology might save these severely injured wild animals from euthanasia by easing the requirement
of intensive medication. Three-dimensional (3D) technologies provide precise and accurate results
that improve the quality of medical applications. These 3D tools have become relatively low-cost
and accessible in recent years. In the medical field of exotic animals, turtle shell defects are highly
challenging because of inevitable water immersion. This report is the first attempt to apply the
combination of 3D scanning, computer-aided design (CAD), and 3D printing to make a device that
protects the wound from exposure to water or infection sources. The presented techniques successfully
extricate a wild freshwater turtle from an extensive shell defect within a short period. Integration of
multiple sciences to 3D technology can provide a facile model for veterinary medical applications.

Keywords: 3D printing technology; freshwater turtle; Ocadia sinensis; shell wound healing

1. Introduction

In exotic animal medicine, shell trauma is a frequent casualty for wildlife turtles and
tortoises [1–3]. The shell fractures were usually restored by external fixation utilizing
orthopaedic screws, orthopaedic pins, surgical wiring, epoxy, or super glue to bridge
fracture segments [4–7]. These procedures provided instant protection and fixation of
shell fracture [1,3]. However, a significant shell defect involving the shoulder, pelvic area,
or penetrating punctures of the coelom could lead to a poor or even grave prognosis [3].
In the case of missing fragments, the shell usually cannot be stabilized and rehabilitated,
which may be fatal without adequate medication and intensive nursing. Keeping the
wound moist and clean is ideal for wound healing [1,3,7]. Although reptile wound healing
is relatively slow compared with that of mammals, extensive shell loss becomes harsher and
more challenging for freshwater turtles. The water turtle must maintain an everyday life for
nutrition, urination, and defecation within the water environment [2]. Therefore, inevitable
water immersion and faecal contamination may cause recurrent infections and delay wound
healing. Thus, prolonged and intensive nursing becomes a medical burden [3].

Animals 2022, 12, 966. https://doi.org/10.3390/ani12080966 https://www.mdpi.com/journal/animals184
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Three-dimensional (3D) technology has been utilized in many medical applications
thanks to its high precision and accuracy [8–10]. Recently, based on the development of 3D
fabrication and medical imaging technology, increasingly affordable 3D printing technolo-
gies now make it possible to create highly customizable patient-tailored products [11].

Herein, we describe a feasible way to facilitate the recovery of a wild freshwater turtle
from the delayed healing of severe and extensive shell defects, which reduces the intensity
and frequency of medical care. The computer-aided design (CAD) and the fused deposition
modelling (FDM) 3D printer could rapidly fabricate a customized device, which provided
physical support of the defective shell structure. In addition, the device protected the
delayed healing wound from water exposure. After the delivery of the device, the burden
of intensive care was drastically decreased, and the wound infection eased rapidly, which
favoured wound healing. We tracked the wound condition in the fifth month, and one year
after the delivery of the device, the follow-up results showed a favourable prognosis and
the subject was free from adoption without special care.

The purpose of this investigation was to develop novel attempts to apply 3D print-
ing technology to wild freshwater turtles for wound healing; the technique provides an
alternative option for exotic animal medicine.

2. Materials and Methods

2.1. Animal Background

A female freshwater turtle (Ocadia sinensis) was found and rescued by a local wildlife
rescue association in Taiwan. This 30 cm long turtle had a severe shell defect on the left
side (Figure 1A). The coelomic membrane was exposed on the fracture site, and debris, dirt,
and fly larva were present around the affected area. After emergency wound management
by a volunteer of the association, the turtle was transferred to the veterinary hospital. After
two months of intensive care from a veterinarian, including systemic antibiotics, wet-to-dry
docking [3], and supportive treatment with irrigation, flushing, and nutrition, the wound
remained with minor infection, and healing was delayed.

Figure 1. Flowchart of the treatment plan. (A) The female freshwater turtle (Ocadia sinensis) with
a 13 cm long oval defect; (B) The wounded freshwater turtle is scanned by a CBCT and 3D surface
scanner for reconstruction of the 3D model; (C) the reconstruction of a hard tissue 3D model and defect
surface model are applied to design a waterproofing shell; (D) all 3D models of the waterproofing
shell are used to fabricate the template by a fused deposition modelling (FDM) type Delta 3D print;
(E) waterproofing shell fitting test is performed for secure fixation; (F) water leaking test.

2.2. Diagnosis and Treatment Plan

All procedures were reviewed and approved by the Bureau of Forestry, Council of
Agriculture of Taiwan, the competent authority of wildlife utility (project 106 FD-08.3-C-28).
In the veterinary hospital, the turtle presented with a 13 cm long oval shell lost on the

185



Animals 2022, 12, 966

left side involving the carapace, plastron, and most parts of the bridge (Figure 1A). The
left anterior edge of the shell bridge was lost; thus, the support structure between the
carapace and plastron was disconnected. A fistula wound with purulent discharge was
found on the caudal side of the coelomic membrane, and several minor wounds spread
around the membrane with purulent discharge. Systemic infection was found based on the
increased quantity of white blood cells. Therefore, systemic antibiotic therapy was used
(metronidazole 20 mg/kg b.i.d. with trimethoprim 30 mg/kg b.i.d. under subcutaneous
injection [SC] for 14 days). The wound on the exposed choelomic membrane did not heal
well, with recurrent infections even after 2 months of intensive care.

The daily care procedure included removing the dirty bandage, wound irrigation
(sterile Ringer’s solution 10 mL/kg SC, s.i.d.), and nutrition support (oral gavaging the
commercial critical care diet at a dose of 3% of body weight), which may require a team of
at least two people to complete. Moreover, the dressing was not waterproof to keep the
defect dry. Therefore, the wound was difficult to keep clean and reduce possible bacterial
infections at the wound site for this freshwater turtle, especially when there was a shortage
of human medical resources. The novel device as the customized shell was designed
and fabricated following the flow chart (Figure 1) to provide mechanical support and
water isolation. All device design and test steps were performed and completed under the
supervision of a veterinarian. In addition, the pain and stress behaviour of the turtle was
carefully monitored during treatment.

2.3. The Bone Model and Surface Model of Defect Reconstruction

The turtle underwent cone-beam computed tomography (CBCT) (Newtom 5G, Imola,
Italy) scanning (Figure 1B left). The CBCT scan was obtained with a 0.3 mm voxel size,
power of 110 kVp, 5 mA, 10 s exposure, and all raw data were compacted in DICOM format
for further radiographic diagnosis. The skeletal 3D model was reconstructed after adjusting
the density until the tissue border was clearly identified in the software (OsiriX MD, Pixmeo,
Geneva, Switzerland). The 3D reconstructed model was exported as a stereolithography
(STL) file for further editing. The surface model of the defect was acquired by a structured
light 3D surface scanner (Einscan-S, Shining 3D, Hangzhou, China) (Figure 1B right) and
exported as an STL file. All 3D models were edited by Blender, a computer-aided design
software (Blender, Blender Foundation, Amsterdam, The Netherlands). The bone and
surface models were carefully aligned and merged to show the locale of the bone edge
under the scutum to confirm any bone degeneration in the case of underlying infection.

The bone model was mainly used for diagnosis and skeletal structure analysis, which
indicated the mechanical force support area. Moreover, the surface model provides the
detailed architecture and morphology of the defect and surrounding shell structure for the
device outline design. The edited models were processed by slicer software (Kisslicer,
Jonathan Dummer, Orlando, FL, USA; Simplify3D, Simplify3D Inc., Cincinnati, OH,
USA) and printed by a fused deposition modelling (FDM)-type Delta 3D printer (Atom2,
ALT, Taipei, Taiwan) with modified polylactic acid (PLA) filaments (Gypsum, Next Print,
Tainan, Taiwan).

2.4. Design, Construction, and Fitting of the Protective Device

The shell defect formed several undercuts on the carapace, plastron, and caudal part
of a bridge, which would facilitate fixation; however, the lost anterior edge of the skeletal
bridge was a challenge for waterproofing owing to the unstable soft tissue during left
forelimb movement. According to the reconstructed model, we designed a protective device
(Figure 1C) and printed it (Figure 1D) as described previously. The device practicability
was tested through fixation stability (Figure 1E), not interfering with animal activity, and
waterproofing (Figure 1F). A rim was designed and fabricated with a snap-fit groove to
tightly engage the overhanging shell’s undercuts (Figure 2A). The junction between the
shell edge/soft tissue and the rim was diminished, and the groove of the rim was covered
over the edge of the defect for at least 5 mm to achieve secure fixation. The prototype of
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the rim showed promising engagement with the printed defect model (Figure 2B). After
fixation, the rim was further remodelled to form a hull shape, with an opening kept above
(Figure 2C). The rim with a hull structure was printed and tested again on the defect for
stability (Figure 2D). To reduce the chance of leakage, the junction between the rim groove
and shell defect edge/soft tissue was filled with polydimethylsiloxane (PDMS) as a sealant
(Sylgard 184, Dow Corning, Midland, MI, USA). A layer of silicone sealant (Silicone sealant,
Dow Corning, Midland, MI, USA) was applied to the outer surface between the shell and
rim. Furthermore, a cover part was designed with a porthole to attach to the opening
(Figure 2E), and it was printed and secured on the opening of the hull structure (Figure 2F).
The edge of the cover, which contacts a layer of silicone sealant, coated the opening to close
the waterproof opening. The porthole was designed with thread to fit a wide-mouth bottle
cap to facilitate daily care [12].

Figure 2. Design and fitting of the protective device on the shell defect. 3D reconstructed models
of protective device: (A) the CAD model of snap-fit joints rim structure (green part); (B) printed and
fitting tested on the defect; (C) a hull structure (purple part) was designed according to the previously
designed rim structure; (D) printed and fitting tested again on the defect; (E) a model of the cover
with a threaded porthole (yellow part) was designed; (F) printed and installed on the hull structure
for further testing.
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2.5. Daily Care and Wound Management

The hull and cover were fixed as designed and would not be removed during daily
care. The porthole remained open during the dry docking and closed with the cap when
the turtle was immersed in the water. The cap was removed approximately for 6~8 h daily
to avoid high humidity that could induce fungal organism colonization. The caudal pocket
wound of the defect was cleaned daily and debrided through the porthole. The device’s
margin fitness was assessed once every month, and the sealant was added if a crack or
leakage was noted.

3. Results

3.1. Device Fitting and Leakage Test

The delivery of the rim structure attested to the feasibility of noninvasive fixation. The
rim was adapted to the defect and allowed the turtle to stay in a room for 3 h. The fitness of
the rim was well adapted, and the shape of the rim with hull structure was modified to slim
(Figure 2D,E), while the original design of the rim was too thick that it might scratch and be
pushed by the turtle’s limbs. The hull structure was installed and rechecked as described
above. The device attached to the defect was stable and was not reachable by animal
activity. After delivery, animal behaviour presented no difference, including scratching,
constant hiding, unwillingness to move, and activity change. Clean gauze was placed in
the hull without the cover, and the patient was half-immersed and constrained in water.
After 1 h, the gauze was dry, indicating no water leakage into the hull. Moreover, the total
weight of the device was approximately 110 g, and it affected the physiological activities
very little.

3.2. Patient Follow-Up

In the clinical observation, the affected area presented debris without applying the
device to protect the defect. The exudate formation and chronic infection did not subside
at this stage (Figure 3A). After fabricating and applying the protective device, the device
could cover the defect and avoid wound contamination during the healing process. This
device provided waterproofing and reduced the wound infection risk during immersion.
The appetite and activity of the patient significantly increased one month after applying
the device. In addition, under a veterinarian’s assessment of pain and distress, the patient
did not show any pain-like (nocifensive) behaviour. Keratinization was present on the
coelomic membrane (Figure 3B), and the counts of white blood cells were in the normal
range (1.4 × 104/μL) at the one-month recall after device application.

Figure 3. Clinical photos after device application without cover structure: (A–C) lateral view;
(D–F) direct view of soft tissue damage at the defect posterior area; (A) fragile tissue at day 0;
(B) small keratinized areas presentation at 3-month recall; (C) mature keratinized tissue formation at
5-month recall; (D) fragile tissue with exudate formation at day 0; (E) keratinized tissue formation
at 3-month recall; (F) complete closure of fistula and mature keratinised tissue presentation at
5-month recall.

188



Animals 2022, 12, 966

The matured keratinized tissue almost covered the defect surface at five months
of reexamination, and the wound was solid during palpation (Figure 3C). The tissue
damage on the posterior defect border healed without exudate discharge, and a leather-like
granulation bed was in place (Figure 3D–F). Using the CBCT 3D model to assess hard tissue
formation, bony bridge development was observed at the fracture site of the anterior area
(Figure 4A,D). Ossification was present on the border and the central location of the defect.
Moreover, the fenestration lesion on the posterior side was reduced (Figure 4C,F).

Figure 4. CBCT three-dimensional images of initial condition (A–C) and 5 months after device

application (D–F): (A) hard tissue defect on the anterior border (arrowhead); (B) defect lateral view;
(C) hard tissue fenestration on the posterior border (arrowhead); (D) fracture healing (arrow) on the
anterior border; (E) new hard tissue formation (arrow) at defect border and centre area; (F) hard
tissue healing (arrow) on the posterior border of the defect.

Through 12 months of follow-up, the device did not loosen and maintained stability.
The turtle maintained normal physiologic functions, including swimming ability, buoyancy,
and ambulation, during daily access to an underwater environment. No adverse effects
inducing pain or stress were noted.

4. Discussion

One of the most common current issues encountered in wild freshwater turtles is shell
injury. Most of these injuries are caused by road traffic accidents and predator attacks [3].
In the present report, we described the workflow of digital planning and 3D printed custom
devices for a poor prognostic freshwater turtle with severe shell damage. At the 12-month
follow-up, the favourable outcome suggested that this shell-type device provides protection
and precisely fits the defect border with complex geometry. Several clinical reports have
demonstrated the treatment of shell injury of freshwater turtles using different appliances.
In contrast, there is insufficient information on healing outcomes. Compared with these
studies, the present report characterized wound healing conditions by clinical and 3D
radiographic findings.

Three-dimensional technology has become feasible and affordable in recent years. The
powerful machines become facile and easy to maintain, while the consumable materials
provide sustainable strength and easy storage at a reasonable price [13]. This technology
has been utilized in many fields of medication with favourable outcomes [14]. This report
applied 3D scanning, CAD software, and 3D printing to successfully and rapidly achieve
this rescue at a low cost. The 1-year follow-up result further confirms the success of our
treatment. These accessible 3D tools with high performance may provide an alternative
way to help more animals with limited time and costs and replace human resources. With
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these 3D tools, the device’s design can evolve quickly along with the need after tests and
discussion. The power of CAD software and printer gives us the ability to respond to needs
and validate ideas rapidly. When severe shell damage occurs in chelonians, the loss of
shell specimens makes wound management more challenging for aquatic and semiaquatic
chelonians. Adjunctive with the 3D technique, fabrication of a customized waterproof
shield allows for normal husbandry and natural behaviours during shell wound healing.

The shell material and structure are integrated systems that provide load-bearing
capacity and protect the internal organs from injury [15]. A previous study analysed the
stress distribution of turtle shells using a finite element model [16]. The highest value was
located on the inside surface of the four bridges of the turtle shell. The initial 3D imaging
showed that the left anterior bridge was fractured (Figure 4A). Therefore, the device’s
material should provide strong resistance to the turtle shell. PLA was selected as a leading
candidate material owing to its thermoplastic, relatively lightweight, and high-strength
mechanical properties [16]. There were still several research limitations. Primarily, this is a
single case report, and we did not measure the stress resistance distribution of this device
vertically and horizontally. In addition, the longevity of this PLA device was not tested,
nor was the application of bacterial cultures for the antibiotic. To make a firm attachment
of the hull structure on the defect, we designed snap-in joints [17] in the groove to engage
the overhanging shell. Compared with conventional screw fixation, this noninvasive
approach avoids anaesthesia complications and the risk of infection. Under the initial
condition, the physical condition of the chelonian with severe shell injury was not suitable
for anaesthesia, and the bone defect was not stable for using pins or screws. Therefore, we
considered some sealants to fill the device frame and the shell seam at the beginning of the
device application. PDMS was chosen for this purpose. PDMS is a biocompatible material
that has been used in many medical devices [18]. Thanks to its excellent conformability,
PDMS is broadly used in the semiconductor industry to replicate surface features down to
the subnano scale [19] and is also commercially available as a sealant. With the property
of biocompatibility, no adverse effects to aquatic organisms, and resistance to biological
fouling [20,21], which is essential when the device is constantly in water, PDMS becomes
an adequate sealant to eliminate the risk of infection and chemical toxicity [22]. At a
five-month examination, hard tissue healing was generally observed radiographically at
the anterior bridge of the defect after application of the device (Figure 4D).

We framed the defect with a hull. The hull design enhanced the framework’s strength
to compensate for the weakened shell structure and acted as a watertight armor to protect
either the vulnerable coelomic membrane or the clean environment from the contagious
but inevitable water immersion. The hull is slightly above the waterline and left with a
large opening for subsequent wound management (Figure 2C,D). The opening provided
room to reach the wounds inside the defect. The opening with an irregular frame was
enclosed by the corresponding cover with a porthole (Figure 2E,F). The cover was designed
as a removable part when accessing the fundamental defect.

The porthole on the cover was designed and fabricated with thread that matched a
wide bottle cap (Figure 1F) available at local convenience stores. This design followed
the previous study, and it is the first case presented in the literature [12]. As a result,
the porthole can be neatly opened and closed, and the purulent pocket wound can be easily
accessed through the porthole for daily care. In addition, this design avoided frequent
disengagement between the cover and hull, which further prevented the failure of the
watertight structure. The daily care was manageable with one medical personnel, and the
workforce was significantly reduced with this device.

The chelonian shell was still not fully recovered at the 1-year follow-up. However, the
CBCT examination indicated that there was a significant improvement in wound healing
of hard tissue (Figure 4). The physical condition of the turtle was stable, and it could walk
smoothly without restricted movement with the device. The fixation of the device should
be observed every month. Continuous maturation and keratinization of the coelomic
membrane were observed, and the device was not removed during the 12-month follow-up.
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In addition, the device could be removed when the shell fracture was fully closed with
callus formation and bone healing.

5. Conclusions

This report ably demonstrated a rapid and practical process to rescue a severely injured
wild freshwater turtle using advanced 3D technology with limited human resources and a
relatively low-cost method. Thanks to the maturation of 3D technology, these 3D tools have
become robust and affordable. These sophisticated tools gave us the chance to extricate an
animal from the risk of euthanasia. This progression delivered an alternative point of view
to apply 3D technology to wild animal rescue, and in all of veterinary medicine, which
may help us approach new methods from conventional practice.
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Simple Summary: Digital radiography has long been established in veterinary clinics, leading to
increased use of digital systems in reptile species as well. In this study, we used different digital
radiography systems on cadavers of bearded dragons (Pogona vitticeps). We aimed to examine the
impact of a radiation dose reduction on the image quality and the assessment of defined skeletal
structures. We employed a blinded assessment and a defined scoring system to evaluate the tech-
niques tested. Our results demonstrate that both a 50% and a 75% reduction in the radiation dose
significantly decreased image assessments. These findings highlight the need for correct radiation
dose protocols to produce high-quality radiographs in reptile species.

Abstract: Three different digital detector systems were used to study the effect of a defined radiation
dose reduction on the image quality of digital radiographs in bearded dragons (Pogona vitticeps). A
series of radiographs of seven bearded-dragon cadavers with a body mass ranging from 132 g to
499 g were taken in dorsoventral projection. The digital systems employed included two computed
radiography systems (CR) (one system with a needle-based and one with a powdered-based scintil-
lator) and one direct radiography system (DR). Three levels of the detector dose were selected: A
standard dose (defined based on the recommended exposure value of the CRP, D/100%), a half dose
(D/50%), and a quarter dose (D/25%). Four image criteria and one overall assessment were defined
for each of four anatomic skeletal regions (femur, rib, vertebra, and phalanx) and evaluated blinded
by four veterinarians using a predefined scoring system. The results were assessed for differences
between reviewers (interobserver variability), radiography systems, and dosage settings (intersystem
variability). The comparison of the ratings was based on visual grading characteristic (VGC) analysis.
Dose reduction led to significantly lower scores in all criteria by every reviewer, indicating a linear
impairment of image quality in different skeletal structures in bearded dragons. Scores did not differ
significantly between the different systems used, indicating no advantage in using a computed or
direct radiography system to evaluate skeletal structures in bearded dragons. The correlation was
significant (p ≤ 0.05) for interobserver variability in 100% of the cases, with correlation coefficients
between 0.50 and 0.59. While demonstrating the efficacy of the use of digital radiography in bearded
dragons and the similar quality in using different computed or direct radiography systems, this study
also highlights the importance of the appropriate level of detector dose and demonstrates the limits
of post-processing algorithm to compensate for insufficient radiation doses in bearded dragons.

Keywords: reptiles; lizards; digital radiography; image quality; dose reduction
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1. Introduction

Radiography in reptile medicine is an important diagnostic tool [1]. Various indica-
tions exist, such as suspected skeletal lesions, evaluation of the lungs, and changes in the
gastrointestinal or reproductive tract [1–6]. Furthermore, radiography can also be helpful to
assess the reproductive status or gender determination [7,8]. Due to their unique anatomy,
reptile species often present some challenges for radiography such as small body sizes
with miniature anatomical structures or the lack of internal fat tissue between organs and a
lack of division between the thorax and abdomen, leading to limited soft tissue contrast.
High-resolution screen film systems have been used to compensate to a certain degree
for such limitations [1,2,9]. With the transition from screen film to digital radiography,
reptile medicine was faced with the advantages and disadvantages of the new technology.
Digital systems provide advantages such as a greater dynamic range, data transfer, a linear
signal response, post-processing, and storage possibilities [9–14]. Even though screen-film
systems have a superior spatial resolution, digital systems can differentiate very small
attenuation differences better [12]. Various studies have already compared conventional to
digital systems in reptiles, showing no less good image quality for diagnostic interpreta-
tion [9,12,15]. In contrast, digital images were superior for structures with high contrast
such as bony structures and air–tissue boundaries as seen in the lungs [12]. Based on these
results, the comparison of different digital systems amongst each other and the implementa-
tion of dose requirements for valuable diagnostic images is of great interest [11,13,16]. For a
basic understanding, today, in veterinary medicine, different digital detector systems with
different advantages are used: First, digital detector systems can further be divided into
computed radiography (CR) and direct radiography (DR) [10,14,17,18]. DR includes flat
panel systems, where a scintillator converts incoming X-rays directly into light [10,18]. CR
uses storage phosphor image plates with a separate read-out process [14,18]. DR systems
were long described as superior to phosphor storage panel images [19]. However, within
the last 20 years, the basic principle of CR was modified to achieve both a higher detective
quantum efficiency (DQE, the efficiency of a detector in converting X-ray energy into image
signal) and spatial resolution. In particular, the introduction of needle phosphor plates
(NIP) combined with a novel line-to-line CR stimulation and light collection technology
improved the DQE of storage phosphor systems greatly [20–22]. This superiority can be
used either for a higher signal-to-noise ratio (SNR) or dose reduction [13,21–23]. Wirth,
S. et al. [19] even described a possible dose reduction in radiography of human skeletal
structures of up to 75% with a NIP and a line-to-line scanner in comparison to flat panel
systems and power-based phosphor detectors without inferior image quality. Concerning
the importance of radiation exposure reduction for the patient and medical staff, the poten-
tial for dose reduction in digital systems seems therefore promising. In addition to the DQE
in NIP systems, features such as post-image processing and the higher dynamic range in
CR systems also reveal higher dose reduction potential than in DR systems. Unfortunately,
even with the knowledge of dose reduction without the loss of image quality, taking this
principle into clinical practice does show various difficulties. In digital radiography, there
is no inverse correlation between dose and image contrast, therefore “film-blackening” as
an indicator of overexposure no longer exists as seen in conventional radiography systems
before. What generally can be seen when assessing digital radiography is a reciprocal
relationship between the dose and the signal-to-noise ratio. However, the subjective and
individual sensitivity to recognize an increase in noise is relatively low. Digital systems
do therefore have a risk of substantially increasing the patient’s dose without even being
aware of it. Furthermore, inadequate image processing or suboptimal image display also
offers the potential for decreasing diagnostic information in digital radiography systems,
leading to an increase in dose without the need for clinical evaluation [24]. Regarding
the lack of subjective visual control ability of the optimal diagnostically relevant radia-
tion dose, the implementation of dose indicators and dose monitoring is mandatory for
digital radiography.
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This study aimed to investigate the effect of a defined dose reduction for diagnostic
imaging in skeletal structures of bearded dragons (Pogona vitticeps), regarding a possible
loss in image quality, for three different digital detector technologies. The results could
contribute to standardization in radiographic settings and dose control for reptile species.
Regarding the importance of a reduction of radiation exposure for medical staff and the
patient, the radiation dose should always be kept as low as possible, while achieving a
diagnostically valuable image.

2. Materials and Methods

2.1. Radiographic Settings

For the radiographs, three different digital detector systems were used (Table 1).

Table 1. Technical equipment and exposure settings used in the experimental setup. Al: Aluminum
equivalent.

System X-ray System Detector System Exposure Setting

FP—100%

PHILIPS Bucky
Diagnost TH

Grid: no Focus-Detector
Distance 110 cm

Focus size: 0.6 × 0.6 mm2

Filtration: 2.5 mm Al

TRIXELL Digital flat-panel
detector 4343 RC-E

(Detector size: 43 × 43 cm2)

42 kVp, 5 mAs
FP—50% 42 kVp, 2.5 mAs
FP—25% 42 kVp, 1.25 mAs

CRP—100%
FUJI HR/PHILIPS AC 500
(Screen size: 18 × 24 cm2)

42 kVp, 5 mAs
CRP—50% 42 kVp, 2.5 mAs
CRP—25% 42 kVp, 1.25 mAs

CRN—100%
AGFA DX-S (Screen size

18 × 24 cm2)

42 kVp, 5 mAs
CRN—50% 42 kVp, 2.5 mAs
CRN—25% 42 kVp, 1.25 mAs

Radiographs were taken using a bucky table unit (Philips Bucky Diagnost TH, Philips
Healthcare, Hamburg, Germany). The animals were directly placed on the detector. An
anti-scatter grid was not used. Exposure settings were adjusted on the base of the dose
requirements of the CRP system and evaluated for a reference animal (animal 1 in Table 2).
Exposure settings of 42 kVp and 5 mAs were identified to generate images with a dose
indicator value (lgM of 1.94) equivalent to a detector dose level of 2.5 μGy (D/100%).

Table 2. Weight and snout-to-vent length of animals used in the study. Animals are listed in order of
radiographic examination.

Number of the Animal Weight [g] Snout to Vent Length [mm]

1 499 237
2 397 208
3 334 214
4 318 190
5 132 147
6 198 160
7 164 155

The detector dose was subsequently reduced to half the dosage by halving the mAs
value to 2.5 (D/50%) and to a quarter, quartering the mAs value to 1.25 (D/25%). Tube
voltage was kept constant at 42 kVp for each image, leading to three different settings for
each radiographic system (D/100% 42 kVp, 5 mAs, D/50% 42 kVp 2.5 mAs, D/25% 42 kVp
1.25 mAs). Dose-Area Product (DAP) measurements were performed for all systems to
monitor the uniformity of exposure. The size of the exposed field of 20 × 30 cm2 and the
focus-detector distance of 110 cm were kept constant for all animals and images. System-
specific processing algorithms were used. In pre-studies, the parameters of these processing
algorithms were evaluated regarding detail visibility.
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2.2. Procedure

In this study, seven bodies of Inland Bearded Dragons (Pogona vitticeps) with a
mean body mass of 292 g and a mean snout-to-vent length of 164 mm (Table 2) were
used. Animal bodies were selected from patient animals that had to be euthanized
due to various reasons not visibly affecting the skeletal system, with the owner’s agree-
ment. Animals were euthanized and stored at −18 ◦C for different time periods be-
tween one and six months. All radiographs were taken only in the dorsoventral po-
sition. Evaluation of the radiographs was fully blinded, using a DICOM Anonymizer
(https://sourceforge.net/projects/dicomanonymizer/, accessed on 10 July 2021) with ran-
domly chosen unconnected four-digit numbers, not in any relation to the specific animal
or exposure setting. Reviewers were four veterinarians with a minimum of two years
of experience in a clinic specializing in reptile medicine and therefore regular training in
the assessment of reptile radiographs. Assessments were conducted independently. The
workstation was equipped with two medical grey-scale monitors (EIZO MX240W, matrix:
1920 × 1200 pixel, dot pitch: 0.27 mm; luminance: 320 cd/m2, contrast ratio: 850:1; Avnet
Technology, Nettetal, Germany). Commercial medical image analysis software was used
(GOP-View XR2-T, Contextvision, Stockholm, Sweden). To become familiar with the assess-
ment system, prior to the study, the reviewers went through a training period evaluating
25 randomly chosen radiographs that were not used for the study results. Evaluation
time per image was unlimited. The ambient light and other conditions of the viewing
environment fulfilled the requirements for medical image interpretation.

2.3. Scoring System

For this study, exclusively skeletal structures were examined. Four different structures
(femur, ribs, vertebra, and phalanx) were chosen based on different bone architecture
or features such as the differentiation of bone to soft tissue and surroundings (Table 3).
The femur was essentially chosen to evaluate the differentiation between corticalis and
spongiosa, joint structures were evaluated based on the left front phalanx, and the last
left rib was used to further evaluate the details and structure of the corticalis. For each
anatomical structure, four different characteristics (Table 3) were evaluated using a four-
scaled scoring system, ranging from 1 (optimal evaluation) to 4 (insufficient evaluation).
Scoring systems were used according to the modification of Körner, M. et al. [25] (Table 4).

Table 3. Definition of criteria for radiographic assessment.

Criterion Description

 

Left phalanx of the forelimb:
identifiability of the joint contours of the

interphalangeal joints:
visualization and demarcation of the bone contour to
the joint space, demarcation to the surrounding tissue.
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Table 3. Cont.

Criterion Description

 

Right femur:
assessability of the trabeculae and cortical bone:

etail of the trabeculae and cortical bone, delineability
of the structures from the surrounding area.

 

Left last rib:
assessability of cancellous bone and cortical bone

along the bone:demarcability of cancellous bone to
cortical bone, demarcability of structures to

surrounding area.

 

Cruciate vertebrae, 1st–3rd caudal vertebrae:
identifiability of the individual vertebral

bodies:assessability of the architecture and external
contour of the vertebral bodies, delineability of the

vertebrae from each other and from the
surrounding area.

Table 4. Definition of the scores for radiographic assessment.

Scoring Assessment

1 Optimal impression, structure completely evaluable, no limitation for
clinical interpretation.

2 Good impression, structure evaluable, minor limitation for clinical interpretation.

3 Acceptable impression, detail representation limited, clinical interpretation restricted.

4 Insufficient impression, no interpretation possible.

2.4. Statistical Analysis

In this study, four criteria were evaluated in seven animals using three different
radiographic systems comparing three different dose levels, leading to 252 criteria evaluated
by each of the four reviewers and resulting in 1008 examinations in total. Interobserver
variability was addressed using Spearman’s rank correlation coefficient to test for possible
differences between the reviewers themselves. Additionally, interobserver agreement was
assessed using the Wilcoxon signed-rank test. Calculations were made using SPSS (IBM
SPSS Statistics 20, IBM, Armonk, NY, USA). Mean values, scoring frequencies, and 95%
confidence intervals were calculated for each criterion, and an overall assessment was
conducted to facilitate comparison between systems and reviewers.

A visual grading characteristics (VGC) analysis was applied for intersystem com-
parisons. The obtained VGC curve graphically demonstrates the comparison of the two
systems. In case of an equal rating, the curve would be diagonal resulting in an area under
the curve (AUC) of 0.5. The more one system is rated superior, the more the curve moves to
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the respective axis, therefore changing the area under the curve value towards 0.0 or 1.0 [26].
Commercial software was used for the calculation of AUC and comparisons (Sigma Plot 11,
Systat Software Inc., San José, CA, USA). For all calculations, the correlation was considered
to be significant with p ≤ 0.05 and highly significant with p ≤ 0.001. The strength of the
coefficient was assessed in accordance with recommended standards [27], with correlations
between 0.1 and 0.3 considered low, correlations between 0.3 and 0.5 considered moderate,
and over 0.5 considered high.

3. Results

3.1. Dose Effects
3.1.1. Scoring of the Different Criteria

For all criteria in all systems, scores given by the reviewers were lower after the dose
reduction, regardless of halving or quartering the full dose (D50% or D25%).

Scores regarding all criteria together were significant to highly significant, ranging
from p = 0.008 to ≤0.001.

In all four criteria, comparisons of D25% to D100% reached significantly lower scores
than the D50% to D100%. The only exception was the phalanx using the CRP, but this
was still nearly significant. The ribs showed the least significant difference between scores
after the dose reduction. In both CR systems, a significant difference in scoring was only
seen after the dose reduction from D100% to D25%, and in the FP system, a reduction
from D100% to D50% already scored significantly different. The vertebra always scored
significantly less with decreasing dosages independently of the radiography system used.
For the phalanx, a dose reduction led to significantly lower scores in all comparisons
for FP and CRN, but using the CRP, no significant difference was seen comparing the
different dosages used. The femur showed different results with each system used. The
CRN comparison of D50% to D25% showed no significant difference, while D100% to
D50% and D100% to D25% did, with the latter even being highly significant. Using the
CRP, only the comparison of D100% to D25% was significant, whereas while using the
FP, every comparison of dosages showed a significant to highly significant difference in
scoring (Table 5).

Table 5. Summary of the statistical analyses stating significant occurrence in interobserver variability
through statistically calculated AUC (area under the curve) values. CRN = needle-based detector
system, CRP = powder-based detector system, FP = flat panel detector system. For interpretation of
the AUC values see Section 2.4.

System Criterion Dose Comparison AUC 95% Confidence Interval p-Value

CRN

Femur

100–50 0.727 0.595–0.859 0.004

100–25 0.811 0.700–0.923 <0.001

50–25 0.630 0.484–0.776 0.095

Phalanx

100–50 0.678 0.536–0.820 0.022

100–25 0.781 0.657–0.906 <0.001

50–25 0.653 0.509–0.797 0.049

Rib

100–50 0.645 0.500–0.791 0.062

100–25 0.773 0.647–0.899 <0.001

50–25 0.635 0.489–0.781 0.082

Vertebra

100–50 0.695 0.555–0.834 0.012

100–25 0.833 0.724–0.942 <0.001

50–25 0.662 0.520–0.805 0.037

All

100–50 0.683 0.613–0.753 <0.001

100–25 0.796 0.737–0.855 <0.001

50–25 0.645 0.573–0.717 <0.001
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Table 5. Cont.

System Criterion Dose Comparison AUC 95% Confidence Interval p-Value

CRp

Femur

100–50 0.591 0.441–0.741 0.241

100–25 0.730 0.594–0.866 0.003

50–25 0.651 0.506–0.796 0.052

Phalanx

100–50 0.617 0.470–0.764 0.132

100–25 0.651 0.507–0.794 0.053

50–25 0.528 0.376–0.681 0.719

Rib

100–50 0.557 0.405–0.708 0.466

100–25 0.679 0.539–0.819 0.022

50–25 0.617 0.470–0.765 0.132

Vertebra

100–50 0.667 0.523–0.810 0.032

100–25 0.771 0.645–0.897 <0.001

50–25 0.656 0.511–0.800 0.046

All

100–50 0.605 0.531–0.678 0.007

100–25 0.701 0.633–0.770 <0.001

50–25 0.603 0.529–0.677 0.008

FP

Femur

100–50 0.746 0.618–0.874 0.002

100–25 0.851 0.748–0.954 <0.001

50–25 0.659 0.516–0.803 0.041

Phalanx

100–50 0.673 0.531–0.815 0.026

100–25 0.823 0.714–0.931 <0.001

50–25 0.709 0.573–0.845 0.007

Rib

100–50 0.682 0.541–0.824 0.019

100–25 0.771 0.643–0.899 <0.001

50–25 0.621 0.474–0.769 0.120

Vertebra

100–50 0.702 0.562–0.843 0.009

100–25 0.790 0.670–0.911 <0.001

50–25 0.680 0.536–0.824 0.021

All

100–50 0.699 0.630–0.768 <0.001

100–25 0.803 0.745–0.861 <0.001

50–25 0.661 0.590–0.732 <0.001

3.1.2. Scoring of the Different Systems

Comparing the different radiography systems used, the FP system showed in all
criteria, except one, significantly lower scores when reducing the dosage. Only for the
criterion for the rib was the reduction from D50% to D25% not significant, but it was
significant in the comparison of D100% to D50% and D100% to D25%. Regarding the CRN
system, only the criterion for vertebra showed significantly lower scores with every dose
reduction. For the femur and the rib, only a reduction to a quarter of the dosage (D100%
to D25%) showed a significantly lower score. For the criterion for the phalanx using the
CR, none of the dosages compared showed any significant difference. The CRN system
showed significant differences in all reductions for the phalanx and vertebra but not for the
femur, with no significant difference between D50% to D25%, and the ribs only showed
significance in using a quarter of the dosage (D100% to D25%). Further details can be seen
in Table 5.
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3.1.3. Comparison of the Different Systems

Comparisons of the different systems with each other were performed using the
scoring of the overall assessment of the different criteria, while also assessing the three
different dosages used (D100%, D50%, D25%). There was no significant difference between
any of the systems with none of the dosages. AUC ranged between 0.50 and 0.59, with a
mean of 0.55. Details can be seen in Table 6.

Table 6. Summary of the statistical analyses stating significant occurrence in intersystem variability
through statistically calculated AUC values. CRN = needle-based detector system, CRP = powder-
based detector system, FP = flat panel detector system. For interpretation of the AUC values see
Section 2.4.

Dose Comparison AUC 95% Confidence Interval p-Value

CRN vs. CRP

100% 0.556 0.403–0.708 0.476

50% 0.540 0.388–0.693 0.606

25% 0.541 0.388–0.693 0.600

CRN vs. FP

100% 0.547 0.394–0.700 0.550

50% 0.581 0.430–0.732 0.298

25% 0.589 0.438–0.741 0.251

CRP vs. FP

100% 0.496 0.343–0.649 1.039

50% 0.537 0.385–0.690 0.635

25% 0.549 0.397–0.700 0.534

3.2. Interobserver Variability

The average scores given by the reviewers can be seen in Table 7 for each criterion and
in Table 8 for each radiography system. Interobserver correlations were calculated for all
criteria and overall assessments, as well as scoring between the different systems, adding
up to 48 rank correlation values. Correlations were significant in 100% (48/48) of the cases
and highly significant in 95.8% (46/48) of the cases. Reviewer 3 showed lower scores with
a Spearman’s value of 0.33 and 0.38 in comparison to reviewers 1 and 2. Reviewer scores
for the phalanx were again highly significantly correlated in all cases, with a Spearman’s
value of 0.60 to 0.79, with a mean of 0.70. Scores for the ribs showed a Spearman’s value of
0.45 to 0.68, with a mean of 0.57, being highly significant in all the cases, and the vertebrae
showed a Spearman’s value for reviewer’s scores of 0.45 to 0.68, with a mean of 0.62. The
interobserver agreement for all criteria was highly significant in all cases. The agreements
ranged from moderate (0.44) to high (0.66). Interobserver variability was also tested for the
different systems, again showing highly significant correlations for every reviewer with
each system. Spearman’s ranks ranged from 0.45 to 0.71 (average of 0.57) for CRP, from
0.38 to 0.68 (average of 0.54) for FP, and from 0.80 to 0.69 (average of 0.60) for CRN. Details
on Spearman’s rank correlation can be found in Table 9 for each criterion and radiography
system. Reviewers’ ratings were highly significantly different, except reviewer 4 compared
to reviewer 1.

Table 7. Average scoring from all reviewers for the different criteria and radiography systems.
CRN = needle-based detector system, CRP = powder-based detector system, FP = flat panel detec-
tor system.

System Dose Femur Phalanx Rib Vertebra

CRP

100 2.04 2.18 2.39 2.29

50 2.25 2.61 2.61 2.82

25 2.64 2.71 3.07 3.25
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Table 7. Cont.

System Dose Femur Phalanx Rib Vertebra

CRN

100 1.89 2.18 2.03 2.11

50 2.54 2.71 2.82 2.71

25 2.86 3.14 3.29 3.21

FP

100 1.82 2.11 2.18 2.29

50 2.50 2.75 2.86 2.96

25 2.89 3.36 3.25 3.39

Table 8. Average scoring of each reviewer for the different radiography systems used. Mean as
average for all reviewer scores. CRN = needle-based detector system, CRP = powder-based detector
system, FP = flat panel detector system.

Radiography System Reviewer 1 Reviewer 2 Reviewer 3 Reviewer 4 Mean

CRP 2.50 2.37 2.87 2.55 2.57

CRN 2.85 2.29 2.76 2.70 2.65

FP 2.68 2.35 3.10 2.67 2.70

Table 9. Spearman’s rank correlation coefficient comparing each reviewer with each other regard-
ing scoring of the different criteria and radiography systems used. * showing significant correla-
tion; ** showing highly significant correlation (p ≤ 0.001). CRN = needle-based detector system,
CRP = powder-based detector system, FP = flat panel detector system.

Comparison between Reviewers

1–2 1–3 1–4 2–3 2–4 3–4

Overall 0.645 ** 0.490 ** 0.663 ** 0.438 ** 0.511 ** 0.615 **

Femur 0.629 ** 0.330 * 0.624 ** 0.375 * 0.526 ** 0.428 **

Phalanx 0.707 ** 0.595 ** 0.753 ** 0.655 ** 0.793 ** 0.667 **

Rib 0.680 ** 0.533 ** 0.622 ** 0.454 ** 0.473 ** 0.679 **

Vertebra 0.741 ** 0.571 ** 0.754 ** 0.495 ** 0.608 ** 0.543 **

CRP 0.631 ** 0.487 ** 0.711 ** 0.453 ** 0.526 ** 0.622 **

CRN 0.684 ** 0.586 ** 0.640 ** 0.479 ** 0.501 ** 0.690 **

FP 0.679 ** 0.479 ** 0.650 ** 0.379 ** 0.518 ** 0.557 **

4. Discussion

4.1. General Aspects

Digital radiography systems have long been established in veterinary medicine and
are therefore also used in exotic pet medicine. The awareness of the need for standardized
protocols and dosage optimization has slowly begun to arise in the world of exotic pets.
Even though many authors describe the use of radiography in reptiles [2,4,6,8,28], no to little
information exists on technical settings to achieve images with optimal diagnostic value.
The main conclusion of the present study is that a dose reduction in digital radiography
systems may limit the image quality of skeletal structures in bearded dragons, and it
is conceivable that this information can also cautiously be transferred to other small to
medium lizard species. Assuming that the data in this study reflect real conditions such
as in a clinical setting using living patients, a general dose reduction leads to decreased
reviewer scores regarding image quality, although image processing algorithms might still
produce a reasonable overall image impression.
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4.2. Evaluation Methods

In the present study, different skeletal structures of varying thickness and structure
were used to have a broader spectrum of differences such as the transition from spongiosa
to corticalis (femur, criterion 1) or demarcation to the joint (phalanx, criterion 2). Visceral
structures were not assessed due to the use of dead bodies and the general challenge
of assessing visceral structures with digital radiography in reptiles [2,9]. Visual grading
characterizing (VGC) analysis was used and is recommended to evaluate the performance
of different radiography systems. By using visual grading, anatomical criteria can be
evaluated objectively with a link to clinical interpretation. Still, bias can occur, in this
case primarily regarding the reviewers rating the systems. The reviewers were chosen
regarding their experience with radiography in reptile species with a minimum of two years
of experience in regularly evaluating radiographs in a specialized clinic. A training session
was conducted beforehand to reduce divergence in scoring and achieve standardization.
However, scores did differ significantly from each other (except for reviewer 1 compared to
4), showing the importance of subjectiveness and individual experience by different human
beings even when using a scoring system. The disadvantages and advantages of VGC
analysis have already been described in other studies such as Tebrün, W. et al. [13], Båth,
M. et al. [29], and Månsson, L. G. [30]. Despite a lack of agreement in scores, the tendency
with which the reviewers did score the criteria was the same. Therefore, assessments
were significantly correlated for all criteria and all reviewers. These correlations prove the
validity of the method, as the interpretation of the study results exclusively relies on the
comparison of the scores between the system and dosages.

4.3. Effect of Dose Reduction

Data showed that in every system, a dose reduction led to significantly worse scores for
most of the criteria, especially in the “double” reduction from 100% to 25%. Regarding the
criteria, the vertebra seems to be the most sensitive structure with significantly worse scores
after every reduction with each system used. In contrast, the ribs showed the least influence
of the dose reduction, only receiving decreased scores after a reduction of 25%. The effect
of dose reduction for the criterion femur varied. In the ribs and femur, the reviewers had
to evaluate the differentiation between the bone, whilst in the criteria for vertebra and
phalanx, the demarcation to the surrounding tissue and joint space was addressed. The
vertebra and phalanx are much more delicate structures than the femur and rib, indicating
a possible greater impact of dose reduction on smaller structures. In particular, the joint
space with a fine surface and superimpositions of other structures could therefore be more
affected than more solid structures such as the femur. The ribs are much more delicate than
the femur, impeding the evaluation of this criterion and possibly leading to a greater impact
in dose reduction, again indicating a greater influence on smaller structures. In contrast,
the femur showed the best scores, indicating that the thicker and bigger the structure, the
higher the chance of being able to evaluate variances.

Reduced image quality with a decreased dosage results from a decreased signal-to-
noise ratio. Noise is unavoidable in images produced by medical imaging, as no force
distributes photons from the X-ray beam uniformly over the surface [31]. In digital radiogra-
phy, the production of noise primarily depends on the elements of the radiography system,
such as the detector, X-ray source, controller circuits, and others. Different techniques
have been developed to reduce noise such as collimators or different types of filters [31].
Despite all these techniques, noise still exists and cannot be fully erased. Decreasing the
dosage increases the effect of noise due to the lower number of photons emitted, leading to
a higher signal-to-noise ratio. In this study, the dosage was decreased to half or a quarter
of the reference dose. Studies such as Uffmann, M. et al. [24] described a low sensitivity
of the human eye in knowingly detecting image noise, with complaints only after a 50%
reduction in dosage. Therefore, the question arises as to whether diagnostic information is
lost even before these reduction steps and if the human eye is a good evaluation tool for
evaluating image quality, even though a dose reduction in digital radiography systems
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could be possible due to the higher detective quantum efficiency (DQE). Digital radiog-
raphy systems, especially needle-based phosphorous systems, show a higher DQE than
conventional screen film systems [21], allowing one to reduce the dosage while maintaining
image quality.

4.4. Comparison of Detector Systems

In the present study, only digital radiography systems were used, as most veterinary
practices today have changed from conventional to digital radiography. Three different
systems were compared, namely one flat panel system (FP), a powder-based storage phos-
phor system (CRP), and a needle-based storage phosphor system (CRN), and as described
above, they have individual pros and cons. Wirth, S. et al. [19] describes a better evaluation
of bone structures in human limbs due to a clearer distinction of cortical structure, articular
surface, and cortical delineation of the phalanx in CRN systems compared to CRP systems
and FP systems with the possibility of a dose reduction of approximately 75% without a
loss in image quality. This superiority of CRN systems could not be reproduced in our
study when assessing the skeletal structures in bearded dragons. Our results showed
no significant difference in scores between the systems. There was a tendency for better
performances in the CRN systems compared to the others, but with no significance. The
flat panel system seemed to be the most sensitive system with worsening scores after
every dose reduction, again with no significant difference between the other systems. The
reason for this discrepancy can possibly be found in the use of a small reptile species, with
structures even smaller and finer than in the phalanx of the human skeletal system. On
such small levels, the benefits of CRN systems over the others could be nullified, leading to
similar image quality in all systems used.

In general, it was not the aim of the study to validate the different technical systems,
but rather only to assess the impact of dose reduction in each system. Therefore, with this
study design and focused on the skeletal system in bearded dragons, we only conclude that
all three systems seem to produce diagnostically reliable images with a possible beneficial
use for CRN systems.

4.5. Limitations of the Study

The study was conducted using dead animals, therefore only skeletal structures were
chosen for assessment. No conclusion can be drawn regarding soft tissue representation
with decreased radiation dosages. Using dead animals also leads to a lack of movement
due to respiration or heart action, which must be kept in mind as it could have a possible
impact on image quality in living animals. Soft tissue structures are surely more prone to
respiration artifacts than skeletal structures, but overall influence could still be possible.
Even though only animal bodies without detectable abnormalities in the bony structures
were used, the animals were not undergoing specific tests regarding the underlying disease.
The underlying disease could individually affect bone density or shape and can therefore
not be fully ruled out. Regarding the different animals, it has to be mentioned that the
size ranged from 134 to 499 g. We see this variation as minor as all the results point in
the same direction and this body mass range also presents the typical sizes of bearded
dragons presented in practice. Due to the limited number of individuals, we did not
calculate statistical evaluation depending on the size, but this could be the focus of further
studies. The duration of freezing after euthanasia varied from one to six months and
could theoretically lead to different stages of decomposition of the animal body. As we
only selected skeletal structures, we expect only a small impact on bone structure due to
freezing, making this a minor limitation, which still should be kept in mind, regarding
future studies. Reviewer numbers were rather low, allowing a higher risk for variation
between the observations. Only one species and a limited number of animals were used,
although the overall number of assessments allowed for detailed statistical comparisons.
This study was conducted using only bearded dragons. Translation of the results to other
reptile species should be made cautiously as reptile species vary greatly in size, shape, and
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even anatomical structures. Nevertheless, bearded dragons were chosen due to the high
popularity of this species in European countries and therefore the higher clinical impact
than rarer species. Further studies should go into detail comparing delicate structures in
different settings to provide more in-depth information, as well as extend to the use of
different species. Finally, smaller steps in dose reduction could perhaps allow for more
detailed results. Additionally, the scales in reptiles could influence image quality and
further aggravate the possibility of dose reduction while maintaining image quality [9].

5. Conclusions

The study results demonstrate that with digital radiography systems, an optimal
dosage according to the needs of the digital system is essential. A general dose reduction is
not recommended in reptile species as it will cause a loss of clinically relevant information
even if the image quality subjectively appears sufficient. Further studies with smaller
steps in dosage reduction should be conducted, as well as methods such as using artificial
intelligence to replace the high subjectiveness of the reviewers and insensitivity of the
human eye. This study shows the highly difficult aspect of defining a minimal dose to
reliably answer specific diagnostic questions, regarding the vast variety of influences on
image quality such as patient-related, system-related, and observer-related factors.
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Simple Summary: Bacterial infections can play an important role in dermatitis in lizards. The
bacterial species Devriesea (D.) agamarum is a known cause of dermatitis, cheilitis and even fatal
disease in lizards. Disease has most often been reported in Uromastyx species, but other lizards
may also be affected. However, some are asymptomatic carriers, increasing the risk of spreading
D. agamarum. Usually, D. agamarum is detected with culture-based methods. It was the aim of this
study to establish a real-time PCR assay to expand diagnostic options in routine diagnostics. The
presented assay is able to detect D. agamarum in clinical samples, decreasing laboratory turn-around
time in comparison to conventional culture-based detection methods. This enables a fast therapeutic
approach for affected animals and decreases the risk of spread.

Abstract: (1) Background: Devriesea (D.) agamarum is a potential cause of dermatitis and cheilitis in
lizards. The aim of this study was to establish a real-time PCR assay for the detection of D. agamarum.
(2) Methods: Primers and probe were selected targeting the 16S rRNA gene, using sequences of 16S
rRNA genes of D. agamarum as well as of other bacterial species derived from GenBank. The PCR
assay was tested with 14 positive controls of different D. agamarum cultures as well as with 34 negative
controls of various non-D. agamarum bacterial cultures. Additionally, samples of 38 lizards, mostly
Uromastyx spp. and Pogona spp., submitted to a commercial veterinary laboratory were tested for
the presence of D. agamarum using the established protocol. (3) Results: Concentrations of as low
as 2 × 104 colonies per mL were detectable using dilutions of bacterial cell culture (corresponding
to approximately 200 CFU per PCR). The assay resulted in an intraassay percent of coefficient of
variation (CV) of 1.31% and an interassay CV of 1.80%. (4) Conclusions: The presented assay is able
to detect D. agamarum in clinical samples, decreasing laboratory turn-around time in comparison to
conventional culture-based detection methods.

Keywords: Devriesea agamarum; polymerase chain reaction; Uromastyx sp.; Pogona vitticeps; bearded
dragon; lizard; reptile; cheilitis; dermatitis

1. Introduction

Devriesea (D.) agamarum is a bacterial species known to cause dermatitis and cheilitis
in lizards. Disease has most often been described in Uromastyx spp. [1–5]. However, D.
agamarum can also infect other lizards [6,7]. It has been reported in captive [8,9] as well as
in free-ranging lizards [7]. Clinical signs of disease generally include dermatitis or cheilitis,
often described with a yellow crusty appearance [10]. Disease outbreaks with extensive
mortality have also been reported, especially if lizards developed septicaemia. [7,11].
Bearded dragons have been described to asymptomatically carry D. agamarum in their oral
cavities [2,3]. Treatment of affected animals usually includes debridement of dermal lesions
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and systemic use of antibiotics—especially cephalosporines are considered effective [4,12]—
and may also require disinfection of the enclosure [13]. Autovaccines have also been
discussed as a treatment method [14].

Therefore, a fast and reliable diagnostic approach is an important consideration, both in
clinical disease with suspected D. agamarum infection and in entry controls. D. agamarum is
relatively easily cultured at 37 ◦C but also grows at temperatures of 25−42 ◦C on Columbia
agar with 5% sheep blood [11]. Diagnosis can, however, be complicated in laboratories
with limited experience with this pathogen. Matrix-Assisted Laser Desorption/Ionisation
Time-of-Flight Mass Spectrometry (MALDI-TOF MS), one of the most frequently used
standard techniques for the identification of bacteria in routine laboratory diagnostics, may
not (yet) be able to identify D. agamarum when working with standardized databases [15].
However, this issue is likely to be overcome as databases expand. Currently, laboratories
can improve D. agamarum identification by implementing and expanding their own MALDI-
TOF MS databases or using 16S rRNA gene sequencing to identify cultured but unidentified
isolates. Another option would be a specific PCR assay for D. agamarum, which might
prove especially valuable if other infectious agents, such as viral or fungal pathogens, are
also suspected, allowing concurrent testing from the same sample. The aim of this study
was, therefore, to develop a PCR assay for the detection of D. agamarum.

2. Materials and Methods

2.1. Bacterial Isolates Used to Establish the qPCR

In total, 14 D. agamarum isolates were used in this study as positive controls.
Three D. agamarum isolates (GenBank accession numbers: MT664091-93) were obtained

from routine diagnostic submissions at Laboklin GmbH & Co. KG (Bad Kissingen Germany)
in 2019 [15], while 11 were isolated between 2005 and 2009 at the Faculty of Veterinary
Medicine, Ghent University (Table 1). Non-D. agamarum isolates (n = 34) were obtained
from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany). Some were included in order to determine the ability of the assay to exclude a
broad spectrum of different bacterial species. Others, like Brachybacterium sp. or Dermabacter
sp., were included as their sequences were described to be highly similar to D. agamarum [11]
(Table 2). These 34 isolates served to determine the specificity of the PCR.

Table 1. Devriesea agamarum isolates used to establish the PCR.

No. Isolate Host Sample Material Laboratory

1 MT664091.1/0219 Bf Brachylophus fasciatus Swab (skin) Laboklin GmbH & Co. KG, Germany

2 MT664092.1/0919 Ur Uromastyx sp. Swab (skin) Laboklin GmbH & Co. KG, Germany

3 MT664093.1/0319 Ur Uromastyx sp. Swab (skin) Laboklin GmbH & Co. KG, Germany

4 IMP2 vacc Agama impalearis Swab (dermatitis), liver Faculty of Veterinary Medicine,
Ghent University

5 30.7 Uromastyx dispar Swab (dermatitis,
cheilitis)

Faculty of Veterinary Medicine,
Ghent University

6 34.1 Uromastyx acanthinura Swab (dermal
abscess)

Faculty of Veterinary Medicine,
Ghent University

7 23 Pogona vitticeps Swab (oral cavity) Faculty of Veterinary Medicine,
Ghent University

8 24 Pogona vitticeps Swab (oral cavity) Faculty of Veterinary Medicine,
Ghent University

9 25 Pogona vitticeps Swab (oral cavity) Faculty of Veterinary Medicine,
Ghent University

10 26 Crotaphytus collaris Swab (dermatitis) Faculty of Veterinary Medicine,
Ghent University
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Table 1. Cont.

No. Isolate Host Sample Material Laboratory

11 28 Eublepharis macularius Swab (oral cavity) Faculty of Veterinary Medicine,
Ghent University

12 30b Ctenonotus gingivus Swab (cloaca) Faculty of Veterinary Medicine,
Ghent University

13 4d Iguana delicatissima Swab (dermal
abscess)

Faculty of Veterinary Medicine,
Ghent University

14 L26 Pogona vitticeps Swab (oral cavity) Faculty of Veterinary Medicine,
Ghent University

Table 2. Bacterial species used as negative controls to determine the specificity of the PCR.

No. Bacterial Species DSMZ Number Original Depositor (Acc. to DSMZ)

1 Acinetobacter baumannii DSM 30007 J.V. Cook

2 Bacillus atrophaeus DSM 675 E. McCoy

3 Cytobacillus firmus DSM 359 G. Bredemann

4 Brachybacterium faecium DSM 4810 H.E. Schefferle

5 Dermabacter hominis DSM 30958 C. Moissl-Eichinger

6 Enterococcus faecalis DSM 2570 Kaiser-Permanente

7 Enterococcus faecium DSM 20477 A. Grumbach

8 Enterococcus faecium DSM 2146 J.M. Skerman (Streptococcus faecalis)
9 Escherichia coli DSM 1103 F. Schoenknecht

10 Escherichia coli DSM 1576 G.C. Crooks

11 Flavobacterium psychrophilum DSM 21280 J.-F. Bernardet

12 Klebsiella oxytoca DSM 5175 R. Hugh

13 Klebsiella pneumoniae DSM 26371 H. Dalton

14 Klebsiella pneumoniae DSM 30104 CDC, Atlanta; 298-53

15 Listeria monocytogenes DSM 19094 H. Seeliger

16 Mycobacterium phlei DSM 750 IPH

17 Nocardia nova DSM 44481 N. F. Conant

18 Proteus hauseri DSM 30118 K.B. Lehmann

19 Proteus mirabilis DSM 4479 CDC PR 14

20 Pseudomonas aeruginosa DSM 1128 C.P. Hegarty

21 Pseudomonas aeruginosa DSM 1117 A. Madeiros

22 Salmonella enterica DSM 19587 CDC

23 Salmonella enterica DSM 17420 CDC

24 Staphylococcus aureus DSM 2569 E.H. Gerlach

25 Staphylococcus aureus DSM 1104 F. Schoenknecht

26 Staphylococcus aureus DSM 46320 W. Witte

27 Staphylococcus aureus DSM 799 AMC

28 Streptococcus dysgalactiae DSM 20662 T.M. Higgs

29 Staphylococcus epidermidis DSM 1798 FDA

30 Streptococcus equi ssp. equi DSM 20561 R.E.O. Williams

31 Staphylococcus felis DSM 7377 S. Igimi

32 Staphylococcus intermedius DSM 20373 V. Hajek

33 Streptococcus pyogenes DSM 11728 E. Mortimer

34 Yersinia enterocolitica DSM 4780 J.M. Coffey
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2.2. DNA Preparation

Pure cultures of each strain were incubated in 750 μL lysis buffer (MagNA Pure DNA
Tissue Lysis Buffer, Roche, Mannheim, Germany) and 75 μL proteinase K (proteinase K,
lyophilisiert, ≥30 U/mg, Carl Roth GmbH & Co KG, Karlsruhe, Germany) for one hour at
65 ◦C. From this, 200 μL were utilized for automated nucleic acid (NA) extraction using
the MagNA Pure 96 DNA and Viral NA Small Volume Kit (Roche, Mannheim, Germany)
according to the manufacturer’s instructions. The resulting NAs were eluted in a volume
of 100 μL. The isolated NAs were kept at −18 ◦C until the PCR tests were performed.
The DNA used for the dilution series was extracted manually using the QIAamp® DNA
MicroKit (50) (Qiagen, Hilden, Germany), and the DNA concentration was measured with a
spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific, Inc., Wilmington, NC, USA).

2.3. Design of Primers and Oligonucleotide Probe, PCR Protocol and Optimisation of Annealing
Temperature

The 16S rRNA gene was selected as the target region based on the availability of
sequence data from a variety of isolates. Sequences of D. agamarum (NZ_LN849456.1,
LN849456.1, NR_044368.1, EU009865.1, KF647330.1) were retrieved from GenBank, and
multiple sequence alignment was performed with other sequences of different bacterial
species (e.g., Agromyces species, Arthobacter species, Brachybacterium species, Dermabacter
species, Pseudomonas species) using MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/
last accessed on 20 February 2023). The primers and probe were designed using primer3
(https://primer3.ut.ee/ last accessed on 20 February 2023).

Reactions included 1.0 μL of each primer (10 μM), 1.0 μL of the probe (2 μM), 4.0 μL
DNA Process Control Detection Kit qPCR Reaction Mix and 5.0 μL template DNA in a total
volume of 20.0 μL. Amplification was performed with a LightCycler 96 (Roche, Mannheim,
Germany) in a 96-well format.

The following protocol was used: Preincubation at 95 ◦C for 30 s followed by 40 cycles
of two-step-amplification (95 ◦C for 5 s and 60 ◦C for 30 s). PCR-grade water (Roche,
Mannheim, Germany) served as a negative control. While all other bacterial samples were
negative, Dermabacter hominis produced positive PCR results at an annealing temperature
of 60 ◦C (Figure 1). Therefore, DNA of Dermabacter hominis (DSM 30958) from the DSMZ as
well as DNA of D. agamarum (GenBank Accession number: MT664092.1/0919Ur) [15], was
tested in duplicate with different annealing temperatures (protocol 1: 65.0 ◦C, protocol 2:
66.0 ◦C, protocol 3: 67.0 ◦C) using a LightCycler 96 (Roche, Mannheim, Germany).

Figure 1. Two-step amplification carried out at 60 ◦C: All Devriesea agamarum isolates tested resulted
in positive signals with CT values ranging from 12.61 to 18.54. Dermabacter hominis (blue curve) also
gave a positive signal with a CT value of 26.29.

2.4. Determination of Specificity at 66 ◦C and of Repeatability and Sensitivity of the Assay

Various non-D. agamarum bacterial species (Table 2) were tested in duplicate for
positive reactions at 66 ◦C. The following protocol was used: Preincubation at 95 ◦C for 30 s
followed by 40 cycles of two-step-amplification (95 ◦C for 5 s and 66 ◦C for 30 s). PCR-grade
water (Roche, Mannheim, Germany) served as a negative control. DNA of 14 D. agamarum
isolates (Table 1) was also tested.
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To assess the intraassay repeatability of the PCR, standard deviations were calculated
for 10-fold serial dilutions in triplicate on a single plate. For the interassay reproducibility,
standard deviations were calculated for a 10-fold serial dilution series which was amplified
three times daily for two days. The standard deviations of the CT values were used to
calculate the percent of coefficient of variation (CV%).

Detection limit for bacterial cell dilutions: In order to determine the sensitivity of the
assay, a culture of D. agamarum (isolate MT664091.1/0219Bf) was used, starting with a
dilution (D0) of 0.5 McFarland (1.5 × 108 per mL). This suspension (D0) was 10-fold serially
diluted (D1–D10) in duplicate, and 1 mL of each dilution was inoculated onto Columbia
agar with defibrinated sheep blood (Becton Dickinson GmbH, Heidelberg, Germany/Oxoid
GmbH, Wesel, Germany), incubated at 36 ◦C and checked for growth after 30 h. Colony
forming units (CFU) were counted if the result was expected to be between 0 and 300 CFU.
These results were then used to determine the limit of detection of the assay. DNA was
extracted from 200 μL of each dilution (D1–D10) as described above, and PCR was carried
out in duplicate. The detection of Dermabacter hominis (DSM 30958) was quantified in the
same way.

Detection limit for DNA from pure culture: To evaluate the assay’s sensitivity, PCR
was carried out in triplicate using serial 10-fold dilutions of DNA prepared from colonies
of D. agamarum (isolate MT664091.1/0219Bf).

Spiked-in matrix: The assay was also evaluated using a spiked-in matrix (D. agamarum-
negative-tested lizard skin with a known concentration of target DNA). For these assays,
10 μL of the above-described dilutions D0 to D6 were inoculated onto D. agamarum-negative-
tested lizard skin. The skin was incubated in 500 μL lysis buffer, and 50 μL proteinase K
and NA were extracted from 200 μL of this suspension as described above and eluted in a
total volume of 100 μL NA. The PCR was carried out in duplicate as described above.

2.5. Testing of Samples Submitted to a Commercial Veterinary Laboratory

Clinical samples from lizards for which appropriate material (skin, crusts, dry swab)
was submitted to a commercial veterinary laboratory between March 2022 and December
2022 and for which the submitting veterinarian indicated an interest in D. agamarum
diagnostics were tested using the established protocol to evaluate the PCR for use with
clinical samples. Some of the samples were derived from animals showing clinical signs,
others from asymptomatic animals tested in the context of a health check—often when D.
agamarum had been isolated from animals in the group previously. If suitable material was
available (skin or swab in a transport medium), bacteriology was performed (as previously
described [15]). Identification of isolates was based on growth characteristics on agar
plates (Columbia Agar with defibrinated sheep blood and Endo Agar, Becton Dickinson
GmbH, Heidelberg, Germany), biochemical parameters and MALDI-TOF MS. In doubt,
colonies were also re-checked via PCR. If the results of the bacteriological culture were
available, the results of the PCR and culture would be compared. Samples were considered
PCR positive if the cycle threshold (CT) was <35.0 and equivocal if the CT was ≥35.0,
but a signal was obtained. If swabs of different origins regarding the localisation (e.g.,
dermal and oral) of the same animal were received, all samples were tested separately.
Amplicons from positive samples were sequenced (ABI PRISM 3130 XL Genetic Analyser,
Applied Biosystems, Foster City, CA, USA) and sequences were analysed by BLAST (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi, last accessed on 20 February 2023).

3. Results

3.1. Development of the PCR

The selected primer and probe sequences (Eurofins MWG Operon, Ebersberg, Ger-
many) are shown in Table 3. The product size was expected to be 246 base pairs.
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Table 3. Primers and probe used in the PCR for detection of Devriesea agamarum.

Forward Primer Devag16_For GATGACTGCAGAGATGTGGTG

Reverse Primer Devag16_Rev TTTGTACCGGCCATTGTAGCAT

Oligonucleotide probe FAM BHQ1 CATGTTGCCAGCACTTCGG

Optimisation of annealing temperature was performed using three protocols with
different annealing temperatures. In protocol 1 (65 ◦C), D. agamarum DNA was detected
with CT values of 14.58 and 16.49 and Dermabacter hominis with CT values of 29.43 and 29.62.
In protocol 2 (66 ◦C), D. agamarum DNA was detected with CT values of 16.22 and 16.14, and
Dermabacter hominis showed values of 34.28 and 35.19. In protocol 3 (67 ◦C), D. agamarum
was detected with CT values of 15.57 and 16.57, while Dermabacter hominis was not detected.
Therefore, an annealing temperature of 66 ◦C was chosen for all further analyses as it was
considered sufficient to discriminate between pure cultures of D. agamarum and Dermabacter
hominis DNA without losing sensitivity for the detection of D. agamarum.

3.2. Specificity, Repeatability and Sensitivity of the Assay

Specificity of the assay using the protocol with 66 ◦C as an annealing temperature
was determined using 14 D. agamarum isolates (Table 1) and 34 non-D. agamarum bacterial
isolates (Table 2) in duplicate.

No signal was obtained from any bacterial DNA from isolates other than D. agamarum
except for Dermabacter hominis. The CT value obtained using the DNA from pure cultures of
Dermabacter hominis were high (34.55 and 34.48) in comparison to those reached using DNA
from D. agamarum (12.08–18.14) but still below the threshold set for clinical samples. As
these are the results for DNA extracted from pure culture, 66 ◦C was considered sufficient
for further testing of samples without prior cultivation as samples without prior cultivation
are expected to yield a lower pathogen level. The intraassay CV was calculated to be 1.31%,
while the interassay CV was 1.80%.

Detection limit for bacterial cell dilutions: A positive PCR signal was detected for
D. agamarum dilutions D0–D4. An equivocal signal was detected for D5 and D6. In
culture, D4 corresponded to 2 × 104 colonies per mL. Therefore, the assay sensitivity
was 2 × 104 colonies per mL with dilutions of bacterial cell culture serving as a template.
This corresponds to approximately 200 CFU per PCR. For the serially diluted culture of
Dermabacter hominis, no positive PCR signals were observed. Two dilutions (D0 and D1)
resulted in equivocal CT values, with D0 being set to 0.5 McFarland (1.5 × 108 per mL).

Detection limit for DNA from pure culture: The DNA concentration was determined
to be 42.5 ng/μL (A260/A280: 1.94). D. agamarum DNA was detectable in dilutions up to
1:105. Therefore, DNA concentrations of as low as 425 fg/μL were detectable in the PCR.

Spiked-in matrix: Spiked-in matrixes produced clearly positive results up to skin
spiked with 10 μL of D2 with D2 corresponding to 2 × 106 colonies per mL (approximately
360 CFU per PCR considering dilution during sample preparation).

3.3. Testing of Clinical Samples

In order to test the use of the developed PCR for clinical samples, a total of 48 samples
from 38 lizards were tested for the presence of D. agamarum (Table 4). The samples were
derived from several species, mostly agamids (Pogona spp. and Uromastyx spp.), and
were of different origins (zoological collection, animal rescue centre, private owner) from
Germany and the Netherlands. Some of these animals were asymptomatic and were
tested in the context of a health check. Others showed clinical signs such as skin lesions,
hyperkeratosis or stomatitis (Table 4). Samples were mostly derived from the oral cavity
or skin/crusts. Of the 38 animals tested, D. agamarum was detected by PCR in 16 animals
(42.10%). A further five animals (13.16%) were considered to have equivocal results, and
17 animals (44.74%) were negative for D. agamarum. One animal (animal 3) that tested
negative proved to be infected with a fungus of the family Onygenaceae. A bacteriological
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examination was performed for 33 of the 38 animals, but D. agamarum was not cultured.
However, in most of these cases, various other bacterial species (Table 4) were cultured
when bacteriology was performed.

Table 4. Results of bacteriological culture and Devriesea agamarum PCR of clinical samples from
38 lizards.

Animal
No.

Species

Clinical Signs and
History and
Additional

Information

Country
of Origin

Time from
Sampling to

Sample
Preparation:

Sample
Material

Bacterial Culture
PCR

Result

1 Uromastyx sp.

Suspicious skin
lesion

Same wildlife park as
animal 2

NL unknown Skin N.D. Positive
(CT 23.71)

2 Uromastyx sp.

Suspected lesions/
dermatitis

Same wildlife park as
animal 1

NL unknown Swabs (skin) N.D. Positive
(CT 30.53)

3 Pogona sp.
Black discoloration of

the scales after
shedding, especially

on the tail.

NL 5d

Skin + Glutamibacter
creatinolyticus

+ Micrococcus sp.
+ aerobic spore-forming

bacteria

Negative

Swab (skin) Negative

4 Uromastyx sp. Partner to animal 5 NL 2d Swab (oral
mucosa)

++ Pantoea agglomerans
++ Pseudomonas

aeruginosa
++ aerobic

spore-forming bacteria

Positive
(CT 28.47)

5 Uromastyx sp. Partner to animal 4 NL 2d Swab (oral
mucosa)

++ Exiguobacterium
mexicanum

++ Kluyvera intermedia
++ Pseudomonas

chlororaphis
++ aerobic

spore-forming bacteria

Negative

6 Uromastyx sp.
Reported to have
been treated with

antibiotics
NL 2d Swab (oral

mucosa)

++ Acinetobacter
variabilis

+++ Arthrobacter
globiformis

+ Bacillus cereus

Positive
(CT 28.44)

7 Pogona vitticeps No clinical signs DE 1d Swab (oral
mucosa) ++ Proteus mirabilis Positive

(CT 33.17)

8 Pogona vitticeps No clinical signs DE 1d Swab (oral
mucosa)

+++ Enterobacter cloacae
+ Pseudomonas

aeruginosa

Equivocal
(CT 35.71)

9 Pogona vitticeps
No clinical signs

Partner to animal 10
Confiscated

DE 1d Swab (oral
mucosa) ++ Bordetella hinzii Negative

10 Pogona vitticeps
No clinical signs

Partner to animal 9
Confiscated

DE 1d Swab (oral
mucosa)

+ Bordetella hinzii
+ Peribacillus muralis

++ Enterococcus faecalis
+ Pantoea agglomerans

Negative

11 Pogona vitticeps No clinical signs
Abandoned DE 1d Swab (oral

mucosa)
++ Morganella morganii

++ Klebsiella oxytoca
Positive

(CT 27.56)

12 Pogona vitticeps No clinical signs
Abandoned DE 1d Swab (oral

mucosa)
++ Klebsiella oxytoca
+ Proteus mirabilis Negative

13 Pogona
henrylawsoni

No clinical signs
Abandoned juvenile

same enclosure as
animals 14 and 15

DE unknown Swab (oral
mucosa)

+ Aeromonas hydrophila
(+) aerobic

spore-forming bacteria
Negative

14 Pogona
henrylawsoni

No clinical signs
Abandoned juvenile

same enclosure as
animals 13 and 15

DE unknown Swab (oral
mucosa)

++ Proteus mirabilis
(+) aerobic

spore-forming bacteria
Negative

15 Pogona
henrylawsoni

No clinical signs
Abandoned juvenile

same enclosure as
animals 13 and 14

DE unknown Swab (oral
mucosa)

+ Aeromonas hydrophila
(+) alpha-hemolytic

streptococci
Negative
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Table 4. Cont.

Animal
No.

Species

Clinical Signs and
History and
Additional

Information

Country
of Origin

Time from
Sampling to

Sample
Preparation:

Sample
Material

Bacterial Culture
PCR

Result

16 Pogona vitticeps No clinical signs DE unknown Swab (oral
mucosa)

+ Aeromonas hydrophila
+ Pseudomonas

aeruginosa
(+) aerobic

spore-forming bacteria

Positive
(CT 27.20)

17 Pogona vitticeps No clinical signs DE unknown Swab (oral
mucosa) +++ Klebsiella oxytoca Equivocal

(CT 35.26)

18 Pogona vitticeps No clinical signs DE unknown Swab (oral
mucosa) ++ Klebsiella oxytoca Equivocal

(CT 35.07)
19 Scincidae Unknown DE 2d Skin N.D. Negative

20 Iguanidae Hyperkeratosis
(dorsal) DE 2d Skin N.D. Negative

21 Uromastyx sp. Skin lesion DE 2d Skin N.D. Positive
(CT 21.34)

Swab (outer
skin of the

mouth)

+ Pseudomonas
aeruginosa

+ Serratia marcescens
Positive

(CT 28.45)

Swab (oral
mucosa)

+ Pseudomonas
aeruginosa

+ Serratia marcescens
Positive

(CT 34.89)
22 Uromastyx sp.

Skin lesion
Animals 22, 23 and
24 kept in the same

enclosure

DE unknown

Skin N.D. Positive
(CT 31.56)

Swab (skin) N.D.
Positive

(CT 30.88)

23 Uromastyx sp.
Skin lesion

Animals 22, 23 and
24 kept in the same

enclosure

DE unknown

Swab (outer
skin of the

mouth)
+ Enterobacter cloacae Positive

(CT 32.20)

Swab (oral
mucosa) + Enterobacter cloacae Positive

(CT 32.06)

Skin N.D. Positive
(CT 31.97)

Swab (Skin) N.D. Positive
(CT 34.05)

Swab (outer
skin of the

mouth)
+ Pseudomonas

synxantha
Equivocal
(CT 35.24)

Swab (oral
mucosa) + Pantoea agglomerans Negative

24 Uromastyx sp.
Skin lesion

Animals 22, 23 and
24 kept in the same

enclosure

DE unknown
Skin N.D. Positive

(CT 33.84)

Swab (Skin) N.D. Equivocal
(CT 35.75)

25 Corucia zebrata
Multiple animals
with minimal to

moderate stomatitis
NL 2d

Swab (skin) N.D. Negative

Skin +++ Pseudomonas
aeruginosa Negative

26 Chlamydosaurus
kingii

No clinical signs
Kept with animal 27 DE 5d Swab (oral

mucosa)
+ Proteus mirabilis

++ Serratia marcescens Negative

27 Chlamydosaurus
kingii

No clinical signs
Kept with animal 26 DE 5d Swab (oral

mucosa)

+ Klebsiella oxytoca
+ Stenotrophomonas

maltophilia
+ aerobic spore-forming

bacteria

Negative

28 Laemanctus
serratus

No clinical signs
Kept with animals 29

and 30
DE 5d Swab (oral

mucosa)
+ Klebsiella oxytoca

+ Morganella morganii
Positive

(CT 31.20)

29 Laemanctus
serratus

No clinical signs
Kept with animals 28

and 30
DE 5d Swab (oral

mucosa)

+ Deinococcus
proteolyticus

+ Morganella morganii
+ Serratia marcescens

Positive
(CT 34.35)

30 Laemanctus
serratus

No clinical signs
Kept with animals 28

and 29
DE 5d Swab (oral

mucosa)
+ Morganella morganii

+ Proteus mirabilis
Positive

(CT 29.10)
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Table 4. Cont.

Animal
No.

Species

Clinical Signs and
History and
Additional

Information

Country
of Origin

Time from
Sampling to

Sample
Preparation:

Sample
Material

Bacterial Culture
PCR

Result

31 Laudakia stellio
picea

No clinical signs
Kept with animal 32 DE 5d Swab (oral

mucosa)
(+) aerobic

spore-forming bacteria
Equivocal
(CT 35.80)

32 Laudakia stellio
picea

No clinical signs
Kept with animal 31 DE 5d Swab (oral

mucosa)

+ Pseudomonas sp.
+ Serratia marcescens

+ aerobic spore-forming
bacteria

Equivocal
(CT 36.87)

33 Pogona vitticeps No clinical signs
Kept with animal 34 DE 5d Swab (oral

mucosa)
(+) Staphylococcus

epidermidis
Positive

(CT 34.07)

34 Pogona vitticeps No clinical signs
Kept with animal 33 DE 5d Swab (oral

mucosa)
+ Staphylococcus aureus

(+) aerobic
spore-forming bacteria

Positive
(CT 32.61)

35 Pogona vitticeps

Juvenile
No clinical signs

Kept with animals 36,
37 and 38

DE 5d Swab (oral
mucosa)

(+) aerobic
spore-forming bacteria Negative

36 Pogona vitticeps

Juvenile
No clinical signs

Kept with animals 35,
37 and 38

DE 5d Swab (oral
mucosa)

+ Achromobacter
xylosoxidans Negative

37 Pogona vitticeps

Juvenile
No clinical signs

Kept with animals 35,
36 and 38

DE 5d Swab (oral
mucosa)

+ Serratia marcescens
(+) aerobic

spore-forming bacteria
Negative

38 Pogona vitticeps

Juvenile
No clinical signs

Kept with animals 35,
36 and 37

DE 5d Swab (oral
mucosa) + Proteus mirabilis Negative

Legend: N.D. = not done, d = days, DE = Germany, NL = the Netherlands.

4. Discussion

D. agamarum is an important pathogen causing skin lesions and, in some cases, sys-
temic disease in lizards. Depending on the species, some animals can be inapparent carriers,
while others may develop severe diseases. Diagnosis of the causative agent is therefore
important in order to facilitate treatment as well as to prevent the spread of disease. Since
animals may suffer when untreated and the risks of spreading increase with time, a fast
diagnostic approach is important. The detection of D. agamarum is commonly achieved via
culture, followed in some cases by 16S rRNA gene sequencing [11,16].

The PCR developed in this study provides a time-saving tool compared to culture
and bacterial identification. Detection of D. agamarum and concurrent bacteriological
examination was performed in 33 of the 38 animals, resulting in 13 of 33 clearly PCR-
positive animals but no culture-positives. D. agamarum is expected to be abundantly
present in symptomatic animals. Culturing of D. agamarum is not considered difficult
and has been successfully performed in this laboratory before [15]. However, a successful
culture depends on the quality of the submitted samples. Appropriate samples include
affected tissue below hyperkeratotic crusts or inside of the crusts as well as organs in
septicaemic lizards and subcutaneous granulomas. In asymptomatic animals as well as in
symptomatic animals, isolation from the oral cavity, gastrointestinal tract or healthy skin
may be challenging. D. agamarum was cultured in the laboratory in which the study was
performed during the study period, but these samples were excluded from the study as
no suitable material for concurrent PCR testing (e.g., dry swab, skin) was available. In
this study, six animals (1, 2, 21 and 22–24) were known to have been symptomatic and
had positive PCR results. Bacteriological culture was performed in three of these animals
(22–24). In animal 24, a positive PCR result was only obtained from the skin sample,
which was not tested by bacteriological culture. Animal 6 might have been symptomatic
(no information was received, but due to the reported previous treatment, it seemed
likely). It was treated with antibiotics prior to sampling, which might have influenced the
bacteriology results. Possible reasons for the failure of culturing D. agamarum out of positive

214



Animals 2023, 13, 881

clinical samples in this study include previous antibiotic treatment, incorrect sampling
techniques, contamination with (oral) microbiota, increased transport time, inappropriate
transport conditions or overgrowth by other bacteria. The latter is especially important
as in the presented cases, no selective media for gram-positive bacteria were used, and
various different bacterial species are expected to be present on the skin [17,18].

PCR analysis is useful if the performance of bacterial culture is difficult, e.g., due to
previous treatment with antibiotics, inadequate preanalytical conditions (such as increased
or decreased temperature, increased transport time, inadequate transport medium), or in
cases in which overgrowth by other bacteria make detection challenging or impossible.
The detection of D. agamarum via PCR can also simplify concurrent PCR testing for other
known pathogens, e.g., viral or fungal pathogens known to cause dermatitis [19,20], since
the same extracted nucleic acids can be used. In general, PCR is advantageous when
culturable samples are unavailable, for example, when older samples are tested or stored
DNA is examined. However, bacterial DNA can persist in the environment [21], and D.
agamarum has been shown to survive for several months in the environment, depending
on the conditions [13]. A PCR could therefore detect bacteria even in cases in which these
were not responsible for clinical signs or in which no replication-competent bacteria were
present.

The PCR developed here was not 100% specific. Pure cultures of Dermabacter hominis
did result in a weak positive signal. However, if diluted, only equivocal results were
observed. Dermabacter hominis is genetically closely related to D. agamarum [2,11,22]. Der-
mabacter hominis is associated with the human microbiome [23]. It is occasionally described
in human clinical samples such as abscesses or blood cultures [24–26] but is usually found
to be of minor clinical significance [27]. So far, its clinical importance in reptiles is very
unclear. Contamination during sampling or sample preparation should be considered a
possible option leading to false equivocal results. However, clinical samples are expected
to yield less bacterial DNA, making false equivocal results less likely. The 16S rRNA gene
is known to be highly conserved between bacterial species, which makes it a useful target
if the aim is to identify different bacterial species. It is a commonly used target for bacterial
detection, and therefore a large amount of sequence data is available for a wide range of
bacterial species. However, it may not be ideal for differentiating closely related bacteria.
Currently, the availability of sequence data for D. agamarum other than the 16S rRNA gene
is limited, but in the future, other targets may prove to be better options. In the meantime,
especially equivocal CT values should be evaluated with caution in the face of clinical signs,
sampling and sample preparation, and ideally, retesting is recommended. Possibly, skin
samples might prove more useful than swabs as they yielded lower CT values in two of
the three animals for which both sample types were available, but this might be highly
dependent on the sampling method.

The PCR protocol developed in this study proved helpful for the detection of D.
agamarum in clinical samples. D. agamarum was detected in oral swabs from clinically
healthy Pogona species and serrated casquehead iguana (Laemanctus serratus), while the
results in which equivocal results were obtained were also from clinically healthy Pogona
species as well as from clinically healthy black hardun (Laudakia stellio picea). Pogona species
have previously been shown to be possible inapparent carriers of D. agamarum and a
possible source of infection for more sensitive species [2,3].

Therefore, this PCR protocol may not only be useful for clinical cases but also as a
screening tool. However, the number of tested samples is still small, and testing of larger
sample numbers is necessary in order to confirm the usefulness of this method for clinical
practice.

5. Conclusions

A real-time PCR was developed that is able to detect D. agamarum in clinical samples.
The assay provides a fast method for the detection of this important pathogen of lizards
but should be evaluated with further samples in the clinical context.
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Simple Summary: Herpesviruses are important pathogens in tortoises and cause latent infections.
Serological testing is therefore an important tool for the detection of herpesvirus-infected tortoises.
This retrospective study describes the detection of antibodies against two herpesviruses in pet
tortoises in Europe. Of the 1728 samples tested, antibodies against one or both of the viruses used
were detected in 122 (7.06%) of the tortoises. Detection rates differed depending on virus type, host
species, and year of sampling. For individual viruses, detection rates also differed depending on
season and country of origin. A better understanding of both the herpesviruses’ prevalences and the
immune response to infection will help protect these animals in future.

Abstract: Herpesviruses are important pathogens of tortoises, and several serologically and ge-
netically distinct virus types have been described in these animals. Virus neutralization testing is
commonly used in Europe to determine previous infection with the two types most often found in
pet European tortoises, testudinid herpesvirus (TeHV) 1 and 3. In this retrospective study, the results
of serological testing for antibodies against each of these viruses in serum or plasma samples from
1728 tortoises were evaluated, and antibody detection rates were compared based on virus type, host
species, year, season, and country of origin. Antibodies (titer 2 or higher) against at least one of the
two viruses used were detected in a total of 122 (7.06%; 95% CI 5.95–8.37%) of the animals tested.
The antibody detection rates differed significantly depending on the tortoise species (p < 0.0001)
and the year of sampling (TeHV1 p = 0.0402; TeHV3 p = 0.0482) for both virus types. For TeHV1,
antibody detection rates differed significantly (p = 0.0384) by season. The highest detection rate was
in summer (5.59%; 95% CI 4.10–7.58%), and the lowest was in fall (1.25%; CI 0.53–2.87%). TeHV1
antibody detection rates did not differ significantly (p = 0.7805) by country, whereas TeHV3 antibody
detection rates did (p = 0.0090). The highest detection rate, 12.94% (95% CI 7.38–21.70%), was found in
samples from Italy. These results support previous hypotheses on the species’ susceptibility to TeHV1
and 3 and the use of serology as a diagnostic test for the detection of herpesvirus-infected tortoises.

Keywords: tortoise; Testudo; testudinid herpesvirus; virus neutralization; serology

1. Introduction

Herpesviruses have often been described in tortoises and can be associated with severe
disease, most often of the upper digestive and upper respiratory tract [1]. These viruses are
considered a significant threat to the health of pet tortoises and can cause significant disease
outbreaks with high morbidity and mortality rates [1]. So far, four different herpesviruses
have been described in tortoises. Testudinid herpesvirus 1 (TeHV1) was first described
in association with a disease outbreak among Russian (Testudo [Agrionemys] horsfieldii)
and pancake tortoises (Malacochersus tornieri) in Japan [2]. It has also been described
in pet tortoises in Europe repeatedly [3–5]. Testudinid herpesvirus 2 (TeHV2) has been
described in Agassiz’s desert tortoises (Gopherus agassizii) in the USA [6] and has also
been reported in a single case in a Texas tortoise (Gopherus berlandieri) kept in Spain [4].
Testudinid herpesvirus 3 (TeHV3) is in the species Testudinid alphaherpesvirus 3, the only
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tortoise herpesvirus species classified by the international committee on taxonomy of
viruses (ICTV). TeHV3 has been found in a wide range of species in Europe and in other
parts of the world [1,4]. Testudinid herpesvirus 4 (TeHV4) has so far only been detected in
African species in the USA and in Europe [4,7,8]. All of these viruses have been shown to
cluster within the subfamily Alphaherpesvirinae together with other chelonian herpesviruses
in the genus Scutavirus [7,9].

Since herpesviruses cause latent infections, detection of clinically inapparent infected
animals that may not be shedding virus is an important diagnostic tool. Serological testing
has been described for the detection of antibodies against TeHV1, 2, and 3. The virus for
which the most data on serological testing have been published is TeHV3. This virus has
been used in neutralization tests and in enzyme-linked immunosorbent assays (ELISAs) for
the detection of antibodies. TeHV3 isolated from a Hermann’s tortoise (Testudo hermanni)
in terrapene heart cells (TH-1) has been used in a number of studies for the detection of
antibodies in several tortoise species [10–12]. An ELISA has also been described for the
detection of antibodies against TeHV3 in Mediterranean tortoises [13]. A study comparing
herpesviruses isolated from tortoises showed that the two types included in the study
(later shown to be TeHV3 and a single TeHV1 isolate) did not cross react serologically [14],
demonstrating the necessity of using the virus type of interest for serological testing. In
contrast, a study using an ELISA with a TeHV3-specific antigen for the detection of antibod-
ies in wild Agassiz’s desert tortoises revealed a high (30.9%) antibody prevalence [15]. The
authors hypothesized that this could be due to cross-reactivity between TeHV3 and TeHV2,
since only TeHV2 was found in tortoises from the same population in virus detection
studies. So far, only TeHV1 and TeHV3 have been isolated in cell cultures and are available
for serological testing. These are also the two virus types most often found in pet tortoises
in Europe [3,4].

The aim of this retrospective study was to provide an overview of serological testing
for antibodies against TeHV1 and TeHV3 in pet tortoises in Europe. It was hypothesized
that antibody detection rates would differ significantly depending on the host species and
virus type and that these rates would correlate to polymerase chain reaction (PCR)-based
virus detection rates previously reported in pet tortoises in Europe according to host species,
virus type, country of origin, and season.

2. Materials and Methods

Plasma and serum samples submitted to a commercial veterinary laboratory (Laboklin
GmbH & Co. KG, Bad Kissingen, Germany) between January 2016 and December 2020
were evaluated in this retrospective study. Samples were submitted for diagnostic testing
by veterinarians and owners. Reasons for testing were not provided. All samples were heat
treated at 56 ◦C for 30 min for compliment inactivation and stored at 4 ◦C for up to 5 days
before testing. Neutralizing antibodies against a TeHV1 isolate from a Russian tortoise
(1301/B99R/97, GenBank DQ343883.1) and a TeHV3 isolate from a Hermann’s tortoise
(4295, [16]) in TH-1 were detected as described previously [10,11], except that plates for
both antibodies were read after 7 days of incubation at 28 ◦C in order to lower turn-around
time. Plasma from Hermann’s tortoises that had previously tested negative for both TeHV1
and TeHV3 antibodies were used as negative controls; plasma from Russian tortoises that
had previously tested positive for antibodies against TeHV1 but not TeHV3 was diluted
to a titer of 8 and used as a positive control for TeHV1 antibody testing; and plasma from
spur-thighed tortoises (Testudo graeca) that had previously tested positive for a antibodies
against TeHV3 but not TeHV1 was diluted to a titer of 8 and used as a positive control for
TeHV3 antibody testing. Titers between 2 and 4 were considered suspect positive, titers
of 8 low positive and titers of 16 and greater were considered positive. Plasma or serum
dilutions associated with cytotoxicity were not evaluated, and only higher dilutions in
which cytotoxicity was no longer observed were included. If no neutralization was detected
in these higher dilutions, the sample was considered negative. Tests in which virus titration
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controls or positive or negative plasma controls did not provide the expected results were
not evaluated, and samples were retested.

The statistical analyses were carried out using the statistical analysis software (SAS)
(SAS Institute, Cary, NC, USA) for the calculation of the positivity rates. The 95% binomial
confidence intervals were calculated based on the Wilson procedure [17]. Binary logistic
regression was used with cut-off for significance of p ≤ 0.05 for comparisons of the positivity
rates between the factors species, year, season, and country of sample origin. The seasons
were divided as follows: March to May were classified as spring, June to August as summer,
September to November as fall, and December to February as winter samples.

3. Results

A total of 1728 samples from tortoises were evaluated. Antibodies (titer 2 or higher)
against TeHV1 only were detected in 41 samples (2.37%; 95% CI 1.75–3.20%), and against
TeHV3 only in 62 samples (3.59%; 95% CI 2.81–4.58%). Antibodies against both viruses
were detected in samples from 19 animals (1.1%; 95% CI 0.71–1.71%), including one Her-
mann’s tortoise, five spur-thighed tortoises, three marginated tortoises (Testudo marginata),
four Russian tortoises, two radiated tortoises (Astrochelys radiata), one leopard tortoise
(Stigmochelys pardalis), and three tortoises for which the species was not provided. A total
of 122 (7.06%; 95% CI 5.95–8.37%) of the animals tested had detectable antibodies against
at least one of the herpesviruses used. The antibody detection rates differed significantly
(p < 0.0001) for TeHV1 and TeHV3 (Table 1) depending on the tortoise species (Figure 1).
There were significant differences (TeHV1 p = 0.0402; TeHV3 p = 0.0482) between years of
sampling (Table 2). For TeHV1, antibody detection rates differed significantly (p = 0.0384)
by season. The highest detection rate was in summer (5.59%; 95% CI 4.10-7.58%), and
the lowest was in fall (1.25%; CI 0.53–2.87%) (Table 3). The detection rates for antibodies
against TeHV3 did not differ significantly (p = 0.2617) by season (Table 3). TeHV1 antibody
detection rates did not differ significantly (p = 0.7805) (Figure 3, Supplementary Table S1)
by country. In contrast, TeHV3 antibody detection rates did differ significantly by country
(p = 0.0090): no antibodies were detected in samples from Spain, Austria, Belgium, Luxem-
burg, Czech Republic, Poland, or Norway; and the highest detection rate, 12.94% (95% CI
7.38–21.70%), was found in samples from Italy (Figure 2, Supplementary Table S1).
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Figure 1. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) of the pos-
itive tested species (Hermann’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca;
marginated tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; African spurred tortoise,
Centrochelys sulcata; radiated tortoise, Astrochelys radiata; and leopard tortoise, Stigmochelys pardalis).
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Table 1. Detection rates of antibodies against testudinid herpesvirus 1 (TeHV1) and testudinid
herpesvirus 3 (TeHV3) depending on species tested.

Species Total
Tested

TeHV1 Antibodies TeHV3 Antibodies

Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16 Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16

Tortoise,
species

unknown
285

n 275 3 3 4 275 1 5 4

% 96.50 1.05 1.05 1.40 96.50 0.35 1.75 1.40

CI 93.66–98.08 0.36–3.04 0.36–
3.04 0.55–3.55 93.66–98.08 0.06–1.96 0.75–

4.03 0.55–3.55

Testudo
hermanni 797

n 795 2 0 0 781 10 2 4

% 99.75 0.25 0 0 98.00 1.25 0.25 0.50

CI 99.09–99.93 0.07–0.91 0–0.48 0–0.48 96.76–98.76 0.68–2.29 0.07–
0.91 0.19–1.28

Testudo
graeca 180

n 174 3 1 2 158 9 3 10

% 96.66 1.67 0.56 1.11 87.77 5.00 1.67 5.56

CI 92.92–98.47 0.57–4.79 0.10–
3.09 0.30–3.96 82.19–91.79 2.65–9.23 0.57–

4.79 3.05–9.93

Testudo
marginata 89

n 86 3 0 0 69 11 1 8

% 96.63 3.37 0 0 77.53 12.36 1.12 8.99

CI 90.55–98.85 1.15–9.45 0–4.14 0–4.14 67.82–84.96 7.04–20.79 0.02–
6.09 4.63–16.75

Testudo
horsfieldii 144

n 111 11 6 16 139 3 1 1

% 77.08 7.64 4.17 11.11 96.54 2.08 0.69 0.69

CI 69.56–8.19 4.32–13.16 1.93–
8.80 6.96–17.29 92.13–98.51 0.71–5.94 0.12–

3.82 0.12–3.82

Testudo
kleinmanni 5

n 5 0 0 0 5 0 0 0

% 100 0 0 0 100 0 0 0

CI 56.55–100 0–43.45 0–43.45 0–43.45 56.55–100 0–43.45 0–43.45 0–43.45

Centrochelys
sulcata 35

n 34 1 0 0 35 0 0 0

% 97.14 2.86 0 0 100 0 0 0

CI 85.46–99.49 0.51–14.54 0–9.89 0–9.89 90.11–100 0–9.89 0–9.89 0–9.89

Astrochelys
radiata 75

n 73 1 0 1 70 3 1 1

% 97.34 1.33 0 1.33 93.34 4.00 1.33 1.33

CI 90.78–99.26 0.23–7.17 0–4.87 0.23–7.17 85.32–97.12 1.37–11.11 0.23–
7.17 0.23–7.17

Stigmochelys
pardalis 40

n 37 0 1 2 37 0 1 2

% 92.50 0 2.50 5.00 92.50 0 2.50 5.00

CI 80.14–97.42 0–8.76 0.44–
12.88 1.38–16.50 80.14–97.42 0–8.76 0.44–

12.88 1.38–16.50

Aldabrachelys
gigantea 12

n 12 0 0 0 12 0 0 0

% 100 0 0 0 100 0 0 0

CI 75.75–100 0–24.25 0–24.25 0–24.25 75.75–100 0–24.25 0–24.25 0–24.25

Chelonoidis
nigra 2

n 2 0 0 0 2 0 0 0

% 100 0 0 0 100 0 0 0

CI 34.24–100 0–65.76 0–65.76 0–65.76 34.24–100 0–65.76 0–65.76 0–65.76

Chelonoidis
carbonar-

ius
14

n 14 0 0 0 14 0 0 0

% 100 0 0 0 100 0 0 0

CI 78.47–100 0–21.53 0–21.53 0–21.53 78.47–100 0–21.53 0–21.53 0–21.53

Chelonoidis
denticula-

tus
3

n 3 0 0 0 3 0 0 0

% 100 0 0 0 100 0 0 0

CI 43.85–100 0–56.15 0–56.15 0–56.15 43.85–100 0–56.15 0–56.15 0–56.15

Geochelone
elegans 9

n 9 0 0 0 9 0 0 0

% 100 0 0 0 100 0 0 0

CI 70.09–100 0–29.91 0–29.91 0–29.91 70.09–100 0–29.91 0–29.91 0–29.91
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Table 1. Cont.

Species Total
Tested

TeHV1 Antibodies TeHV3 Antibodies

Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16 Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16

Geochelone
platynota 7

n 7 0 0 0 7 0 0 0

% 100 0 0 0 100 0 0 0

CI 64.57–100 0–35.43 0–35.43 0–35.43 64.57–100 0–35.43 0–35.43 0–35.43

Astrochelys
yniphora 5

n 5 0 0 0 5 0 0 0

% 100 0 0 0 100 0 0 0

CI 56.55–100 0–43.45 0–43.45 0–43.45 56.55–100 0–43.45 0–43.45 0–43.45

Kinixys sp. 3

n 3 0 0 0 3 0 0 0

% 100 0 0 0 100 0 0 0

CI 43.85–100 0–56.15 0–56.15 0–56.15 43.85–100 0–56.15 0–56.15 0–56.15

Indotestudo
elongata 4

n 4 0 0 0 4 0 0 0

% 100 0 0 0 100 0 0 0

CI 51.01–100 0–48.99 0–48.99 0–48.99 51.01–100 0–48.99 0–48.99 0–48.99

Gopherus
berlandieri 1

n 1 0 0 0 1 0 0 0

% 100 0 0 0 100 0 0 0

CI 20.65–100 0–79.35 0–79.35 0–79.35 20.65–100 0–79.35 0–79.35 0–79.35

Malacochersus
tornieri 6

n 6 0 0 0 6 0 0 0

% 100 0 0 0 100 0 0 0

CI 60.97–100 0–39.03 0–39.03 0–39.03 60.97–100 0–39.03 0–39.03 0–39.03

Homopus
sp. 1

n 1 0 0 0 1 0 0 0

% 100 0 0 0 100 0 0 0

CI 20.65–100 0–79.35 0–79.35 0–79.35 20.65–100 0–79.35 0–79.35 0–79.35

Manouria
sp. 1

n 1 0 0 0 1 0 0 0

% 100 0 0 0 100 0 0 0

CI 20.65–100 0–79.35 0–79.35 0–79.35 20.65–100 0–79.35 0–79.35 0–79.35

Pyxis sp. 6

n 6 0 0 0 6 0 0 0

% 100 0 0 0 100 0 0 0

CI 60.97–100 0–39.03 0–39.03 0–39.03 60.97–100 0–39.03 0–39.03 0–39.03

Chersina
angulata 2

n 2 0 0 0 2 0 0 0

% 100 0 0 0 100 0 0 0

CI 34.24–100 0–65.76 0–65.76 0–65.76 34.24–100 0–65.76 0–65.76 0–65.76

Psammobates
sp. 2

n 2 0 0 0 2 0 0 0

% 100 0 0 0 100 0 0 0

CI 34.24–100 0–65.76 0–65.76 0–65.76 34.24–100 0–65.76 0–65.76 0–65.76

Total 1728

n 1668 24 11 25 1647 37 14 30

% 96.53 1.39 0.64 1.45 95.31 2.14 0.81 1.74

CI 95.56–97.29 0.94–2.06 0.36–
1.14 0.98–2.13 94.21–96.21 1.56–2.94 0.48–

1.36 1.22–2.47

n: number in each category; CI: 95% confidence interval.

Evaluation of the results from samples from the five Testudo species (n = 1215) also
showed some differences. There was a significant difference in antibody detection rates
between the individual Testudo species for both virus types (p < 0.0001) (Table 1; Figure 1).
No significant difference was found between the years of sampling for TeHV1 (p = 0.5328),
but the differences were significant for TeHV3 (p = 0.0377) (Figure 4). Detection rates were
found to differ significantly between seasons for TeHV1 (p = 0.0425) but not for TeHV3
(p = 0.6922) (Figure 5). For this subset of animals, as for all of the tortoises combined,
country of sample origin did not significantly impact antibody detection rate for TeHV1
(p = 0.4751), whereas significant (p < 0.0001) differences were detected in detection rates for
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antibodies against TeHV3 based on country. The highest positivity rate (21.15%; 95% CI
12.24–34.03%) was found in Italy (Figure 6).

Table 2. Detection rates of antibodies against testudinid herpesvirus 1 (TeHV1) and testudinid
herpesvirus 3 (TeHV3) depending on year of sampling. Results shown as: number (n), percent (%),
95% confidence interval (CI).

Year Total
Tested

TeHV1 Antibodies TeHV3 Antibodies

Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16 Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16

2016 305
n 299 2 1 3 285 5 5 10

% 98.03 0.66 0.33 0.98 93.44 1.64 1.64 3.28

CI 95.77–99.09 0.18–2.37 0.06–1.84 0.33–2.85 90.09–95.71 0.70–3.78 0.70–3.78 1.79–5.93

2017 303
n 292 4 3 4 290 6 2 5

% 96.37 1.32 0.99 1.32 95.71 1.98 0.66 1.65

CI 93.62–97.96 0.51–3.34 0.34–2.87 0.51–3.34 92.80–97.48 0.91–4.25 0.18–2.70 0.71–3.80

2018 381
n 377 1 1 2 369 6 0 6

% 98.96 0.26 0.26 0.52 96.86 1.57 0.0 1.57

CI 97.33–99.59 0.05–1.47 0.05–1.47 0.14–1.89 94.58–98.19 0.72–3.39 0–1.00 0.72–3.39

2019 350
n 331 9 4 6 326 13 5 6

% 94.58 2.57 1.14 1.71 93.15 3.71 1.43 1.71

CI 91.68–96.50 1.36–4.81 0.44–2.90 0.79–3.68 90.00–95.35 2.18–6.24 0.61–3.30 0.79–3.68

2020 389
n 369 8 2 10 377 7 2 3

% 94.86 2.06 0.51 2.57 96.92 1.80 0.51 0.77

CI 92.19–96.65 1.05–4.01 0.14–1.85 1.40–4.67 94.69–98.23 0.87–3.67 0.14–1.85 0.26–2.24

Total 1728 1668 24 11 25 1647 37 14 30

Table 3. Detection rates of antibodies against testudinid herpesvirus 1 (TeHV1) and testudinid
herpesvirus 3 (TeHV3) depending on season of sampling. Results shown as: number, percent, 95%
confidence interval (CI).

Season Total
Tested

TeHV1 Antibodies TeHV3 Antibodies

Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16 Titer < 2 Titer 2 to 4 Titer 8 Titer ≥ 16

Spring 529
n 515 5 5 4 505 9 6 9

% 97.34 0.95 0.95 0.76 95.47 1.70 1.13 1.70

CI 95.60–98.41 0.41–2.20 0.41–2.20 0.30–1.93 93.33–96.93 0.90–3.20 0.52–2.45 0.90–3.20

Summer 680
n 642 17 6 15 642 17 5 16

% 94.41 2.50 0.88 2.21 94.41 2.50 0.74 2.35

CI 92.42–95.90 1.57–3.97 0.40–1.91 1.34–3.61 92.42–95.
90 1.57–3.97 0.32–1.72 1.45–3.78

Fall 402
n 397 2 0 3 384 11 3 4

% 98.75 0.50 0 0.75 95.51 2.74 0.75 1.00

CI 97.13–99.47 0.14–1.80 0–0.95 0.26–2.18 93.03–97.15 1.54–4.84 0.26–2.18 0.39–2.54

Winter 117
n 114 0 0 3 116 0 0 1

% 97.44 0 0 2.56 99.15 0 0 0.85

CI 92.74–99.13 0–3.18 0–3.18 0.87–7.26 95.32–99.85 0–3.18 0–3.18 0.15–4.68

Total 1728 1668 24 11 25 1647 37 14 30
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Figure 2. Herpesvirus (TeHV3) antibody detection rates (titer 2 or higher) divided into the countries
of origin with more than 20 tested samples. Countries with lower numbers of samples submitted are
shown in grey.

Figure 3. Herpesvirus (TeHV1) antibody detection rates (titer 2 or higher) divided into the countries
of origin with more than 20 tested samples. Countries with lower numbers of samples submitted are
shown in grey.
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Figure 4. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) in five Testudo
species (Hermann’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca; marginated
tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; and Egyptian tortoises, Testudo
kleinmanni) for the different years of sampling.
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Figure 5. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) in five Testudo
species (Hermann’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca; marginated
tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; and Egyptian tortoises, Testudo
kleinmanni) for the different seasons of sampling.
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Figure 6. Herpesvirus (TeHV1 and TeHV3) antibody detection rates (titer 2 or higher) in five Testudo
species (Hermann’s tortoises, Testudo hermanni; spur-thighed tortoises, Testudo graeca; marginated
tortoises, Testudo marginata; Russian tortoises, Testudo horsfieldii; and Egyptian tortoises, Testudo
kleinmanni) for the different countries of origin.

4. Discussion

Serology is an important tool in the diagnosis of herpesvirus infections in tortoises.
It is also an important part of quarantine examinations in these animals. Since infected
animals remain carriers, recognition of previous infection is a key to keeping infection
out of a naïve group. A number of instances of herpesvirus introductions into previously
negative collections followed by severe disease outbreaks have been documented [5,10,18],
and both virus detection and serology have been used to detect herpesvirus infection in
clinically healthy tortoises [5,18,19].

The antibody detection rate found here is similar to that found in a study reporting
on PCR-based herpesvirus detection in chelonians in Europe over the same period [4]. In
that study, an overall positivity rate of 6.22% was reported for chelonians in the family
Testudinidae [4]. The vast majority of the herpesviruses detected in tortoises in that study
were either TeHV1 (45.37%) or TeHV3 (53.24%). Studies comparing both virus detection
and serology in the same animals have often shown higher virus detection rates than
antibody detection rates [10,18,19]. In those cases in which samples were collected during
an outbreak [10], it is possible that some animals had not yet developed a measurable
immune response following infection. Both virus shedding and antibody detection have
been reported in clinically healthy tortoises with no history of a recent disease outbreak [19].
In a study in which tortoises were repeatedly tested for the presence of antibodies over time,
it was shown that animals that tested positive could also sporadically test negative [12].
In the present study, only serological testing, not virus detection, was carried out, so that
direct comparison of the two could not be performed.

Host species has been shown to be a significant factor in infection rate for both
TeHV1 and 3. TeHV1 has most often been detected in Russian tortoises, and this species
is hypothesized to be the original host of this virus, although numerous other tortoise
species have also been shown to be susceptible to infection [2–4,20], and infection has been
associated with disease in several of these [2,20]. TeHV3 has been detected in a wide range
of tortoise species [4]. It has been hypothesized that this virus may have co-evolved in
spur-thighed tortoises [21], and this species and the closely related marginated tortoises
have been reported to be more resistant to disease than some other species, e.g., Hermann’s
tortoises, in outbreaks in mixed collections [10,18]. These host specificities are reflected in
the antibody detection rates reported here. The highest rate of antibodies against TeHV1
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was found in Russian tortoises. Distribution of the titers also showed a higher percentage of
animals with titers > 16 in this species (Table 1, Figure 1). For TeHV3, the highest percentage
of antibody positive animals were found for spur-thighed and marginated tortoises (Table 1,
Figure 1). Previously published PCR-based virus detection rates in different animals in
Europe over the same time period [4] revealed positivity rates that are comparable to the
antibody detection rates found in this study. However, there were significant differences in
PCR-based virus detection and antibody detection rates in Hermann’s tortoises between
the two studies. A total of 4.66% of the samples from Hermann’s tortoises tested by
PCR for herpesviruses (50 of 1072) were virus positive, the vast majority of which were
TeHV3 [4]. In contrast, in the present study, antibodies against one of the viruses used
were found in a significantly lower proportion of animals (2.25%, 18 of 797) (p = 0.0059),
with extremely low titers of 2 or 4 in the majority of cases (12 of 18) (Table 1). While this is
based on a different set of animals, so that direct comparison is not possible, it does support
previous observations indicating that Hermann’s tortoises may be less able to mount a
strong antibody response to infection with TeHV3 than, e.g., spur-thighed and marginated
tortoises. This may help explain the apparent increased pathogenicity of these viruses in
this species, although the immune response to herpesvirus infection in tortoises is not yet
well understood and requires further study.

In several of the animals included in this study, antibodies were detected against both
of the viruses used. Dual infection with TeHV1 and TeHV3 has been reported previously [3].
A study using serology for the detection of antibodies against a range of viruses in wild-
caught spur-thighed tortoises in Turkey indicated that TeHV1 and 3 were co-circulating in
that group [11]. Although TeHV1 and 3 have not been found to cross react serologically, it
is possible that some of the antibodies detected were specific for other, similar antigens. It is
important to note that virus neutralization testing with TeHV1 and 3 has not been validated
for all of the species included in the present study and that some of the animals included
could have been previously exposed to other herpesviruses not included in this study, with
unknown cross reactivity to TeHV1 and 3. However, the use of a virus neutralization test
indicates that the antibodies detected would have a functional use in the tortoises. The
actual effect of neutralizing antibodies on disease development in herpesvirus infected
tortoises has not, however, been sufficiently studied. In the present study, no information
was provided on the clinical status of the animals tested.

Comparison of other factors that might influence virus and antibody detection rates
between this study and the previous study on PCR-based virus detection [4] showed several
other differences as well. Both PCR-based virus detection and antibody detection rates
varied significantly depending on the year, but the years in which detection was highest
for the two viruses differed between the two studies. Antibody detection rates may reflect
a longer-term prevalence of these viruses in pet tortoises in Europe, and the results of the
present study indicate that the immune response is subject to the same variations as virus
detection by PCR. However, it is important to note that the samples used in both of these
studies were submitted by veterinary practices from animals with unknown clinical status
and histories, so that neither can fully reflect the true prevalence of herpesvirus infection in
these animals.

Seasonality was also shown to influence PCR-based virus detection rates. The highest
detection rates were found in the spring for both viruses [4]. In contrast, antibodies against
both virus types were most often found in samples submitted in the summer. Since the im-
mune system and antibody production in tortoises are dependent on environmental factors,
this may reflect the reactivity of the immune system in summer rather than virus activity.

Both PCR-based virus detection and anti-TeHV3 antibody detection were significantly
influenced by the country from which the samples were submitted. In both cases, the
highest percentage of positive samples was found in samples from Italy, with most of these
being TeHV3 and anti-TeHV3 antibodies [4]. Reasons for the high TeHV3 detection rate
in Italy are not known. In the case of antibodies, it is possible that environmental factors
could play a role in support of immunological reaction to infection, as the majority of the
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tortoises tested (Hermann’s, spur-thighed, and marginated tortoises) can be found in the
wild there.

The reason for testing was not known for the animals included in this study, limiting
the interpretation of results. It is likely that the animals sampled were biased toward those
with a history of disease, since most were submitted by veterinarians, although submission
for quarantine examinations and health checks likely also occurred in many cases.

Future studies exploring true prevalence and dynamics of herpesvirus infection in pet
tortoises in Europe would be useful. This is, however, likely to be very difficult to organize,
making data from diagnostic samples, as presented here, worth reporting. In addition, it
would be helpful to continue studies of the herpesviruses that can infect tortoises. It is likely
that not all herpesviruses capable of infecting this group of animals have been discovered
yet. Finally, the differences in antibody detection rates between individual species and the
possible implications for interactions between host species and specific viruses deserve
further study. This should include studies elucidating the immune response to infection in
various tortoise species and viral factors that are capable of influencing these reactions.

5. Conclusions

Antibody detection is an important tool in preventing the spread of herpesvirus
infections in tortoises. Immune response to infection may, however, depend on several
factors including virus type, host species, and environmental factors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12172298/s1. Table S1: Detection rates of antibodies against
testudinid herpesvirus 1 (TeHV1) and testudinid herpesvirus 3 (TeHV3) depending on country of
origin. Results shown as: number, percent, 95% confidence interval (CI).
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Simple Summary: This article describes the diagnostic evaluation and therapy of a tortoise with a
bulging oral lesion of unknown origin. Initially, the animal owner indicated that a similar oral mass
at the same location had been surgically removed four years ago. At that time, the abnormal oral
structure had not been evaluated further. This time, the mass was removed surgically and further
examined by both veterinary pathologists (veterinarians specialised in the examination of animal
diseases and body structures) and virologists. No causal agents, which have been described before
to trigger comparable lesions in tortoises, were found. Parts of the removed lesion were examined
in further virological studies to scan the tissue material for potential new infectious agents, which
might be connected to the abnormal oral lesion. Indeed, the authors were able to detect virus material
within the tissue mass belonging to a comparably new virus family. The exact influence of these
agents on the origin of the lesion, though, remains unclear.

Abstract: An adult male Bell’s hinge-back tortoise (Kinixys belliana) was admitted to a veterinary clinic
due to a swelling in the oral cavity. Physical examination revealed an approximately 2.5 × 1.5 cm
sized, irregularly shaped tissue mass with villiform projections extending from its surface located
in the oropharyngeal cavity. An initial biopsy was performed, and the lesion was diagnosed as
squamous papilloma. Swabs taken for virological examination tested negative with specific PCRs
for papillomavirus and herpesvirus. Further analysis of the oropharyngeal mass via metagenomic
sequencing revealed sequence reads corresponding to a member of the family Adintoviridae. The tissue
mass was removed one week after the initial examination. The oral cavity remained unsuspicious
in follow-up examinations performed after one, five and twenty weeks. However, a regrowth of
the tissue was determined 23 months after the initial presentation. The resampled biopsy tested
negative for sequence reads of Adintoviridae. Conclusively, this report presents the diagnostic testing
and therapy of an oral cavity lesion of unknown origin. The significance of concurrent metagenomic
determination of adintovirus sequence reads within the tissue lesion is discussed.

Keywords: reptile medicine; emerging diseases; neoplasia; next-generation-sequencing; metage-
nomic examination; surgery; adintovirus

1. Introduction

In chelonians, aetiologies for tissue proliferations including neoplastic diseases are
diverse [1–3]. Oropharyngeal swelling can generally be associated with papilloma-like
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lesions, which have been described several times for various reptile species [4]. Papillo-
maviruses have been found in skin lesions [5], also causing cutaneous papillomas in sea
turtles [6]. However, the presence of papilloma-like viral sequences has not been linked to
clinical symptoms in all cases. The field of reptilian virology has progressed significantly
over the last two decades [4,7–10]. Standardisation of sampling methods and increased use
of molecular diagnostics—particularly the use of next-generation sequencing (NGS)—has
led to a marked increase in the number of described viruses in reptile medicine [4]. Also,
the understanding of the viral impact in specific diseases has been enhanced in recent years.
However, the interconnections between specific viruses and many extrinsic and intrinsic
factors, such as the reptilian immune system, environmental conditions and coexisting
infectious diseases, which contribute to a clinical illness remain unclear for a large number
of viral diseases [11].

This is the first report of a Bell’s hinge-back tortoise with a distinct clinical symptom
alongside concurrent metagenomic determination of sequence reads corresponding to a
member of the family Adintoviridae.

2. Material and Methods

2.1. Animals

Initially, an adult male Bell’s hinge-back tortoise (Kinixys belliana), weighing 911 g,
being approximately 35 years old and originating from Benin, West Africa, was presented
(index case patient). The tortoise had a one-week history of reduced forage intake and
diarrhoea. Anamnestically, the care worker indicated a former tissue enlargement in just
the same oropharyngeal location that had been removed by a veterinarian four years
before. At that time, the tissue sample did not undergo any further diagnostic examination.
The tortoise had been kept in an enclosure (six square metres) with regular access to the
suburban garden during the summer season for the last 25 years. It had been fed a variety
of salads and vegetables and had received regular mineral supplementation as well as
species-appropriate UVB light.

After the initial identification of adintovirus sequences in the index case, a population
of Bell’s hinge-back tortoises under human care were sampled to evaluate the presence of
similar (adinto)virus sequences in conspecifics. The population included nine tortoises:
two individuals from a German zoo and seven animals (five zoo animals and two privately
kept tortoises) from Zurich, Switzerland. All animals were raised under human care
and evaluated as adult tortoises in clinically healthy condition. No oral lesions or other
abnormal findings were reported for any of the nine sampled tortoises.

2.2. Diagnostics

Initial diagnostic methods of the index case patient included a tissue biopsy for
histopathological examination, obtaining oral and cloacal swabs for virological examina-
tion as well as oral swabs for microbiological and mycological examination, parasitological
faecal examination and blood chemistry examination. Further diagnostic evaluation in-
volved next-generation-sequencing (NGS) examinations of whole blood, cloacal and skin
swabs and faeces to determine the presence of viral sequences.

Sampling of the nine conspecifics comprised cloacal and skin swabs, faeces and
whole blood. The samples of these nine animals were only examined for next-generation-
sequencing analysis.

For histopathological examination, the tissue sample was fixed in 4% neutral buffered
formalin for at least 24 h. The formalin-fixed tissue was dehydrated and routinely embed-
ded in paraffin wax, sectioned at 4 μm and stained with haematoxylin and eosin (HE). Slides
were evaluated with a standard binocular light microscope (Carl Zeiss 670; Carl Zeiss, Jena,
Germany; field of view area, 40× magnification: 0.16 mm2). For image preparation, the
specimen was digitalised using an Olympus VS200 slide scanner (Olympus Deutschland
GmbH, Hamburg, Germany), and representative images were exported with the respective
OlyVIA software (version 3.4.1., Olympus Deutschland GmbH, Hamburg, Germany).
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For bacteriological and mycological examination, swabs were inoculated on different
culture media (Columbia agar with sheep blood, Gassner agar, Staphylococcus/Streptococcus
selective agar, neomycin agar, chocolate agar, Schaedler agar, Kim-mig agar) and incu-
bated under aerobic, anaerobic or microaerophilic atmosphere at 37 ◦C for up to 48 h. The
Kim-mig agar was incubated for 48 h at 30 ◦C. The swab was further placed in nutrient
broth, which was also stored at 37 ◦C overnight. The following day, the nutrient broth
was spread onto selected culture media (Columbia agar with sheep blood, Gassner agar,
Staphylococcus/Streptococcus selective agar), which were incubated at 37 ◦C for an addi-
tional 24 h. The different colonies grown on the culture media were differentiated by mass
spectrometry (MALDI-TOF, Bruker, ORT).

Blood chemistry examination was performed in a standardised manner in an inhouse
laboratory (Cobas C 311, La Roche Ltd., Basel, Switzerland) 15 min after venipuncture
(dorsal coccygeal vein). Haematological parameters were examined microscopically at
1000× magnification after standardised blood smear preparation with 20 uL whole blood.

For NGS examination, a section of the tumour tissue sample (20 mg) was homogenised
in 500 μL PBS and centrifuged for 5 min at 12,000 relative centrifugal force (RCF). The
supernatant was sieved using a 0.45 μm spin filter (Merck Millipore, Darmstadt, Germany)
for 5 min at 12,000 RCF. RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific,
Dreieich, Germany) in accordance with the manufacturer’s instructions and temporarily
stored in a −80 ◦C freezer. Conversion of RNA to cDNA was performed using Superscript
IV (Thermo Fischer Scientific, Dreieich, Germany) and nonribosomal hexamers as per
protocol guidelines. Double-stranded DNA (dsDNA) was generated via the Klenow
fragment (NEB), followed by random PCR amplification using a sequence-independent,
single-primer amplification protocol [12]. PCR products were purified a using Monarch
PCR/DNA Cleanup kit (NEB), and a DNA library was prepared with a Nextera XT DNA
Library Preparation Kit (Illumina Inc., San Diego, CA, USA) prior to sequencing on an
Illumina NextSeq sequencing platform with a NextSeq 500/550 High Output kit v2.5 for
150 cycles (paired-end reads, 75 base pairs). Raw sequencing data (FASTQ) were first
analysed using the ID-Seq bioinformatics pipeline (https://czid.org/) [13,14]. Additional
bioinformatic analyses were performed in CLC Genomics Workbench (v12) (QUIAGEN).

Further virological investigation was attempted by extracting RNA from blood (whole
blood), cloacal swabs, skin swabs and faeces. Primers (Adinto_Integrase_frw 5′-TGCTCAT-
GTCTGAGACACAGATATC-3′ and Adinto_Integrase_rvs 5′-CTACAGAGCTGGCATTGCTG-
3′) were designed based on the recovered partial adintovirus sequence to confirm the pres-
ence of an adintovirus in the RNA which had been used for NGS analysis and to complete
the sequence of the integrase gene. PCR amplification was performed using a Qiagen One
Step RT-PCR kit (Qiagen, Germantown, MD, USA) and an annealing temperature of 49 ◦C.
Additional screening of blood (whole blood), cloacal and skin swabs and faeces for the
presence of adintovirus was performed according to the same primers and protocol.

3. Results

3.1. Initial Clinical Condition and Therapy

Clinical examination of the index case patient revealed an approximately 2.5 × 1.5 cm
sized, irregularly shaped tissue mass with villiform projections extending from its surface
in the left oropharyngeal cavity (Figure 1a). In addition, the animal showed liquid defaeca-
tion throughout the general examination. A subsequently performed faecal examination
revealed flagellate overgrowth.

Initially, the index case tortoise received treatment for flagellate overgrowth (metron-
idazole 40 mg/kg PO; repeated after 14 days; Eradia, Virbac Tierarzneimittel GmbH,
Bad Oldesloe, Germany). Furthermore, a supportive therapy was started with a liver-
supporting product (50 mg/kg SID PO; Legaphyton®; Vetoquinol S.A., Lure, France) and
probiotics (0.5 mL solution PO; BeneBac®, Dechra Veterinary Products Deutschland GmbH,
Aulendorf, Germany). One week later, the tortoise was presented for a follow-up and a
subsequent surgical extirpation of the oropharyngeal tissue enlargement. The patient’s
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overall condition had improved. It showed regular voluntary food consumption, and the
faecal quality was reported to have a more solid consistency. The animal received analgetic
pain therapy with meloxicam (0.3 mg/kg SC; Metacam, Boehringer Ingelheim Vetmedica
GmbH, Ingelheim, Germany) and lidocaine (1 mg/kg topical; Lidor® 2%, VetViva Richter
GmbH, Wels, Austria) and was then sedated with alfaxalone (5 mg/kg IV; Alfaxan®, Jurox
Pty Limited, Rutherford, Australia). The tortoise maintained spontaneous breathing during
the 15 min procedure and was therefore not intubated. The oral tissue mass was removed
without any macroscopic leftover tissue using forceps and a sharp spoon (Figure 1b). Only
minor bleeding (approximately 0.3–0.5 mL) occurred inside the oral cavity, and the animal
regained full activity within 45 min after the surgical procedure.

  
(a) (b) 

Figure 1. Bell‘s hinge-back tortoise, oral cavity. (a) Upper-left side, showing an approximately
2.5 × 1.5 cm sized oropharyngeal villiform tissue enlargement on the left oropharynx. (b) Upper-
right side, left oropharynx is now visible after complete removal of the villiform tissue enlargement.

3.2. Diagnostic Results

Blood chemistry examination revealed high levels of liver-linked enzymes GLDH
(75.4 U/L), AST (521 U/L) and ALT (35 U/L). Haematological parameters were considered
unremarkable.

Histopathological analysis revealed fingerlike projections of keratinising squamous ep-
ithelium with marked hyperplasia and ortho- to parakeratotic hyperkeratosis (Figure 2A,B).
Regular maturation of keratinocytes was retained. Koilocytes were not present. Subepithe-
lially, low amounts of fibrovascular stromata were present. There was mild anisocytosis
and karyosis. In ten high-power fields (total field of view: 1.6 mm2), one mitotic figure was
present in the suprabasal epithelium. Furthermore, there was marked, multifocal, super-
ficial, intraepithelial, supportive inflammation with multifocal small colonies of coccoid
bacteria. Based on the histopathological findings, a squamous papilloma was diagnosed.

Microbiological assessment revealed a diverse bacterial flora including Morganella
morganii, Pseudomonas aeruginosa and Streptococcus sp. No fungi were cultured. Microscopic
faecal examination revealed a high infestation of flagellates (flagellate overgrowth). No
further parasitological pathogens were found. Virological examination of dry swabs for
papillomavirus and herpesvirus using family-specific PCR methods [15,16] were without
positive confirmations.
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Figure 2. Bell’s hinge-back tortoise (Kinixys belliana), oropharyngeal mass. (A) Squamous papilloma
with thickened, exophytic, hyperplastic and hyperkeratotic epithelium arranged in fingerlike projec-
tions. Haematoxylin & eosin (H&E). Low magnification. Bar: 200 μm (B) High magnification of the
squamous papilloma. Exophytic projections are covered by ortho- to parakeratotic hyperkeratosis.
The exophytic projections of squamous epithelium are supported by subepithelial fibrovascular tissue.
H&E. Bar: 50 μm.

Analysis of fastq raw reads using the CZ ID metagenomics pipeline [13,14] showed
the presence of 23 non-genus-specific reads showing homology to Terrapene box turtle
adintovirus (GenBank accession no. BK010890.1), a member of the Adintoviridae family.
Reference assembly using Genomics Workbench (v12) by read mapping to the Terrapene
box turtle adintovirus sequence (GenBank accession no. BK010890.1) enabled the iden-
tification of an additional 913 adintovirus reads. The complete integrase sequence was
obtained by Sanger sequencing of RT-PCR amplicons generated using primers based on
adintovirus sequences found in NGS analysis. A nucleotide BLAST (BLASTN) search of
already known adintovirus species indicated that the adintovirus present in the clinical
tortoise sample was closely related to the Terrapene box turtle adintovirus, with 95.16% nu-
cleotide identity, followed by multiple uncharacterised mRNAs from related turtle species.
To better distinguish the newly identified adintovirus from closely related viruses, we used
the nomenclature ‘Bell’s hinge back tortoise (Kinixys belliana) adintovirus’. In addition to
the integrase gene, analysis of NGS data enabled the recovery of a contig of 242 base pairs
(bp) of the penton gene, 490 bp of the genome packaging ATPase and 457 bp from the DNA
polymerase gene, with 88.84%, 94.94% and 93.44% nucleotide identity, respectively, to the
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homologous Terrapene box turtle adintovirus genes. An RT-PCR using specific integrase
primers resulted in a detectable amplicon verified subsequently by Sanger sequencing in
one additional sample from the index case patient (skin swab). Additionally, two out of
nine sampled tortoises (once each for a cloacal swab and whole blood) tested positive for
adintovirus RNA.

However, the complete adintovirus genome could not be recovered by Sanger sequenc-
ing and reference assembly. Furthermore, no oncogene transcripts were identified by NGS
or Sanger sequencing.

3.3. Follow-up History

The index case tortoise was presented for three additional follow-ups at one, five
and twenty weeks after removal of the tissue enlargement. The oral cavity remained
unremarkable, and no regrowth of tissue in the affected oral region could be identified.
The clinical condition continuously improved after the surgical procedure. The tortoise
returned to its usual food consumption and activity within five days after surgery. The
overall condition was evaluated as good at follow-ups five and twenty weeks after initial
presentation. However, a regrowth of the tissue was determined 23 months after the initial
presentation. At that time, the tortoise showed regular activity and unsuspicious defecation
and food intake. The tissue lesion again was removed surgically according to the procedure
described for the initial surgery. Macroscopically, the oral lesion strongly resembled
the initial tissue mass. However, the lesion had a considerably smaller (1.0 × 0.5 cm)
size and flatter structure. As before, the tissue mass was removed without macroscopic
leftovers. The recurring papillomatous tissue was resampled and assayed by RT-PCR, but
no adintovirus RNA was detected. No histological examination was conducted. The animal
remained in a good clinical condition in subsequent follow-up examinations two and twelve
weeks after the second surgical procedure. No further regrowth was determined.

All liver-linked parameters remained markedly elevated in each of the follow-up
blood examinations.

4. Discussion

The oropharyngeal tissue mass was the primary clinical symptom observed in the tor-
toise and needs to be discussed as a possible recurrent finding. Based on information given
by the patient’s owner, a tissue enlargement in exactly the same location had been surgically
removed four years previously in the absence of any further postsurgical examination. Ac-
cording to the owner, the shape, size and colouration of the tissue lesion were comparable
to the macroscopical appearance of the initial tissue enlargement. Aetiologies for tissue
proliferations, particularly of mucous membranes, are diverse in reptile medicine, including
a broad variety of neoplastic diseases [1–3]. In chelonians, a plethora of neoplasia reports
exist based on case reports [11]. Virus infections as causative agents need to be considered,
especially since reptilian virology has progressed significantly over the last two decades by
standardisation of sampling methods and increased use of molecular diagnostics [7–10].
The oropharyngeal swelling’s villiform macroscopical appearance could be associated
with papilloma-like lesions. These have been described for various reptile species [4].
Papillomaviruses have been found in skin lesions [5], also causing apparent cutaneous
papillomas in loggerhead sea turtles and green sea turtles [6]. However, the presence of
papilloma-like viral sequences has not been associated with clinical symptoms in all cases.
In tortoises, papillomavirus-like particles have been detected in different species, causing
papular skin lesions in one case [17]. Nevertheless, papillomaviruses have been described
as being highly host- and tissue-specific [4]. The clinical status of papilloma-caused lesions
(progression, resolution) has also been found to be highly variable [17]. In this case, no
papillomavirus was detected, either by PCR or by next-generation sequencing (NGS). Also,
reptilian herpesvirus infections need to be considered for irregular oral cavity findings
in tortoises. Several herpesviruses have been described for numerous members of the
family Testudinidae [4]. If clinical signs of an infection are present, rhinitis and conjunctivitis
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are oftentimes associated with indicative stomatitis and glossitis, leading to diphtheroid-
necrotising alterations in advanced stages of the disease. Diphtheroid membranes covering
oral cavity tissue can be seen regularly, as brownish villiform structures initially were
covering the oral cavity at the patient’s first presentation. However, the lack of associated
lesions (rhinitis, conjunctivitis, glossitis) and the more rigid, bulging appearance of the
tissue lesion did not support herpesvirus infection as a differential diagnosis.

Further analysis of a tissue biopsy of the oropharyngeal lesion using NGS resulted in
the identification of sequence reads displaying homology to a member of the Adintoviridae
family, which we termed ‘Bell’s hinge back tortoise (Kinixys belliana) adintovirus’. The
name ‘adintovirus’ refers to a Polinton, which harbours retrovirus-like integrase proteins,
and an adenovirus-like DNA polymerase [18]. The Adintoviridae family was first recognised
in 2021 and is composed of two lineages, Alpha and Beta. A BLASTN search of the
integrase gene showed that the virus is closely related to an adintovirus recovered from a
box turtle, called ‘Terrapene box-turtle Adintovirus’. Using data mining, a recent study
found that most adintovirus genomes bear open reading frames (ORFs) with predicted
structural similarity to capsid hexon and penton proteins of multiple known viruses,
including adenoviruses [18]. Therefore, questions arise as to the ability of adintoviruses
to produce progeny virions or rather if the adintovirus genome is maintained in the form
of an integrated provirus. Although the complete genome of an adintovirus could not be
recovered in this study, reference assembly of recovered sequencing reads to the Terrapene
box turtle adintovirus enabled the identification of transcripts of the penton and genome
packaging ATPase genes. A BLASTN search using the integrase gene of the adintovirus
identified in this study showed that the most similar virus was an adintovirus from a
related tortoise species, the Terrapene box turtle, followed in the same query unexpectedly
by multiple uncharacterised mRNAs from related tortoises. Overall, these observations
strongly suggest that adintoviruses are integrated into the respective host genome and
have subsequently coevolved over time.

Another key feature of the adintoviruses genome is the presence of ‘oncoid genes’,
which are similar to the well-characterised retinoblastoma-interacting protein and antiapop-
totic proteins of small DNA tumour viruses, such as polyomaviruses, papillomaviruses,
parvoviruses and adenoviruses [18]. However, adintoviruses have so far not been associ-
ated with diseases or tumours. On the contrary, transcripts from both adintovirus lineages
were identified in the gill tissue of nondiseased freshwater fish by metatranscriptomic
analyses [19].

In the present study, we showed that adintovirus transcripts were detectable in the
initially sampled papillomatous lesion but also in nonsuspicious tissue (skin swab from
the index case patient as well as each cloacal swab and plasma samples of two further
clinically healthy tortoises). Related to this, adintovirus as a causative agent of the oral
lesion cannot be ruled out. At this time, however, it is not possible to definitely link the
presence of adintovirus sequences in the papillomatous lesion to the aetiology of the lesion
itself or to the markedly increased liver enzyme elevations and the symptom of diarrhoea.
Transmission electron microscopy (TEM) of sections of the papillomatous lesion would
be required in order to confirm the presence of adintoviruses virions. In addition, RNA-
seq analysis could also be used on appropriate tissue samples from diseased and healthy
animals to look for differences in gene expression of adintovirus genes between healthy
and diseased animals.

Relating to the coexisting clinical symptoms, various viruses have been described to
cause liver disease in reptiles [8,20,21]. In this case, further sampling such as liver biopsy
or endoscopic coelomic imaging might have been highly beneficial. However, the animal
owner rejected any invasive diagnostic procedures. Although the tortoise’s clinical status
improved satisfyingly within five days after the initial surgery, the authors critically reflect
on the perioperative management of the patient. A more multimodal pain management
might have enhanced an even better postsurgical recovery. Furthermore, intubation of the
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tortoise might have increased intrasurgical options in case of anaesthesia incidents like
major bleedings or apnea.

5. Conclusions

This report clearly shows the high potential for molecular diagnostics in reptile
medicine. The routine use of advanced diagnostic methods such as NGS will facilitate
the identification of new reptilian viruses and possible links to known disease syndromes.
Prospective standardised study designs should be attempted, especially involving scientifi-
cally underrepresented reptile species.

Author Contributions: Conceptualization, J.H. and M.M.; validation, F.K., M.L. and M.H.-T.; re-
sources, W.R. and I.Z.; writing—original draft and preparation, J.H.; image preparation, J.H. and
W.R.; writing—review and editing: M.M., F.K., M.H.-T. and M.P.; supervision, M.P. and A.D.M.E.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This Open Access publication was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—491094227 "Open Access Publication Funding" and the University of
Veterinary Medicine Hannover, Foundation.

Institutional Review Board Statement: Ethical review and institutional approval were waived for
this study since the study included the examination and treatment of animals with clinical disease.
No animal was killed for the purpose of this study.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in a repository at
DOI:10.17605/OSF.IO/WZJ68 (https://osf.io/wzj68/).

Acknowledgments: The authors are indebted to Silvia Burgstaller, Jean-Michel Hatt and Andreas
Bernhard for their guidance and support during the sampling period of this study. We wish to
thank Belinda Euring and the team from the Department for Virology of the Veterinary Faculty,
University of Leipzig, Germany for their advice and critical evaluation concerning the virological
sampling process. We are also grateful to the staff members of the Department of Pathology and
the Department of Microbiology, both at the University of Veterinary Medicine Hannover, for their
diagnostic assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Garner, M.M.; Hernandez-Divers, S.M.; Raymond, J.T. Reptile neoplasia: A retrospective study of case submissions to a specialty
diagnostic service. Vet. Clin. Exot. Anim. Pract. 2004, 7, 653–671. [CrossRef] [PubMed]

2. Hernandez-Divers, S.M.; Garner, M.M. Neoplasia of reptiles with an emphasis on lizards. Vet. Clin. Exot. Anim. Pract. 2003, 6,
251–273. [CrossRef] [PubMed]

3. Sykes, J.M.; Trupkiewicz, J.G. Reptile neoplasia at the Philadelphia zoological garden, 1901–2002. J. Zoo Wildl. Med. 2006, 37,
11–19. [CrossRef] [PubMed]

4. Divers, S.J.; Stahl, S.J. Mader’s Reptile and Amphibian Medicine and Surgery-e-Book; Elsevier Health Sciences: Amsterdam, The
Netherlands, 2018.

5. Hellebuyck, T.; Pasmans, F.; Haesebrouck, F.; Martel, A. Dermatological diseases in lizards. Vet. J. 2012, 193, 38–45. [CrossRef]
[PubMed]

6. Herbst, L.H.; Lenz, J.; Van Doorslaer, K.; Chen, Z.; Stacy, B.A.; Wellehan, J.F., Jr.; Manire, C.A.; Burk, R.D. Genomic characterization
of two novel reptilian papillomaviruses, Chelonia mydas papillomavirus 1 and Caretta caretta papillomavirus 1. Virology 2009, 383,
131–135. [CrossRef]

7. Marschang, R.E. Viruses infecting reptiles. Viruses 2011, 3, 2087–2126. [CrossRef] [PubMed]
8. Gibbons, P.M.; Steffes, Z.J. Emerging infectious diseases of chelonians. Vet. Clin. Exot. Anim. Pract. 2013, 16, 303–317. [CrossRef]

[PubMed]
9. Harding, E.F.; Russo, A.G.; Yan, G.J.; Mercer, L.K.; White, P.A. Revealing the uncharacterised diversity of amphibian and reptile

viruses. ISME Commun. 2022, 2, 95. [CrossRef] [PubMed]
10. Nieto-Claudin, A.; Esperón, F.; Apakupakul, K.; Peña, I.; Deem, S.L. Health assessments uncover novel viral sequences in five

species of Galapagos tortoises. Transbound Emerg. Dis. 2022, 69, e1079–e1089. [CrossRef] [PubMed]
11. Girling, S.J.; Raiti, P. BSAVA Manual of Reptiles; British Small Animal Veterinary Association: Gloucester, UK, 2019.

237



Animals 2024, 14, 247

12. Allander, T.; Emerson, S.U.; Engle, R.E.; Purcell, R.H.; Bukh, J. A virus discovery method incorporating DNase treatment and its
application to the identification of two bovine parvovirus species. Proc. Natl. Acad. Sci. USA 2001, 98, 11609–11614. [CrossRef]
[PubMed]

13. Kalantar, K.L.; Carvalho, T.; de Bourcy, C.F.; Dimitrov, B.; Dingle, G.; Egger, R.; Han, J.; Holmes, O.B.; Juan, Y.F.; King, R.; et al.
IDseq-An open source cloud-based pipeline and analysis service for metagenomic pathogen detection and monitoring. Gigascience
2020, 9, giaa111. [CrossRef] [PubMed]

14. Ramesh, A.; Nakielny, S.; Hsu, J.; Kyohere, M.; Byaruhanga, O.; de Bourcy, C.; Egger, R.; Dimitrov, B.; Juan, Y.F.; Sheu, J.; et al.
Metagenomic next-generation sequencing of samples from pediatric febrile illness in Tororo. Uganda PLoS ONE 2019, 14, e0218318.
[CrossRef] [PubMed]
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Simple Summary: Paramyxoviruses in the genus Ferlavirus are well-documented pathogens in
snakes. Disease severity appears to depend on multiple factors which are not fully understood. In
order to further understand the role of host species in ferlaviral infection and disease, a genogroup
B ferlavirus that had previously been shown to be highly pathogenic in corn snakes (Pantherophis
gutattus) was inoculated into ball pythons (Python regius). The pythons became infected but developed
much milder disease than that observed in the corn snakes. The corn snakes also had a higher rate of
bacterial involvement in the lungs as well as much weaker humoral immune responses to infection.
In both species, the respiratory tract was the primary target of the virus, but systemic spread was also
observed. While this study supports previous findings indicating a wide host range among squamate
reptiles for ferlaviruses, it also shows that specific host species can react very differently to infection
with individual virus strains.

Abstract: Ferlaviruses are a cause of respiratory disease in snakes. Four genogroups (A, B, C, and
tortoise) have been described. Disease development is believed to depend on virus, host, and
environment-specific factors. There is evidence of transmission of individual strains between genera
and families of reptiles. A genogroup B virus previously used in a transmission study with corn
snakes (Pantherophis guttatus) was applied intratracheally in ball pythons (Python regius) using the
same protocol as for the corn snakes. Ball pythons became infected, with initial mild clinical signs
noted four days post infection (p.i.), and the virus was detected first in the lungs on day 4 and
spread to the intestine, pancreas, kidney and brain. Hematology showed an increase in circulating
lymphocytes which peaked on day 28 p.i. Antibodies were detected beginning on day 16 and
increased steadily to the end of the study. In comparison to corn snakes, ball pythons exhibited
milder clinical signs and pathological changes, faster development of and higher antibody titers,
and a hematological reaction dominated by lymphocytosis in contrast to heterophilia in corn snakes.
These differences in host reaction to infection are important to understand ferlavirus epidemiology as
well as for clinical medicine and diagnostic testing.

Keywords: ball python; ferlavirus; infection; pathology; detection; PCR; cell culture; immunology;
IgY; IgM

1. Introduction

Paramyxoviruses in the genus Ferlavirus were first described in snakes in the 1970s [1].
They have since been detected in a wide range of snake species as well as in lizards and,
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occasionally, in chelonians [2]. They are known to primarily cause respiratory disease in
infected animals but have also been associated with central nervous system signs as well as
systemic disease. The severity of clinical signs can range from inapparent or mild to severe
with multiple reports of severe disease outbreaks in larger collections [1,3,4].

Characterization of several ferlavirus isolates based on partial genome sequences
has shown that they can be divided into at least four different genogroups, referred to
as A, B, C, and tortoise [5,6]. Studies have shown some serological differences between
different strains [2,7]. Viruses in genogroups A and B appear to strongly cross-react, while
viruses in genogroup C cross-react less strongly with A and B viruses [8]. Differences in
host range and pathogenicity between the different genogroups and different strains are
not yet understood [9], although various genotypes have been found in a variety of host
species [10,11].

The first transmission study with ferlaviruses was conducted using intratracheal
inoculation in a group of Aruba Island rattlesnakes (Crotalus unicolor) [12]. The virus
used in that study was not further characterized. Five animals were inoculated and were
euthanized or died between 4 and 22 days post infection (p.i.). Examination of lung
tissue showed progressive pathological changes in the lungs of infected animals beginning
4 days p.i. The two animals that were not euthanized earlier died suddenly on days
19 and 22, respectively, both with blood found in their oral cavity. None of the snakes in
that study developed antibodies against the virus used for inoculation as determined by
hemagglutination inhibition assay (HI).

A transmission study using genogroup A, B, and C ferlaviruses in different groups of
corn snakes (Pantherophis guttatus) showed distinct differences in pathogenicity between
the viruses [9]. In that study, 12 animals in each group were inoculated intratracheally
with a ferlavirus genogroup A, B, or C isolates and 3 animals were each euthanized
and examined 4, 16, 28, and 49 days p.i. Significant differences were found in clinical
disease and pathological changes between the study groups, with the most severe disease
found in animals inoculated with the genogroup B virus. In this group, snakes developed
severe clinical disease starting from day 16 p.i., and the last animals remaining had to
be euthanized earlier than planned on day 35 p.i. due to disease. In contrast, only two
animals infected with the group A virus developed moderate clinical signs, none died, and
none had to be euthanized earlier than planned. In the group inoculated with the group C
virus, two developed mild clinical signs, three died, and one had to be euthanized due to
disease. Analysis of the immune responses of snakes to infection using HI, serum IgM and
IgY concentrations, and hematology showed a leukocytosis that was detectable beginning
16 days p.i. and antibodies detectable beginning 28 days p.i. [8]. However, there were
significant differences in immune response depending on the virus used. Animals that
were infected with the genogroup B isolate developed the highest white blood cell counts
(WBC), but antibodies were only detectable in a single animal at a low titer shortly before
death (which in this group occurred on day 35). Animals in the groups that received the
group A and C viruses developed high antibody titers (by HI) over the course of the study
and showed significantly fewer clinical signs and pathological findings.

Differences in clinical signs and pathological findings between different reports of
ferlavirus infections and outbreaks as well as in the transmission studies available indicate
that a variety of factors including host-specific factors (e.g., species, age, health status) and
virus-specific factors (e.g., genogroup and strain), as well as additional factors including
temperature, other environmental factors, and secondary infections, likely play a role in
infection and disease development. The aim of the current study was to evaluate the
effects of host species on infection and disease using a genogroup B virus previously found
to be highly pathogenic in corn snakes [9]. The same virus and protocol used in those
experiments was used to infect ball pythons, and clinical, pathological and immunological
reactions to infection were compared between the ball pythons and the previous results
from the corn snakes.
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2. Materials and Methods

The overall experimental design was identical to a study conducted with three different
virus strains in corn snakes [8,9,13], as it was the aim to allow direct comparison of the
study results. The animal trial was approved by the national authority (Landesdirektion
Sachsen, application number TVV 61/13).

The study was conducted with 12 adult ball pythons (Python regius). The animals were
captive-bred and acquired as adult healthy snakes from a commercial company. Nine of
the snakes were female, three were male. Average body length (snout–cloaca) was 125 cm
(range 92 cm to 161 cm), and mean body mass was 1409 g (range 644 g to 2977 g). No
further details on individual histories of the snakes were available.

All animals underwent a thorough clinical examination following established stan-
dards. They were checked for endo- and ectoparasites and samples were taken (swabs from
the choana and the cloaca, tracheal washes) and checked for aerobic bacterial and fungal
growth as described previously [13]. A combined sample (tracheal wash and cloacal swab)
was examined for the presence of ferlaviruses by PCR following an established protocol [14].
Briefly, the PCR targeted a 566 bp portion of the L-gene using primers F5-outer and R6-outer
followed by F7-inner and R8-inner in a nested format as described by Ahne et al. [14] using
the specific methods described by Kolesnik et al. [15]. This PCR has been shown to be
highly specific and able to detect between 5 × 10−1 and 5 × 10−3 ng/μL viral RNA [15].
RNA prepared from a ferlavirus cell culture isolate was used as a positive control and
HPLC water was used as a negative control. Only snakes without any remarkable result
(clinically healthy, good body condition, negative ferlavirus PCR, negative for parasites,
and bacterial and fungal flora assessed to be physiological) were included in the study.
The snakes were housed for at least two months before the beginning of the study period,
and examinations were repeated on day −6 (before virus inoculation), at the start of the
study protocol.

The snakes were kept in two terraria of approximately 140 × 78 × 65 cm, with six
snakes in each group. Husbandry conditions followed general recommendations for the
species, including suitable ground material (turf), a water basin and hiding places. Data
loggers (microlite II, imec, Heilbronn, Germany) were used to monitor temperature and
humidity. Temperature range was 20 ◦C to 28 ◦C with a 14/10 h day/night rhythm and
hot spots of 35 ◦C, relative humidity was kept in a range of 50% to 70%. During the
complete study period, snakes were fed (one mouse per snake) every seven to ten days in
separate boxes.

For experimental infections, the virus strain that proved to be most virulent in corn
snakes in the preceding study [13] was chosen. This strain was isolated from a timber
rattlesnake (Crotalus horridus) during a disease outbreak in a collection of various viper
species in Germany [5]. The virus was cultured on viper heart cells (VH2) according to
an established protocol [6], the virus suspension used was an aliquote of the same virus
passage as that used in the corn snake study [13] that had been stored frozen at −80 ◦C.
Using a tracheal tube, 1 mL of the prepared virus suspension was inoculated into the
trachea, and the virus suspension was titrated on VH2 cells [13] and confirmed to contain
106.5 TCID50 per mL.

No negative control group was used for this study, as the previous study with corn
snakes included a group inoculated with a cell culture suspension without the virus. Since
no clinical effect of this treatment was noted in the corn snakes, a similar treatment was
considered unnecessary in the present study. Instead, the aim was to compare the results of
both infection groups (corn snakes vs. ball pythons) directly.

The study and sampling design included a 6-day pre-inoculation period followed by
the virus application and a 49-day sampling/experimental period. Over the whole study
period, animals were checked daily by thorough inspection and weekly with a complete
clinical examination including body mass determination. Clinical disease conditions
for euthanasia were defined in the animal trial protocol as ongoing severe clinical signs
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including central nervous signs, severe respiratory distress leading to continuous dyspnea,
or continuous signs of pain or apathy.

Samples were collected on days −6, 4, 16, 28 and 49, according to the protocol used for
the corn snake study [13]. Tracheal washes and cloacal swabs and blood were collected intra
vitam from all remaining snakes on each sampling day, including from those snakes that
were euthanized after swabbing. On each of the days post infection (4, 16, 28 and 49), three
snakes were selected randomly, euthanized, and complete necropsies were performed.

The post-mortem examination was conducted according to published standards [16].
All organs were assessed macroscopically, and the following tissues were processed for
histopathological examination: lung, liver, kidney, small and large intestine, pancreas,
spleen, brain, and gonads. Virus detection by PCR and virus isolation in cell culture was
carried out using samples from the lungs, intestine, pancreas, kidney, and brain (see below).
For details on sample collection protocols, see Pees et al. [13] (virus detection), Neul et al. [8]
(immunology) and Pees et al. [9] (pathology). Lung tissue was also examined for bacteria
and fungi according to Pees et al. [9].

Hematologic examination included a leukocyte count (estimation method according to
Campbell and Ellis [17]) and differential blood cell counts (100 cells at 1000× magnification),
which were calculated as absolute values. HI was performed as described previously [8,18]
using the virus isolate used to inoculate the pythons. Plasma IgM and IgY levels were
determined using indirect ELISA as described previously in corn snakes [8], also using
the same virus isolate used to infect the animals. Briefly, concentrated, purified viral
antigen was adsorbed onto microtiter plates. Bovine casein was used as a control. For IgM
detection, plasma samples were diluted 1:200 in assay dilution buffer. A positive sample
(pooled blood sample from the group) and a negative control sample (plasma sample
from a confirmed ferlavirus-negative ball python) were added accordingly. Python IgM
detection was carried out using 100 μL of horseradish peroxidase-conjugated rabbit-anti-
IgM (isolated from corn snakes and carpet pythons)-IgGq diluted 1:10,000 in assay dilution
buffer. For IgY detection, python plasma samples were diluted 1:100, and horseradish
peroxidase-conjugated IgG (from rabbit)-anti-IgY (isolated from corn snakes and carpet
pythons) was used. Optical densities (ODs) were used as relative values for assessment of
the immunoglobulin production.

The virus was detected by PCR and virus isolation in cell culture as described previ-
ously [13] in tissue samples from euthanized animals on days 4, 16, 28, and 49. As in the
study in corn snakes, after initial sampling on day −6, intra vitam samples were tested
beginning on day 16. No intra vitam samples were tested for ferlaviruses on day 4 following
the protocol from the corn snake study, which was designed to rule out any chance of false
positive PCR results due to the persistence of viral RNA at the inoculation site.

For PCR detection, samples were cooled to 4 ◦C in a microtube container without
preservatives and sent overnight to a diagnostic laboratory (Laboklin GmbH & Co. KG,
Bad Kissingen, Germany). Further processing was carried out according to established
protocols [14] and the previous study design [13], using primers targeting a portion of the
ferlaviral L gene as described above.

For virus isolation in cell culture, samples were placed in microtube containers, and
for intra vitam cloacal and tracheal wash samples, a transport medium was added (Remel
micro test M4, Remel, Dartford, UK). Samples were immediately frozen at −80 ◦C. Isolation
was carried out using VH2 as described [19]. Samples were thawed and prepared as
described in detail elsewhere [13]. Both VH2 subculture suspensions, as well as VH2
monolayers (each in 96-well plates), were used for virus isolation attempts. Cells were
incubated at 28 ◦C and checked daily for cytopathic effects (CPE) or cell toxicity for eight
days, and up to two passages were prepared. Samples in which no CPE was observed
throughout the two passages were declared negative, whereas culture samples with CPE
and positive PCR confirmation were declared positive.

Statistical analysis was performed using the software SPSS 22.0 (IBM, Armonk, NY,
USA). As the majority of the values were not normally distributed, all values are reported
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as medians and interquartile ranges (25th to 75th percentile). For comparisons between
sampling days, the Friedman test for multiple samples was used, followed by the Wilcoxon
signed rank test in cases in which significance was determined (hematology and immunol-
ogy). A p value of 0.05 or less was considered significant.

3. Results

3.1. Clinical and Post-Mortem Findings

Overviews comparing clinical and post-mortem findings in ball pythons and corn
snakes are provided in Tables 1–3. At the beginning of the ball python study, all snakes
were clinically unremarkable. Following inoculation of the virus, moderate clinical signs
were first observed on day 4 (Table 1). On day 16, several snakes demonstrated reddening
or mild signs of stomatitis in the oral cavity, or the tracheal wash sample was flaky. Similar
signs (mucous secretion, stomatitis, or flaky tracheal wash sample) were observed in a
majority of the snakes up to day 49. Severe clinical signs such as respiratory sounds were
found only intermittently over the course of the study. No snake died spontaneously or
had to be euthanized during the study due to disease conditions.

Table 1. Changes in the respiratory tract of ball pythons (Python regius) and corn snakes (Pantherophis
guttatus) [9] following infection with a genotype B ferlavirus. (n.t.—not tested, as animals died or
were euthanized).

Days p.i. Signs of Respiratory Disease
Number Affected/Observed

Ball Pythons Corn Snakes [9]

1–4 Mucous secretion in the oral cavity 4/12 0/12

5–16

Flaky tracheal wash sample 4/9 1/9

Reddening tracheal opening or mild signs of stomatitis 2/9 0/9

Purulent secretion in the oral cavity 0/9 1/9

Respiratory sounds 1/9 0/9

17–28

Mucous secretion in the oral cavity 3/6 0/6

Flaky tracheal wash sample 3/6 4/6

Respiratory sounds 2/6 0/6

Purulent secretion in the oral cavity 0/6 1/6

Acute death 0/6 2/6 (days 27, 28)

29–49

Mucous secretion in the oral cavity 3/3 0/3

Flaky tracheal wash sample 3/3 n.t.

Apathy, abnormal position 0/3 2/3

Acute death 0/3 1/3 (day 33)

Euthanasia due to clinical disease 0/3 2/3 (day 35)

Histological changes in the lungs of infected ball pythons ranged from mild to moder-
ate (Table 2, Figure 1), and none of the changes were judged to be severe as determined
previously during the corn snake study (Figure 1).

Other histological findings in the ball pythons included intracytoplasmic brown and
Prussian blue positive pigment in the hepatocytes (8/12) and in the renal tubule cells
(12/12) and melanomacrophages in the liver (12/12). Mild multifocal lymphoplasmacytic
proliferation was seen in the enteric submucosa (1/12), in the renal interstitium (1/12)
and perivascular in the liver (1/12). One snake presented with multifocal pancreatic
necrosis (1/12) and vacuolization of adrenal cortex cells was seen in four snakes (4/12).
Hemosiderosis in the liver and hemosiderotic pigment nephrosis were also detected in corn
snakes (5/12). Additionally, acute reactive splenohepatitis (6/12), acute catarrhal enteritis
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(1/12), epicarditis (1/12) and acute necrotizing pancreatitis (1/12) were diagnosed in corn
snakes infected with the same virus isolate [9].

Microbiologically, no fungi could be isolated from the lung tissue. Salmonella spp.
were isolated from the lungs of two ball pythons on day 49, and Citrobacter freundii was
cultured from the lung of one snake on day 4 (Table 3).

Table 2. Gross and histological findings observed in the lungs of ball pythons (Python regius) and
corn snakes (Pantherophis guttatus) [9] following infection with a genotype B ferlavirus. Finding are
categorized as mild, moderate, or severe.

Day p.i. Criteria Findings
Number Affected

Ball Pythons Corn Snakes [9]

4
Gross lesions Mild colorless mucous 3/3
Histology Mild multifocal subepithelial lymphoplasmacytic infiltrates 3/3

16

Gross lesions

Mild colorless mucous 2/3
Moderate amount of colorless mucous combined with mild
tissue thickening 1/3

Severe tissue thickening, reddish discoloration,
yellow mucous 3/3

Histology

Mild multifocal subepithelial lymphoplasmacytic infiltrates 1/3
Moderate diffuse heterophilic and lymphoplasmacytic
interstitial infiltrates, edema 1/3

Severe diffuse heterophilic and lymphoplasmacytic
infiltration in the interstitium, fibrin in faveolar space 3/3

28

Gross lesions
Mild colorless mucous 3/3
Severe tissue thickening, reddish discoloration,
yellow mucous 3/3

Histology
Mild multifocal subepithelial lymphoplasmacytic infiltrates 3/3
Severe diffuse heterophilic and lymphoplasmacytic
infiltration in the interstitium, fibrin in faveolar space 3/3

49 (35)

Gross lesions
Mild colorless mucous 3/3
Severe tissue thickening, reddish discoloration,
yellow mucous 3/3

Histology
Mild subepithelial lymphoplasmacytic infiltrates 1/3
Severe diffuse heterophilic and lymphoplasmacytic
infiltration in the interstitium, fibrin in faveolar space 3/3

Table 3. Bacteria isolated from the lungs of necropsied ball pythons (Python regius) and corn snakes
(Pantherophis guttatus) [9] following infection with a genotype B ferlavirus.

Day p.i.
Ball Pythons Corn Snakes

Number Affected Bacteria Isolated Number Affected Bacteria Isolated

4 1/3 Citrobacter freundii 0/3

16 0/3 1/3 Salmonella ssp. IIIa 41:z4,z23;-

28 0/3 3/3 2× Salmonella ssp. IIIb 48:l.v:1,5;
Citrobacter freundii

49 2/3

1× Salmonella
Treforest (1),51:z:1,6;

1× Salmonella
Apeyeme 8,20:z38:-

3/3

Salmonella ssp. IIIb 14:z10:5;
Salmonella ssp. IIIb 48:l,v:1,5;

Salmonella Georgia 6,7:b:e:n:z15;
2× Klebsiella pneumoniae
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Figure 1. Histologic lung assessment: examples for (a) mild, and (b) severe changes of the lung tissue
of ball pythons (Python regius) following infection with a genotype B ferlavirus. Magnification 400×,
H&E stain. (a) mild subepithelial lymphoplasmacytic (yellow arrow) and heterophilic infiltrates
(black arrow); (b) severe diffuse heterophilic and lymphoplasmacytic infiltration in the interstitium
(yellow arrow), fibrin in faveolar space (black arrow).

3.2. Immune Reaction
3.2.1. Hematology

The baseline value for the total estimated white blood cell count was determined
on day −6 with a median of 12,525 cells/μL, with a broad range of 7500 cells/μL to
25,400 cells/μL. Regarding the median, no increase was seen on day 4 post infection,
but from day 16 to day 28, the number of white blood cells increased to a median of
17,755 cells/mL, before dropping again to almost base levels at the end of the study.
Calculating the total number of heterophils and lymphocytes based on the differential
blood cell count, it can be seen that this increase was mainly triggered by an increase in the
number of lymphocytes (of almost 100% between day −6 and day 28), whereas the number
of heterophils remained almost constant during the course of the study (Figure 2). Despite
the clear increase in the median to day 28, the differences between the sampling days were
neither significant for lymphocytes nor for heterophils.

In comparison with the ball pythons, the relative increase in lymphocyte counts
following infection was even higher for the corn snakes (Figure 3a, comparison to day −6),
and continued until the last day of the study (day 35). In contrast to the ball pythons, the
heterophil count also rose starkly in the corn snakes (Figure 3b).
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Figure 2. Haematology results in ball pythons (Python regius): white blood cell counts, calculated
heterophil and lymphocyte counts, shown as median values per sampling day.

Figure 3. Blood leukocyte counts, relative changes (in percent, median values), (a) total lymphocyte
count, (b) total heterophil count. Ball pythons (Python regius) in this study in comparison to results in
corn snakes (Pantherophis guttatus) [8].
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3.2.2. Hemagglutination Inhibition Assays (HI)

An HI titer of <2 was determined in all snakes on day −6. No antibodies were detected
in any of the snakes on day 4 post infection either (all < 2). On day 16, HI titers of between 4
and 128 were detected in four snakes (4/9). On day 28, all remaining snakes were positive,
with titers between 256 and 4096. On day 49, titers between 256 and 2048 were measured
in the three remaining snakes (Figure 4). Statistical comparison confirmed a significant
change over the sampling days (Friedman test, p = 0.022), and a significant increase in titers
when comparing titers on days −6, 4, and 16 separately with results from day 28 (p = 0.026
to 0.027).

Figure 4. Hemagglutination inhibition assay (HI) titers in ball pythons (Python regius), median values
and ranges per sampling day.

In comparison, in the corn snake study, only a single corn snake at the end of the study
(on day 35) had detectable antibodies when the animal was euthanized due to clinical
disease [8].

3.2.3. IgM and IgY Determination

Baseline OD median values in the ball pythons were very similar on days −6 and day
4 p.i. On day 16, only a slight increase in the ODs was measured, with a more prominent
increase in IgM levels than in IgY levels. On day 28, the IgM OD median had increased
by 290% and on day 49, by 548% in comparison to day −6. For IgY, the median OD had
only increased by 16% on day 28, but had increased by 494% on day 49, indicating a
later production of IgY (Figure 5). Comparisons in antibody detection showed significant
increases for IgY over the course of the sampling days (Friedman test, p = 0.032, for IgM
p = 0.052), and significant increases in the IgY concentrations from day −6 to day 28
(p = 0.043) and from day 16 to day 28 (p = 0.028).

A comparison of the relative changes in IgM and IgY levels in ball pythons and corn
snakes over time showed no measurable increase in IgM levels and a much weaker IGY
response to infection in corn snakes (Figure 6a,b).
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Figure 5. IgY and IgM concentrations in ball pythons (Python regius), optical density values, for each
sampling day (median, 1st and 3rd quartile) (OD—optical density).

Figure 6. Relative changes in the measured optical densities reflecting concentration of IgM (a) and
IgY (b) (median values) compared to day −6, ball pythons (Python regius) in this study in comparison
to results in corn snakes (Pantherophis guttatus) [8].
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3.3. Virus Detection

All tracheal wash samples examined were PCR positive, but the virus was only isolated
in cell culture from 61% (11/18) (Table 4). PCR detected a ferlavirus in 72% (13/18) of the
cloacal swabs tested, while virus isolation was successful in 61% (11/18). Regarding the
sampling days, and assuming that one positive detection (PCR or cell culture) is sufficient
to prove virus shedding, cloacal swabs were positive in 89% on day 16 (8/12), 67% on day
28 (4/6) and 100% on day 49 (3/3).

Table 4. Results of PCR and cell culture isolation for ferlavirus detection in intra vitam samples
from ball pythons (Python regius) for each sampling day (days −6, 16, 28, 49). Results are shown as
PCR/cell culture.

No. Tracheal Wash Cloacal Swab

day −6 day 16 day 28 day 49 day −6 day 16 day 28 day 49

4 −/− +/+ −/− +/+

5 −/− +/+ −/− −/+

6 −/− +/+ −/− +/+

7 −/− +/+ +/− −/− +/+ +/+

8 −/− +/+ +/+ −/− +/+ +/−
9 −/− +/+ +/− −/− −/+ −/−

10 −/− +/+ +/− +/− −/− +/+ +/+ +/−
11 −/− +/+ +/− +/− −/− −/− +/− +/−
12 −/− +/+ +/− +/+ −/− +/+ −/− +/+

Of the tissue samples tested following necropsy (Table 5, Figure 7), 52% were PCR
positive (31/60), and the virus was isolated in cell culture from 33% (20/60). In total, 43% of
the samples that were tested negative in cell culture were positive in PCR (17/40), but only
21% (6/29) of the samples that were tested negative by PCR were positive in cell culture.

Table 5. Results of PCR and cell culture isolation for the detection of ferlaviruses in tissue samples
from each ball python (Python regius) following euthanasia on day 4, 16, 28, or 49. Results are shown
as PCR/cell culture.

Day No. Lung Intestine Pancreas Kidney Brain

day 4

1 +/+ −/− −/− −/− −/−
2 +/+ −/− +/− −/+ +/−
3 +/+ +/+ −/− −/− −/+

day 16

4 +/+ −/+ −/+ +/+ +/−
5 +/+ −/+ −/− −/+ +/+

6 +/+ +/− +/− +/− +/−

day 28

7 +/+ −/− +/+ +/− +/−
8 +/− +/+ −/− +/− +/−
9 −/− −/− +/− +/− +/−

day 49

10 −/− −/− −/− +/− −/−
11 −/− +/− −/− −/− −/−
12 +/+ −/− −/− +/+ −/−

all 9/8 4/4 4/2 7/4 7/2
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Figure 7. Ferlavirus-positive tissue samples per day (positive in PCR and/or cell culture), maximum
would be 15 (three animals, five organs).

Virus detection by at least one of the methods used was successful in 75% of the lung
samples, 50% of the intestinal samples, 42% of the pancreas samples, 75% of the kidney
samples, and 67% of the brain samples. Regarding the sampling days, the percentage of
positive detections in all organs together was 53% on day 4, 93% on day 16, 73% on day 28
and 27% on day 49 (Figure 7).

4. Discussion

This study aimed to compare the effects of an experimental ferlavirus infection in ball
pythons (Python regius) directly to published results in corn snakes (Pantherophis guttatus).
For the latter species defined infections with different strains were conducted and the
consequences were evaluated and published in several manuscripts [8,9,13]. Previous
work has shown that ferlaviruses are capable of infecting a wide range of reptile
species [5,10,11,14,20–22], while some evidence has suggested that a number of factors
may influence the course of clinical disease and pathological changes in infected animals.
Ferlavirus infections have most often been documented in viperid species [1,3,4,23–28],
often during severe disease outbreaks in collections. They have also been found in wild-
caught viperids from South America [29]. Reports of infection in colubrids are slightly
rarer, and include colubrid infections in mixed collections together with viperid snakes as
well as in cases in which no contact with viperid snakes was reported [6,10,24,28,30,31].
There are a number of studies reporting detection of ferlaviruses in pythons. In some cases,
animals were reported with clinical signs of disease, most often affecting the respiratory
system [10,24,28] as well as the central nervous system [10,32], while studies screening boas
and pythons in Germany for ferlaviruses by PCR reported no correlation between virus
detection and disease [33,34]. While both host species and virus strain have been shown to
play a role in disease development, reporting of virus characterization has been limited
in many cases, making it difficult to determine what role the host species might play in
disease development. The present study was designed to compare the effects of a single
virus isolate found to be highly pathogenic in one species (corn snakes) on another host
species (ball pythons).

In cases in which virus characterization has been reported, genogroup B viruses
have been associated with respiratory or CNS disease or sudden death in boas, colubrids,
pythons, and vipers in various collections in Europe [20]; with an outbreak of respira-
tory disease and high mortality in a mixed collection of elapids, vipers, and pythons in
Croatia [35]; with colubrids or elapids experiencing respiratory disease in snake farms in
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China [31]; and with viperids, colubrids, elapids, and pythons with respiratory disease (but
not in clinically healthy snakes) in several collections in Thailand [28].

4.1. Clinical and Post-Mortem Results

In the pythons, clinical signs were first detected in individual animals on day 4 post
infection, and only mild to moderate clinical signs were detected in any of the infected
animals over the course of the study (Table 1). This is in stark contrast to the results in
corn snakes, where six snakes developed severe clinical signs and the last snake died
on day 35 p.i. (Table 1). This difference in the reaction to the virus is also reflected in
the pathological changes in the lung (Table 2). In corn snakes, in all snakes except those
from sampling day 4, severe macroscopic alterations were found, and the histology results
strongly corresponded with this; in the ball pythons, macroscopic changes in the lungs
were only considered severe in a single animal in the study (on day 16). These differences
in reaction are also seen in the histological findings, with findings in the ball pythons
considered severe only in the single animal on day 16, and all other snakes considered either
unremarkable or showing mild changes. These results demonstrate that the pathogenic
effects of this virus isolate in these two species were very different, and the corn snakes
appear to be much more susceptible to clinical disease caused by the virus strain used. This
virus isolate was originally obtained from a timber rattlesnake during what was reported
to be a severe disease outbreak in a collection of viperid snakes [5]. While it is possible that
passages in cell culture or other factors in the laboratory could affect the pathogenicity of
the virus, the same passage was used for both the corn snake study and the ball python
study described here, indicating that host-specific factors were the most likely source for
the differences in clinical course noted.

In addition to the overall clinical condition of the infected animals and the impact of
infection on the lungs, indications of systemic disease were found in both species. Pancreas
necrosis and lymphoplasmacytic proliferation in the small intestine, liver, and kidney
were all noted in snakes in both studies. The virus was also detected in the affected
tissues. It is, however, not clear if all of the changes observed were directly related to the
ferlavirus infection.

Another factor that could have influenced the clinical and pathological findings found
in each of these studies is secondary bacterial infections of the lung. In corn snakes,
bacteria, including various Salmonella strains, were detected in the lungs of seven of the
snakes examined (all from day 28 onwards). In contrast, bacteria were isolated from a much
lower number of the infected ball pythons (three animals total). These detections might be
incidental findings. However, the bacteria found—Citrobacter freundii and Salmonella—have
been reported previously as causes of lung disease in snakes, also in combination with
ferlavirus infections [9,33,34]. Altogether, these results also confirm a lower impact but a
general susceptibility of ball pythons to ferlavirus infection.

4.2. Immune Reaction

Changes in white cell counts were one of the parameters used to help evaluate the
general immune response to infection. The initial values were within published reference
intervals [36]. However, the values of the individual snakes in the study already varied
within a broad range. This variability in clinically healthy, uninfected animals, as well
as limited sample size and the uncertainties inherent in the estimation method used to
determine WBC, meant that despite a clear trend of increasing WBC, the changes over the
course of the study were not found to be significant when comparing the sampling days.

The absolute and relative increase in the lymphocyte count (Figures 2 and 3) indi-
cates a strong lymphocyte reaction, which has been reported in some viral infections of
reptiles [37,38], although no data are currently available on hematological evaluation of
snakes naturally infected with ferlaviruses.

Within the limitations mentioned above, the change in hematological values in the
individual ball pythons indicates a general immune response to the ferlavirus infection. The
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hematological reaction also appears to recede in the ball pythons with lower lymphocyte
numbers measured on the final day of the study (day 49), which also corresponds to
the histological findings. The differences in the lymphocyte and heterophil reactions in
the corn snakes compared to the ball pythons could help explain the differences in the
impact of the virus on each of these species. The massive heterophil reaction in corn
snakes is a sign of an inflammatory response [38], possibly directly connected to secondary
bacterial reactions. As discussed above, at the end of the study, bacteria were isolated
from the lung tissues of all of the corn snakes, and corresponding histologic findings
confirmed lung infection and inflammation. Increased numbers of heterophils and an
increased heterophil:lymphocyte ratio have also been described in infections of turtles with
ranaviruses, and the associated inflammation was hypothesized to have contributed to
high mortality rates in that study [39].

The antibody reaction was measured according to Neul et al. [8] and focused on the
standardized hemagglutination inhibition assay as well as the specific measurement of the
IgM and IgY responses. The HI results show a strong antibody response in all pythons
included in the study beginning on day 16, and increasing continuously to day 49. The ball
pythons thereby showed a much stronger reaction, as antibodies were only detected in a
single corn snake at the end of the study [8]. Interestingly, in corn snakes, the less virulent
strains (genogroups A and C strains) both caused a stronger humeral immune reaction,
with median titers up to 256, similar to the reaction observed against the genogroup B virus
in the ball pythons. In the corn snake study, it was hypothesized that the lack of antibody
production might be an important factor in the clinical course of disease and could have
played a role in the severe disease caused by the genogroup B virus.

A comparison of the results of the IgM and IgY detection between the corn snake
study [8] and the ball pythons showed similar dynamics to those seen for the HIs. In the
ball pythons, the onset of the specific antibody production can clearly be seen from day
16 onwards, with an initial increase in IgM concentration, followed by IgY. IgM has been
well documented as the initial antibody produced in response to infection in reptiles, while
IgY is the long-term immunoglobulin [40]. The comparison to the values obtained for
corn snakes again demonstrates the lack of an adequate adaptive immune response to
this particular virus, while reactions to infection with other virus strains (of genogroups
A and C) led to similar increases in both IgM and IgY to those seen against the group B
virus in ball pythons, with similar timelines. Even with some limitations due to the small
sample size on the last study days, the almost complete lack of a measurable antibody
response in the corn snakes again demonstrates the inability of these animals to mount
an adequate antibody response to this specific virus strain. As for the hematology and HI
results, the comparison demonstrates a very different immune reaction in the two species,
with a stronger inflammatory response in corn snakes and a stronger adaptive immune
response in ball pythons. Since both species were infected with the same virus strain and
aliquotes of the same virus preparation, it is most likely that these differences represent
host-specific differences in reaction to infection. Why these reactions were so different
remains unknown. While the immune parameters measured here do not represent the
entirety of the possible immune response to infection, it is possible to hypothesize that
a stronger adaptive immune response to infection in the ball pythons than in the corn
snakes likely contributed to the less severe clinical disease and pathology found in the ball
pythons, while inflammation likely contributed to disease development in the corn snakes.

4.3. Virus Detection

As previously reported for corn snakes, the PCR used in both studies was found to
be more sensitive than virus isolation for ferlavirus detection in the ball pythons. All of
the tracheal wash samples tested were PCR-positive beginning on day 16 to the end of
the study. In contrast, while cell culture was also positive in all animals on day 16, almost
all samples on days 28 and 49 were negative. Shedding of the virus appeared to differ
between ball pythons and corn snakes. In both species, the virus was detectable by PCR
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in tracheal washes in most or all cases beginning on day 16. However, in the corn snakes,
no virus was detectable in any of the cloacal swabs tested on day 16, and only in two
out of three cloacal swabs tested on day 28 [13]. The PCR used in both studies was the
same. More recent comparisons have indicated that the sensitivity of various PCRs can
influence virus detection [15,31]. In a study comparing three PCRs for the detection of
ferlaviruses, the PCR used in this study was found to be highly specific but less sensitive
than a single-round PCR targeting a shorter segment of the same gene [15]. However, for
this study, it was considered important to use the same methods as those used for the corn
snake study [13] to allow direct comparison of results. Some studies have shown difficulties
in detecting ferlaviruses in samples from live snakes, with negative PCR results reported
from tracheal washes, while the virus was detectable in lung tissue [27]. In the present
study, high infection loads may have led to better virus detection in tracheal washes than
would be expected in naturally infected animals, in which time post infection, infectious
dose, infection route, and immune status are all unknown.

The general virus prevalence in organs in the ball pythons (Figure 4) demonstrated an
increase to day 16 with almost 100% positive samples in all organs, and then a reduction
to 26% on day 49. Interestingly, this was similar in corn snakes with other virus strains,
but with an identical virus, the detection rate increased continuously to 100% on the last
study day (35) [13]. Together with the antibody and hematology results, this finding
strengthens the hypothesis that ball pythons were better able to combat infection and
therefore developed less severe disease than corn snakes infected with the same virus strain.
Whether this would be true for other virus strains, or if host-specific response to infection
is dependent on a combination of host species and virus strain, remains to be studied.

In both ball pythons and corn snakes, the ferlavirus was able to spread from the lungs
to various other tissues, including all of the tissues tested (intestine, pancreas, kidney, and
brain), although clinical signs were restricted to the respiratory tract. It is remarkable that
virus detection in tissues other than the lung was possible earlier in ball pythons than in
corn snakes, correlating with the higher rate of ferlavirus detection in cloacal swabs in
the ball pythons. This more rapid spread throughout the body was not associated with
higher pathogenicity. It appears that tissue distribution and shedding are not correlated
with disease severity for this virus. However, it is possible that the more rapid spread
of the virus to various tissues in the ball pythons could have contributed to the stronger
adaptive immune response in this species. Receptor specificity has been studied and found
to influence tissue tropism, pathogenicity, and immune response to paramyxoviruses in
a wide variety of virus/host systems [41]. Systemic spread of virus has been correlated
with specific motifs in the viral glycoproteins of many paramyxoviruses [40,42,43], and
with higher pathogenicity in many cases. While sequence data from the genes encoding
the viral surface glycoproteins F and HN have been determined for several ferlavirus
isolates [44,45] including the one used in this study [9], the effects of specific changes or
motifs in these receptor-binding proteins are not known, nor have the receptors in various
tissues in reptiles been studied.

It is notable that while the lung samples were negative for virus detection in individual
animals towards the end of the study, tracheal washes remained virus-positive in PCR tests.
This is in contrast to previous reports in which virus detection in samples from tracheal
washes was less sensitive than from lung samples in naturally infected vipers [27]. There
are many possible reasons for this discrepancy including differences in time post infection,
inoculation of a relatively high amount of virus in this transmission study, the ability of the
PCR to detect RNA from viruses no longer capable of replicating, or a phase of infection in
which virus has been cleared from the lung but not from the trachea.

4.4. Limitations of the Study Design

Due to the nature of experimental infections, this study has several limitations that
need to be considered when interpreting the data. The study is focused on a defined group
of only 12 animals, and for some sample days, the sample number was limited to three. On
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the other hand, the study design allowed for defined conditions and paired samples. The
high virus load used in the study likely does not reflect the conditions during a natural
infection. Ferlaviruses are likely spread by aerosol or direct contact between animals [1,2,46],
but the amount of virus transmitted naturally is likely much lower than that used here.
This study only used one defined virus strain, and no conclusions can be drawn regarding
general differences between specific species with respect to ferlavirus susceptibility.

The lack of a control group of sham-inoculated ball pythons for direct comparison
with the infected animals is a further limitation of the present study. The reason no control
group was used was that, since the same protocol was used as in the previous study with
corn snakes [13], it was deemed unlikely to provide any additional information, since the
consequences of the application of cell culture supernatant (without virus) for a placebo
group had already been described and discussed. It also conformed with the RRR principle
(reduce refine replace) for animal trials.

5. Conclusions

The genogroup B ferlavirus strain used in this study was clearly able to infect and
cause typical disease in the ball pythons. However, differences in severity of disease
between corn snakes and ball pythons infected with the same strain demonstrate species-
specific differences in virus pathogenicity as well as in host reaction to infection. These
differences are relevant for clinical reptile medicine, virus epidemiology, and for diagnostic
testing. Additional studies to understand the molecular basis of the differences should be
carried out.
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Analytical and Clinical Evaluation of Two Methods for
Measuring Erythrocyte Sedimentation Rate in Eastern Indigo
Snakes (Drymarchon couperi)
James E. Bogan, Jr.

Central Florida Zoo’s Orianne Center for Indigo Conservation, Brantley Branch Road, Eustis, FL 30931, USA;
jamesb@centralfloridazoo.org

Simple Summary: Having a simple, reliable test to detect illness is very useful in screening animals
for disease. The erythrocyte sedimentation rate (ESR) is a blood test that can detect inflammation.
Although not specific for any particular disease, ESR is often used in humans as a screening “sickness
indicator” due to its reliability and low cost. Little investigation of ESR in reptiles has been conducted.
This study evaluates two ESR techniques in eastern indigo snakes (Drymarchon couperi) and found
both tests performed equally. In addition, eastern indigo snakes with some inflammatory conditions
had higher ESR measurements than healthy eastern indigo snakes.

Abstract: Erythrocyte sedimentation rate (ESR) is a hematological test that can detect inflammatory
activity within the body. Although not specific for any particular disease, ESR is often used as a
screening “sickness indicator” due to its reliability and low cost. The Westergren method is a manual
ESR technique commonly used but requires special graduated pipettes and over 1mL of whole blood,
precluding its use in smaller patients where limited sample volumes can be obtained. A modified
micro-ESR technique has been described using hematocrit capillary tubes but is used less commonly.
ESR has been reported to be a useful inflammatory indicator in gopher tortoises (Gopherus polyphe-
mus) and box turtles (Terrapene spp.) but not in Florida cottonmouth snakes (Agkistrodon conanti).
Having an inexpensive screening test for inflammation can help guide medical decisions within
conservation efforts of imperiled species. This study evaluated the correlation between these two ESR
methodologies in threatened eastern indigo snakes (Drymarchon couperi, EIS) and found a very strong
correlation (rs = 0.897), without constant or proportional biases and a reference interval of 0 (90% CI
-1-1)–9 mm/h (90% CI 8-11) was defined. Additionally, a significant difference was found between
healthy EIS and EIS in mid-ecdysis (p = 0.006) and EIS with gastric cryptosporidiosis (p = 0.006),
indicating ESR as a useful inflammatory indicator in EIS.

Keywords: erythrocyte sedimentation rate; westergren method; micro-ESR; reptile; inflammation;
clinical pathology

1. Introduction

Erythrocyte sedimentation rate (ESR) is a hematological test that can detect inflamma-
tory activity within the body caused by autoimmune diseases, infections, or neoplasia [1].
Although not specific for any particular disease, ESR is typically used in conjunction with
other tests to determine increased inflammatory activity. Often, ESR can be used as a
screening “sickness indicator” due to its reliability and low cost [1].

When blood is placed into a vertical column, erythrocytes (RBC) will precipitate or
settle at a constant rate, which is referred to as sedimentation. During acute inflammation,
inflammatory proteins cause RBCs to aggregate together and precipitate faster [1,2]. This
increase sedimentation rate can be measured by a variety of manual methods or with
automatic machines. The most commonly used manual method to measure ESR is the
Westergren method [1]. Whole blood which has been mixed with sodium citrate is placed

Animals 2023, 13, 464. https://doi.org/10.3390/ani13030464 https://www.mdpi.com/journal/animals257



Animals 2023, 13, 464

into a 200 mm tube with a 2.5 mm internal bore. This tube is then held in a vertical position
for 1 hour at which time the degree of sedimentation is measured in millimeters. The
Westergren method requires 1.25 mL of blood in order to measure ESR, limiting its use
in smaller patients where that volume cannot be safely collected. As an alternative, a
micro-ESR method has also been described using a hematocrit tube in a similar fashion [3].

Although not uncommonly used in human medicine, ESR is relatively underutilized
in veterinary medicine and especially in reptile medicine. However, a few studies have
evaluated the use of ESR in reptiles. In gopher tortoises (Gopherus polyphemus) and box
turtles (Terrapene spp.), ESR has been shown to be a useful indicator of inflammation [4,5].
In Florida cottonmouth snakes (Agkistrodon conanti), however, ESR has not been shown to
be a reliable indicator of inflammation [2].

The eastern indigo snake (Drymarchon couperi, EIS) is a large, diurnal colubrid native to
the southeastern United States and is listed as a Threatened Species through the Endangered
Species Act [6]. The EIS has some unique physiological characteristics, including extremely
high plasma calcium and phosphorus levels [7,8]. Determining the normal ESR of EIS
would benefit conservation efforts by allowing for monitoring of inflammatory conditions
in this federally threatened species. Several inflammatory conditions have been described
in both free-ranging and captive EIS including ophidiomycosis [9], pentastomiasis [10],
dystocia [11], and gastric cryptosporidiosis [12]. EIS collected from the wild may have
been subjected to inflammation or acute phase protein related processes and ESR may be
a good screening test to determine if occult inflammatory processes, such as infectious
disease, are present. Screening for infectious disease is the hallmark of good biosecurity
procedures either prior to an animal entering a captive collection or prior to animal release
in controlled reintroductions efforts [13,14].

The purpose of this study is to (1) compare two manual ESR methods, Westergren
and micro-ESR, in EIS, (2) establish an ESR reference interval for EIS, and (3) compare the
established ESR reference interval with ESR results in EIS with inflammatory conditions.

2. Materials and Methods

This study was approved by the Central Florida Zoo & Botanical Gardens Research
Committee (Project 2022-04) and was separated into three phases. During March 2022,
17 EIS from a captive breeding colony were used in Phase 1 of this study, 12 male and
5 female. All EIS were housed according to the Association of Zoos and Aquariums Taxon
Advisory Group recommended guidelines [15]. Briefly, each snake was housed individually
in an 18.4 cm × 66.7 cm × 83.8 cm (7.25 in. × 26.25 in. × 33 in.) polyvinylchloride drawer
and rack system (ARS, Indianapolis, IN, USA) with newsprint substrate within a dedicated
room kept at 25.5 ◦C. A thermal gradient was not provided, and each enclosure had a
polycarbonate window on one side. Lighting was available from the room’s overhead
fluorescent lights and indirect sunlight through the room’s glass window which was
shaded by an outside awning. The fluorescent lights were on for 8 hours a day, while the
indirect sunlight allowed for a natural diurnal photoperiod. The diet was offered twice
weekly and consisted of thawed frozen prey items, rotated between rats (Rattus norvegicus),
mice (Mus musculus), domestic chicken chicks (Gallus domesticus), Japanese quail chicks
(Coturnix japonica), and rainbow trout (Oncorhynchus mykiss).

All 17 EIS had been previously diagnosed with gastric cryptosporidiosis. Initial diag-
nosis was made with a Cryptosporidium serpentis-specific probe-hybridization quantitative
polymerase chain reaction assay (qPCR) on a cloacal swab or gastric swab sample [16].
The diagnosis was confirmed with histological and qPCR analyses of gastric mucosal
biopsies obtained with an endoscope. Blood samples were collected as part of a treatment
investigational study [17].

All blood samples were collected via cardiocentesis with a 23-gauge hypodermic
needle attached to a 3 mL syringe. Blood was immediately placed into a lithium heparin
microtainer tube (Micro tube LH, Sarstedt AG & Co., Nümbrecht, Germany) according to
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manufacturer’s recommendations and thoroughly mixed by inversion. Measurement of
ESR was completed within 2 hours of obtaining samples.

Two techniques were used to measure ESR, the Westergren method and the micro-
ESR method. The blood samples were mixed thoroughly by inverting the microtainers
8 times prior to ESR measurements. The Westergren method used a commercial ESR kit
(DISPETTEone, Guest Scientific AG, Cham, Switzerland) where 1.25 mL of whole blood was
pipetted into the kit’s plastic reservoir and a 2.5 mm × 200 mm graduated measuring pipette
was then inserted into the reservoir per manufacturer’s guidelines, filling the pipette by
capillary action. The reservoir-pipette assembly was then placed in a rack on a level surface
which ensured the tube was precisely vertical. For the micro-ESR technique, a standard
non-heparinized microhematocrit capillary tube (Jorgensen Laboratories, Loveland, CO,
USA) was used. The tubes were 0.9 ± 0.05 mm × 75 ± 0.05 mm. The tube was filled to the
top with whole blood from the lithium heparinized microtainer then packed with 5 mm of
clay, resulting in a blood volume of 0.04 mL used. The capillary tubes were placed vertically
into the recesses of the hematocrit clay tray and placed on a level surface. A right angle was
used to ensure the capillary tubes were precisely vertical. Both Westergren reservoir-pipette
assemblies and hematocrit capillary tubes were allowed to set for 1 hour at 25.5 ◦C before
the degree of erythrocyte sedimentation was measured in millimeters. The capillary tubes
were then centrifuged (Zipocrit, LW Scientific, Lawrenceville, GA, USA) at 4400× g for
5 min to measure the packed cell volume (PCV).

During April and May 2018, Phase 2 of this study used 21 EIS (7 male, 14 female) that
were considered healthy by physical examination and were slated to be released into the
wild as part of a repatriation program. Blood samples were collected by a veterinarian
during general anesthesia for radiotelemetry transponder placement and the Westergren
method ESR was measured within 2 h of obtaining samples as previously described.

For Phase 3 of the study, medical records from the Central Florida Zoo & Botanical
Gardens between February 2018 through November 2022 were reviewed for either Wester-
gren or micro-ESR use in EIS. The EIS were separated into one of four groups based on the
clinical diagnosis at the time of the ESR result: healthy, gastric cryptosporidiosis, ecdysis,
or dystocia.

The results from the ESR measurements from all three study phases were then cor-
rected for anemia and/or lymph dilution with Fabry’s formula [18]:

ESRcorrected = ESRmeasured × (55 − PCVideal)/(55 − PCVmeasured). (1)

The mean PCV of free-ranging EIS (32%) was used as PCVideal [7].
Analyses were computed using Excel (Microsoft 365, Redmond, WA, USA) and Real

Statistics add-in software (https://www.real-statistics.com/free-download/real-statistics-
resource-pack/ (accessed on 9 May 2022)). Spearman correlation coefficients (rs) were
obtained to measure the linear association of Westergren and micro-ESR methods. An
rs value of 0.80 to 1.0 was considered very strong correlation; 0.60 to 0.79 was moderate
correlation; 0.30 to 0.59, fair correlation; 0.10 to 0.29, poor correlation; and 0.00 to 0.09,
no correlation [19]. Passing–Bablok regression analysis was used to estimate constant
and proportional bias between methods. Constant bias indicates that micro-ESR method
consistently measures ESR to be higher or lower in comparison with the Westergren method.
If the confidence interval for the y-intercept did not include the value 0, this was considered
evidence of constant bias. Proportional bias indicates that the differences in measurements
of each method are proportional to the level of measurement. If the 95% confidence interval
for the slope did not include the value of 1, this was considered evidence of proportional
bias. Bland–Altman plots were used for visualization and quantification of the agreement
of the results between methods.

Distribution of ESRcorrected measurements obtained from healthy EIS were evaluated
for normality with kurtosis, skewness, and Shapiro–Wilk test. Outliers were determined
through histogram analysis and Grubbs’ test. Results between the sexes were compared
with Mann–Whitney test and if a significant difference was not found the results were
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combined. Guidelines for establishing reference intervals from the American Society of
Veterinary Clinical Pathologists (ASVCP) were followed [20]. A reference interval was
calculated using Reference Value Advisor V2.1 [21] for Microsoft Excel. The Anderson-
Darling test was used to evaluate the distribution of results and non-parametric methods
were used to compare medians and to define the 95% reference interval.

Results of ESRcorrected measurements between EIS groups were compared. Data dis-
tribution was evaluated with kurtosis, skewness, and Shapiro–Wilk test. Comparison
between the groups was performed through a Kruskal–Wallis test and post hoc analysis
with paired Mann–Whitney tests. The results of normally distributed data are reported as
mean, standard deviation, minimum, and maximum values; non-normal data are reported
as median, minimum, and maximum values. Statistical significance was set a p < 0.05.

3. Results

The Westergren and micro-ESR techniques had good agreement as all data points on
the Bland–Altman plot were within 1.96 standard deviations (Figure 1). The Spearman
coefficient indicated a very strong correlation (rs = 0.897) between ESR methods. Passing–
Bablok regression analysis of the methods resulted in a regression equation

y = 1.00 (95% Cl : 0.71 − 1.27) + 0.00 (95% Cl : −2.54 − 1.86) x (2)

while the significance of linearity was acceptable (p = 0.799) (Figure 2). Since p = 0.799 > α = 0.05,
it was concluded that the linearity assumption was likely to hold, without constant or
proportional bias.

Figure 1. Bland–Altman Plot of erythrocyte sedimentation rate (ESR) measurements between the
Westergren and micro-ESR methods. Dotted lines are ± 1.96 standard deviations from mean (solid
black line). All data points are between 1.96 standard deviations signifying good agreement be-
tween methods.
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Figure 2. Correlation of erythrocyte sedimentation rate (ESR) measurements between the Westergren
and micro-ESR methods. Spearman correlation coefficient (rs) is 0.897, signifying a very strong
correlation between these two test methods. The dotted line represents the line of best fit.

Two of the healthy EIS in Phase 2 were in mid-ecdysis at the time of blood collection
and the results were binned in a separate cohort (mid-ecdysis). Phase 3’s medical record
review revealed 16 additional cases where ESR was used in EIS: 4 healthy EIS, 6 EIS in mid-
ecdysis, and 6 EIS with dystocia. In the medical record review, either Westergren method or
micro-ESR methods were used. Since both methods had a very strong correlation and good
agreement, all results of ESR measurements were included for comparison, regardless of
the method used. A total of 54 ESR values for EIS were available for comparison (23 healthy
EIS, 17 EIS with gastric cryptosporidiosis, 8 EIS in mid-ecdysis, and 6 EIS with dystocia).

The results of ESRcorrected measurements in healthy EIS were normally distributed
(Shapiro–Wilk method p = 0.233) but one significant outlier was found, and that data point
was removed (Figure 3). There was not a significant difference between the healthy male
and female EIS (two-tailed Mann–Whitney method p = 0.334) and these 22 values were
combined, ranged from 0.9 mm/h to 8.7 mm/h (mean 4.5, SD 2.2), and were normally
distributed (Anderson-Darling method p = 0.332). Due to the small sample size of 22,
the data was Cox-Box transformed and robust methods were used to calculate ESRcorrected
reference range of 0 (90% CI -1-1)–9 mm/h (90% CI 8-11).

The results of ESRcorrected measurements in EIS in mid-ecdysis cohort were not normally
distributed (Shapiro–Wilk method p = 0.032). There was not a significant difference between
male and female EIS in mid-ecdysis (two-tailed Mann–Whitney method p = 0.247) and
these eight values were combined and ranged from 4.4 mm/h to 19.6 mm/h (median 7.1).

The results of ESRcorrected measurements in EIS with dystocia cohort were not normally
distributed (Shapiro–Wilk method p = 0.048). These six values ranged from 1.8 mm/h to
21.3 mm/h (median 5.4).
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Figure 3. No outliers were found. There was not a significant difference between male and female
EIS with gastric cryptosporidiosis (two-tailed Mann–Whitney method p = 0.744) and these 17 values
were combined and ranged from 2.8 mm/h to 14.0 mm/h (mean 7.7, SD 3.6).

Reference ranges for ESRcorrected measurements in EIS with gastric cryptosporidiosis,
EIS in mid-ecdysis, and EIS with dystocia were not calculated since the number of EIS in
each group was below 20 [20].

There was a significant difference in ESRcorrected measurements between EIS cohorts
(Kruskal–Wallis method, p = 0.012). Post hoc analyses revealed there was a significant
difference in ESRcorrected measurements between healthy EIS, EIS with gastric cryptosporid-
iosis, and EIS in mid-ecdysis cohorts (paired Mann–Whitney tests p = 0.006 and p = 0.006,
respectively). There was not a significant difference in ESRcorrected measurements between
healthy EIS and EIS with dystocia cohorts (paired Mann–Whitney test p = 0.614). These
results are summarized in Table 1.

Table 1. Comparison of corrected erythrocyte sedimentation rate (ESRcorrected) measurements between
healthy eastern indigo snakes (EIS) and EIS with inflammatory conditions cryptosporidiosis, ecdysis
and dystocia. ESRcorrected values are reported in mm/h.

EIS n Mean SD Median Min Max

Healthy 1,2 23 4.8 2.7 0.9 12.0
Cryptosporidiosis 1 17 7.7 3.6 2.8 14.0

Ecdysis 2 8 7.1 4.4 19.6
Dystocia 6 5.4 1.8 21.3

Normally distributed data are presented as mean, standard deviation (SD), minimum value obtained (Min), and
maximum value obtained (Max) and non-normal data as median, Min, and Max. n = number of animals. p < 0.05
is considered significant and significant differences are denoted with a superscript number: 1 = ESRcorrected in EIS
with cryptosporidiosis was higher than in healthy EIS (p = 0.006), 2 = ESRcorrected in EIS in ecdysis was higher than
healthy EIS not in ecdysis (p = 0.006).

4. Discussion

This study demonstrates the micro-ESR method to have a high correlation and good
agreement with the Westergren method for measuring ESR in EIS indicating the results of
each method are comparable, allowing for the results of each testing method to be combined.
The benefit of using the micro-ESR method over the Westergren method is the smaller
volume needed to complete the test. Additionally, the capillary tube used in the micro-ESR
can then be centrifuged to measure PCV minimizing the need for additional whole blood to
perform a PCV as in the Westergren method. Combining the ESR and PCV measurements
allows for correcting for anemia or lymph dilution, by using Fabry’s formula.
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Although mammalian ESR measurements are typically completed on whole blood pre-
served with either ethylene diamine tetra acetic acid (EDTA) or trisodium citrate (TSC) [22],
whole blood preserved with lithium heparin is described as the standard sample used
for ESR measurements in reptiles [2,4,5]. When compared to TSC samples, heparinized
blood will have a higher ESR measurement [23], so samples preserved with different an-
ticoagulants should not be compared. A benefit of using heparinized whole blood over
EDTA or TSC is the increased versatility of the sample. The diminutive size of many
reptile patients precludes collecting large volumes of blood for multiple microtainers. For
example, the smallest TSC microtainer commercially available in the US requires 0.5 mL
whole blood (Blood Collection Microtube, Blue Top, Sarstedt AG & Co. KG, Nümbrecht,
Germany). Whole blood treated with TSC or EDTA may be used for additional hematology,
but the plasma derived from this sample should not be used for biochemical analyses as
these anticoagulants can alter some biochemical analyte values in many species [24–26].
Furthermore, erythrocytes from some reptile species will lyse when mixed with EDTA or
TSC [27]. Using only one lithium heparin microtainer allows for more versatile testing
options. In addition to the micro-ESR, a complete blood cell count and plasma biochemical
analytes can be performed from a single microtainer if lithium heparin is used.

A reference interval for ESRcorrected was able to be calculated based on the established
guidelines set forth by American Society for Veterinary Clinical Pathology [20]. Having
a reference interval for ESRcorrected can help the clinician determine if an inflammatory
condition is present. Care must be taken, however, with interpreting the results. The
presence of inflammation does not necessarily indicate a disease process as healthy EIS
undergoing ecdysis may have an elevated ESR compared to healthy EIS not in ecdysis. In
reptiles, ecdysis is the process of renewing the skin and this occurs over five stages where
the most noticeable stages are Stage 3 and Stage 4 when the spectacles have a dull, bluish
hue [28]. Starting at the end of Stage 3 and continuing through Stage 4, heterophils will
infiltrate the epidermis [28]. Heterophils are also the initial cells to infiltrate reptilian tissue
during inflammation [29]. Additionally, cytokines are proteins associated with the reptilian
inflammatory response [30] and they are also important factors during the reptilian ecdysis
cycle [31]. Therefore, it is reasonable to predict ecdysis to cause an increase in ESR values.
As all of the EIS placed into the ecdysis cohort had dull, bluish spectacles, it is not surprising
that the ESR was also elevated for this cohort.

Similarly, a normal ESR does not rule out a disease typically associated with inflam-
mation. Some conditions exist that can lower ESR, such as polycythemia, sickle cell disease,
and spherocytosis [1]. In addition, some conditions with known significant morbidity
can have normal to low ESR values. Examples include urinary tract infection, myocardial
infarction, thromboembolic disease, rheumatoid arthritis, and hypoalbuminemia [32]. The
EIS cohort with dystocia did not have a significantly higher ESR when compared to the
ESR of healthy EIS. This may be in line with other diseases reported to have normal ESR or
it may be a product of too few cases (a type II statistical error). Further investigation into
ESR and dystocia is warranted.

Additional type II statistical errors cannot be completely ruled out since the overall
study size is relatively small. It is possible that some of the healthy EIS may have been
experiencing some form of inflammation and falsely elevating the upper range of the
ESR since the one apparently healthy EIS outlier that was removed had an ESRcorrected of
12.0 mm/hr. Likewise, some EIS with dystocia may not have inflammation at the time of
phlebotomy or had some comorbidity that lowers ESR, since one EIS with dystocia had
ESRcorrected of 1.8 mm/h while another EIS with dystocia had an ESRcorrected of 21.3 mm/h.

The EIS cohort with gastric cryptosporidiosis had an elevated ESR when compared
to the healthy EIS cohort. Although humans with gastrointestinal infections will often
have normal ESR values [32], this elevation is not unexpected as many snakes infected
with C. serpentis can develop severe gastric hypertrophy with marked mucosal inflamma-
tion [33]. Further studies are needed to evaluate whether ESR can play a role in determining
prognosis in these cases.
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Since ESR will increase with an increase in acute phase protein elevations, additional
studies combining ESR and protein electrophoresis are warranted. One particular condition
described in EIS, hyperviscosity syndrome, should be investigated [34]. This condition
has been associated with an increase in plasma gamma globulins implicated in increasing
viscosity of the blood [34] and an increase in blood viscosity can artificially decrease ESR
readings in humans [35]. Further investigation is needed to determine if hyperviscosity
syndrome will increase or decrease ESR in EIS.

Several factors have been identified in mammalian samples which could affect ESR
results, including room temperature, time of collection, tube orientation, and vibration.
An elevated room temperature may decrease blood viscosity and artificially increase the
ESR [36]. Direct sunlight can also increase ESR [1]. A tilted ESR tube and increased
vibrations can also increase the ESR value. An angle of three degrees from the vertical can
artificially increase the ESR by up to 30% [1]. The ESR should also be performed within
two hours of blood collection as a blood sample that sits too long can cause sphering and
decrease the ESR value [1]. Future studies are warranted to determine if these factors affect
reptile blood in the same way. In reptiles, plasma proteins can be affected by venipuncture
site and season [37]. Additional studies are warranted to investigate how these variables
affect ESR results in EIS.

5. Conclusions

Erythrocyte sedimentation rate is a simple diagnostic test that can be easily performed
in-house. The micro-ESR method can be readily performed using materials already present
in most veterinary practices and, in EIS, the results are comparable to the Westergren
method. Adding micro-ESR to the routine CBC may allow detection of occult inflammation
in EIS, especially those not undergoing ecdysis. Additionally, consideration of possible C.
serpentis infection should be investigated in EIS with an elevated ESR.
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Simple Summary: The assessment of uric acid levels in snakes is an important part of the diagnosis
of renal diseases. In mammals, lipemic blood from sampling too soon after an animal feeds can
have substantial effects on biochemical values. However, fasting status is not routinely considered
when sampling reptile blood. The investigation aims to better understand the feed-induced changes
that occur and render the analysis of this parameter a more potent diagnostic tool. A study has
shown that feeding snakes lead to substantial elevations in uric acid values, with postprandial
concentrations significantly elevated for up to 8 days after feeding. To prevent misdiagnosis and
distinguish temporary hyperuricemia from clinically relevant increases, it is recommended that
sufficient data on time since the last feeding be collected, as well as repeated samples after weeks
of fasting.

Abstract: In mammals, lipemic blood from sampling too soon after an animal feeds can have
substantial effects on biochemical values. Plasma biochemical values in reptiles may be affected by
species, age, season, and nutritional state. However, fasting status is not routinely considered when
sampling reptile blood. Assessing uric acid levels in snakes is an important part of the diagnosis of
the renal disease. However, the use of this biochemical indicator is undervalued without knowledge
of natural uric acid fluctuations and the lack of differentiation from pathological changes. This
study aimed to look at the relationship between snake feeding and uric acid concentrations. The
investigation aims to better understand the feed-induced changes that occur and render the analysis
of this biochemical parameter a more potent diagnostic tool. The study used ten snakes belonging
to seven species, and basal uric acid values were evaluated by blood biochemical analysis before
feeding. The snakes were fed in two rounds, with successive blood sampling and monitoring of uric
acid changes carried out for each. The snakes were fed approximately 50% more with the second
round of feeding to investigate the relationship between food supply and uric acid level. The findings
show feeding led to substantial elevations in uric acid values, whereby postprandial concentrations
were significantly elevated for up to 8 days after feeding. The findings show the significant changes
in uric acid levels that occur after feeding and the similarities between postprandial rises in uric
acid and those reported in snakes with renal disease. To minimize misdiagnosis and differentiate
transient postprandial hyperuricemia from pathological increases, it is recommended that sufficient
anamnestic data on time since the last feeding be collected, as well as repeated samples following
weeks of fasting. This knowledge is crucial because the amount of feed in terms of intensity and
volume has a significant effect on uric acid levels in the blood of snakes.

Keywords: snakes; feeding; uric acid
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1. Introduction

As most reptiles, snakes tend to mask signs of disease. It is for this reason that many
reptiles are not presented to veterinarians early in the course of a disease. This presents
a problem for veterinarians in their antemortem diagnosis and delays the initiation of
specific therapeutic planning. Although hematology and plasma biochemistry are useful
for monitoring animal health, environmental and procedural factors can have a variable
effect on reported values. Biochemical analysis is a useful diagnostic tool and an important
part of any veterinary diagnosis. However, there are still large gaps in understanding
the physiological changes and variables affecting reptile biochemistry, leading to the
devaluation of biochemical analysis as a diagnostic tool. With the exponential increase in
the number of reptiles, it is becoming increasingly important that our knowledge of these
species grows in parallel with their numbers [1].

Metabolic diseases are among the most common problems seen in captive reptiles. Be-
tween 1992 and 1996, McWilliams & Leeson [2] reported that 84.4% of lizard patients had a
metabolic illness attributed to poor husbandry and nutritional decisions. This trend may im-
prove with increasing reptile owner awareness and improvements in veterinary medicine,
but metabolic disease remains a current issue in reptilian care. Although not a common
problem in general veterinary medicine, gout is a common affliction in reptilian patients.

The renal cortex of reptiles is made up of simple nephrons (cortical nephrons) that have
a tubular system lacking the loops of Henle; therefore, reptiles are unable to concentrate
their urine. Variable amounts of uric acid, urea, and ammonia (nitrogenous waste) are
excreted by the reptilian kidneys, depending on the animal’s environment. Freshwater
turtles that spend most of their lives in water excrete equal amounts of ammonia and
urea, whereas amphibious reptiles excrete more urea [3]. Alligators excrete ammonia
and uric acid, and sea turtles excrete ammonia, urea, and uric acid [4]. Land-dwelling or
terrestrial reptiles, such as tortoises, produce more insoluble nitrogenous waste in the form
of urate salts and uric acid. This is explained by the fact that these reptiles need to conserve
water, and soluble forms of nitrogenous waste require large amounts of water for their
excretion. Therefore, terrestrial reptiles produce more insoluble nitrogenous wastes, which
are eliminated in a semisolid state [5].

In reptiles, uric acid is filtered by the renal tubules. Uric acid and urate salts are
insoluble in water and are excreted by the renal tubules. When the level of circulating urate
salts or free uric acid rises above the renal capacity to excrete them, hyperuricemia develops.
With persistent hyperuricemia, tophi (crystals) are formed which are deposited by the blood-
forming crystals in tissues, organs, and joints throughout the body—otherwise known
as gout. In reptiles, tophi may precipitate throughout the body, of which the pericardial
sac, kidneys, liver, spleen, lungs, subcutaneous tissues, and joints are the most common
sites [6].

Gout is categorized into two types: main and secondary. The overproduction of uric
acid in primary gout is caused by an innate metabolic imbalance. Secondary gout is caused
by chronic diseases that affect the normal balance of uric acid production and excretion (e.g.,
chronic renal disease, starvation, hypertension, and the use of nephrotoxic pharmaceuticals,
such as gentamycin) [1]. Although numerous factors contribute to the development of
gout in reptiles, the most frequent causes leading to hyperuricemia and gout include
dehydration, renal damage, and excessive consumption of proteins (purine-rich). The latter
is particularly associated with herbivorous reptiles fed diets high in animal protein, as seen
commonly in green iguanas on diets of cat food [7].

One study exploring the nephrotoxic effects of gentamicin in snakes found that with
high doses, snakes presented extensive tubular necrosis within two weeks, and those
exposed to high doses developed visceral gout. Dehydration is another factor that may
impair renal function. With normal hydration, the nephron actively excretes three times
the amount of urates than it would in the dehydrated state [8].

Certain species of reptiles exhibit elevated uric acid levels during hibernation, thought
to be due to the reduced renal tubular blood flow at low temperatures experienced during
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the hibernation period. Physiological rises in uric acid are seen post-prandial in several
carnivorous animals, including reptiles and birds, and are attributed to the metabolism of
dietary proteins [9].

Current literature suggests the resampling of blood in healthy snakes exhibiting high
uric acid levels in an attempt to rule out underlying physiological elevations in uric acid.
This, however, postulates a potential problem in current reptilian biochemistry, as the
reference ranges provided may be non-sensitive to potential physiological fluctuations
in uric acid concentration. In an attempt to compensate, reptilian clinicians require a full
patient anamnesis to identify these factors, which they must consider in the evaluation of
the biochemistry panel. One, however, questions the reliability of these current methods
and whether or not they may be improved [6,9].

Snakes are predominantly sit-and-wait predators, eating large meals after periods of
fasting that can last for months. As a consequence of the feeding behavior and physiology
in snakes we would expect more evident elevations in uric acid concentrations after feeding
when compared to species that have a more regular feeding regime. Carnivorous reptiles
generally have higher uric acid concentrations than herbivorous reptiles, and previous
studies have shown that postprandial hyperuricemia can result in a 1.5-fold to 2-fold
increase in uric acid [4]. A study run by Maixner et al. [10] on five species of reptiles
showed postprandial uric acid concentrations to rise to 3-fold basal levels. Similar increases
in serum uric acid concentrations have been observed in reptilian patients with renal
disease. This highlights the importance of considering postprandial effects on uric acid in
reptiles when evaluating plasma biochemistry [11].

Season, sex, age, size, and nutritional state are all environmental and physiological
factors that can affect clinical pathology values in reptiles [10,12,13].

Seasons, hormones, and diet (depending on the time of blood collection) have all been
documented to have an impact on reptile biochemistry [14,15]. Understanding differences
in serum uric acid concentrations in healthy reptiles is critical for assessing hyperuricemia
in gout patients. However, the existing literature’s uric acid reference ranges are huge
and do not account for such physiological variations, making such data less sensitive and
potentially misleading interpretations [16].

The aim of the present study was to evaluate the changes of post-feeding UA levels in
a limited number of individuals in 7 species.

2. Materials and Methods

2.1. Species Studied

Ten adult snakes were used in this study: Burmese python (Python bivittatus) Tree Red-
tailed boa (Boa constrictor), Carpet python (Morelia spilota), two Beauty rat snake (Orthriophis
taeniurus friesi), Eastern kingsnake (Lampropeltis getula), Rainbow boa (Epicrates cenchria),
Four-lined snake (Elaphe quatuorlineata).

2.2. Feeding and Handling

Individual terrariums with glass fronts and ventilation slits in the side panels were
utilized to house the snakes. Each snake was kept in a temperature-controlled environment
at around 25 ◦C (±5 ◦C). The snakes each had been acclimated to the terrarium conditions
for at least 6 months before the study began. Each snake was fasted for at least 14 days to
avoid anomalies from prior meal preprandial sampling. Rodents (Rattus norvegicus) were
given to the snakes, and the rats’ body weights were recorded after first and second meal
(Table 1) and they have free access to water.
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Table 1. Weight of rats fed to each snake for both rounds of feeding.

Species
Rat Weight (g)

Meal 1 Meal 2

Python bivittatus individual 1′ 90 130
Python bivittatus individual 2′ 120 190
Python bivittatus individual 3′ 200 310

Morelia spilota 160 240
Orthriophis taeniurus friesi

individual 1′ 60 80

Orthriophis taeniurus friesi
individual 2′ 80 120

Elaphe quatuorlineata 50 80
Lampropeltis getula 40 60
Epicrates cenchria 40 70

2.3. Blood Collection and Processing

Before each snake was fed, blood samples were taken and tested to determine baseline
uric acid concentrations. Day 0 was the day when we took blood in the morning to
determine the current value and the snakes were fed in the afternoon. From the day 1, we
monitored the changes in the uric acid level during 9 days. After each meal, blood uric acid
concentrations were monitored daily until they reverted to near-baseline values.

Blood was collected via the ventral coccygeal vein with a 23-gauge needle, and the
samples were collected into EDTA tubes. After centrifuging the samples, a volume of
5 μL of plasma was collected using a micropipette and aliquoted for analysis. For the
measurement of uric acid concentrations from the serum were performed with the Cobas
c111 analyzer, which provided readings for each sample in μmol/l.

3. Results

The results in the Tables 2 and 3 show the variation in plasma uric acid concentration
in the snakes before and after feeding.

Table 2. Pre-feeding (day 0) and post-feeding (day 1–9) uric acid concentrations in snake plasma after
meal 1.

Plasma Uric Acid (μmol/l)

Day 0 1 2 3 4 5 6 7 8 9

Python bivittatus
individual 1′ 176.2 392.3 578.4 397.3 361.1 329.2 250.1 212.2 197.0 191.4

Python bivittatus
individual 2′ 349.8 535.9 738.5 891.1 784.2 730.6 866.5 697.5 611.9 536.4

Python bivittatus
individual 3′ 233.8 1115.8 1284.8 1030.3 897.9 526.8 370.1 314.0 270.8 253.1

Boa constrictor 370.7 653.6 1926.4 1147.5 741.9 408.3 328.5 373.1 348.7 343.5
Morelia spilota 259.6 1010.3 2524.3 1912.8 824.0 571.8 425.5 350.1 285.3 267.9

Orthriophis taeniurus
friesi individual 1′ 277.9 1246.4 1617.2 1050.9 602.3 343.8 333.7 299.3 289.2 284.2

Orthriophis taeniurus
friesi individual 2′ 254.3 404.0 1314.1 1116.5 446.2 279.1 264.4 219.3 218.4 223.6

Elaphe quatuorlineata 193.6 1286.5 1333.4 1091.2 814.6 579.3 389.4 439.6 389.4 292.5
Lampropeltis getula 238.9 622.8 508.5 417.5 221.6
Epicrates cenchria 175.3 578.9 739.5 538.3 152.8
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Table 3. Pre-feeding (day 0) and post-feeding (day 1–9) uric acid concentrations in snake plasma after
meal 2.

Plasma Uric Acid (μmol/l)

Day 0 1 2 3 4 5 6 7 8 9

Python bivittatus
individual 1′ 297.8 682.7 894.7 723.5 463.2 391.4 324.7 351.7 339.1 312.3

Python bivittatus
individual 2′ 396.5 650.6 1011.4 486.3 330.3 357.8 265.3 294.9 271.6 295.3

Python bivittatus
individual 3′ 352.2 886.0 2057.8 1255.4 682.5 435.2 358.6 458.1 412.6 395.2

Boa constrictor 370.7 653.6 1926.4 1147.5 741.9 408.3 328.5 373.1 348.7 343.5
Morelia spilota 259.6 1010.3 2524.3 1912.8 824.0 571.8 425.5 350.1 285.3 267.9

Orthriophis taeniurus
friesi individual 1′ 212.0 1033.5 2551.1 1957.5 1092.7 688.0 376.9 333.3 350.1 314.6

Orthriophis taeniurus
friesi individual 2′ 216.2 1234.3 1935.3 1951.7 1006.7 702.3 308.2 306.1 271.7 289.2

Elaphe quatuorlineata 298.1 1530.7 1388.7 1053.1 819.6 736.8 593.3 471.4 457.7 329.6
Lampropeltis getula 99.1 497.0 982.1 976.7 1011.7 921.9 495.9 431.6 400.7 308.3
Epicrates cenchria 203.5 549.5 609.2 387.3 216.9 201.6 213.9 210.8 210.7 208.2

As seen in Figures 1 and 2, the post-prandial levels of uric acid rise substantially in all
snakes, with mean peak concentrations reaching 1251.88 and 1568.27 μmol/l in the first
and second rounds of feeding, respectively. Plasma uric acid reached peak concentrations
between 1 and 2 days in all snakes, with maximum recorded levels reaching 2551.1 μmol/l
in Orthriophis taeniurus friesi during the second round of feeding. In the snakes studied,
the majority showed similar patterns of sharp elevations in uric acid followed by a more
gradual decline, returning to basal concentrations approximately nine days after feeding.
The only exception to this was seen in the Python bivittatus individual 2′ during the first
round of feeding, which showed 2 peaks of uric acid before returning to pre-prandial levels.
However, during the second round of feeding, this individual followed the same pattern of
an initial increase followed by a regression to basal levels, suggesting this snake may have
had some internal factor delaying digestion during the first round of feeding.

Figure 1. Pre-feeding (day 0) and post-feeding (day 1–9) plasma uric concentration range in snakes
after meal 1.
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Figure 2. Pre-feeding (day 0) and post-feeding (day 1–9) plasma uric concentration range in snakes
after meal 2.

With the second round of feeding, we find that the pattern of rising and falling of uric
acid is similar to that seen in the first meal, but with its differences. However, a return
to insignificant concentrations of uric acid did not occur until the eighth day, three more
days than in the first feeding, suggesting that snakes fed larger rats took longer to return to
basal concentrations. Peak concentrations of uric acid was recorded between 1 and 2 days
post-prandial in all snakes, with maximum concentrations reaching 2524.3 μmol/l in the
first round of feeding and up to 2551.1 μmol/l in the second.

4. Discussion

In this study, significant post-prandial increases in plasma uric acid content was
observed in snakes. The levels of hyperuricemia reported in this study were similar to those
found in reptiles with renal disease or gout. Uric acid levels in reptiles with gout are nearly
2-fold greater than baseline levels [3,6], similar to post-prandial concentrations observed
in this study. Because of the differences in the physiologies of snake species, Finding an
accurate measure of hyperuricemia is challenging. For example, Campbell [3] state that
level greater than 892 μmol/l are considered hyperuricemic when compared to Mitchell [17],
who gives a level exceeding 600 μmol/l to indicate hyperuricemia. The current study’s post-
prandial readings were significantly greater than this level, with maximum concentrations
reaching 6 times higher than pre-prandial levels. These findings show that food has a
significant impact on uric acid measurements, to the point that the reptile clinician would
misinterpret the results as a sign of disease. Although vastly different in their physiology,
finding such correlations between diet and levels of nitrogenous by-products in the blood
may point out that such relationships have yet to be found in their reptilian counterparts.
Maixner et al. [10] conducted a study on black rat snakes to investigate this relationship
between meal size and uric acid concentrations and found that the snakes showed greater
elevations in plasma uric acid concentrations e.g., when fed one instead of two prey. This
has major consequences for veterinarians when it comes to evaluating biochemistry panels
in snakes. It emphasizes the significance of obtaining enough anamnestic data before
proceeding with further diagnostic procedures. As previously stated, post-prandial effects
on serum uric acid concentrations can extend for up to 5 days or more. As a result, it is
appropriate to recommend that the anamnesis include information on the time interval
since the last feeding. Clinicians should also keep in mind that reptiles with hyperuricemia
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should be sampled and re-assessed within one week of fasting to provide a more precise
picture of uric acid content and avoid misdiagnosis. Our results are representative for
snakes, and the same post-prandial elevations in uric acid may not be present in other
species of reptiles. Snakes are transient predators that can undergo long periods of fasting,
during which basal levels of uric acid are reduced quite significantly. It is for this reason that
we may attribute such dramatic changes in uric acid concentrations in these reptiles [18,19].

These findings also raise the question of why urate crystals do not form when uric acid
levels rise dramatically after feeding. There is no evidence to suggest that urate crystals
are deposited in the tissues of snakes under physiological conditions, apparently even
under such significant post-prandial elevations. It is for this reason that we may assume
that other substances or processes are involved in reducing urate solubility and facilitating
deposition. A study carried out by Alvsaker [20] found that there was an absence of
albumin and alpha globulin in the plasma of some people suffering from gout. Primary
gout in humans, however, is often attributed to hereditary factors, whereas this link has not
yet been established in snakes. The most common causes of gout in reptiles are attributed
to husbandry or dietary etiologies [21].

Similar studies were conducted investigating the effects of protein supply on plasma
urea and creatinine concentrations in dogs and minks [19,22]. The results presented a linear
relationship between protein supply and plasma urea concentration, and Tauson et al. [23]
conclude that consideration of protein intake and time of feeding should be made when
interpreting plasma biochemistry. The Parkinson and Mans [24] investigated the effects
of cricket ingestion on plasma uric acid concentration in 12 bearded dragons. Results sug-
gested food should be withheld for ≥48 h prior to blood collection if bearded dragons are
used to establish reference intervals for plasma uric acid concentration or when obtaining
samples for clinical evaluation.

Although meal size did not significantly affect peak uric acid concentration. This has
clinical implications when determining the time interval between re-sampling in hyper-
uricemic patients, and highlights the potential error if sufficient time is not taken. Based
on the present results, it is evident that re-sampling after 8 days would allow for a more
accurate interpretation. However, many variables that would affect these results were
controlled, including temperature and access to water. Snakes are poikilothermic and
are dependent upon their environmental temperature to fuel their metabolism. An in-
vestigation into the effect of temperature on metabolic rate in the Boa constrictor amarali
found that ambient temperature had a profound effect on the duration of digestion and
also digestive efficiency [25]. From this, we can assume that under conditions with more
variable temperatures, in particular lower temperatures (not uncommon in captive reptile
husbandry), we may see changes in the relationship between feeding and uric acid concen-
tration. Unlike in the wild, snakes in a captive environment are feed on a more regular basis,
and smaller species of snake are often fed weekly, approximately the same time interval
as it took the snakes in this study to return to basal levels of uric acid. Consequently,
it seems that without sufficient time intervals between feeding, basal levels of uric acid
would not be reached and the individual would be in a persistent state of mild to moderate
hyperuricemia. This underlines another difficulty faced by veterinarians when trying to
obtain accurate representations of uric acid levels in snakes and that a period of fasting in
these patients would be required to allow for more accurate interpretation.

5. Conclusions

Our research shows how feeding influences plasma uric acid content in snakes and
emphasizes the need to recognize this link when evaluating clinical chemistry in snakes.
This information has major consequences for veterinarians when it comes to evaluating bio-
chemistry panels in snakes. It emphasizes the significance of obtaining enough anamnestic
data before proceeding with further diagnostic procedures. As previously stated, post-
prandial effects on serum uric acid concentrations can extend for up to 5 days or more. As
a result, it is appropriate to recommend that the anamnesis include information on the
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time interval since the last feeding. Clinicians should also keep in mind that reptiles with
hyperuricemia should be sampled and re-assessed within one week of fasting to provide a
more precise picture of uric acid content and avoid misdiagnosis.
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