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Preface

This Special Issue of Life, titled “Veterinary Pathology and Veterinary Anatomy”, is dedicated
to the study of veterinary disease and physiology and encompasses various aspects of pathology in
domestic animals. It also focuses on new developments in animal anatomy, pathology, diagnosing
and treating animal diseases. Original manuscripts, reviews and case reports covering various
aspects of veterinary pathology were requested. Papers reporting new solutions to common problems
and new descriptions of lesser-recognized conditions were particularly welcome. In addition, we
encouraged papers detailing advanced diagnostic techniques, including the use of imagistic methods,
histology and immunohistochemistry in diagnosis. Studies of diseases caused by industrial toxins,
and mycotoxins (the current state of pathogenetic mechanisms, diagnosis, and means of prevention)
were also requested.

Consequently, the evaluation process for this Special Issue primarily concentrated on the subjects
described in the aforementioned objectives, all of which share new approaches in animal pathology
as a central element, which is vital for the sustainability of animal welfare, their quality of life, and
the safeguarding of human health and the environment, in alignment with the current One Health
concept. The Guest Editors for the Special Issue personally reached out to numerous prospective
authors. Ultimately, just 12 manuscripts were accepted following a comprehensive evaluation by two
or more main reviewers selected for their specialization, particularly in animal anatomy or pathology.
All submitted articles underwent improvements based on the feedback from the reviewers, and
the final decision was made by one of the Guest Editors, based on the reviewers” assessments and
evaluations. Therefore, as part of the Special Issue “Veterinary Anatomy and Veterinary Pathology-2nd
edition”, 12 articles covering various aspects of new trends in animal anatomy and pathology were
published through a multidisciplinary approach. The results of the research demonstrated the progress
in veterinary anatomy and pathology, along with the technical progress of society, to the benefit of
both animal and human welfare.

So, anatomy benefits from modern 3D views of pieces in teaching and research, and these views
also help the most modern methods of diagnosis and therapy: computed tomography, magnetic
resonance imaging, endoscopic surgery, ultrasonograpy, thermography, etc. Additionally, some new
electroencephalographic features in hepatic encephalopathy are presented. New sources of intoxication
or a new rapid and sensitive method of ochratoxin detection are also included. The biocompatibility of
some new biomaterials designated for repairing or reconstructing significant bone defects in human
beings is also included.

This publication is geared towards veterinarians, researchers, graduate students, and learners in
the fields of veterinary medicine and animal science, also serving as a valuable resource for the general

public who are concerned with animal health and well-being.

Carmen Solcan and Gheorghe Solcan
Guest Editors
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Anatomy is a basic science for both human and veterinary medicine. Veterinary
anatomy faces new challenges. There is a need to understand current morphological funda-
mentals of animals through modern imagistic methods, such as computed tomography
(CT), magnetic resonance imaging (MRI), ultrasonography;, etc., but there is also a need
to study new, exotic companions, or wild animals. Veterinary pathology is continuously
progressing; in parallel with the progress of humankind, new strategies of diagnosis, pro-
phylaxis, and therapy of animal diseases are being developed, to the benefit of both animals
and human health and welfare.

This Special Issue, “Veterinary Anatomy and Veterinary Pathology: 2nd Edition”,
aimed to publish original research works, reviews, and case reports within these topics,
highlighting their importance in the search for new diagnostic, prophylactic, and thera-
peutic strategies for animal diseases. This reprint consists of 12 articles that present recent
insights and advancements in the fields of animal anatomy and pathology, authored by
77 researchers from various countries (Romania, Poland, Italy, South Korea, and USA),
addressing contemporary issues through interdisciplinary and multidisciplinary methods,
from the anatomy of a monkey to modern imagistic methods (computed tomography,
endoscopy, ultrasonography, and electrophysiology) used in the diagnostic and treatment
of various animal pathologies, or the biocompatibility of some new biomaterials on animal
experimental models.

Mortonos et al. [1] provide a comprehensive overview of the anatomical features of
the humerus in the African green monkey (Chlorocebus sabaeus), along with comparative
and differential aspects of monkey osteology. The micromorphological findings offer valu-
able insights into this relatively under-researched primate, highlighting similarities with
other primates regarding histological structures and detailing specific histomorphometric
elements related to secondary periosteal bone formations (osteons).

Beginning from anatomy of healthy dog (Canis familiaris), Choi [2] succeeded to
establish some correlations between hyperlipidemia-related diseases and thorax/thigh
circumference ratio along with body condition score in dogs. According to author findings,
triglycerides (TG) had a strong positive link with thigh circumference and a negative corre-
lation with thorax/thigh value. While the thorax/thigh value was negatively correlated
with the medial patella luxation (MPL) grade, total cholesterol (TC) was strongly positively
correlated with thigh circumference. The Apolipoprotein E (ApoE) gene might be essential
for thigh fat accumulation. Despite that, the thorax/thigh circumference ratio failed to be a
new indicator comparable to the waist/hip circumference ratio in humans.

Life 2025, 15, 1359 https://doi.org/10.3390/1ife15091359



Life 2025, 15,1359

Computed Tomography (CT) is a modern imagistic method for the diagnosis of many
internal diseases (especially those of the nervous system) in humans and companion
animals, but it is cost-limitative for farm animals. Using CT scans to confirm the pres-
ence of cysts of Coenurus cerebralis in the brain of sheep with neurological symptoms [3],
Olar et al. [4] have shown that plasma kynurenic acid levels, as determined by fluorescence
spectroscopy [5], may be used as diagnostic indicators for sheep with chronic coenurosis,
allowing practical application in early-stage diagnosis at the farm level.

MRI is an advanced imaging method, giving even more accurate results than CT in
some pathologies, but the longer exposure period, under general anesthesia, leads to the
risk of hypothermia [6]. Pavel et al. [7] have demonstrated that a hot water bottle placed
beneath the abdomen and a blanket covering the entire body can prevent hypothermia in
cats requiring a head MRL

Endoscopy is another modern imagistic method for diagnostic and treatment of many
diseases, both in human and in veterinary medicine, and endoscopic surgery became an
increasingly popular, low invasive procedure. Laparoscopic nephrectomy is a procedure
performed by Przadka et al. [8], and even if in previous studies, the ureter has been closed
using mechanical clips or stitches [9], the authors have succeeded in demonstrating that it
is feasible to close the renal vessels and ureter, in both cats and dogs, with vascular sealing
tools, using advanced bipolar coagulation techniques. The ureter closure was proved by
histopathological postoperatory exam.

Infrared thermography (IRT) is a method that evaluates peripheral blood flow and
the heat emitted as a result, which is now utilized in human healthcare to noninvasively
examine peripheral vascular issues like thrombosis, thromboembolisms, and various is-
chemic, inflammatory, or tumor-related conditions. The use of IRT for evaluating blood
vessel issues in veterinary science is still in the early stages, with few research studies re-
leased [10]. Using IRT to assess the comparative thermal pattern of the thoracolumbar area
in healthy dogs and dogs with acute intervertebral disc extrusion (IVDE), Zaha et al. [11]
have identified notable variations in the thermal patterns observed in dogs suffering from
IVDE, when compared to healthy dogs. They suggest using thermographic scans of the
thoraco-lumbar region as a less invasive approach for diagnosing IVDE.

In the same line of non-invasive diagnostic techniques, Strichea et al. [12], using
ultrasonography of the liver, identified multiple hyperechogenic strands diffusely dispersed
throughout the parenchyma, giving it a “Swiss cheese” appearance, an aspect considered
pathognomonic for a rare and severe condition in dogs—hepatocutaneous syndrome. So,
authors recommend ultrasound assessment of the abdomen in dogs with dermatological
symptoms compatible with hepatocutaneous syndrome.

Electroencephalography (EEG) offers a factual basis for diagnosing seizures and epilepsy;
however, it is considered infrequently utilized in the field of veterinary neurology [13].
Stefanescu et al. [14] have studied EEG in a pediatric dog with seizures consequent to
portosystemic shunt (confirmed by ultrasonography and CT), concluding that the EEG
recording displayed bilateral simultaneous bursts of three-phase waves, similar to non-
convulsive status epilepticus. Authors recommend EEG as a complementary method of the
diagnosis of portosystemic shunting, which might be useful in initiating the therapeutic
protocol, before final confirmation using more laborious diagnostic methods.

Employment of animal models in translational studies for the development of bone
tissue engineering and regenerative medicine is a relatively new research direction in which
veterinary pathology is increasingly involved [15]. Investigating the osteogenic potential
and toxicological tolerance of two original bioproducts, Ardelean et al. [16] proved the
biocompatibility of the biomaterials for rats femoral bones. This study could open new
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research directions concerning the use of dental biomaterials in creating frameworks for
the restoration of bone defects.

Corneal abrasion represents the predominant eye-related issue that arises during
general anesthesia for nonocular surgeries. The pain experienced afterward can occasionally
be more intense than the discomfort caused by the surgery itself [17], yet it frequently
goes unrecognized in veterinary practice. Given that there is no established method for
safeguarding the cornea during general anesthesia [17], Pavel et al. [18], investigating
the lacrimal gland tear production in healthy sheep under general anesthesia, proved the
protective effect of 1% hyaluronic acid ophthalmic gel, offering essential information to
assist anesthesiologists in effectively overseeing the impact of general anesthesia related to
safeguarding the cornea.

Toxicology is an important branch of veterinary pathology in continuous develop-
ment. Ochratoxin (OTA) is very toxic and ranks among the most prevalent mycotoxins that
contaminate animal feed globally [19], and the quantitative determination is laborious and
expensive. Beia et al. [20] have developed a rapid and sensitive method for the quantifica-
tion of OTA levels in maize, utilizing ultra-performance liquid chromatography coupled
with fluorescence detection (UPLC-FLD). The method separates OTA from matrix interfer-
ences, thereby ensuring reliable identification at minimal levels, serving as a trustworthy
method for monitoring mycotoxins to maintain feed security and safeguard both animal
welfare and public health.

Copper is an essential trace element, playing an important role in many physiological
processes: energy generation, immunity, body development, nervous system activity,
and the formation of connective tissues, but it can become harmful in animals that are
excessively exposed [21]. Domestic sheep are the species that show the highest sensitivity
to copper toxicity, and to reduce the intoxication risk, inorganic salts were replaced in feed
additives with organic ones. Even so, Pivariu et al. [21] firstly report a classical outbreak of
chronic copper intoxication in sheep produced by feed with added copper bilysinate, but
destinated for pigs, which are much more tolerant to copper. So, a mistaken change in
destination of feed ingredients from one species to another is an important intoxication hazard.

In conclusion, this Special Issue has provided recent updates and important findings in
veterinary anatomy and pathology, like new diagnostic and therapeutic strategies in various
animal diseases, specifically advanced imaging techniques (CT in sheep coenurosis, MRI
in cats, ultrasonography, and thermography), electroencephalography, modern surgery
procedures (laparoscopic nephrectomy), biocompatibility of some new biomaterials, and
prevention of some intoxications.

Author Contributions: Conceptualization, G.S. and C.S.; investigation, G.S. and C.S.; writing—original
draft preparation, G.S. and C.S.; writing—review and editing, G.S.; visualization, G.S. and C.S. All
authors have read and agreed to the published version of the manuscript.
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Abstract: This paper presents a detailed gross description of all anatomical elements of the humerus in
the African green monkey and provides comparative and differential elements on monkey osteology.
The osteometric investigation adds value to the gross morphological investigation, adjoining metric
data to the gross descriptive data set. An in-depth investigation of the microstructural aspects of
the humeral bone tissue is provided, with qualitative and quantitative details and potential for
diagnostic applications. Of the gross morphological elements described, several unique features
specific to this species include the humeral head shape that presents with distinctive low convexity
and caudal placement, the shape of the intertubercular groove, the less developed greater tubercle,
and the disposition of the rotator cuff muscle insertion. Furthermore, the overall cranio-lateral
curvature of the bone shaft was found to have a distinctive 154-155 degree of angulation of the
diaphysis, and the well-developed medial epicondyle was observed with its distinctive medio-
caudal retroflexion. The histological investigation was more indicative of a typical non-primate
organization of the bone tissue, with laminar vascular and avascular structures combined with the
presence of the secondary Haversian system involving a mixture of scattered and dense unorganized
secondary osteonal structures. The histomorphometric investigation yielded metrical data for the
secondary osteonal structures in terms of area (20,331 £ 5105 um2), perimeter, and vascular canal
area (64,769 + 257 um?).

Keywords: African green monkey; osteology; humerus; histology; osteometry; histomorphometry;
Haversian systems; osteon; giant osteon; drifting osteon

1. Introduction

Taxonomically, the African green monkey, or AGM (Chlorocebus sabaeus aethiopus), is
part of the Cercopithecidae subfamily [1], and together with the baboon and macaque is one
of the most utilized species in non-human primate research [2,3]. The high importance of
this species for biomedical research is confirmed by PubMed'’s high number of citations for
studies that take advantage of this species as an animal model. This species is relatively
easy to manage in captivity and is known for its reproductively prolific nature, making
Chlorocebus sabaeus aethiopus a viable alternative for Rhesus monkeys [4-8]. The study of the
skeletal system of primates in general, and the AGM in particular, is important for human
medical doctors, biologists, and veterinarians because the locomotory apparatus may serve
as the basis for research projects ranging from pure anatomical studies to integrated eco-
logical approaches, and even for biomedical, forensic, pharmacodynamical, or diagnostic
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research. This paper aims to fill a significant gap in the descriptive documentation on
the morphology of the skeleton of the AGM, likely driven by hyperfocus on previously
mentioned species.

The humerus, which serves as the subject of our investigations as part of the forelimb
skeleton, is the anatomic base of the arm area. This bone shows morphological features
which help researchers to differentiate orthograde and pronograde primates [9]. These
anatomical locomotor adaptations in primates play a fundamental role in human evolu-
tion and can help us understand our origins and transformation [10]. Primates” need to
maintain social connectedness, explore new territories, forage to obtain adequate food, and
escape from natural predators has made locomotion a crucial element for all animals and
humans [11-13]. These types of activities are facilitated by the limbs, which support the
body weight. The forelimb of quadrupedal mammals is more important than the hindlimb,
because it supports a disproportionately larger amount of body weight during locomotion
and is also involved in social and feeding behaviours [11]. Because of its topography, the
humerus is an essential anatomic structure of the forelimb as its proximal end is a key com-
ponent of the glenohumeral joint (Articulatio humeri) and provides insertion points for the
rotator cuff muscles (m. supraspinatus, m. infraspinatus, m. teres minor and m. subscapularis).
Also, the distal humerus is part of the elbow joint (Articulatio cubiti) and provides origin
points for the flexor and extensor muscles of the carpus and manus [14]. The shaft of this
bone provides insertion points for the flexor and extensor muscles of the shoulder and
origin points for the flexor and extensor muscles of the elbow. The articular head of the
humerus is the most important structure of the glenohumeral joint in humans, as it is an
anatomic area which facilitates a large variety of movements: flexion, extension, abduction,
adduction, and rotation [15].

The distal end of the humerus is made up of the humeral condyle (Condylus humeri),
the trochlea (Trochlea humeri) medially, and the capitulum (Capitulum humeri) laterally [16].
The humeral condyle has vital importance in the movements and dynamics of the elbow,
just as the humeral head does for the shoulder joint. Variations in locomotion between
various primate species have created substantial evolutionary changes in the humerus in
relation to elbow joint morphology [17].

In mammals, the function and style of locomotion will influence the developmental
and morphological features of forelimb bones [11,18,19]. Each type of locomotion influences
humeral core morphology, leading to differences in humeral curvature between terrestrial
and arboreal monkeys secondary to habitual muscle loads [19]. Even if the AGM is well
adapted for ground (terrestrial) life, it has also developed in adaptation to some arboreal
locomotion behaviour. This animal commonly utilizes terrestrial locomotion for feeding
and resting, while arboreal movement is frequently observed during social behaviour and
when they observe imminent danger [20].

The microstructural differences in bone histology have been a topic of research for a
long time. Although many structural details have been described for numerous animal
species [21-29], more recently, a series of studies investigated the differences in histo-
logic bone structure between humans, primates, and other species [30-33]. There is a
substantial body of research documenting forensic studies and anthropological and legal
medical investigations which have focused on microscopic and histomorphometric de-
tails [34-38] in an attempt to differentiate and understand species and evolution at the
microstructural level [39—43]. Other research utilizes these details in an attempt to explain
different pathological expressions of disease, such as ageing, osteoporosis, or metabolic
diseases [7,8,44,45].

This area of interest focuses on the basic organization of the mammalian compact
bone, with an emphasis on periostal and endosteal areas. The Haversian system describes
the basic structural units of the compact bone [29,33], even though in some mammalian
species these units are absent [7,8,21,32].

The Haversian system focusses on osteonal units (secondary osteons) as the primary
descriptive elements of osseous tissue. Each secondary osteon contains a central vascular
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canal (Haversian canal) surrounded by several bony laminae, each demarcated by a cement
line [21,29,46]. In contrast, primary osteons are represented by vascular canals surrounded
by relatively few concentric laminae, without the visible concentric lamellae created by the
cement lines described in secondary (mature) osteons. Most works rely on this system and
assess different arrangements listed in the table below based on the classification system of
De Riqueles [22,23,28,30].

Primary (periosteal) bone type:

l.a Lamellar non-vascular canals;
1b Lamellar simple (primary) vascular canals;

1.b.1 Longitudinal;
1.b.2 Circular;
1.b.3 Reticular;
1.b.4 Radial;

l.c Lamellar with primary osteons;

l.c.l1 Longitudinal primary osteons;

1.c2 Longitudinal primary osteons with radial canals;

1.c.3 Longitudinal primary osteons with reticular canals;

l.c4 Longitudinal primary osteons and radial simple vascular canals;
1l.c.5 Longitudinal primary osteons in circular rows;

1.d Fibrous non-vascular bone;
l.e Fibrous bone with simple (primary) vascular canals;

l.el Longitudinal;
l.e.2 Circular;

1.e.3 Reticular;
l.e4 Radial;

1.f  Fibrous bone with primary osteons (fibrolamellar complex);

1.f1 Laminal;

1.£2 Plexiform;

1.£3 Reticular;

1.f4 Radial;

1£5 Laminar/plexiform with longitudinal primary osteons;

1.f5.a In circular rows;
1.£5b Inaband;

1£6 Radial with primary osteons in radial rows;
1£7 Longitudinal primary osteons;

1.£8 Longitudinal primary osteons in circular rows;
1.f/1a-Pseudo-fibrolamellar complex.

Secondary periosteal bone types:
2.a.1 Scattered osteons;
2.a.1.a Scattered osteons with no organization;
2.a.1.b Circular rows of scattered osteons;
2.a.2 Dense osteons;
2.a.2.a Dense osteons with no organization;
2.a.2.b Circular rows of dense osteons.

To the best of our knowledge, the gross anatomy and histological features of the
humerus in AGMs from Saint Kitts and Nevis have not yet been adequately investigated.
Therefore, this study aims to provide an accurate and complete set of anatomical, structural,
metrical, and functional information regarding the humerus in Chlorocebus sabaeus monkey:.
The outcome of this work completes the information provided by previous studies [29]
related to the morphological characteristics of the scapula in AGMs [3]. These data will
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be useful for general practitioners, researchers, and students through enhancement of the
anatomical knowledge of this species’ skeletal macro- and microanatomy.

2. Materials and Methods
2.1. Animal Material

The biological material for this study utilized five complete skeletons which were
part of a private collection hosted on Saint Kitts Island. The owner specifically permitted
the study of these specimens in the anatomy laboratory of the Ross University School
of Veterinary Medicine, Saint Kitts and Nevis, Basseterre. This study complied with the
TACUC regulations (TSU10.27.2023 CM) from the Ross University Institutional Animal
Care and Use Committee.

Examination of dentition indicated that all specimens were from adult animals, three
males (k930, k945 and k920) and two females (a438 and v585). The right and left humeri
from each specimen were collected for morphological and morphometrical analysis. Each
humerus was carefully evaluated for its gross morphology, and the most important anatom-
ical and metrical features were assessed and described.

2.2. Gross Anatomical and Osteometric Investigation

The humerus of each specimen was photographed in standard orientations to capture
each anatomical segment of the bone from multiple perspectives. Precise measurements
were taken via a scale placed near the bone in each image (Figure 1). The images were ob-
tained with a DSLR Canon EOS 90D and were later processed with the Adobe Photoshop®
program for fine contrast and background adding. Other adjustments and assessments
were made with GIMP® and Image]® 1.54] software using the measuring tools add-ons
available [47,48].

Figure 1. Measurements of humerus (A,B). Whole-bone measurements (C,E), proximal extremity
measurements (D,F), and distal extremity measurements. 1. ML/MLH, maximum humeral length;
2. lesser tuberosity diameter; 3. greater tuberosity diameter; 4. WDASL, width of surface of lower
end; 5. BED, biepicondylar distance; 6. TDH, transverse diameter of humeral head; 7. VDH, vertical
diameter of humeral head; 8. WDU, width of upper end; 9. VDG, width of bicipital groove; 10.
TDMS, transverse midshaft diameter; 11. TWD, width of trochlea; 12. CWD, width of capitulum.
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The anatomical terminology used by the present study is in accordance with the sixth
edition of Nomina Anatomica Veterinaria 2017 [49].

Using the data reported earlier in the literature (Figure 1), the following measurements
were performed on the humerus bone from Chlorocebusus sabaeus aethiopus [20,50,51].

e  ML/MLH—the total length of the humerus (as the minimum distance from the most
proximal point on the head to the most distal point on the trochlea), also listed in other
sources as the “functional length of the humerus”;

e  WDU—the width of the upper end (as the maximum transversal distance between the
elements of the proximal end);

e  VDH—the vertical diameter of the head (direct distance between the highest and the
lowest point on the articular margin of the head);

e LTD—lesser tuberosity diameter (the maximum diameter of the lesser tuberosity
measured at a right angle to the proximal shaft axis);

e  GTD—greater tuberosity diameter (the maximum diameter of the greater tuberosity

measured at a right angle to the proximal shaft axis);

TDH—the transversal diameter of the head;

VDG—the width of the bicipital groove;

TDMS—transverse midshaft diameter;

BED—biepicondylar distance;

TWD—trochlear width;

CWD—condylar width/capitulum width;

WDASL—the width of the surface of the lower end.

The measurements were taken using the digital images presenting the physical scale
most frequently. Some other measurements were taken using digital sliding callipers
(0.01 mm).

2.3. Histological Technique

For the histological investigations, three cross-sections from three areas of interest
were assessed (Figure 2) in the area of the surgical neck of the humerus, H50 and H40. H40
is the cross-sectional area measured at 40% of the biomechanical humerus length from the
distal end, while H50 is the cross-section measured at 50% of the biomechanical humerus
length, as suggested by previous researchers [52]. Decalcified bone samples (decalcification
by soaking in approx. 125 mL of DeltaFORM™ decalcifying solution for 6 days) were
included and processed through regular histological procedures. Five-micrometre slices
were stained with “Toluidine Blue” comprising the following stages: deparaffinization and
rehydration of the slides, staining with 0.4% Toluidine Blue solution for 10 min, several
rounds of rinsing, and counterstain with 0.02% Fast Green solution followed by repeated
rinsing and dehydration in ethanol and final clearing [53]. The histological images were
evaluated qualitatively using an Olympus BX (Olympus Corporation of the Americas,
Center Valley, PA, USA) conventional light microscope, according to the classification
system of bone structure types adapted from Riqueles’ system [22,23,54,55], marking the
intensity of different types of bone with + signs in an incremental scale (+/++/+++). This
style of bone description follows the classification system proposed by Enlow-Brown,
focusing on tissue organized near the periosteum and endosteum as well as in the mid-
region of the bone [21].

Image acquisition was performed with an Olympus DP 26 (Olympus Corp, Hamburg,
Germany) digital camera and the cellSense Standard® 3.0 image analysis software. The
Image]® 1.54] software application [47] was utilized for morphometrical analysis [47].
When necessary, the auto-contrast feature in the software was utilized to attain improved
visualization. The Find Edges tool was also employed to highlight the cement lines
and vascular canals. The dimensional features of the units—the vascular canals and the
area of the secondary osteons—were measured using the elliptic tool features, which
calculate a series of metric values [56]. We manually traced the boundary of intact sec-
ondary osteons and their Haversian canals in the images to apply the Measure tool within
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Image]®. Data were collected using Excel and were later investigated with more ad-
vanced statistical tools. Primary statistical analysis was accomplished with Excel® ver-
sion 2409, and more advanced statistics were attained utilizing the Statistics Calculator™
(https:/ /www.socscistatistics.com/tests /) and OnlineStats™ (https:/ /astatsa.com/ ac-
cessed July-September 2024) including the Kolmogorov—-Smirnov test for normality, one-
way ANOVA, Tukey, Sheffee, etc.

Figure 2. The divisions of the humeral shaft. SN—surgical neck area, H50—50% of the biomechanical
length, and H40—40% of the biomechanical length.

3. Results
3.1. Macroanatomical and Metrical Features

These investigations revealed that the humerus of the AGM has a similar morphology
to other mammals. The bone can be divided into three segments with two epiphyses
(proximal and distal) and the shaft or the diaphysis, with each epiphysis possessing
articular and non-articular elements.

From an overall perspective, we noticed that the curvature of the long axis of the
bone was most accentuated at the proximal half of the shaft. This curvature was relatively
enhanced in its cranial proximal direction. The angulation was evaluated and measured by
placing the bone in anteroposterior presentation onto the measuring board, with the visual
perspective focused on the olecranon fossa.

The surgical neck area was determined relatively close to the deltoid tuberosity, below
the crest of the greater tuberosity (Figure 3). The images were all stretched to the upper and
lower lines (despite metrical differences maintaining the overall shape and presentation).
The upper and lower lines served as reference points for the place where the proximal and
distal ends of the Image] ®1.54] [47] angle tool were placed, and we used the pivot function
to orient the location where the midline divides the diaphysis in half. The measurements
taken (Table 1) indicate an average value for the angle of 155° (+/—2.5°). Due to a very
limited number of measurements, no distinction between sexes was attempted. There was
an overall length difference (ML) between males and females of approximately 8-10%, with
an average value for males of 134.92 mm and 123.65 mm for females.
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Figure 3. The angulations of the humerus in the standard presentation. The points of reference for
the angle tools are marked by the blue dots (surgical neck area).

Table 1. The values for the assessed angulation of the diaphysis.

Specimen R L
a438 158 156
k945 153 157
k920 156 153

The proximal epiphysis (Figure 4) possesses an articular element (articular head of
the humerus, Caput humeri) (Figure 4B,C) and non-articular structures (the greater tubercle,
Tuberculum majus, and the lesser tubercle, Tuberculum minus) (Figure 4A-C). Between the
last two structures, a U-shaped groove, the intertubercular groove (Sulcus intertubercularis)
or the bicipital groove, is visible (Figure 4A).

The head of the humerus (Figure 4B,C) was the only articular structure of the proximal
epiphysis, and in the AGM, this area accommodates low convexity and a flattened aspect
with caudal orientation. The caudal position and the oval shape of the articular surface
illustrate the participation of this structure as an important component in a high-mobility
joint, the glenohumeral joint (Articulatio humeri). Caudo-distally, this structure continued
with the neck of the humerus (Collum humeri) (Figure 4B,C), and cranially, it was continued
by the intertubercular groove (Figure 4A).

The neck of the humerus was identified in all specimens as visible only on the caudal
side of the proximal epiphysis. This location was to be the point of fusion between the
articular and non-articular structures with the humeral body (Corpus humeri).

In AGMs, the non-articular structures of the proximal epiphysis have an important
role as insertion points for the rotator cuff muscles. The morphological aspects of these
structures can provide important information about the functions of these muscles.

In Chlorocebus sabaeus aethiopus, the greater tubercle (Tuberculum majus) has two seg-
ments (Figure 4A): the cranial segment (Pars cranialis), located cranially in regard to the
humeral head, and a well-developed caudo-lateral segment (Pars caudalis) located on the
lateral aspect of the proximal epiphysis. Although the greater tubercle is well developed,
its height does not exceed the humeral head’s height in the studied specimens. A careful
examination of this tuberosity showed some muscular insertion points.

11
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Figure 4. (A) Proximal extremity, (B) lateral perspective of bone shaft, and (C) detailed perspective

of proximal-lateral part of bone. 1. Greater tubercle, caudo-lateral segment, 1. greater tubercle,
cranial segment, 2. lesser tubercle, 3. intertubercular groove, 4. humeral head, 5. anatomical neck of
humerus, 6. teres major tuberosity, 7. crest of greater tubercle, 8. humeral diaphysis, caudal aspect, 9.
humeral condyle, 10. fossa of bursa subtendinea m. infraspinati 11. insertion point for teres minor
muscle, 12. tricipital line, and 13. deltoid tuberosity.

The most important and evident one was located on the lateral aspect of the caudo-
lateral segment of the greater tubercle and serves as the insertion point for the infraspinate
muscle (M. infraspinatus) and teres minor muscle (M. teres minor) (Figure 4C). The dorsal
aspect of the greater tubercle serves as the insertion point for the supraspinate muscle
(M. supraspinatus).

On the lateral aspect of the greater tubercle, we identified a small excavation which
accommodates a subtendinous bursa (Bursa subtendinea m. infraspinati) (Figure 4C) located
between the insertion tendon of the infraspinatus muscle and the proximo-lateral aspect of
the greater tubercle of the humerus.

The lesser tubercle (Tuberculum minus) (Figure 4A,B) was smaller than the greater
tubercle, was located on the medial aspect of the proximal extremity, and did not exceed
the height of the humeral head. It also serves as the insertion point for the last of the rotator
cuff muscles, the subscapular muscle (M. subscapularis).

The humeral diaphysis (Corpus humeri) (Figure 4B) is well developed and robust. The
proximal third of the diaphysis has a curved contour with cranial concavity and caudal con-
vexity. The presence of some bony crests, together with several bony prominences, made
the identification of the four surfaces—cranial surface (Facies cranialis), caudal surface (Fa-
cies caudalis), medial surface (Facies medialis), and lateral surface (Facies lateralis)—extremely
easy. The lateral surface (Facies lateralis) was the direct continuation of the greater tu-
bercle of the humerus and allowed for elongated deltoid tuberosity (Tuberositas deltoidea)
(Figures 4C and 5B). Between the base of the deltoid tuberosity and the caudal aspect of the
greater tubercle, a fine bony crest was observed which was identified as the tricipital line
(Linea m. tricipitis) (Figure 4C). The brachial groove (Sulcus m. brachialis) could be identified
on the caudal surface of the proximal third and on the latero-cranial surface of the distal
third of the humerus.

12
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Figure 5. Morphological features of humerus bone shaft (B) and distal end (A,C-E). 1. Medial
epicondyle, 2. medial trochlear keel, 3. lateral trochlear keel, 4. humeral capitulum, 5. lateral
epicondyle, 6. zona conoidea, 7. humeral head, 8. lesser tubercle, 9. deltoid tuberosity, 10. teres
major tuberosity, 11. olecranon fossa, 12. tail of lateral epicondyle, 13. radial fossa, 14. coronoid fossa,
15. supratrochlear foramen 16. Medial epicondyle, and 17. Lateral epicondyle Dotted line—humeral
surgical neck area.

On the medial aspect of the proximal third of the humeral shaft, the teres major
tuberosity (Tuberositas teres major) (Figures 4B and 5B) was evaluated. The crest of the
lesser tubercle (Crista tuberculi minoris) (Figure 4B) was marked by an exceptionally fine
bony line between the teres major tuberosity and the lesser tubercle of the humerus. The
distal third of the medial surface revealed the presence of a distal nutrient foramen of the
humeral diaphysis.

The cranial surface showed an evident bony crest which represents the distal continu-
ation of the cranial segment of the greater tubercle of the humerus known as the crest of
the greater tubercle (Crista humeri) (Figure 4B).

The caudal surface had a rounded appearance in latero-medial direction and distally
ended with a pronounced excavation, the olecranon fossa (Fossa olecrani) (Figure 5B,C).

The distal end of the bone, the condyle of the humerus (Condylus humeri) (Figure 5E),
contains articular and non-articular structures. The articular surface was represented by a
medial trochlea (Trochlea humeri) and a lateral capitulum (Capitulum humeri) (Figure 5A-E).
Specific to the AGM, the medial trochlear keel (pronounced medial flange of the trochlea)
was very well developed compared with the lateral trochlear keel [57], which was very
fine. Also, the medial keel surrounded the posterior aspect of the medial epicondyle and
stopped near the olecranon fossa. Because of the small size of the medial trochlear keel, the
zona conoidea (Figure 5A) was challenging to identify in our specimens. The cranio-lateral
edge of the capitulum has a dorsal continuation known as the capitulum’s tail (Figure 5E).

13
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The non-articular structures noted were represented by the medial and lateral epi-
condyles and some fossae located on the cranial and caudal surfaces of the distal end of
humeral diaphysis.

In Chlorocebus sabaeus aethiopus, the medial epicondyle (Epicondylus medialis)
(Figure 5A,C-E) was noted to be particularly very well developed and pulled caudally
compared to the lateral epicondyle (Epicondylus lateralis) (Figure 5A,B,D,E). The medial
and lateral supracondylar crests (Crista supracondylaris medialis and Crista supracondylaris
lateralis) (Figure 5C) continued beyond the epicondyles on the caudal aspect of the distal
end of the humerus and were noted to be narrow and fine linearly.

The olecranon fossa (Fossa olecrani) (Figure 5B) was deep and in three specimens had
direct communication with the radial fossa (Fossa radialis) (Figure 5E) and the supratrochlear
foramen (Foramen supratrochleare) (Figure 5C). On the cranial aspect of the distal epiphysis,
medially located, in relation with the fossa radialis and above with the humeral trochlea, a
small coronoid fossa (Fossa coronoidea) (Figure 5E) was also observed.

The collected metrical data are listed in the table below (Table 2).

Table 2. Measurements on humerus (mm).

Specimen A438 A438 V585 V585 K920 K920 K930 K930 K945 K945
Sex Female Female Female Female Male Male Male Male Male Male
Side R L L R R L L R L R
ML/MLH 125 131 123.6 115 125 128 140 137.9 140.89 138.1
WDU 19.5 19.44 19.31 18.8 21 20.6 21 22.3 229 229
VDH 13.59 13.14 13.13 12.42 15.2 13.66 15.82 15.84 13.98 14.91
LTD 5.77 6.33 8.68 7.35 7.41 6.13 8.99 9.24 9.05 9.85
GTD 12.29 11.96 12.42 13.14 14.44 13.6 13.85 14.88 13.21 13.1
VDG 421 4.49 4.35 447 5.09 45 5.6 5.8 493 5.09
TDMS 10.2 10.07 8.9 9.1 10.3 9.3 9.47 11 11.8 10.5
BED 21.4 18.9 21.5 22 21 21.3 25 27 23.17 23.1
TWD 8.27 8.03 9.64 9.65 7.76 8.99 9.37 9.5 10.3 10.6
CWD 6.2 6.37 5.31 6.4 7.27 7.8 8 7.14 6.59 55
WDASL 15.9 14.58 15.5 16.8 14.95 15.9 19 17.39 17.8 16.7

3.2. Micromorphological Evaluation of the Bone Tissue
3.2.1. Qualitative Evaluation of the Bone Histology

Each of the presented slides was first qualitatively assessed, specifically, the presence
and the occurrence of the observed arrangements of the designated types of bone according
to previously documented protocols (+++/++/+/) (Table 3).

Each of the samples observed originated from the previously three designated areas
(surgical neck area, middle of the humerus H50, and at the area designated as the 40%
biomechanical length of the bone—H40). For each of the main sectors, the circular section
was divided into 8-10 radial sections and numbered accordingly.

As a general observation, several lamellar arrangements were visible within the core
of the bone tissue. Lamellar bone and primary osteons were noted, but there was no visible
pattern of arrangement according to subtypes.
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Table 3. Assessment of bone tissue types.

Primary Bone Types Secondary Bone Types
la 1b 1c 1d 1le 1f 2al 2a2
H40/86  +++41a  THIP +1cl ++2ala  +++2a2a
+1bl
+++1b
H40/88 +++1a +4+1b1 +2ala
+++1b
H40/89 +++1a +41b1 ++1cl +2ala
+++1b
H40/90 +++1a +1b1 +1cl +1f +2ala
+++1b
H40/91 +++1a ++1b1 +2ala
H40/92  +++la  +++1b *lcl +1f +2ala
+1c4
H40/93 +++1a ++1b +1cl ++2ala ++2a2a
H40/94 ++1a ++1b ++1cl +++2a2a
H40/95 +++1a +1b ++1cl +2ala
+++1b lcl
H40/96 +++1a +1c2 +1£7 +2ala +++2a2a
+++1bl
+1c4
+++1b
H40/97  +++la +1cl +2ala +++2a2a
+++1bl
H50/58  ++la el +2alb tH+2a2a
+1c2
+++1b ++115
H50/59 ++1a +141b1 ++1ch +1£3 +++2a2a
++1f7+1£2
H50/60 ++1a +1bl +++1cl ++1{7 +++2a2a
H50/61 +la +1b1 +++1cl ++2alb ++2a2a
H50/62 ++la ++1bl +++1cl ++2alb ++2a2a
H50/63 +la +1bl +++1cl +++2a2a
H50/64 +la +1b1 +1cl +1f1 +++2a2a
H50/65 +la +1b1 +1cl +1f1 +++2a2a
H50/66 ++1a +1b1 ++1cl ++2ala
H50/67 +la +1b1 ++2ala
H50/69  ++la ++1p1 +2ala
+1c2
H50/70 ++la ++1b1 +1cl ++2ala
H50/72 +la ++1b1 ++1cl +1f1/1a-c +2ala
SN/29 ++1a +1b1 +1cl +2ala
SN/30 ++la +1b1 +2ala
SN/31 ++1a +1b +++2a2a
SN/32 +la ++1b +++2a2a
SN/33 +la +++2a2a
SN /34 ++1a ++1b1 +++2a2a
SN/35 +++1a ++1b1 +1cl +1f1/1ac +2ala ++2a2a
SN/36 +++1a +1b1 +1f1/1ac ++2ala +2a2a
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Table 3. Cont.

Primary Bone Types Secondary Bone Types
1a 1b 1c 1d le 1f 2al 2a2
SN/37 +++1a +1bl ++2ala +2a2a
SN/38 +1a +1b1 +1cl +1f1 ++2ala +2a2a
SN/39 +++1a +1b1 ++1cl +2ala
SN /42 +++1a +1b1 ++1cl ++2ala +2a2a

The occurrence of areas with dense second osteonal arrangements was a common
finding among the examined specimens (Figure 6). The scattered osteonal arrangement
was not as commonly observed; however, it was documented several times in the examined
slides. These findings of different bony arrangements observed with some lamellar vascular
longitudinal canals should be mentioned, as the reticular Haversian vascular arrangement
was not observed. Very rarely, the fibrous primary bone was noticed and was mostly
present in very confined areas of our slides in the form of a pseudo-laminar arrangement
closely related to primary osteonal units.

Figure 6. The osteonal units with no clear arrangement (surgical neck area), SN /33.

It should also be noted that the existence of some large super-osteons was visible
intermittently, mostly notable at the level of the surgical neck area (SN) (Table 2).

In some of the examined visual fields, drifting osteons (also known as “waltzing
osteons”) were noted as present (Figure 7) [58-60].

Other special features noted through observations may be secondary to the peculiar
distributions and prevalence of fine differences among the studied specimens. This is
especially true considering the slight change in arrangements noted as we progressed from
H40 to the surgical neck (SN).

e  Thelamellar avascular of primary bone [32] was prevailing and more intensely noted in
the more distal part of the bone (H40), slightly reducing its importance in the midpart
of the bone (H50), and seemed to regain its quota in the surgical neck area (SN).

e  The lamellar simple vascular structure had a more intense presence in the H40 area,
decreasing in intensity in H50, but not regaining its full occurrence in the SN area
(maybe less intensely compared to the lamellar avascular component).

16



Life 2024, 14, 1295

e  Thelamellar primary bone with primary osteons, mostly in longitudinal arrangements,
was noticed in all segments of the bone, but the intensity and prevalence of this
component were much rarer than those of the previous ones, with a notable presence
in H50 when compared to the other two regions.

e The dense secondary osteonal arrangement (Figure 8) [22,23] was constantly present
in most of the studied slices, usually showing an unclear organization pattern. In some
situations, the scattered osteonal arrangement was visible. The density of secondary
osteons seemed to occur more in the H50 and neck area, but this assessment is quite
subjective due to the constant presence of these areas throughout the studied samples.

Figure 7. The drifting osteon: a rarely seen drifting osteonic unit situated close to the endosteal area
of the A40 section.

Figure 8. Area of H50/62 with dense secondary osteonal units.

Osteon banding (as a rare linear arrangement of secondary osteons) (Figure 9) was
also noticed, but it seems to have a very low frequency and intensity within the examined
specimens [58,59,61,62].
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Figure 9. Osteon banding in H40/97 area.

3.2.2. Histometrical Investigation

For morphometric (quantitative) analysis, the following measurements were taken
using Image]® (US National Institutes of Health, Bethesda, MD, USA) software at the level

of osteonal units:

For the secondary osteons:

Osteonal area;

Osteonal perimeter;
Vascular canal diameter and surface area.

The normality test (Kolmogorov—-Smirnov) [63,64] did not show significant differences

from the normal distribution in all illustrated series in the table below (Table 4).

Table 4. Metrical data for examined samples.

Secondary osteonal area
(um?)

HA40 Area H50 Area Sn (Surgical Neck Area)
n=40 n =39 n =39
SD =4043.4 SD =4264.4 SD =5670.4

Mean: 18,414.2
Median: 17,702.3
p-value: 0.40478

Mean: 19,431.3

Median: 18,583.09

p-value: 0.63096

Mean: 23,196.99
Median: 21,688.61
p-value: 0.33228

Secondary osteon
perimeter

(um)

n =40
SD =57.28
Mean: 496.9
Median: 492.11
p-value: 0.82778

n=239
SD =54.388
Mean: 505.366
Median: 505.048
p-value: 0.7777

n=39
SD = 69.56
Mean: 549.37
Median: 536.15
p-value: 0.5498

Vascular canal area
(um?)

n =40
SD =254.33
Mean: 674.96
Median: 616.11
p-value: 0.27436

n=239
SD =246.71
Mean: 639.60
Median: 561.1
p-value: 0.26501

n =239
SD =276.69
Mean: 628.02
Median: 598.16
p-value: 0.5035
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4. Discussion
4.1. Gross Morphology and Osteometry

The general anatomy of the humerus in the Chlorocebus sabaeus aethiopus monkey
from Saint Kitts and Nevis is similar to reported data in the classic anatomy books for
mammals [16,20,65,66].

The proximal epiphysis in our subjects was characterised by the presence of the
articular head of the humerus and the presence of two tubercles, the greater and smaller
tubercle. The anatomical distribution of the structures and the general morphological
aspects of the proximal end of the humerus allow us to consider that African green monkeys
from Saint Kitts and Nevis have a terrestrial locomotor behaviour. Similar information has
been reported for Chlorocebus aethiopus [20].

The general aspect of the articular head of the humerus can be an important indication
of glenohumeral joint stability and mobility in primates and hominoids [9,67-70]. More
than that, the aspect of this element can be used to differentiate between the primate species
which use different types of locomotion.

In our studied specimens, the humeral head has been reported as an oval-shaped
structure with low convexity and a flattened aspect, which articulates with the pear-shaped
glenoid cavity of the scapula [71]. All of those aspects are similar to the reported data
regarding monkeys using quadrupedal locomotion. Other scholars reported the same
features of the head of the humerus in pig-tailed macaque (Macaca nemestrina), long-
tailed macaque (Macaca fascicularis), and leaf monkeys. Remarkable differences have been
reported between the anatomical aspects of the humeral head in the arboreal quadrupedal
monkey and the terrestrial quadrupedal monkey. The first category is characterised by
a slightly more rounded and pronounced articular head while the second category has
similar aspects to those we described in our specimens [72]. These aspects confirm that our
specimens usually are more prone to terrestrial quadrupedal locomotion.

Very different morphological aspects of the humeral head have been reported in
gibbons, orangutans, gorillas, chimpanzees, and humans. The humeral head in all of these
species was a globular and rounded structure. In monkeys, all of these characteristics are
common for the suspensory type of locomotion [9,10,71,73]. In mangabeys and guenons, a
hemispherical humeral head is described [20]. Even if they use only 11% of their time for
suspensory locomotion, an intermediate aspect of the humeral head between the terrestrial
and suspensory species has been reported in woolly monkeys as well [74].

Another morphological aspect which confirms that the African green monkey is a
terrestrial quadrupedal species is the caudal orientation of the humeral head which fits
with the cranio-caudal curvature of the glenoid cavity reported in Old World Monkeys and
in African green monkeys [3,75].

The cranial continuation of the humeral head with the intertubercular groove, ob-
served by us in Chlorocebus sabaeus aethiopus monkeys, is similar to the data reported in
other terrestrial quadrupedal monkeys [10]. The macroscopic aspects of this structure
allowed us to describe a U-shaped groove, located on the cranial aspect of the proximal
epiphysis between the greater and lesser tubercles of the humerus. According to reported
data, in baboons, chimpanzees, humans, and Cebus libidinosus, this space allows for the
gliding of the tendon of origin of the lateral head of the biceps brachii muscle [76,77].

In the studied specimens, the greater and lesser tubercles occupied the medial and
cranio-lateral surface of the proximal epiphysis. In some hominoids, migration of those
two tubercles induces proximal torsion of the humerus. In great apes, this migration has
a huge impact on the intertubercular groove, which migrates medially, and on the lesser
tubercle which becomes very small [15,78].

The greater tubercle in macaques and proboscis monkeys is well developed, and
different from African green monkeys, it extends above the head of the humerus [71].

In African green monkeys, the morphological aspects of the greater and lesser tubercles
allowed for the identification of four insertion points for the rotator cuff muscles: three
insertion points at the level of the greater tubercle, for the supraspinatus, infraspinatus,
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and teres minor muscles, and the last one on the lesser tubercle for the subscapularis
muscle. Similar aspects have been reported in humans, baboons, chimpanzees, mangabeys,
guenons, and Cebus [20,79].

According to [9], the locomotor behaviour can influence the anatomo-topographical
distribution of the insertion points of the rotator cuff muscles on the greater tubercle, and
differences between fully quadrupedal and fully suspensory primates can be identified.

The lateral disposition of the insertion point of the infraspinatus muscle, reported by
us in Chlorocebus sabaeus aethiopus, confirms the reported data in cercopithecoids [80].

Similar morphological aspects of the greater tubercle reported by us in the present
study have been reported in Cercocebus galericus, Cercopithecus aethiops, and other mangabey
monkeys [20]. The same author has reported an incomplete greater tubercle in Cercocebus
albigena, where the caudo-lateral segment lacks.

In humans, it seems that the reduced size of the rotator cuff muscles is in direct
correlation with the reduced size of the greater tubercle [9,15] and that the supraspinatus
muscle is very reduced in size [80]. In Cebus libidinosus, other muscles such as m.pectoralis
abdominis and m.pectoralis minor, which are not rotator cuff muscles, have as insertion points
the greater tubercle of the humerus [76].

The lesser tubercle of the humerus in the studied species was well developed, and
according to the reported data, it serves as the insertion point for the subscapularis mus-
cle [78]. In mangabeys and guenons, the literature has reported that the macroscopic and
morphometric aspects of the lesser tubercle were more constant compared to those of
the greater tubercle. A well-developed lesser tubercle was reported in baboons, and it is
strong proof of the significant role of the subscapularis muscle in quadrupedal terrestrial
locomotion [20]. Similar features were described in chimpanzees and humans [79].

In our study, we noted that the humeral diaphysis showed an obvious craniolateral
curvature in the proximal third. Also, the crests and tuberosities were very well developed
in Chlorocebus sabaeus aethiopus monkeys. Similar features have been observed in both
pig-tailed and long-tailed macaques and in leaf monkeys [71].

Previous studies have reported differences in humeral curvature between terrestrial
and arboreal quadrupedal species of primates. In terrestrial species, the action of the
long head of the triceps muscle (M. triceps brachii—Caput longum) together with the teres
major muscle (M. teres major), the scapular part of the deltoid muscle (M. deltoideus—
pars scapularis), and the latissimus dorsi (M. latissimus dorsi) influence the cranio-lateral
curvature of the humeral shaft [81,82].

For comparison, the only comparable data (as mentioned in Table 1 above) we have
at our disposal are those related to the angulation remeasures for humans (based on the
specimens in the Museum of Anatomy of Faculty of Veterinary Medicine Cluj-Napoca,
Romania) and some online available published specimens of different monkey species. For
Homo sapiens, a value of 175 and 170 degrees was recorded; for orangutan (Pogo pygmaeus),
a comparative value of 165 degrees was noted, and as for chimpanzees (Pan troglodites), an
angulation of 178 and 173 degrees was noted. These are values for the Hominidae group.
As for a member of Cercopithhidae, Macacus rhesus, we managed to remeasure a value of
153 degrees, the closest value to the recorded angle in Chlorocebus sabeus (154-155 degrees)
(Table 1).

In arboreal species, the humeral shaft is double-curved. Contraction of the scapular
part of the deltoid muscle, teres major, and latissimus dorsi muscles causes the cranio-lateral
curvature of the proximal third of the humeral diaphysis. The action of muscles involved in
climbing, clinging, and grasping behaviours (flexor and extensor muscles of the carpal and
digital regions and brachioradialis muscle (M. brachioradialis)) induces distal cranio-caudal
curvature of the humeral body. Similar data have been reported in gibbons [65,71,81,83,84].

Our investigated specimens showed an evident surgical neck with a very well-
developed bony crest and tuberosities for muscular insertion, like for cercopithecines [20].
Reduced muscular crests and tuberosities were reported in orangutans [71] and in the
common marmoset [85]. According to [76], in Cebus libidinosus, the muscular tuberosi-
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ties and crests, located on the humeral shaft, serve as insertion points for the deltoideus,
teres major, latissimus dorsi, coracobrachialis (M. coracobrachialis), and pectoralis major
muscles, and provide origin points for the brachialis muscle (M. brachialis) and the lateral
(M. triceps brachii—caput laterale) and medial head (M. triceps brachii—caput mediale) of the
triceps muscle.

The different types of locomotion have a huge impact at the level of the distal epi-
physis of the humerus [9,86,87]. The humeral condyle in African green monkeys is a
component of two sub-joints: humeroulnar (Articulatio humeroulnaris) and humeroradial
(Articulatio humeroradialis) joints. Because of a reduced medial trochlear keel and a very
small zona conoidea, the demarcation between the humeral trochlea and the humeral
capitulum is inconspicuous. The presence of a deep waist between the zona conoidea and
the medial trochlear keel has been reported in orangutans [71]. Our results confirm the
data reported by [86] which sustain that in Old World monkeys, the stabilization features
of the humeroradial joint are absent.

As we reported in our study, the medial epicondyle was well developed and showed
medial caudal retroflexion. These features are specific for terrestrial monkeys such as
the Papio genus [88]. The development of the epicondyle is directly related to the flexor
muscle of the carpus and digit development and activity [20]. Opposite to our findings,
a large and medially directed medial epicondyle is typical for arboreal species [89,90].
Supratrochlear communication, reported between the olecranon fossa and radial fossa in a
few specimens of Chlorocebus sabaeus aethiopus, is lacking in common marmoset [90]. The
existence of the supratrochlear foramen along with a deep olecranon fossa increases the
range of flexion [91].

Authors should discuss the results and how they can be interpreted from the perspec-
tive of previous studies and the working hypotheses. The findings and their implications

should be discussed in the broadest context possible. Future research directions may also
be highlighted.

4.2. Micromorphology and Histomorphometric Data Interpretation

The examined materials present a typical histological arrangement for primates, with
the prevalence of lamellar bone arrangement. This blend of primary avascular and vascular
primary bone (the latter prevailing though) was listed as a general feature for non-human
primates [32]. This is an indicator of a slow(er) bone deposition process, which is quite
typical for this group [23,54].

The secondary bone type that prevails in the structure is the dense osteonal (Haversian)
one, with osteons showing no or little organization, almost like being randomly distributed
through the cortex. The scattered osteonal structures also have quite a constant presence,
with a smaller ratio when compared to the previous way of organization. This feature is
also noted as a non-human characteristic among primates’ bone structure [32]. Although
attempts to use the density of the osteonal system as a differential feature for different loco-
motive patterns (arboreal, terrestrial or suspensory) were mentioned in the literature [33],
evaluating the number of Haversian systems per square millimetres yielded such diverse
figures in the studied samples that we decided not to attempt such a comparison.

Drifting osteons (DOs) are typically absent in most mammalian species. Their existence
was noted in several human-origin bone specimens [62], being initially considered a
discriminating factor in identifying the human bone histologically. The explanation given
by literature sources for this type of peculiar osteonal pattern points to the limited vascular
pathway and the bone remodelling units that force the microcrack repair in different
directions, allowing for movement (or transverse drifting) due to vascular plasticity and
vascular connectivity between osteonal units [60,62]. This arrangement has also been noted
in baboons and other primates [62].

Osteon banding was earlier noted in other mammals and non-human primates [22,32,34-36]
and it seems to display certain, very fine differential features among human and mam-
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malian bone [92]. This type of arrangement is associated with rapid growth (seen in
subadults), and it seems to disappear during life [32].

A plot of the values recorded for the secondary osteon size and the vascular canal area,
differentiated for the different areas of choice of the bone, shows the existence of some large
osteonal units in the SN area only, as the values for H40 and H50 have a great degree of
overlapping (Figure 10). This situation was also noticed when the raw data were processed,
mainly for the case of the average secondary osteonal area.
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Figure 10. A plot of the osteonal area vs. the vascular canal area based on their region of origin (H40,
H50, SN).

The existence of giant osteons, according to literature sources, might be linked with
the smaller loads and reduced tension environment, showing adaptation for resisting
deleterious shear stress [93]. This specific structural element might also be associated
with the pathology expressed at the surgical neck area [94] or linked with remodelling
phenomena, having no association with age and gender [95].

To check whether there are significant statistical differences among the values recorded
for the osteonal area and the vascular canal, a more complex set of tests was used for the
difference of means—the one-way ANOVA and Tukey, Schefee, Bonferroni, and Holm tests.
The results (with limitations given by the relatively small samples) for the investigated sets
are listed in Table 5.

As noted, the differences expressed at the level of the secondary osteonal area are
not notable statistically in the case of the recorded values for the vascular canal area. This
variation in terms of the secondary osteonal area and diameters is supposedly related
to strain, due to a mechanism still unknown [96,97]. The average values for secondary
osteonal units are still of importance, being allegedly used as a basic reference for species-
linked data, illustrating differential aspects among species more or less related, mainly in
conjunction with qualitative data.
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Table 5. Statistical tests performed on the micrometrical collected data (Ar = area).

Anova Tukey HSD Results Sctcleffe M'.'llhple Bonferroni and Holm
omparison
The p-value H40 Ar vs. H50 H40 Ar vs. H50 H40 Ar vs. H50
corresponding to the Ar—inisgnificant Ar—insignificant Ar—insignificant

Secondary F-statistic is 0.05, H40 Ar vs. SN Ar—**, H40 Ar vs. SN Ar—**, H40 Ar vs. SN Ar—**,
osteonal area suggesting that one or p<0.01 p<0.01 p<0.01

more treatments are H50 Ar vs. SN Ar—**, H50 Ar vs. SN AR—*, H50 Ar vs. SN AR—*¥,
significantly different. p<0.01 p <0.05 p<0.01

The p-value corresponding to the F-statistic of the one-way ANOVA is higher than 0.05, suggesting that the

Vascular canal area o . -
sewlare ¢ treatments are not significantly different for that level of significance.

5. Conclusions

Our study provides morphologic, morphometric, and structural features regarding
the humerus in Chlorocebus sabaeus aethiopus from the Saint Kitts and Nevis Federation.

All of the morphological aspects of the humerus confirm the terrestrial locomotor
behaviour in the studied specimens and are similar to other data reported for other Old
World Monkey species.

The osteometrical data complete the series of metrical data for different species,
offering a base for other comparative approaches.

The micromorphological data provide a series of insights into this little studied pri-
mate, such as the similitude with other primates in terms of histological arrangements and
the exact histomorphometric (or specific) elements in terms of the secondary periostal bone
structures (osteons).

Some other interesting details are highlighted, such as the existence of slightly different
quotas of the typical arrangements of bone types related to the regions of bones. The
mentioning of the structures called super-osteons and drifting osteons makes nothing but
interesting the potential of morphological study of this species and the correlations and
applicability of different studies on this species, with impacts on the different areas of the
medical and biological sciences.
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Abstract: There are some limitations to using the body condition score (BCS) for client education
to prevent obesity, hyperlipidemia-related diseases, and orthopedic diseases in dogs because it is
hard to quantify in detail. Especially in small dogs, patellar luxation is a common orthopedic disease
that is related to obesity and the hind leg muscle. In this pilot study, the author evaluated the
thorax/thigh circumference ratio as a prognostic evaluation index, along with the BCS, for assessing
patellar dislocation and other hyperlipidemia-related diseases and states such as hypertriglyceridemia
and obesity-related orthopedic disease in small dogs. Eleven client-owned dogs were selected
randomly among patients that visited Bundang New York Animal Hospital, South Korea from June
2021 to August 2024. According to the results, triglycerides (TG) showed a negative correlation
with thorax/thigh value (R = —0.585, p-value = 0.059) and a strong positive correlation with thigh
circumference (R = 0.749, p-value = 0.008). Total cholesterol (TC) showed a strong positive correlation
with thigh circumference (R = 0.776, p-value = 0.005), whereas the thorax/thigh value showed a
negative correlation with the medial patella luxation (MPL) grade with low significance (R = —0.343,
p-value = 0.302). These data indicate that thigh circumference can be an excellent negative indicator
for hyperlipidemia and thorax/thigh value shows no correlation with medial patella luxation, which
has many factors such as varus and trochlear groove. Despite the limitations of this study due
to the small sample size, this pilot study is significant as it is the first trial to introduce a new
indicator for monitoring hyperlipidemia at home by using a simple tape measure. Also, the author
reviews molecular pathways including the ApoA-1, ApoE, and LPL genes, which are related to
hyperlipidemia, to explain the results.

Keywords: thorax/thigh circumference ratio; body condition score; hyperlipidemia; obesity; patellar
luxation; ApoA-1; high-density lipoprotein

1. Introduction

The body condition score was first introduced in dairy cows to evaluate their pro-
ductivity [1]. It is traditionally used in the form of a five-grade or nine-grade scale, and a
higher grade reflects more body fat. A score of three points on the five-grade system or
five points on the nine-grade system is suitable for the healthy maintenance of cows. The
BCS is also applied to other animals, including small animals such as feline and canine
species. The criteria of the BCS are visibility of the rib, lumber vertebrae, and pelvic bone
and discernible waist in dogs, and an ideal state of body is four to five points on the nine-
grade system [2,3]. As this is a somewhat subjective element, evaluation of the BCS can
vary slightly depending on the person measuring it [4], and the scores are not subdivided
in detail, so it is quite difficult to monitor subtle differences [5]. Failure in monitoring
subtle differences using the BCS can lead to obesity [6], hyperlipidemia [7,8], and other
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endocrine diseases such as Cushing’s disease. Hyperlipidemia commonly results in dia-
betes, hypothyroidism, and Cushing’s syndrome in dogs [9] as well as humans [10,11]. To
date, the correlation between hyperlipidemia and orthopedic diseases has not been clearly
documented in dogs, and there are only a few studies on the effects of hyperlipidemia
on knee tendons in rats [12,13]. However, the anatomy of dogs and rats is very different,
so the results may not be applicable to dogs [14,15]. In contrast, there are many studies
on the correlation between obesity, BCS, and orthopedic diseases, and numerous studies
have attempted to develop monitoring indicators and prognostic evaluation biomarkers
to assist in assessing the BCS [16-19]. In humans, abdominal fat is closely related to hy-
pertension and the waist/hip ratio, which is positively correlated with cardiovascular
disease in epidemiological research [20]. Additionally, high-density lipoprotein (HDL),
which is known as ‘good cholesterol” that cleans fat in vessel to lower the possibility of
cardiovascular disease, is reported to be negatively correlated to truncal fat and waist/hip
ratio [21]. Moreover, abdominal fat can increase insulin resistance, leading to a higher risk
of diabetes mellitus [22]. Therefore, in order to manage abdominal fat effectively, various
indicators such as waist/hip ratio and waist/chest ratio, along with Body Mass Index
(BMI), have been developed [23]. Additionally, although BMI-related abdominal fat is com-
monly associated with diabetes mellitus, hypertension, and cardiovascular diseases, hind
leg muscle circumference has been shown to be a better indicator than BMI in respiratory
diseases such as Chronic Obstructive Pulmonary Disease (COPD) [24]. In contrast, there
are few biomarkers or indicators other than the BCS for monitoring obesity and related
diseases even though their importance is increasing in veterinary medicine [25-27]. More-
over, in veterinary medicine, there are breed differences even in the same species, so the
same BCS does not always reflect the same body fat, especially in dogs [25]. For example,
Schnauzers are genetically prone to hyperlipidemia because Very-Low-Density Lipoprotein
(VLDL) and chylomicrons accumulate abnormally to a large degree in this breed com-
pared to other breeds [28]. Thus, Schnauzers may be more susceptible than other breeds to
hyperlipidemia-related diseases such as pancreatitis, and it has been demonstrated that it
may be related to mutation of the SPINK1 gene [29]. Therefore, the author would like to
introduce a new indicator, thorax/thigh ratio in dogs, which resembles the waist/hip ratio
in humans. Comprehensive monitoring of body fat in a detailed but simple way is key to
managing health successfully in veterinary medicine as well as in human medicine. The
significance and originality of this study lies in its development of an indicator that can be
used alongside the BCS and body weight to diagnose hyperlipidemia and related diseases.

2. Materials and Methods

Blood samples were collected from eleven client-owned dogs visiting Bundang New
York Animal Hospital, a general practice located in South Korea. The dogs were selected
randomly among patient aged between 1 to 17 years old from different breeds and sexes
who visited hospital from June 2021 to August 2024 (Table 1). All blood samples were
collected from the cephalic vein of the dogs after physical examination (measuring body
weight, BCS, thorax, thigh circumference, patella luxation, gait) following 6 h of fasting [30]
without anesthesia or sedation and centrifuged at 14,500 RPM for 1 min, and the sera were
immediately and directly analyzed using a DRI-CHEM NX500 (Fujifilm, Tokyo, Japan),
a dry chemistry analyzer. The samples were measured directly without dilution at room
temperature. The circumference of the thigh and thorax [31] of the dogs was measured
manually using a tape measure (Figure 1). JASP (version, 0.19.1, the JASP team, Amsterdam,
The Netherlands) was used for data analysis (Pearson correlation, independent sample
t-test) and graph creation (https:/ /jasp-stats.org, accessed on 20 August 2024). Amino acid
sequence analysis was performed using Vectorbuilder (Version 2.1.92, VectorBuilder Inc.,
Chicago, IL, USA, https:/ /en.vectorbuilder.com/tool/sequence-alignment.html, accessed
on 20 August 2024).
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Thorax
@ - Thickest part

(S  Thigh
..h'ﬂ - Thickest part

Figure 1. How to measure the thorax/thigh ratio.

3. Results

As expected, the BCS and thorax circumference showed a positive correlation (R = 0.487,
p-value = 0.128), and the BCS and TC showed a significant strong positive correlation
(R =0.683, p-value = 0.021). The BCS and TG also showed a significant strong positive
correlation, as expected (R = 0.587, p-value = 0.057). The BCS has been used as an indicator
of obesity, and these data confirm that the BCS is indeed a valid standard.

Unfortunately, the thorax/thigh value and medial patella luxation showed a negative
correlation with low significance (R = —0.343, p-value = 0.302) since patella luxation is
multifactorial. The thorax/thigh value and TC showed a negative correlation (R = —0.461,
p-value = 0.154). The thorax/thigh value and TG showed a negative correlation with
low significance (R = —0.316, p-value = 0.344). The TG and thorax/thigh value showed
a significant negative correlation (R = —0.585, p-value = 0.059). These data indicate that
the thorax/thigh value has limited application at present but it shows potential, so further
investigation involving a larger sample is needed.

Interestingly, total cholesterol and thigh (left side) circumference showed a positive
correlation (R = 0.561, p-value = 0.073). TC and thigh (right side) circumference showed a
significant strong positive correlation (R = 0.776, p-value = 0.005). Triglyceride and thigh
(right side) circumference also showed a significant strong positive correlation (R = 0.749,
p-value = 0.008). Triglyceride and thigh (left side) circumference also showed a significant
strong positive correlation (R = 0.711, p-value = 0.014) which is consistent in both sides
rather than total cholesterol (For detailed information, see the Supplementary Materials).
As there are only a few studies that focused on the correlation between hyperlipidemia and
thigh circumference in veterinary and human medicine, further investigation using a large
sample would be beneficial to assess the utilization of thigh circumference as a prognostic
indicator for hyperlipidemia.

4. Discussion

It has been revealed that although the BCS involves subjective elements, it is a reliable
standard for diagnosing obesity, which is positively correlated with hyperlipidemia in
dogs. To more easily monitor obesity and related diseases, the thorax/thigh circumference
ratio was first introduced in this study. Although the thorax/thigh value is insignificantly
correlated with medial patella luxation, as it is complex disease [32], the thorax/thigh value
has a strong negative correlation with triglycerides. It can be explained that small thigh
circumference may lead to an increasing level of triglycerides in humans [33], so it can
be applicable to dogs, but further investigation of mechanism is needed. In fact, patellar
dislocation commonly results from hindleg angular limb deformity and trochlear groove
depth [34]. Therefore, the thorax/thigh ratio can be a useful indicator for hypertriglyc-

31



Life 2024, 14, 1441

eridemia even though there are clear limitations when applied to orthopedic diseases such
as patellar dislocation and hindleg limping. Additionally, as there are many studies on the
correlation between hyperlipidemia and thigh circumference in humans, validating this
correlation in the veterinary field, especially in small animals, can help monitor animal
health at home more effectively.

However, hyperlipidemia may be related to underlying diseases such as gallbladder
sludge (Table 1, case 4, Pomeranian) or genetic predisposition (for example, idiopathic
familial hyperlipidemia in Schnauzers) rather than abdominal fat or body weight in dogs,
so it is important to check the underlying disease and breed difference beforehand. In
fact, in cases 4 and 6, hyperlipidemia was observed in dogs with larger thighs than other
dogs of similar weight (Table 1). Hindleg lipid deposition changes with aging and may be
related to metabolic changes [35], implying that a large portion of the hindleg of cases 4
and 6 may consist of lipids. In addition to hindleg fat, abdominal fat is closely related to
diabetes, hyperlipidemia, high blood pressure, and cardiovascular disease in humans, and
there have been recent attempts to monitor abdominal fat by quantifying it with Computed
Tomography (CT). The importance of abdominal fat in diseases has recently emerged in the
veterinary field (Figure 2), and there are some studies that evaluated abdominal fat using
CT in dogs recently [36-39].

The results of this study are significant because hyperlipidemia and obesity can be
easily monitored by simply measuring body and leg circumferences, along with the BCS
and body weight, at a local hospital or at home. Although this study has limitations due
to the small number of dogs, the thorax/thigh ratio and thigh circumference, along with
the BCS, can be secondary indicators for hyperlipidemia, which can be used to improve
obesity monitoring systems to provide proper diet and supplements to prevent or treat
related diseases.

Internal
Organs

ApoA-17?7
LPL??

ApoE?? ApoA-17?7
2 LPL??
ApoE??

- titi Body Fat
ancreatitis

Diabetes O O
CushingsDz OOO
Gallbladder Q Q
mucocele OO
Hypertension OO O
Myocardial O
Infarction ... &

Figure 2. Schematic illustration of gene expression.

5. Reviewing Molecular Mechanism Focus on Related Genes

From the aspect of the molecular level, ApoA-1, ApoE, and lipoprotein lipase (LPL)
genes are related to hyperlipidemia [40]. In particular, ApoA-1, which is known to encode
a major component of HDL, may be an explanation for thigh circumference and total
cholesterol correlation, because waist/hip ratio is strongly negatively associated with HDL
and positive correlated with total cholesterol [41] since thigh circumference resembles
the waist/hip ratio in human according to this preliminary data. There are physiological
differences between humans and dogs, and thigh fat storage is strongly correlated with
body weight and abdominal fat in dogs [42], which could be an interesting explanation
for this pilot study’s results. Also, there is only 68.9% of identity and 81.7% of similarity
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tissue in dogs; a follow up study will elucidate the fat distribution and, putting these
together, it will provide clues to a deeper understanding of metabolic diseases from a
comparative molecular point of view in humans and dogs. For example, we can compare
human and dog ApoE mRNA concentrations in thigh fat, and investigate their comparative

and other organs including the small intestine and brain in humans and mice [43] (Figure 2).
correlation with diabetes mellitus.

disease and hyperlipidemia is cell-specifically expressed and mainly expressed in the liver
There is no documented estimation of ApoE mRNA concentrations in hindleg or thigh

lower than human and dog ApoAl (Figure 3A) and human and dog LPL (Figure 3C).
Additionally, the ApoE gene which is known to positively correlated to cardiovascular

between the human and dog ApoE amino acid sequences (Figure 3B), which is relatively
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Figure 3. (A): Amino acid alignment of Apoal (Sequence 1 length:267 Sequence 2 length:266 Alignment
33

length: 267 Identity: 227/267, 85.02%, Similarity: 246/267, 92.13%, Gaps: 1/267, 0.37%), (B): ApoE
(Sequence 1 length:317 Sequence 2 length:323 Alignment length: 328 Identity: 226/328, 68.90%,

Similarity: 268/328, 81.71%, Gaps: 16/328, 4.88%), (C): LPL (Sequence 1 length:475 Sequence 2
length:471 Alignment length: 478, Identity: 437/478, 91.42%, Similarity: 455/478, 95.19%, Gaps:

10/478,2.09%, sequence 1 human, sequence 2 dog).
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Moreover, LPL activity is known to be positively correlated with hindleg exercise in
dogs [44]. LPL is highly expressed in coronary artery disease patients [40] and a variant of
LPL is closely related to hyperlipidemia [45]. Also, ApoE limits LPL-mediated hydrolysis
of triglycerides [46] (Figure 4). Therefore, monitoring hindleg circumference at home after
exercise has a plausible capacity to reflect hyperlipidemia blood profile.

VLDL
(ApoE) .

Fatty acid

LPL-mediated
Triglyceride hydrolysis

Figure 4. Illustration of how ApoE and LPL affect lipid metabolism.

Genetic mutation and polymorphism on ApoA-1, ApoE, and LPL is also closely
related to hyperlipidemia [47] according to previous research by Baroni, 2003. Although
this research focused on cardiovascular disease, the authors described that mutation of
those genes may disturb the metabolic pathway of lipids and lead to hyperlipoproteinemia.
Even after that, there are many documents which have analyzed correlation between
hyperlipidemia and mutation of apolipoprotein until now, 2024 [48-50]. To elucidate
the molecular pathway of hyperlipidemia in dogs, which includes many factors such as
various associated genes and polymorphism and tissue-specific expression, the author
recommends the single-cell RNA profiling technique which is generally used in human
metabolic disease these days [51], since there is no article published where the technique is
applied to hyperlipidemia dogs. This may reveal the genetic pathway of apolipoproteins
organ-specifically as in the schematic illustrations shown in Figures 2 and 4.

6. Conclusions

The author briefly reviewed the molecular pathway of hyperlipidemia in dogs through
pilot study data. The data showed that triglycerides showed a strong positive correlation
with thigh circumference in both sides consistently (left, R = 0.711, p-value = 0.014, right,
R = 0.749, p-value = 0.008) and total cholesterol in only one side (right, R = 0.776, p-
value = 0.005), even though thorax/thigh circumference ratio failed to be a new indicator
comparable to the waist/hip circumference ratio in humans. The ApoE gene may be crucial
for storage of fat in the thigh since it limits LPL-mediated hydrolysis of triglycerides and
LPL activity is positively correlated to thigh exercise which can raise metabolic rate and
help with metabolic disease. A follow up study utilizing the single-cell RNA technique
would elucidate the hyperlipidemia molecular pathway of dogs by comparing human and
dog ApoE mRNA concentrations at the tissue level individually.
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Abstract: Coenurosis is a parasitic disease caused by the larval stage of Taenia multiceps, Coenurus
cerebralis, typically found in the central nervous system of different livestock such as sheep and goats.
The blood plasma from fifteen clinically healthy sheep and six sheep with neurological symptoms
was studied by fluorescence spectroscopy in order to establish the contribution of kynurenic acid
(KYNA), the neuroprotective metabolite of the kynurenine pathway, to the total fluorescence of
the plasma. CT scans were used to confirm the presence of cysts in the central nervous system of
sheep with neurological symptoms. The fluorescence spectroscopy analysis and further spectra
deconvolution process revealed some significantly lower KYNA contributions to the total plasma
fluorescence in sheep with coenurosis compared to healthy controls. Our results indicate that KYNA
emission parameters could serve as valuable diagnostic markers, particularly for detecting preclinical

cases of coenurosis, thus allowing for improved farm management practices.

Keywords: coenurosis; plasma; kynurenic acid; fluorescence spectroscopy

1. Introduction

Coenurosis is one of the most widespread neuropathological diseases in sheep, cattle,
and goats, caused by Coenurus cerebralis, the larval stage of Taenia multiceps that inhabits the
small intestine of definitive host such as dogs, wolves, and foxes. Transmission may occur
via non-dewormed dogs that spread the adult tapeworm eggs on pasture [1]. According to
some recent studies, the prevalence of coenurosis worldwide varies from 1.3% to 28.2%;
a higher prevalence was reported in Italy, whereas in other European countries, such
as Ireland, the UK, France and Greece, the rate of infections is lower [1,2]. In Romania,
the prevalence of this disease is not yet established; studies are still needed in this area.
Currently in Romania, there are still cases of sheep being diagnosed with coenurosis using
the anamnesis and clinical manifestations, and confirmed by the post-mortem findings.
Two clinical forms of coenurosis were reported in sheep—the acute and chronic condi-
tions. Broadly speaking, the chronic form was more often described compared to the
acute form [2]. Clinical signs of acute coenurosis depend on the number of migrating
oncospheres in the CNS and are related to a toxic and allergic reaction rather than to a
mechanical action of the oncospheres [1]. Furthermore, the clinical signs in chronic form
are the consequence of the development of Coenurus in the cerebrum, cerebellum, or spinal
cord [3,4]. Therefore, a variety of neurological symptoms were described in sheep and goats
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such as ataxia, incoordination, drowsiness, paralysis, muscle weakness, head compression,
rotation, blurred vision, blindness and lack of a direct light reflex in the pupil, bruxism,
poor appetite, seizures, and coma [1,2]. The best diagnostic method for cerebral coenurosis
involves the interpretation of clinical signs with accurate localization of the cyst using
diagnostic imaging techniques [1,5]. However, imaging techniques play an important role
in confirming the diagnosis of coenurosis but remain expensive; thus, the need for reliable
and less expansive tools is mandatory. Currently, spectroscopy techniques are being used in
many medical subspecialties as an essential diagnostic tool that can help in designing and
interpreting clinical and therapeutic trials [6-9]. Fluorescence spectroscopy is a widespread
phenomenon because of the autofluorescence properties of various biological fluids and
tissues of the body [6]. Body fluids and tissue fluorophores are produced in excess or
decreased as a result of a certain pathology [6]. One of the fluorophores whose contribution
in biological fluids can suffer some changes as a result of the presence of some neurological
disorders is the neuroprotective metabolite of the kynurenine pathway (KP) produced by
astrocytes and neurons, kynurenic acid (KYNA) [10-12]. The degradation of tryptophan is
possible via the KP, which can be regulated by stress and immunocytokines (Figure 1) [13].
The KP is responsible for the neosynthesis of KYNA and picolinic, and quinolinic acids
(QUIN) [11]. The two main metabolites of KP, KYNA, and QUIN are recognized as having
an antagonistic effect [14]. Therefore, while KYNA is known as a neuroprotective and
anticonvulsant metabolite, QUIN is recognized for its pathological effects, in particular
for its ability to model neuropathological, neurochemical, and clinical features of human
neurological diseases (i.e., Huntington’s disease and temporal lobe epilepsy) [14-16].

TRYPTOPHAN

IL-1, IL-6, TNF
IDO (idoleamine 2,3 dioxygenase)

CORTISOL

TDO (tryptophan dioxygenase)

KYNURENINE

Multiple Kynurenine
Aminotransferases:
KAT LIV

\\ KYNURENIC ACID

3-HYDROXYKYNURENINE

3-HYDROXYANTHRANILIC ACID

I
3-hydroxyanthraniate 3.4,
dioxygenase

2-AMINO-3-CARBOXYMUCONATE

/\

QUINOLINIC ACID PICOLINIC ACID

y

Figure 1. The catabolism of tryptophan via the kynurenine pathway. Yellow represents one of the
most studied metabolites of kynurenine, kynurenic acid, which is assayed in the presented study:.
The enzymes responsible for the formation of kynurenic acid from kynurenine are called kynurenine
aminotransferase (KAT I-1V).

The study aims to investigate the potential of KYNA as a diagnostic marker for chronic
coenurosis in sheep, with emphasis on its practical application in early-stage diagnosis at
the farm level. Firstly, we evaluated the clinical manifestation of the sheep with coenurosis
and performed computed tomography (CT) in order to determine the location of the cysts.
Secondly, in order to better understand the KYNA pathway neurobiology in health and
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coenurosis, we evaluated the blood plasma samples through fluorescence spectroscopy to
investigate both the qualitative and quantitative contribution of KYNA to the total plasma
samples in clinically healthy sheep and in sheep with chronic coenurosis confirmed by CT.

2. Materials and Methods
2.1. Animals

This study was conducted on a flock of 21 sheep belonging to a meat sheep flock reared
in a semi-intensive production system. Six sheep aged between 6 months and 2 years old
(two males and four females) with symptoms of head pressing, unstable gait, muscle
weakness, loss of herd instinct, depression lethargy and bilateral reduction in the menace
reaction were referred to the Veterinary Hospital of University of Agricultural Sciences and
Veterinary Medicine of Cluj-Napoca from January 2022 to January 2024. Fifteen clinically
healthy sheep (ten females and five males) from the same group were used as a control
group, and their ages ranged from 6 months to 3 years. In clinical examinations, vital signs
were in normal ranges, while neurological response and reflexes were decreased in the
affected cases. The groups were clearly defined as “A—without neurological symptoms”
and “B—with neurological symptoms” to facilitate comparison in the study. The owner
stated that the flock was vaccinated and dewormed annually in accordance with the
comprehensive general action plan established by the National Sanitary Veterinary and
Food Safety Authority. No treatment was applied to the animals before their arrival at the
hospital. Blood samples were taken from the jugular veins of the sheep and transferred
into EDTA /K2-containing tubes to further perform the spectrofluorimetric analysis.

2.2. The Fluorescence of Blood Plasma Samples

The spectrofluorometric analysis of the blood plasma samples was conducted at the
spectroscopy laboratory of the Life Sciences Institute “King Michael I of Romania” in
Cluj-Napoca. The fluorescence spectra of the plasma samples were recorded by using a
fluorescence spectrophotometer (Jasco FP-8200 ABL&E-JASCO, Budapest, Hungary). A
quantity of 1 mL of blood plasma was analyzed in the 1 cm cuvette of the instrument.
The fluorescence of KYNA was measured with an excitation of 343 nm and emission of
388nm [10]. The obtained spectra were exported in OriginPro Version 8.5.1 Software
(Origin, OriginLab, Northampton, MA, USA) for peak reading and further for the decon-
volution process of the bands [8,17,18]. Therefore, with the peak analyzer option of the
Origin Software, we fitted the peaks and identified the band associated with the presence
of KYNA in the blood plasma. After each deconvolution, a report was generated with
detailed information about the fitting process and each peak, including the peak at ~388 nm
associated with the emission of KYNA.

2.3. Computed Tomography (CT)

CT examination of the head was performed in sternal recumbency, using a multide-
tector 16-slice CT scanner (Siemens Somatom Scope, Munich, Germany) on helical scan
mode with the following parameters: 130 kVp, 200 mAs, 1.25 slice thickness. Pre- and post-
contrast delayed-phase examination was performed using a power injector (Mallinckrodt
LF Dual Head CT Injector Optistat with OptiBolus, Dublin, Ireland) to infuse a bolus of
1.5 mL/kg of iodinated non-ionic contrast medium (Iohexol, Omnipaque, 350 mg L/mL,
GE Healthcare, Oslo, Norvegia). Images were acquired in a soft tissue reconstruction
algorithm 45 s after the contrast medium. CT of the sheep’s head was taken in axial view,
and a multiplanar reconstruction was obtained in the image post-processing stage.

2.4. Statistical Analysis

A statistical analysis was conducted using IBM SPSS 29 Statistics. We conducted
descriptive statistics to determine the mean and standard deviation for each parameter
associated with the ~388 nm band, corresponding to the emission of KYNA.
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An independent samples t-test was used to compare the parameters of the KYNA emis-
sion peak between control sheep and sheep with coenurosis. All results were considered
statistically significant at a p value < 0.05.

3. Results
3.1. Fluorescence Spectroscopy Plasma Analysis

The fluorescence spectra of blood plasma samples collected from control sheep and,
respectively, sheep with neurological symptoms associated with coenurosis are presented
in Figure 2A,B. Therefore, the area of the band at 388 nm, associated with the emission
of KYNA, in the spectra of the plasma samples from the sheep with clinical signs of
coenurosis is modified compared with the corresponding profile of the control. Further,
after the process of decomposing the peaks, we obtained the relative contribution of KYNA
to the total fluorescence of plasma in clinically healthy sheep and sheep with coenurosis
(Figure 2C,D). The results of the process of decomposing peaks in the spectra of the control
and experimental groups of sheep concerning the band at ~388 nm are presented in Table 1.
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Figure 2. The fluorescence spectra of the control (A) and experimental groups (B) of sheep blood
plasma samples. Deconvolution of the plasma fluorescence spectra belonging to a control sheep
(C) and, respectively, to a sheep with neurological symptoms associated with coenurosis (D).

Therefore, the results show that the contribution of the KYNA to the total fluores-
cence of the blood plasma is significantly higher in the control group compared to the
experimental group of sheep, as the descriptive statistics confirmed (Table 2).
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Table 1. The results of the deconvolution process for the peak centered at ~388 nm associated with
the emission of KYNA in the group of sheep without neurological symptoms (A) (n = 15) and with
neurological symptoms (B) (n = 6).

AREA INT FWHM MAX HEIGHT CENTER GRVTY AREA INT P
GroupA  Group B Group A  Group B Group A  Group B Group A  Group B Group A  Group B
18,785 10,784 32 27 558 371 389 388 5.33 3.09
20,895 99,76 28.29 25 697 363 389 389 4.75 2.89
22,922 84,78 26.94 25 801 319 389 389 5.65 4.13
16,693 10,530 25.55 26 625 381 389 388 4.10 3.15
24,923 11,599 26 25 881 436 389 388 4.73 3.26
20,239 16,976 25 24 761 655 389 389 413 4.96
29,411 30 927 389 6.18
22,469 26 814 389 4.98
33,046 23 1312 389 4.65
31,583 21 1380 388 3.72
34,364 25 1301 389 4.37
46,428 28 1565 389 6.23
69,379 29 2260 388 791
44,726 27 1565 389 7.21
86,257 30 2671 388 10.15

Area int: integrated area of the emission peak; FWHM: full width at half maximum; Max Height: maximum
height of the emission peak; Center Grvty: center gravity; Area Int P: proportion of integrated area.

Table 2. Mean and standard deviation of blood plasma KYNA emission parameter for the group of
sheep without neurological symptoms (A) and with neurological symptoms (B).

Parameter Group A Group B
AREA INT 28,225.27 £ 15,778.41 11,307.17 4 3270.98 *
FWHM 26.85 +3.14 25.33 £1.37
MAX HEIGHT 1046.87 £ 501.31 419.17 14194 *
AREA INT P 512 £1.12 358 +£1.11*

Values are expressed as mean + standard deviation, * p < 0.05. Area int: integrated area of the emission peak;
FWHM: full width at half maximum; Max Height: maximum height of the emission peak; Area Int P: proportion
of integrated area.

The t-test revealed a statistically significant difference in the integrated area of the emis-
sion peak (AREA INT) between control sheep (A) and sheep with coenurosis
(B) (t =2.838, p = 0.011). The integrated area was significantly higher in control sheep,
indicating elevated KYNA levels in this group.

There was no statistically significant difference in the full width at the half maximum
(FWHM) of the emission peak between the two groups (t = 1.257, p = 0.224). This suggests
that the width of the KYNA emission peak remains consistent regardless of the presence
of coenurosis.

The maximum height of the emission peak (MAX HEIGHT) was significantly higher
in control sheep compared to those with coenurosis (f = 3.069, p = 0.006). This further
supports the observation that KYNA levels are elevated in healthy sheep.

The proportion of the integrated area (AREA INT P) of the emission peak relative to
the total fluorescence was significantly higher in control sheep (t = 2.729, p = 0.013). This
indicates that the relative contribution of KYNA to the total blood plasma fluorescence is
reduced in sheep with coenurosis.

3.2.CT

CT confirmed the presence of cysts that are mostly extra axial, supratentorial, and
produce a severe mass effect on the adjacent brain parenchyma and cerebral ventricular
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system (Figure 3A,B). The cysts are partially well defined, and the border definition is lost
when overlaying or compressing the lateral ventricles. The content is homogeneous and
izoattenuated compared to the CSF (Figure 3B).

Figure 3. A CT scan of sheep (A). CT of a sheep brain affected by chronic coenurosis, cyst marked
with yellow arrows (B).

4. Discussion

Currently, to the authors” knowledge, there are no studies about the spectrofluorimetric
analysis of kynurenine (KYN) neuroprotective metabolites such as KYNA in blood plasma
samples collected from sheep with evidence of neurological dysfunctions associated with
the presence of a coenurus cyst in a ventricle or cerebral aqueduct. The diagnosis of chronic
coenurosis currently is centered on relatively new imaging techniques such as CT and
MRI, which were also proposed as the gold standard methods for this condition [4,19].
Our results are in agreement with previous research; CT remains a valuable non-invasive
technique to diagnose encephalic conditions of sheep. Alternatively, when planning to
use this modern diagnostic imaging technique in coenurosis, a clinician should also take
into account the limited finances of many sheep breeders and further recommend other
techniques before this one, such as fluorescence spectroscopy, which is shown to be an
economical and sensitive diagnostic tool with high efficiency and sensitivity compared to
many routine medical diagnostic tools for many disorders [6].

The findings from the fluorescence spectroscopy analysis indicate significant differ-
ences in several parameters of the KYNA emission peak between control sheep and those
with coenurosis. Specifically, the integrated area, maximum height and proportional area of
the KYNA emission peak were significantly higher in control sheep. These results suggest
that KYNA levels are elevated in healthy sheep and reduced in those affected by coenurosis.
The consistent peak width (FWHM) between the groups indicates that the shape of the
emission peak does not vary significantly with the condition.

In recent years, several literature reports have become available on the quantitative
and qualitative research of KYN metabolites in different neurological disorders in animals
and humans [13,14]. The two neuroactive KP metabolites, QUIN and KYNA, were the
most investigated. Therefore, studies have shown that a reduction in KYNA levels or an
abnormal increase in the QUIN-KYNA ratio in the brain can lead to neuronal damage and
further determine the emergence of neurological clinical manifestations [14]. However,
as other authors declared, concerns exist regarding the KP metabolites, especially for
KYNA and QUIN, due to the lower concentrations of those metabolites in the brain
compared to those needed to model neurological diseases acutely in rodents or primates
in vivo [14]. The results of the present study show that in sheep with central nervous
system lesions associated with chronic coenurosis, there is a reduction in KYNA plasma
levels when compared to control animals. This difference might be a consequence of the
chronic neuroinflammation from coenurosis, which can activate tryptophan depletion
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and further enhance cerebral KP to the detriment of the serotonin pathway known as a
regulator of the nervous system [13,20,21]. Hypothetically, increased KYN synthesis from
tryptophan can be enhanced by mechanisms underlying neurological inflammation such
as brain infiltration with circulating immune cells, activation of resident microglia and
other non-neuronal cells and brain influx of blood-derived, pro-inflammatory cytokines
and other immune activators [14,22,23]. Overall, therefore, our findings concerning the
lower plasma contribution of KYNA to the total fluorescence of blood plasma in sheep
with coenurosis compared to control sheep might suggest that once the KP is activated by
the above-mentioned mechanisms of neuro-inflammation, the expression of kynurenine
aminotransferase (KAT I-IV) enzymes critical for KYNA production is reduce. Decreased
plasma levels of KYNA and a diminished expression of KAT have also been described
in people with type 2 diabetes, comorbid to severe mental illness [24,25]. Furthermore, a
disturbance within the KP with decreased levels of KYNA and increased levels of QUIN
was also associated with the aggravation of a local inflammatory response and carotid
artery atherosclerosis among patients with cardiovascular disease [13,26].

Therefore, the brain surplus of KYNA negatively impacts these neurotransmitter sys-
tems and further contributes to cognitive dysfunction, as signaled in a significant number
of neurodegenerative diseases and psychotic disorders in humans [14,27,28]. Interestingly,
in patients with schizophrenia, while brain KYNA levels are increased, the plasma levels
of KYNA are decreased, highlighting the existence of an overall dissociation between the
blood and central KP metabolites [24,27,28]. In our study, the peripheral findings concern-
ing KYNA contributions in coenurosis cannot be extrapolated to the KYNA contributions
in the brain or cerebrospinal fluid; however, this hypothesis needs to be tested in future
studies. Hence, our findings suggest that KYNA emission parameters could be used as reli-
able diagnostic markers for chronic coenurosis in sheep. While the diagnostic tool detects
animals with clinical symptom:s, its application could extend to identifying preclinical cases
at the farm level, which could lead to earlier intervention and improved management. By
detecting infections before severe clinical signs develop, farmers could implement targeted
deworming strategies for definitive hosts (dogs), thus reducing the spread of the disease
within flocks. Future studies will explore the mechanistic pathways of KYNA in coenurosis
and validate its use as a biomarker under controlled experimental conditions.

Several aspects of our study design may have influenced the results and conclusions.
Notably, the study was conducted on sheep naturally infected with coenurosis, with
animals at different stages of the disease and varying intensities of infection, which could
have affected the test outcomes. To mitigate the impact of these variables, future studies
will focus on experimentally infected sheep, allowing for a more controlled examination of
KYNA'’s contribution to the total fluorescence of plasma across different stages of coenurosis.
This approach will provide a more precise characterization of KYNA emission parameters
as the disease progresses.

Another limitation of the study is the small sample size, particularly in the coenurosis
group, which restricts the application of more advanced statistical techniques such as
multiple analysis of variance or discriminant analysis. These methods would allow for a
more comprehensive statistical assessment by considering the combined effects of multiple
parameters, thereby enhancing the differentiation between infected and non-infected in-
dividuals. Future studies with larger sample sizes could greatly benefit from employing
these more sophisticated statistical methods to improve the robustness of the findings.

5. Conclusions

This study provides evidence that KYNA levels in plasma may serve as diagnostic
markers for chronic coenurosis in sheep. The reduction in KYNA levels in coenurosis-
affected sheep could be linked to the neuroprotective role of KYNA and its involvement in
neurological health. Early diagnosis facilitated by this tool could enhance management
practices at the farm level by identifying infected animals before clinical symptoms become
severe, allowing for timely interventions. Despite the lack of a direct treatment for sheep,
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the implementation of better diagnostic tools could significantly reduce the transmission of
coenurosis and its economic impact on farms.
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Abstract: Maintaining an animal’s body temperature during magnetic resonance imaging (MRI) poses
great challenges, as many temperature measuring devices and warming systems are incompatible
with the MRI machine. The aim of this study was to examine body temperature changes and evaluate
the impact of using a hot water bottle and a cloth blanket on rectal temperature during magnetic
resonance imaging in cats. We included in this study 30 cats from different breeds that underwent
magnetic resonance imaging for 60 min that were randomly divided into a passively insulated group
(G1) covered with a blanket (n = 15) and a positively heated group (G2) using a silicone hot water
bottle under the abdomen and the same cloth blanket over the cat (1 = 15). The body temperature
was measured before premedication, before induction of anesthesia, and after the MRI examination.
Body temperature decreased slightly but significantly (p < 0.05) after premedication. At the end
of the MRI, body temperature had decreased more in G1 than G2 (p = 0.033) to 37.0 (36.5-37.5) °C
and 38 (37.9-38.2) °C, respectively. This study provides clinical evidence that cats needing magnetic
resonance imaging of the head can be protected from hypothermia by using a hot water bottle placed
underneath their abdomen and a cloth blanket covering their full body.

Keywords: cat; body temperature; anesthesia; diagnostic imaging; hypothermia

1. Introduction

The use of MRI to diagnose neurological disorders in cats is on the rise [1]; however,
the cold examination environment and the restriction on commercial active heating devices
during the procedure contribute to the risk of hypothermia, as seen in dogs and rats [2—4].
For a successful MRI in humans, the patient must remain motionless to achieve high-quality
images [5], which means animals require at least deep sedation or general anesthesia [6].
General anesthesia greatly impacts thermoregulation [7], often leading to hypothermia,
which is the most common complication in small animal patients. Studies show that up
to 84% [8,9] of these patients experience hypothermia, with the incidence reaching 64%
during thoracolumbar surgery [10]. Moreover, the side-effects of anesthesia can aggravate
conditions in cats with neurological disorders [1,11]. Hypothermia can result in serious,
life-threatening complications, such as a higher risk of delayed recovery, wound infections
(mainly observed with more pronounced hypothermia, below 35 °C, and not documented
in domestic animals), coagulation disorders, and bradyarrhythmia [12,13]. Maintaining
body temperature during anesthesia in patients undergoing MRI is challenging. MRI
scanners rely on magnetic fields and radio waves to generate body images, requiring all
electrical devices used in the scanner to be non-magnetic and electrically non-conductive.
Additionally, MRI rooms are kept at low temperatures to ensure the magnet remains
cool [14]. MRI rooms are typically kept at around 20 °C to operate the equipment, which
can be quite cold for anesthetized animals.
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A previous study demonstrated that using an insulation device made from bubble
wrap and down cloth blankets could reduce the decrease in body temperature of the
patients during MRI examinations that last between 30 min and 1 h. However, even
with insulation, a considerable decrease in body temperature was noted during MRI
examinations that lasted 2 h [15].

In this study, we evaluated a method to prevent hypothermia in cats during MRI
examinations. We compared the use of a hot water bottle placed under the abdomen
along with a cloth blanket to using a cloth blanket alone. Our hypothesis was that using a
silicone hot water bottle together with a cloth blanket would prevent hypothermia in cats
undergoing an MRI of the head.

2. Materials and Methods

The owners provided consent for their animals to be included in this study. This
study was conducted on 30 feline patients, with a mean age of 4.5 years old, belonging
to different breeds. In this study, cats meeting the following criteria were included: cats
that needed an MRI examination of the head; those with a rectal temperature before pre-
medication of 38 °C-39.2 °C; those with an American Society of Anesthesiologists (ASA)
physical status of 2 and 3 [16], and those that had a complete MRI examination within 1 h.
No animals were excluded from this study, as all met the inclusion criteria. Participants
were randomly assigned to either the control group (G1) or the heat group (G2) using a
computer-generated randomization sequence to minimize selection bias (www.random.org,
accessed on 1 October 2024). A comprehensive and calm preanesthetic physical examina-
tion was conducted, assessing cardiovascular (electrocardiogram and pulse oximetry) and
respiratory functions (counting breaths per minute by observing chest movements). Body
temperature was recorded 15 min after the cats arrived at the clinic using a digital ther-
mometer, and hydration levels were assessed through clinical signs such as skin turgor and
mucous membrane moisture. We evaluated the color and moisture of mucous membranes
(e.g., gingiva) to assess oxygenation and hydration. Blood samples were taken to further
assess the cat’s overall health, in addition to the neurological examination. We assessed
baseline physiological parameters to ensure that the biochemical and hematological values
would not confound the results. Blood samples were used to check for markers of systemic
inflammation or metabolic imbalances, ensuring that all included cats were stable and
comparable as we took into account the patients that were within the established reference
ranges provided by the biochemical (BA400, BioSystems, Barcelona, Spain) and hemato-
logical (Advia 2120i, Siemens Medical, Swords, Irland) analyzer. All patients suspected
to have increased intracranial pressure due to brain tumors were under specific treatment
closely managed by our neurologist, treatment that included diuretics, corticosteroids, or
anticonvulsants. No animals were excluded from this study, as all met the inclusion criteria.

Preparation of the animals included 6 h of fasting with free access to water before the
MRI. Medication and protocols were designed to minimize risk and provide consistent
conditions for comparing temperature regulation methods.

All cats were premedicated with 3 mcg/kg of dexmedetomidine (Dexdomitor® Zoetis,
Orion pharma 0.5 mg/mL, Espoo, Finland) and 0.3 mg/kg of butorphanol (Butomidor®
10 mg/mL, VetViva Richter GmbH, Wels, Austria) intramuscularly (IM). The premedi-
cation protocol provided effective sedation and analgesia, minimizing patient stress and
promoting a stable recovery. After premedication, a 24 G catheter was placed in the cephalic
vein of all animals. Induction of anesthesia was started with a 2 mg/kg loading dose of
propofol (Fresofol® 1% MCT /LCT, Fresenius Kabi Australia, Mount Kuring-gai, Australia)
intravenously (IV) given in 15 s, followed by laryngeal desensitization with 0.5 mg/kg of
2% lidocaine (Xilina 2%, 2 mL, S.C. Zentiva SA, Romania, Bucharest) withdrawn with a
1 mL syringe and applied on the larynx.

We waited an additional 15 s before attempting to intubate the cats. If the patient
showed resistance, we administered another 1 mg/kg bolus of propofol.
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Isoflurane (Isothesia, 1000 mg/g, Piramal Critical Care B.V., Voorschoten, The Nether-
lands) in oxygen (500 mL + 10 mL/kg) was used to maintain anesthesia at a vaporizer
setting of 2% through an anesthesia machine (AEON 72004, Beijing, China) with the use of
a rebreathing system.

End-tidal CO, (EtCO;) was measured with a sidestream capnograph, and all cats kept
their EtCO, between 35 and 45 mmHg. Blood pressure was monitored noninvasively using
an oscillometric method. A 2.5 cm cuff was positioned at the base of the tail to ensure
accurate measurements. The monitoring equipment (Comen, STAR8000-V, Shenzhen,
China) was placed outside the MRI machine to avoid interference with the imaging system.
During the MRI procedure, the mean arterial pressure (MAP) was consistently maintained
within normal limits (MAP > 60 mmHg). We applied an ocular lubricant (Claromed®, 30 g,
1% hyaluronic acid, Inmed, Bucharest, Romania) to all cats to protect the cornea during the
MRI examination.

The cats were randomly allocated into two groups using a computer-generated ran-
domization sequence to reduce selection bias. The first group (G1), designated as the
control group (Figure 1), was covered with a 100% polyester cloth blanket measuring
160 cm x 120 cm. The second group (G2, heat group) had a silicone hot water bottle
(85 cm x 20 cm) placed under their abdomen, with their entire body also covered by the
same polyester cloth blanket. The control group (G1, n = 15) had a median age of 5 (6-2)
years old, belonging to different breeds represented by British Shorthair (n = 4), Bengal
(n =1), Domestic Shorthair (n = 4), Ragdoll (n = 1), Main Coon (n = 1), Scottish Fold (n = 2),
and Siamese (n = 2). The positively heated group (G2, n = 15) had a median age of 5 (7-3)
years old, belonging to different breeds represented by Main Coon (n = 1), British Shorthair
(n = 3), Domestic Shorthair (n = 6), Angora (n = 1), Exotic Shorthair (n = 1), Persian (n = 1),
Birman (n = 1), and Siamese (n = 1).

.
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Figure 1. Patient from G1 in the recovery time after the MRI examination.

The hot water bottle was made entirely of silicone and was covered with a soft fleece
to prevent burning the patient (Figure 2a). It was placed underneath the abdomen of each
cat, and a cloth blanket was placed over the body as for G1 (Figure 2b).

The temperature of the water inside the bottle at the beginning of the MRI was 60 °C
and that at the end was 55 (54-56) °C. The temperature was measured using a calibrated
electronic kitchen thermometer (Westmark, Sauerland Region, Elspe, Germany). The
volume of the water added to the bottle was 1.5 L.
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(a) (b)

Figure 2. (a) The hot water bottle used for this study; (b) position of the hot water bottle along with
the cloth blanket.

The body temperature of the animals was measured rectally using a digital thermome-
ter (Laica S.p.A., Viale del Lavoro, Italy) (which was calibrated at the beginning of each day
of measurements) before premedication (15 min after they arrived in the clinic) at the time
of anesthesia induction (before giving the propofol—10 min after the premedication) and at
the end of the MRI examination (after 1 h). Calibration of the thermometer was represented
by adding ice-cold water into a bowl, letting it rest for 2 min, and then inserting the tip of
the thermometer on the surface. We took two measurements that showed 0 °C, and then
we adjusted the thermometer by pressing and holding the reset button. The flexible tip of
the thermometer was inserted about 2.5 cm into the patient’s rectum.

Efforts were made to maintain full contact between the thermometer and the rectal
mucosa to reduce any interference from fecal matter during measurement. The measure-
ment started once the thermometer was correctly positioned in the rectum and concluded
when an acoustic signal indicated completion. The temperature inside the MRI room was
maintained at 20 °C. The cats were placed in the prone position with their head inside the
coil. All MRI scans were acquired using high-field-strength 1.5-Tesla magnets (Magnetom
Essenza, Siemens Healthineers, Shenzhen, China) with a 16-channel head and neck coil. For
this study, a complete MRI series was defined as including, at minimum, sagittal, transverse,
and dorsal T2-weighted images, transverse fluid-attenuated inversion recovery (FLAIR),
and transverse pre-contrast and post-contrast T1-weighted images. All measurements
were conducted around the same time of the day, between 4 p.m. and 7 p.m., to account
for potential variations in the temperature around the day. Additionally, the temperature
measurements were performed by the same individual.

All cats underwent the same duration of anesthesia, which was 1 h. Patients were
closely monitored during the recovery period. Recovery time was defined as the interval
from extubation to the moment the cat was able to stand unassisted. Observations were con-
tinuous, ensuring an accurate assessment of each animal’s recovery progress. A statistical
analysis of the data was performed on the web application DATAtab (DATAtab Team 2024.
DATAtab: Online Statistics Calculator. DATAtab e.U. Graz, Austria. https://datatab.net,
accessed on 12 October 2024) and Microsoft Excel (Version 16.82, 2024).

Medjian values, along with the range, were calculated for the temperature results. A
Mann-Whitney U nonparametric statistical test was performed for the evaluation of body
temperature changes in the control and heat groups, along with the differences between
groups regarding duration of MRI scanning, body weight, ASA classification, anesthesia
duration, and recovery time.
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For more than two nominal variables, the comparison was conducted through the
Kruskal-Wallis test. Statistical significance was defined as a p-value <0.05.

3. Results

There were no significant differences in body weight, time under anesthesia, or ASA
classification between the two groups. The MRI diagnosis of the patients from G1 was
represented by idiopathic epilepsy (5), glioma (3), meningioma (2), internal bilateral otitis
(1), inflammatory process in the right bulla (1), right hemisphere tumor (1), left hemisphere
posttraumatic lesion (1), and encephalitis (1). For G2, the MRI diagnosis was meningioma
(4), idiopathic epilepsy (3), encephalitis (2), meningoencephalitis (2), glioma (2), interstitial
edema (1), and bilateral frontal ophthalmic cyst (1).

The body temperature before premedication was 38.9 (38.7-39.0) °C in both groups
(p = 0.099). The body temperatures before induction of anesthesia for G1 and G2 were
38.4 (37.8-38.7) °C and 38.4 (38.1-38.7) °C, with a p-value of 0.41. Following the MRI, the
temperatures were 37.0 (36.5-37.5) °C and 38 (37.9-38.2) °C in G1 and G2, respectively, and
only the value in G1 was significantly different from the value prior to the MRI (p = 0.033).

The recovery times for G1 and G2 were 17 (25-13) minutes and 11 (15-7) minutes,
respectively, which were statistically significantly different (p < 0.001).

Besides the medications administered and ASA classification, the length of anesthesia
is also an important factor contributing to hypothermia during anesthesia.

4. Discussion

Based on the findings of this study, the results suggested that putting a hot water
bottle underneath the patient’s abdomen, along with a cloth blanket that covers the entire
patient, prevented any temperature decrease for the allotted period of MRI examination of
the head in cats.

Hypothermia can delay recovery through multiple mechanisms. In our study, the
control group exhibited a longer recovery time (measured as time to standing) than cats in
the heat group. This is likely due to hypothermia’s effect on reducing hepatic blood flow
and enzyme activity, which slows the metabolism of anesthetic drugs. We expected that
minimizing hypothermia—using a hot water bottle under the abdomen and covering the
cats’ bodies—would enhance recovery time and help prevent other hypothermia-related
complications [17]. Patients with lower body temperatures may take longer to recover
from anesthesia, as they need to eliminate a larger amount of inhalant anesthetic. However,
while the solubility of inhalant agents like isoflurane and enflurane does increase with
decreasing temperature, the effect is relatively small—approximately 6% per degree of
temperature drop [18]. Thus, based on the temperature range observed in this study, this
factor is unlikely to have a significant effect on anesthetic clearance during recovery.

The initial decline in body temperature during anesthesia is largely attributed to shifts
in blood distribution triggered by anesthetic agents, as seen in humans [19], but we do not
have any data regarding animals.

Small animals lose body heat faster than larger ones because they have a higher
surface-area-to-mass ratio [20], which accelerates heat loss through convection, conduction,
radiation, and evaporation. In this study, the drop in rectal temperature observed can be
explained by several factors.

The use of a cloth blanket likely reduced heat loss through convection and conduction
by insulating the animals and limiting heat transfer to the surrounding air and surfaces.
Additionally, placing a hot water bottle under the abdomen warmed the air around the
animal, which helped decrease heat loss through radiation by creating a localized warm
zone. Decreased muscle activity due to anesthesia, along with the drugs’ effects on the
hypothalamus [21] and central alpha-2 adrenoceptors [22], also contributed to reduced
internal heat production. Previous studies by Kuusela et al. [23], Golden et al. [24], and
Ansah et al. [25] reported similar temperature drops with dexmedetomidine, propofol, and
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isoflurane. Although these factors played a role in the overall temperature decrease, no
significant differences were found between the groups before anesthesia induction.

5. Conclusions

This study found that placing a hot water bottle under the abdomen, along with a
cloth blanket covering the entire body, was more effective in maintaining rectal temperature
in cats during head MRI examinations compared to using only a cloth blanket.
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Abstract: Recently, laparoscopic nephrectomy has become more popular in veterinary medicine. In
the majority of these procedures, vascular sealing devices (VSDs) are used. These allow for the closure
of renal vessels with advanced bipolar coagulation. However, until now, closure of the ureter was
performed with mechanical clips or suturing. There is a lack of information in the literature about the
possibility of VSDs being used for ureter closure. This article presents the possibility of renal vessels
and ureter closure in cats and dogs with vascular sealing devices. Laparoscopic nephrectomy in dogs
and cats was performed entirely with VSDs. Patients with unilateral hydronephrosis qualified for the
procedure. The nephrectomies were completely performed using a laparoscopic approach. Both renal
vasculature and ureter were closed with VSDs. Additionally, two resected ureters from operated cats
underwent histopathological evaluation. Among the operated animals, there were no postoperative
complications or signs in the urinary tract. Histopathological evaluation of two cats” ureters showed
lumen closure on the coagulation places. Vascular sealing devices, during laparoscopic nephrectomy,
allow for closure of not only the renal vessels but also ureters.

Keywords: laparoscopy; surgery; animals; urology

1. Introduction

A variety of unilateral renal disorders in dogs and cats can be treated by performing
a nephrectomy. Traditionally, nephrectomy is performed via an open surgery approach.
During this procedure, after a ventral median celiotomy, the kidney is dissected from its
retroperitoneal attachments. The renal artery, renal vein, and distal ureter are ligated and
dissected [1]. In veterinary medicine, nephrectomy can be used as a treatment for dogs
and cats with renal disorders, including ureteral atresia, renal dysplasia, idiopathic renal
hematuria, hydronephrosis, primary renal neoplasia, nephrolithiasis, polycystic kidney
disease, chronic or unresponsive pyelonephritis, and trauma [1-6].

The published work that can be found on transperitoneal laparoscopic nephrectomy in
research models or clinical patients within veterinary literature is limited [1,7-10]. Secure
maintenance of homeostasis within surgery is crucial to safety in all operations.

For mechanical coaptation of 3 to 7 mm vessels within advanced laparoscopic nephrec-
tomy, the most commonly used method are clips [11]. However, there is the possibility
for clips to become dislodged during operative manipulation. If repeated applications
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are needed within the same area, they may also interfere with each other or with other
stapling devices [11]. Moreover, due to their iatrogenic properties as a foreign body, clips
can potentially erode into the surrounding tissue, which has been reported within the
literature [12-14]. An alternative solution for vessel closure is ligation with suture, which
can be more demanding technically and time consuming, especially during laparoscopic
procedures [15]. Another option is the use of an advanced bipolar vessel sealing device.
Using a combination of electrical currents and mechanical pressure, this device fuses vessel
walls and creates seals. Coagulum is formed through mechanical pressure when collagen
and elastin denature occur within the targeted tissue [15,16]. Within human surgery, evi-
dence has shown that major branches of the renal vein, including the gonadal, adrenal, and
lumber veins, can be sealed using vessel sealing devices [11]. At the same time, in animals,
the renal vessels can be sealed using a vessel sealing device alone however the ureter is still
closed using vascular clips [17]. To our knowledge, there is no information in veterinary
literature about the use of a vessel sealing device in ureteral closure during nephrectomy
in dogs and cats. The aim of this study was to evaluate the effectiveness and safety of
ureteral closure using only a vessel sealing device during laparoscopic nephrectomy in
dogs and cats.

2. Materials and Methods
2.1. Study Design and Patient Selection

This study was retrospectively approved by the ethics committee of Wroclaw Univer-
sity of Environmental and Life Sciences (Faculty of Veterinary Medicine Animal Welfare
Advisory Team). All animal owners signed a consent form, after an explanation about
the details of anesthesia and surgery procedures and their associated risks. Complete
blood cell counts and biochemistry profiling were performed before the unilateral nephrec-
tomy procedure.

The inclusion criteria for this study were dogs and cats with unilateral obstructive
hydronephrosis requiring nephrectomy (Table 1). All operated animals were referred to the
Department and Clinic of Surgery, Faculty of Veterinary Medicine, Wroclaw University of
Environmental and Life Sciences in the years 2017-2022. All nephrectomies were performed
by the first author in accordance with the applicable recommendations [1,18]. Animals
qualified for the procedure had changes limited to one kidney, with the opposite kidney
functioning properly based on ultrasound abdominal examination, morphological and
biochemical blood tests and urinalysis results. Clinical observations were carried out for a
minimum of one year after surgery.

Table 1. Listing and additional information about operated animals.

Animal . Body Weight Affected Cause of
Number Species Breed Sex Age (Years) (kg) Kidney Hydronephrosis
1 dog Giant schnauzer female 6 32 left iatrogenic (OVH)
2 dog Yorkshire Terrier male 4 3.5 right latrogenic
(ureterotomy)
3 dog Maltese male 8 4 left ureteral stones
4 cat Europ can male 6 3.5 left ureteral stones
shorthair
5 cat Europea.n female 7 4 right ureteral stones
shorthair
6 cat Europea.n female 5 3 left ureteral stones
shorthair
7 cat Scottish fold cat female 8 3.5 left ureteral stones
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2.2. Diagnostic Procedures

All animals underwent clinical and ultrasound examinations before the procedure to
confirm the presence of moderate hydronephrosis with severe loss of renal parenchyma.
Additionally, the ureters were examined using ultrasound from the kidney to the blad-
der. This allowed for measurement of the distended part cranially to the obstruction.
Complete blood analysis (morphology and biochemistry), urinalysis, and urine culture
were performed before surgery. Assessment of the functioning of the contralateral kidney
using scintigraphy was not performed due to the lack of availability of such a test in the
country (Poland).

2.3. Surgery

All procedures were performed under general anesthesia. For the nephrectomy, the
animal was placed in lateral recumbency with the affected kidney facing upward. The
operated animal was covered with a sterile surgical drape immediately after antiseptic
preparation in the surgical field. In all cases, an open technique with a 5 mm reusable
trocar (through a longitudinal incision in the umbilicus) was used for establishing pneu-
moperitoneum using medical CO,. The optics were inserted after reaching an insufflation
pressure in the abdominal cavity, which was 8 mmHg. Subsequently, under the control
of the endoscope, two consecutive 5 mm and 10 mm diameter trocars were inserted in a
triangular fashion. After gaining access to the abdominal cavity, the affected kidney was
removed using a modified technique presented by Mayhew et al. [1,17]. The instruments
used during the nephrectomy were Kelly dissection forceps (Karl Storz SE & Co. KG;
Tuttlingen, Germany) and a vessel sealing device with an L-hook (ligasure™ retractable
l-hook laparoscopic sealer/divider, Covidien, Minneapolis, MN, USA). To initiate dissec-
tion of the kidney, a vessel sealing device or monopolar electrosurgical L-hook were used
to dissect the kidney from its retroperitoneal attachments. Next, the ureter was dissected
out close to its insertion into the renal pelvis, which aided in the identification of the
renal hilus by providing mild traction of the ureter. After renal vessels visualization and
preparation, they were sealed and divided using the vessel sealing device alone. The re-
maining attachments of the kidney to the surrounding retroperitoneum were then sectioned
using the vessel sealer. After the kidney was completely dissected, tension was placed
on the proximal ureter. The ureter was cut distally beyond the level of the obstruction
causing the hydronephrosis. Ureteral obstructions were identified during surgery based
on macroscopic appearance—distention of the ureter cranially to the obstruction and its
narrowing caudally to the obstruction. A vessel sealing device (VSD-ligasure™ retractable
l-hook laparoscopic sealer/divider, Covidien, Minneapolis, MN, USA) was used to close
the lumen of the ureter. In order to close the lumen of the ureter, the ureter was grasped
in the VSD forceps, and the device was activated. After the completed coagulation cycle,
the ureter was released without cutting the coagulated ureter tissues. Then, the same
procedure was repeated 3-5 mm proximal to the previous coagulation site. After the
completed coagulation cycle, the coagulated ureter tissues were cut with a knife present
in the jaws of the VSD (Figure 1A-D). To facilitate resected kidney removal, its volume
was reduced by puncturing with a needle introduced through the skin and collecting fluid
within a syringe. Then, the resected specimen was placed into a specimen retrieval bag
and removed through an enlargement of one of the instrument ports. The entire surgical
site was re-examined for any ongoing hemorrhage and CO; from the peritoneal cavity was
removed. The trocar wound was closed using single intermittent sutures (monofilament
2/0; Dafilon; B. Braun, Rubi, Spain).
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Figure 1. Intraoperative view of ureteral occlusion using a vessel sealing device (VSD) in a cat.
(A)—dissection of the ureter; (B)—closing the ureter with a VSD; (C,D)—view of the ureter stump
after its second closure and cutting using a VSD (green arrow—proximal part of the ureter, red
arrow—ureteral incision line and the site of its closure with a VSD, blue arrow—distal part of
the ureter).

2.4. Follow-Up Evaluation

Ultrasound examinations of abdominal cavities and a complete physical examination
were performed 24, 72 h, and two weeks after the procedure to detect any postoperative
complications. Additionally, information was obtained by telephone from animal owners
about the health status of the operated animals at least one year after the procedure.

The resected kidney and fragments of the ureter from the two last operated cases (cats)
were fixed in 10% formalin, and after obtaining histopathological preparations, they were
also stained with hematoxylin and eosin (HE). The histopathological slides were observed
under an Olympus BX53 microscope coupled with an Olympus UC90 camera (Olympus,
Tokyo, Japan). For acquisition, the cellSens Standard V1 software was used (Olympus,
Tokyo, Japan).

2.5. Statistical Analysis

The median, range, numbers, and percentages of the overall results were reported for
the animals affected by the variables of interest. The available software (Microsoft Corp.,
Version 16.56, Microsoft, Albuquerque, NM, USA) was used for all the calculations.

3. Results
3.1. Clinical Results

Laparoscopic nephrectomies were performed on the three dogs and four cats that were
referred to our clinic with moderate hydronephrosis and severe loss of renal parenchyma
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due to ureter obstruction. All animals that qualified for the procedure participated in
observations for at least a year after the surgery. The median age at the time of laparoscopic
nephrectomy was 6 years (range, 4-8 years) for dogs and 6.5 years (range, 4-8 years)
for cats (Table 1). The body weight of the operated dogs was from 4 kg to 32 kg, (mean
weight 13.2 kg) and was from 3 kg to 4 kg (mean weight 3.5 kg) for the cats. Based on the
abdominal ultrasound examination made for reasons unrelated to urological problems,
hydronephrosis was detected incidentally in each case presented in this paper. Preoperative
urine culture results did not reveal any urinary tract infection. Preoperative morphological
and biochemical parameter blood tests and urinalysis tests were within the reference range.

All procedures were performed completely laparoscopically without the need for
conversion. The renal blood vessels (artery and vein) were closed in all operated animals
using VSDs without the presence of intraoperative and postoperative bleeding. The ureter
in the operated animals were also closed using VSDs, and the closure of the ureter lumen
was evidenced by the lack of urine leakage from the ureter stump on the side of the
urinary bladder.

Physical examination performed 24, 72 h, and two weeks after the procedure did
not reveal any postoperative abnormalities. None of the dogs that underwent surgery
experienced major early or late complications. Follow-up ultrasound examinations per-
formed 24, 72 h, and two weeks after the procedure did not show any postoperative
complications, such as the presence of free fluid in the abdominal cavity or dilatation of
the remaining ureter stump. Control blood tests performed 72 h after the procedure did
not reveal any abnormalities in morphological and biochemical parameters, which were
within the reference range.

According to the information obtained from the owners, at least one year after the
surgery, none of the animals had urinary system symptoms, including those related to the
nephrectomy performed. In one cat, a stone was found in the contralateral kidney during a
control ultrasound examination.

3.2. Histopathological Results

Histopathological evaluation of the resected ureters revealed closure of the lumen by
coagulation of the walls on its end (Figure 2A,B—red arrows). Blurring to the structure of
the ureter’s muscular layer was observed. Initially, there were a few coagulated myocytes
amongst the normal, unchanged muscular layer (Figure 2A,B—yellow arrows), as well
as at the dissected end of the ureter where there were only coagulated myocytes visible
(Figure 2A,B—red arrows). Here, only amorphous, highly basophilic band-like structures
lying parallel to each other can be noted. Coagulated tissue did not bind together into one
homogenous, amorphous compact mass but partially delaminated. A delicate fat tissue
can be observed on the periphery. As is visible in Figure 2A, fragment of the epithelium
before coagulation was not destructed (green arrow).

Histopathological evaluation was performed in two cats only. Owners of other patients
did not consent for histopathological examination due to the economic reasons.
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Figure 2. Histopathological images of the feline ureter occluded by vessel sealing device. (A)—Visible
partial (among muscular layer—yellow arrows) and complete (at the dissected end of the ureter—red
arrows) coagulation of the ureteral tissue and closure of its lumen. In the area of non-coagulated tissue,
normal ureteral epithelium is visible (green arrow). Staining HE, magnification 40x. (B)—Visible
partial (among muscular layer—yellow arrows) and complete (at the dissected end of the ureter—red
arrows) coagulation of the ureteral tissue and closure of its lumen. Staining HE, magnification 100 x.

4. Discussion

In this paper, we present the possibility of safe and effective use of VSDs in ureteral
closure during nephrectomy in selected animals with moderate hydronephrosis without
enlargement of the distal ureter. In the presented study, there were no complications such as
uroabdomen or hemorrhage. Uroabdomen following nephrectomy due to proximal ureteral
leak is the most serious postoperative complication immediately following hemorrhage
from the renal blood vessels. Laparoscopic nephrectomy was feasible in 7/7 cases (100%)
without the need for conversion. It should be noted that laparoscopic closure of the ureter by
VSDs was carried out in patients without distension of the distal part of the ureter. Mayhew
et al. [1] stated that, in some patients, e.g., in extensive cancers, conversion to an open
approach was necessary. Conversion to an open approach may be necessary in cases where
the affected ureter is severely dilated or adhesions to the surrounding structures can be
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observed, particularly in situations where it is impossible to visualize the ureterovesicular
junction [1]. In this pilot study, the ureter was closed directly distally from the obstruction
without dissecting the ureter at the uretrovesicular junction. Short-term postoperative
follow-up abdominal ultrasound did not reveal hydroureter in the remaining part of the
resected ureter in any patient that qualified for the procedure using VSDs. According to
the authors” knowledge, the resecting of the ureter without its complete removal has not
been described in veterinary literature before. The ureter was closed distally from the
obstruction, where it was not dilated, and its diameter was corresponding to that in healthy
animals. It should be noted that the biggest dog in this pilot study was 32 kg. Nephrectomy
with complete ureter removal is traditionally recommended in small animals due to the
fear of leaving a blind-ending ureteral stump, which may become a source of chronic
infection and urine pooling [1]. Reviewing the literature, it can be noted that managing
the distal ureter during laparoscopic nephro-ureterectomy is a recurring theme over the
past decade [19,20]. Papers on what occurs to the ureteral stump post nephro-ureterectomy
are limited [19,21]. Total removal of the ureter to the ureterovesicular junction in cases
of urinary reflux is recommended in human pediatric medicine [22]. It should be noted
that there is a possibility of complications related to the leaving of the ureteral stump
post ne-phrectomy; however, there was no evidence within our patient group. The most
common complication postoperatively during human surgery is infection of the remaining
ureter including the ureteral wall, which shadows symptoms of pyelenophritis. There is
the possibility that the infected ureteral stump may develop into an abscess. Suspicion of
the ureteral stump abscess can be made if an oval cystic mass, adjacent to the bladder in
ret-rovesical space, whose wall exhibits a contrast enhancement, which is found during
computed tomography. Histopathological evaluation is required to confirm the diagnosis of
empyema of the ureteral stump [22,23]. In post nephrectomy, a complication such as urinal
reflux from the bladder requires the removal of the ureteral stump. A correlation between
patients with high grade vesicoureteral reflux and complications which affected the stump
were noted by Krarup and Wolf [24]. However, only 5% of cases exhibiting indications for
stump removal were observed by Barroso et al. [25]. Moreover, ureteral stump removal was
not necessary for any of the patients presenting with primary reflux into a single system.
Therefore, there is a suggestion that the need for stumpectomy is linked to more complex
cases. Advanced bipolar vessel sealing devices close vessels up to 7 mm in diameter
with no risk of bleeding. In the vessels, the pressure is much higher than in the bladder;
therefore, it is logical to use a VSD for closure of the ureter without the risk of urine leakage.
Observations made within this pilot study confirmed this. Ureter closure was performed in
two places adjacent to each other. First, the ureter was sealed with a VSD, then, after moving
the device a few millimetres proximally, the ureter was sealed again and cut, allowing for
kidney removal. Histopathological evaluation of resected ureters revealed their lumen
sealed by coagulation. Observed changes in tissues resembled those caused by advanced
bipolar coagulation within blood vessels [26]. The characteristic anatomical structure of
the ureter opening into the bladder is an additional mechanism to prevent urine leakage.
Ureters terminate at the cranial margin of the bladder neck after passing obliquely through
its wall. The risk of urine reflux into ureters is reduced by this oblique intramural passage
and intramural tension produced by pressure within the bladder [27]. The aforementioned
mechanism probably does not work properly in cases of anatomical anomalies within
the ureter and bladder connection and in patients after treatment of ectopic ureters. The
authors of this pilot study decided to use a VSD for ureter closure when there were no
signs of hydroureter in the sealing area. However, performing a complete ureter resection
to the ureterovesical junction should be considered in cases of severe hydroureter [1].
Caution and further research are required in the use of VSDs for ureteral closure in patients
with ureterovesicular junction abnormalities, or who had procedures for ectopic ureteral
treatment performed in the past, as these cases can have an increased risk of urine reflux
from the bladder to the ureters. This is an indication for removal of the whole ureter, up
to the ureterovesicular junction. However, it requires longer laparoscopic dissection of
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the ureter, which sometimes can lead to additional complications, e.g., accidental damage
of abdominal vessels or organs [28]. Another option is the intraoperative evaluation of
stump leakage with retrograde pyelo-gram and/or cystogram. These procedures are used
in human medicine for the evaluation of ureteral leakage [29]. In cases where postoperative
free fluids within the abdomen are present, biochemical evaluation can be performed. A
doubled increase in creatinine concentration in the fluid compared to the blood can suggest
urine leakage [29].

Vessel sealing devices allow for the safe closure of blood vessels and thus reduce
procedure times and the need to use other methods [1,11]. In the cases presented in this
article, renal arteries and veins were closed using VSDs in all patients, the largest of whom
was a 32 kg dog. Ligation of renal vessels can also be performed with laparoscopic hemo-
clips, extra- and intracorporeal ligation, or en bloc stapling [1,30]. There are advantages
to using VSD for the closure of renal vessels. The use of the device allows for a reduction
in procedure time and surgery as a whole [11]. It should be noted that the significance of
time reduction in laparoscopic nephrectomy with VSDs in veterinary medicine needs to
be evaluated. It also reduces the need of clips, staplers, or ligation with suture [11-13,31].
Within the patients of this pilot study, there were no intra- and postoperative complications.
Follow-up abdominal ultrasound and blood results did not show any abnormalities in
the early postoperative period. Additional information collected from the owner after at
least one year post-surgery, also did not show any long term problems or complications.
One cat developed a stone in the remaining kidney eight months after the nephrectomy.
However, the diagnosis was made by a referring doctor during control examination and
the cat was asymptomatic.

The occurrence of no postoperative complications is probably the result of the criteria
for selecting patients for the procedure. Kidney removal with a VSD was performed in
patients with hydronephrosis and hydroureter where dilation of the ureter was within its
proximal part, no more than half the length. Furthermore, the patients who qualified for
the procedure were diagnosed with hydronephrosis accidentally and showed no clinical
signs related to the urinary system inclusive of blood and urine results.

The authors are aware of some limitations of this pilot study. The group of patients
was relatively small and there were strict criteria for qualifying for the procedure—the
ureters were closed in places where tissue appeared macroscopically normal in appearance
without visible distention. Closing of the ureters with VSDs was not performed on the
hydroureters or at the level of the ureterovesicular junction. In addition, analysis of the
uroliths causing obstruction was not performed. The lack of urolith analysis was a result of
the individual owners’ decisions despite the surgeon’s recommendations.

5. Conclusions

The results of the present study suggest that ureteral closure using an advanced bipolar
vessel sealing device is a safe and effective alternative for closing the unextended ureter
during nephrectomy. With this technique in selected cases, there is no need to use vascular
clips, staplers, or ligatures for ureteral closing. The procedure allows the performance
of nephrectomy using only Kelly dissection forceps, an advanced bipolar vessel sealing
device, and a monopolar hook.

Partial removal of the ureter is possible. Leaving the non-dilated distal part of the
ureter in a properly working ureterovesicular junction appears to be safe and does not lead
to the development of postoperative hydroureter complications in a relatively short time
after surgery. This subject needs a longer term of observation and critical assessment of
each operated case.
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Abstract: Background: several authors have documented variations in local temperature
in both horses and dogs presenting acute intervertebral disc extrusion (IVDE) along the
entire spinal column. However, none have demonstrated distinct temperature differences
between healthy animals and those with IVDE. A retrospective study was conducted to
assess the efficacy of thermography at evaluating local temperature and thermal patterns
in healthy dogs as well in those with IVDE across the T11-L3 area. Methods: the study in-
cluded 20 healthy dogs and 32 dogs with IVDE. For both groups of dogs, the thoracolumbar
region was trimmed and, subsequently, scanned using the Flir E50 thermography device.
The Flir Tool software was used to analyze three designated areas (Bx1, Bx2, Bx3) within the
thoracolumbar region by comparing the average temperature of the minimum, maximum,
and mean temperature recordings between the two groups. Results: the thermal pattern
and the local temperature of the thoracolumbar area present differences between healthy
dogs and those with IVDE. Conclusions: we recommend thermographic scanning of the
thoracolumbar area to find differences in local temperature between healthy dogs and
those with intervertebral disc extrusion. Further investigations are required to differentiate
between disc extrusion that exhibits lateralization to the right or left.

Keywords: dogs; intervertebral disc extrusion; thermography

1. Introduction

Intervertebral disc degeneration is a common disease and one of the most serious
problems worldwide in chondrodystrophic breeds [1]. Intervertebral disc disease (IVDD)
in the thoracolumbar region is the leading cause of paraplegia in chondrodystrophic
dogs, commonly occurring between 3 and 7 years of age [1-3]. Several authors have
identified a higher frequency of disc extrusion in the T11-L3 region in dogs, as this is
the most mobile area during running. This increased mobility contributes to heightened
mechanical stress on the intervertebral discs, ultimately culminating in their progressive
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degeneration [4]. The likelihood of successful recovery is closely tied to the speed of
diagnosis and treatment following disc material extrusion. Intervertebral disc injuries are
caused by aging and mechanical stress, both of which contribute to degenerative changes in
the spine [1,5]. Intervertebral disc disease is divided into acute intervertebral disc extrusion
(IVDE) and intervertebral disc protrusion [3,6]. Also, a genetic factor is involved in IVDE,
as independent genome-wide association studies for skeletal dysplasia and IVDE have
identified a highly expressed FGF4 retrogene on CFA12 which is associated with both IVDE
and chondrodystrophy in dogs [7].

The clinical signs of IVDD in dogs depend on the type and location of the disc
extrusion and may range from pain and discomfort to severe neurological deficits [8,9].
Types of clinical signs vary from spinal hyperesthesia, ataxia, paraparesis, paraplegia with
or without deep pain perception, and urinary and fecal incontinence [1,9].

Various costly methods are available to diagnose intervertebral disc herniation, and
most require general anesthesia to obtain clear imaging. Radiography (Rx), myelography,
computed tomography (CT), and magnetic resonance imaging (MRI) are used for diag-
nosis of the intervertebral disk [10-12]. This obtained images can be conventional or may
require the administration of the contrast solution in the subarachnoidal space in case
of IVDE [13,14]. CT provides more precise information and is faster than myelography,
especially in chondrodystrophic breeds. A study involving 20 dogs compared the accuracy
of CT and myelography in diagnosing acute intervertebral disc disease [13]. The findings
revealed that CT was 90% accurate, while myelography was 88% accurate in identifying
the primary location of disc herniation [13,15]. CT also correctly predicted the lateraliza-
tion of disc material in 96% of the cases, compared to 92% for myelography [11]. MRI,
with an accuracy of 98.5% in detecting IVDE [16] and also providing transverse imaging,
outperforms CT when the disc material is not mineralized, and, in such cases, a contrast
medium may be needed [11,17]. However, using CT with a subarachnoid contrast medium
negates the advantage of diagnosing disc herniation without the side effects associated
with myelography [18].

Medical infrared imaging, also known as infrared thermography (IRT), is a non-
invasive method that captures infrared radiation emitted from the body’s surface, creating
a visual representation of body temperature. It can also identify abnormal physiological
changes in both humans and animals [19-21]. The diagnostic accuracy of infrared ther-
mography (IRT) for detecting spinal disease in humans is 80%, while it demonstrates a
90% accuracy in distinguishing normal dogs from those affected by IVDE [21-23].

IRT can be a useful tool for the evaluation of body surface temperature changes
in response to exercise [19,20], for diagnosing diseases affecting the canine locomotor
system [24,25], and for assessing the response of an organism’s body to drug administra-
tion [23]. The highest surface temperatures of the body have been observed in the trunk and
lumbosacral area, with a temperature gradient across the limbs, where proximal regions
are warmer than the distal areas [26].

In human medicine, the normal thermogram of a human spine has been characterized
by a central zone of decreased heat emission in the region of the spinal processes from
the cervical to the lower lumbosacral spine [27,28]. Pathological alterations in the thermal
pattern include focal changes in temperature over the site of an active lesion as well
asymmetrical hyperthermia and hypothermia distal to the lesions [29].

Turner T. reported the identification of a localized region of hyperthermia adjacent to
the affected disc in horses exhibiting neurological injuries [30].

Grossbard et al. aimed to assess the efficacy of infrared thermography (IRT) in iden-
tifying dogs with intervertebral disc disease (IVDD) and evaluate whether the normal
thermal pattern is restored 10 weeks following decompression surgery [21].
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Given that an increase in local tissue temperature typically follows an inflammatory
process, the objective of this study is to compare local temperature measurements and
evaluate thermal patterns between healthy dogs and those affected by IVDE.

We hypothesize that the local temperature and thermal pattern of the thoracolumbar
area will exhibit significant changes, with an increase in local temperature and a modified
thermal pattern in dogs with IVDE.

2. Materials and Methods

A retrospective study was performed at the Surgery Clinic of the Faculty of Veterinary
Medicine of Timisoara between March 2021 and October 2024.

2.1. Animal Selection and Clinical Examination

During this period, 75 dogs from chondrodystrophic breeds (French bulldog,
dachshund, bichon frise, Lhasa apso, shih tzu, chihuahua, cocker spaniel, Havanese, and
mixed breeds), aged between 3 years and 2 months and 7 years and 4 months and weighing
between 9 kg and 15 kg, presented with an acute form of paraplegia. The inclusion criteria
for the study were as follows: localization of disc extrusion in the T11-L3 region, presenta-
tion for clinical examination within 12 h of paraplegia onset, paresis with decreased and
absent proprioception, paralysis with deep pain perception present, absence of urinary or
fecal incontinence, and rectal temperature between 38 and 39.5 °C. The exclusion criteria
were as follows: weight exceeding 15 kg, presence of disc extrusion outside the T11-L3 area,
presence of two or more disc extrusions in the examined region, spondylosis in the T11-L3
or L7-51 segments, discospondylitis administration of anti-inflammatory medication at
another clinic or private practice, urinary or fecal incontinence, presence of hemivertebrae,
tumors, or thromboembolism.

A clinical and neurological examination was performed by two veterinarians (Z.C. and
D.R.), both with clinical experience in musculoskeletal disorders, who were not blinded to
each other’s results. The neurological examination included testing proprioceptive deficits
in the hind limbs, cutaneous trunchi reflex, patellar reflex, anal reflex, and superficial and
deep pain sensation [3]. Following the neurological examination, each dog was assigned
a neurological score based on a modified version of the scale published by Wheeler and
Sharp [4].

A control group, consisting of 30 dogs from chondrodystrophic breeds (French bulldog,
dachshund, shih tzu), underwent clinical and neurological examinations performed by the
same veterinarians (Z.C. and D.R.). The inclusion criteria for the control group required
the absence of anti-inflammatory drug administration, no reported history of lameness
within the preceding month, no radiographic changes to the spinal vertebrae, and a rectal
temperature between 38 and 39.5 °C.

2.2. Thermal Imaging and Data Recording

Following the clinical examination, the hair in the dorsal region of the animal, covering
the T7-L7 segment, was removed using a groomer clipper, both for the dogs in the study
group and for those in the control group.

Following hair removal, the animals were allowed a 30 min acclimatization period
under controlled environmental conditions, specifically an air temperature of 20-21 °C,
humidity between 70% and 75%, and no air currents within the room. Thermographic
imaging was performed by the same individual on both the dogs with disc extrusions and
those in the control group. The operator was positioned 1 m from the dog at a 90° angle
to the thoracolumbar region. Thermographic images (Figure 1a,b) were obtained using
the FLIR E50 thermography device (FLIR Systems Inc., Wilsonville, OR, USA), with the
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following parameters: 0.95 emissivity and a resolution of 240 x 180 for each thermographic
image. The temperature range was set from —20 °C to 650 °C, with a sensitivity of <0.05 °C.

(a) (b)
Figure 1. Photo of the thoracolumbar area in a paraplegic dog: (a) normal image from the FLIR E50

camera, (b) thermographic image from the FLIR E50 camera. Arrows: (a) yellow arrows—T7 level,
red arrows—L7 level; (b) green arrows—T7 level, red arrows—L7 level.

The obtained thermographic images were processed and interpreted by the same
operator, using the FLIR Tools software 5.X for image analysis. For the interpretation of the
thermographic images, a rectangle (Bx1, Bx2, and Bx3) with dimensions of 94 x 42 pixels
was drawn.

For the dogs in the control group, thermographic images were obtained between 9 a.m.
and 2 p.m., while, for the dogs in the study group, thermographic images were obtained
between 9 a.m. and 4 p.m., depending on their presentation for the clinical examination.

2.3. Imagistic Investigations

The diagnosis of the spinal cord compression was established after a radiological exam
and a CT scan. The radiological exam required two views (latero-lateral and ventro-dorsal)
using the Siemens Multix Swing device. For the CT scan, the animal required anesthesia by
administering to the animal a combination of medetomidine in doses of 0.02 mg/kg (Domi-
tor 2%, Montero, Romania) and ketamine in doses of 5 mg/kg (Ketamidor 100 mg/mL,
Richter Pharma, Austria), and, if necessary, it was supplemented with propofol in doses of
4 mg/kg (Propofol 10 mg/mL, Braun, Romania).

2.4. Statistical Analysis

Two groups of dogs were subjected to a comparative analysis of the values obtained
through thermographic scanning, which included a control group (n = 20) and a study
group (n = 32). For each case, three rectangular regions centered on the thoracolumbar
area, labeled Bx1, Bx2, and Bx3, were examined. This resulted in a set of statistical data
derived from the observed temperatures, which were expressed in degrees Celsius. For
each thermographic image, the mean of the maximum, minimum, and average temperature
values recorded within the designated rectangle in the FLIR Tools software was considered.
The comparisons involved examining the differences between the study group and the
control group, based on the location from which the data were obtained: Bx1 first, then Bx2,
and, separately, Bx3. Additionally, the means of the minimum, maximum, and average
values were compared separately. This resulted in nine comparisons for 18 datasets. A
two-sample t-test was performed using SAS Studio, following normality testing of the
distributions with the Shapiro-Wilk test.
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3. Results
3.1. Animal Information

Out of 75 consecutively examined cases, including clinical and neurological exams,
47 cases were selected for radiographic imaging (27 males and 20 females). After the
exclusion criteria were applied to the examined dogs, twenty-eight of them were excluded
for the following reasons: four dogs weighed over 15 kg, six dogs had chronic paralysis, 10
dogs presented without deep pain perception, and eight dogs presented with urinary or
fecal incontinence.

Following the clinical and neurological examinations, five dogs were classified with
grade 1 deficits, 19 dogs with grade 2 deficits, 14 dogs with grade 3 deficits, eight dogs
with grade 4 deficits, and one dog with grade 5 deficits. All results were obtained using the
scale of Wheeler and Sharp [4].

Following radiographic imaging, 39 cases were selected for computed tomography
(CT). A total of eight dogs were excluded from the study due to the following reasons:
spondylosis in the L7-5S1 region (two dogs), T13-L1 region (three dogs), L1-L2 region
(one dog), and L2-L3 region (two dogs). The dogs that met the inclusion criteria were
aged between 3 and 8 years (mean age: 4.8 years), with a mean weight of 8.55 kg
(range: 4.32-14.80 kg). The study included the following breeds: six French bulldogs,
10 dachshunds, seven bichon frises, two Lhasa apsos, six shih tzus, two chihuahuas,
two cocker spaniels, one Havanese, and three mixed breeds.

Out of the 30 dogs in the control group, 20 dogs were included in the study. The
excluded dogs did not meet the following criteria: four dogs exhibited pain upon palpation
in the dorsal lumbar region, two dogs showed spondylosis in the T13-L1 and L1-L2 regions,
and four other dogs presented spondylosis in the L7-51 region. The dogs in the control
group belonged to the following breeds: shih tzu (five dogs), dachshunds (eight dogs),
bichon frise (four dogs), cocker spaniels (three dogs). They were aged between 4 and
7 years (mean age: 5.2 years), with a mean weight of 9.35 kg (range: 5.4-14.2 kg).

The rectal temperature of all dogs was between 38 and 39.5 °C and was measured at
the start of the examination.

3.2. Imagistic Investigation

A total of 52 conventional radiographs were performed for the study group (1 = 32)
and the control group (n = 20). Both ventro-dorsal and latero-lateral views were taken.
Following the radiographs, lesions that could be associated with disc extrusion were
identified, such as the narrowing of the intervertebral space in seven dogs and increased
opacity of the intervertebral foramen in three dogs.

A total of 39 computed tomography scans were selected, and the results identified the
following locations: four in the T11-T12 space, six in the T12-T13 space, 12 in the T13-L1
space (Figure 2a,b), six in the L1-L2 space, and four in the L2-L3 space. In nine cases,
the disc material was located beneath the spinal cord, in 12 cases the disc material was
identified with left lateralization, and, in 11 cases, the disc material was located on the
right side. For seven conventional computed tomography scans, no disc extrusions were
identified, and these cases were, therefore, excluded.

A total of 32 cases were selected following neurological, radiographic, and computed
tomography examinations for the thermographic imaging study.
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T13-11, left

201

Figure 2. Computed tomography image from a dog with T13-L1 disc extrusion: (a) sagitally
reconstructed view of the vertebral column, T13—13th thoracic vertebra, L1—1th lumbar vertebra,
(b) dorsally reconstructed view of the vertebral column, T13—13th thoracic vertebra, L1—1th lumbar
vertebra, red circle—extruded discal material.

3.3. Thermography Scan
3.3.1. Thermography Scan of the Control Group

Different color variations were observed in the clipped area between T7-L7. There
were observed alternations in local temperature, with warmer or cooler areas in all dogs of
the control group (Figure 3a,b).
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(a) (b)

Figure 3. Thermographic image of the thoraco-lumbar area of a healthy dog. (a) Scanning image
without FLIR Tools software analysis: black arrow—clipped hair area between the T7 and L7 level,
green arrow—variation areas of increase in temperature, blue arrow—rvariation areas of low temper-
ature, spot—local temperature of the skin. (b) Scanning image with FLIR Tools software analysis:
black arrow—clipped hair area between the T7 and L7 level, Bxl—area of interest centered on the
vertebrae, Bx2—area of interest on the right side of the vertebrae, Bx3—aria of interest on the left side
of the vertebrae; red triangle spot—maximum temperature recorded in the interest area; blue triangle
spot—minimum temperature recorded in the interest area.

3.3.2. Thermography Scan of the Study Group

A high intensity temperature area was observed in the T11-L3 area in all dogs from the
study group. Areas with cooler temperatures were observed at the margin of the T11-L3
area (Figure 4a,b).
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Figure 4. Thermographic image of the thoraco-lumbar area in a dog with T13-L1 disc extrusion.
(a) Scanning image without FLIR Tools software analysis: black arrow—clipped hair area between the
T7 and L7 level, green arrow—area of increased temperature, blue arrow—area of lower temperature,
spot—local temperature of the skin. (b) Scanning image with FLIR Tools software analysis: black
arrow—clipped hair area between the T7 and L7 level, Bx1—area of interest centered on the vertebrae,
Bx2—area of interest on the right side of the vertebrae, Bx3—area of interest on the left side of the
vertebrae; red triangle spot—maximum temperature recorded in the interest area; blue triangle
spot—minimum temperature recorded in the interest area.

3.4. Group Comparison
3.4.1. Comparisons Within the Bx1 Region

Regarding the comparisons in Bx1, the series consisting of the minimum values for
the control group resulted in an average reading of 35.17 °C. The series consisting of the
minimum values for the study group yielded an average result of 36.9 °C. The differences
were statistically significant, with a t-value of —15.29 and p < 0.001. This indicates that,
with respect to these values, animals in the study group exhibited higher local thermal
values compared to those in the control group (Figure 5).

- ‘ - .

Average Max Mn
Group B Sudy W Control

Figure 5. Comparative boxplot referring to the results obtained for Bx1 between the study group
(blue mark) and the control group (red mark); distribution of the average, maximum, and minimum
temperatures; o—outliers.

Comparing the two groups regarding the maximum temperatures observed in the Bx1
region, an average temperature of 36.08 °C was determined for the control group and an
average temperature of 37.87 °C was determined for the study group. In this case as well,
the local temperatures in the study group were higher than those in the control group. The
differences were statistically significant, with a t-value of —15.46 and p < 0.001 (Figure 5).

Comparing the two groups with respect to the average temperature recorded in the
Bx1 region, an average of 35.64 °C was observed in the control group and an average of
37.38 °C was observed in the study group. In this case as well, the local temperatures in

70



Life 2025, 15, 68

the study group were higher than those in the control group, with statistically significant
differences, t = —18.90, p < 0.001 (Figure 5).

3.4.2. Comparisons Within the Bx2 Region

Regarding the comparisons in Bx2, the series consisting of the minimum values for
the control group resulted in an average reading of 34.71 °C. The series consisting of the
minimum values for the study group yielded an average result of 36.75 °C. The differences
were statistically significant, with a t-value of —15.70 and p < 0.001. This indicates that,
with respect to these values, animals in the study group exhibited higher local thermal
values compared to those in the control group (Figure 6).

Group W Sy W Corral

Figure 6. Comparative boxplot referring to the results obtained for Bx2 between the study group
(blue mark) and the control group (red mark); distribution of the average, maximum, and minimum

temperatures; o—outliers.

Comparing the two groups with respect to the maximum temperatures observed in
the Bx2 region, an average of 35.45 °C was determined for the control group and an average
of 37.61 °C was determined for the study group. In this case as well, the local temperatures
in the study group were higher than those in the control group. The differences were
statistically significant, with a t-value of —15.39 and p < 0.001 (Figure 6).

Comparing the two groups with respect to the average temperature recorded in the
Bx2 region, an average of 35.10 °C was observed in the control group and an average of
37.25 °C was observed in the study group. In this case as well, the local temperatures in
the study group were higher than those in the control group, with statistically significant
differences, t = —15.76, p < 0.001 (Figure 6).

3.4.3. Comparisons Within the Bx3 Region

Regarding the comparisons in Bx3, the series consisting of the minimum values for
the control group resulted in an average reading of 34.79 °C, while the minimum values
for the study group yielded an average result of 36.71 °C. The differences were statistically
significant, with a t-value of —13.51 and p < 0.001. This indicates that, with respect to these
values, animals in the study group exhibited higher local thermal values compared to those
in the control group (Figure 7).

Comparing the two groups with respect to the maximum temperatures observed in
the Bx3 region, an average of 35.56 °C was determined for the control group and an average
of 37.59 °C was determined for the study group. In this case as well, the local temperatures
in the study group were higher than those in the control group. The differences were
statistically significant, with a t-value of —13.54 and p < 0.001 (Figure 7).

Comparing the two groups with respect to the average temperature recorded in the
Bx3 region, an average of 35.23 °C was observed in the control group and an average of
37.24 °C was observed in the study group. In this case as well, the local temperatures in
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the study group were higher than those in the control group, with statistically significant
differences, t = —14.09, p < 0.001 (Figure 7).

Average Max Mn

Group M Stuzy B Contral

Figure 7. Comparative boxplot referring to the results obtained for Bx3 between the study group
(blue mark) and the control group (red mark); distribution of the average, maximum, and minimum
temperatures; o—outliers.

4. Discussion

Thermographic scanning of the thoraco-lumbar region provides important data to
differentiate dogs with IVDE from healthy dogs; an aspect that is highlighted is the confir-
mation of the hypothesis regarding the differences among the minimum, maximum, and
mean temperatures considered from the Bx1, Bx2, and Bx3 areas, which were identified
in both groups of dogs. The results identified after scanning the healthy dogs and those
with IVDE revealed that the values of temperature from the selected areas and the thermal
patterns obtained presented changes, with increased temperatures in IVDE dogs.

Dogs with acute intervertebral disc extrusions presented a larger area of increased
temperature in the thoraco-lumbar region compared with the same thermal pattern an-
alyzed in healthy dogs. Furthermore, the temperature values recorded in the region of
interest (T11-L3) were elevated by more than 1 °C in the study group when compared to
the control group. Based on a study performed by Lahiri et al. [31], a local temperature that
is 0.7-1.0 higher compared with the surrounding tissue is attributed to an inflammation.

A study conducted by Turner on horses with neurological injuries identified an area
of hyperthermia at the site of the injury [30]. Similar findings, including an increase in local
skin temperature, have been observed in humans with cervical intervertebral disc disease
(IVD), providing valuable data not only for localizing disc herniation but also for detecting
its presence [31]. It is crucial to differentiate between temperature increases associated with
IVDE and those resulting from other pathological conditions, as thermographic scans alone
cannot identify the underlying cause of changes in the thermal pattern, such as tumors or
inflammation [3].

Intervertebral disc herniation is classified into Hansen type I and Hansen type 1I
categories [3,32]. Hansen type I herniation predominantly occurs in chondrodystrophic
breeds, such as dachshunds, and is typically associated with more severe clinical manifes-
tations compared to Hansen type II [33]. In Hansen type I, there is often acute or subacute
extrusions of the nucleus pulposus from a chondroid disc, represented by more severe
neurological symptoms [1,7,14]. In our study, the majority of the dogs affected by disc
extrusion Hansen type I where from the dachshund breed and presented clinical signs such
as acute paralysis and thoraco-lumbar pain. The clinical signs of IVD vary from spinal
hyperesthesia to paraplegia with or without proprioception and paralysis with or without
deep pain perception [1]. In our study, the most frequent clinical sign was represented by
paralysis with deep pain perception. In a study performed by Coates et al., more than 53%
of the cases were dachshunds [1].
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In our study, we designated the region T11-L3 as the area of interest, as this region
is the most affected by disc extrusion. Wheeler and Sharp [4] noticed that, in relation to
thoraco-lumbar disc disease, over 50% of the lesions were found at the T12-T13 and T13-L1
discs, while more than 85% occurred between the T11-T12 and L2-L3 levels [32]. The most
common site affected by disc extrusion in our study was the T13-L1; a similar observation
was made also by other authors in their study [14].

Radiographic evaluation allowed us to identify changes in 10 dogs, e.g., the narrowing
of the intervertebral space and the increased opacity in the vertebral foramen; similar
observations have been made by others authors in their studies [1,32]. Compared with
radiography, CT scans can acquire a diagnostic index without an invasive procedure, re-
quire a short imagining time compared with nuclear magnetic resonance imaging, and
enable a detailed visualization of the extruded disc material compared with radiography
examination [6,10]. In our study, thirty-two disc extrusions were identified through con-
ventional CT, but, in seven cases, conventional CT did not detect the extrusion of the disc
material. Some authors have noted that myelography is necessary in situations where the
nucleus pulposus does not degenerate or mineralize before extruding and compressing the
spinal cord [14,27,33]. Conversely, when the extruded material is not mineralized and no
other signs of disc extrusion are present, like the vacuum phenomenon, vertebral endplate
sclerosis, and disc space narrowing, a myelography or CT myelography is required for
accurate diagnosis and proper localization [6,34].

During the thermographic measurements, the ambient temperature in the examination
room was maintained at 21 °C. Each dog, both in the control group and in the study group,
underwent an acclimatization period of 30 min. The thoraco-lumbar region was not
touched by the operator for at least 30 min prior to the scan. During handling, one hand
was placed on the abdominal region and the other on the inguinal region. A temperature
of 21 °C has also been cited by other authors as not influencing local skin temperature or
thermoregulation in animals [35-37]. To prevent artifacts in the thoraco-lumbar area, other
authors have also employed similar handling techniques to avoid contact with the area of
interest [24,38,39].

Presence of the subcutaneous fat tissue in the L3-L5 vertebral area could have an
insulating effect that reduces heat loss through the skin, appearing on thermographic
images as an alternation in local temperature [40].

Numerous studies have been conducted to explore the impact of individual animal
characteristics on IRT outcomes in healthy animals. Temperature differences between
adjacent haired and non-haired skin indicate that the hair absorbs a portion of the radiated
heat, thereby preventing this energy from being detected by an infrared camera [41]. Skin
color can influence IRT readings, as black areas are typically warmer than adjacent white
areas. In zebras, for example, black stripes are warmer than the white stripes during the
day, likely due to the increased absorption of solar energy by the black stripes [42].

Circadian, infradian, and ultradian rhythms influence body temperature and should
be considered when planning IRT or interpreting thermographic results [43]. In our study,
the IRT measurements were performed in the first part of the day.

Thermography has proven to be valuable in human and equine medicine, as well as in
diagnosing musculoskeletal injuries in companion animals [44—46]. Unlike other imaging
techniques, it is non-invasive, it does not require anesthesia, and it does not expose the
patient to radiation [24,44]. Numerous studies have highlighted thermography’s ability
to detect changes in thermal patterns prior to the appearance of clinical or radiographic
signs [47].

The results obtained indicate an elevated temperature in the thoraco-lumbar region in
dogs with intervertebral disc extrusion compared to healthy dogs, with these temperature
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changes associated with local inflammation and muscular spasms. Further investigations
are needed to (1) compare the temperature on the left and right sides of the spine to
identify correlations with the lateralization of disc extrusion, (2) compare the temperatures
observed in disc extrusion pathologies with those associated with other intervertebral disc
diseases, (3) assess differences in local temperatures between dogs with acute disc extrusion
and those with chronic disc protrusion, and (4) compare differences in local temperature
between haired and non-haired dogs with IVDE.

The limitations of the study included the different breeds of dogs taken into consider-
ation, the different distributions between dog breeds, not cutting the hair, the skin color
of the dogs, the absence of myelography to identify a disc extrusion without mineraliza-
tion, the different distribution of the adipose tissue in the thoraco-lumbar area and the
moderate resolution of the thermographic device. The operator was not blinded during
thermographic scanning or when marking the selected areas for the study.

5. Conclusions

The local temperature of the thoraco-lumbar area in dogs with IVDE is higher than
the local temperature of the same identified area in healthy dogs.

The thermal pattern of the thoraco-lumbar area present differences in dogs with IVDE
compared with healthy ones.

We recommend thermographic scanning of the thoraco-lumbar area as a minimally
invasive method to distinguish dogs with IVDE from healthy ones, particularly in hair-
less dogs.

Further investigations are required to differentiate between disc extrusion that exhibits
lateralization to the right or left.
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Abstract: A 14-year-old, female spayed Bichon Maltese with no other known previous pathologies
was presented for dermatological examination after being referred from a private clinic with the sus-
picion of generalized, treatment-resistant demodicosis. Upon presentation and clinical examination,
multiple deep skin scrapings were performed, returning negative parasitological results. Complete
blood count and serum biochemistry revealed mild hepatic damage. Abdominal ultrasound revealed
an abnormal echostructure of the liver displaying a honeycomb or Swiss cheese-like pattern, reported
as pathognomonic for hepatocutaneous syndrome. The owner declined any further paraclinical ex-
amination, including skin biopsy and histopathological examination, requesting a treatment protocol
that could be pursued at home, considering the age of the dog and its reactive behavior during the
examination. The present case report highlights a non-invasive method of diagnosing the hepatocuta-
neous syndrome in a dog by clinical examination, routine blood testing, and ultrasound assessment
of the abdomen, in the absence of the possibility of doing a histopathological diagnosis.

Keywords: hepatocutaneous syndrome; necrolytic migratory erythema; superficial necrolytic dermatitis

1. Introduction

Superficial necrolytic dermatitis is an uncommon and frequently lethal condition
in dogs, often linked to pancreatic neuroendocrine neoplasia and hepatocutaneous syn-
drome [1,2]. In human medicine, necrolytic migratory erythema is a term used to character-
ize the skin rash observed in individuals with a pancreatic tumor that secretes glucagon
(glucagonoma) or occasionally in cases of hepatic cirrhosis and some gastrointestinal dis-
orders. This rash has also been observed in dogs and cats, often in conjunction with
liver disease. Other terms such as hepatocutaneous syndrome, superficial necrolytic der-
matitis, and metabolic epidermal necrosis are frequently employed to refer to the same
condition [3,4].

The precise pathogenesis remains uncertain, but it is believed that elevated gluco-
neogenesis due to hyperglucagonemia (associated with pancreatic tumors) or heightened
hepatic breakdown of amino acids (in cases of chronic liver disease) leads to decreased
plasma amino acid levels and depletion of epidermal proteins. This depletion is what
causes the skin lesions characteristic of superficial necrolytic dermatitis. While uncommon
in dogs and rare in cats, the condition is most frequently observed in older animals [5].

The lesions initially manifest in regions of the body with high cell turnover, such
as mucocutaneous junctions, the face, the footpads, and areas prone to pressure. These
lesions typically consist of crusts and ulcers accompanied by reddened skin surround-
ing the affected area. Additionally, most affected dogs exhibit non-regenerative anemia,
mild elevation in blood sugar levels, heightened serum liver enzyme levels, and a liver
appearance resembling a “honeycomb” pattern under abdominal ultrasonography [3,6-8].
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Although there are some reports regarding concurrent pancreatic changes [9], they were
not observed in the present case.

2. Case Description

A 14-year-old Bichon Maltese was presented for dermatological examination to the
Internal Medicine Clinic of the Faculty of Veterinary Medicine of Iasi. The dog had previ-
ously undergone examination and a treatment protocol for demodicosis at a private clinic.
The treatment included three consecutive monthly external antiparasitic treatments: the
first two with an oral formulation (Nexgard Spectra, Boehringer Ingelheim International
GmbH, Ingelheim am Rhein, Germany) containing afoxolaner (37.50 mg)/milbemycin
oxime (7.50 mg) as active substances, and the third with a spot-on application of an imida-
cloprid (100 mg)/permethrin (500 mg) external antiparasitic (Advantix, Elanco, IN, USA).
Additionally, the dog had been bathed once a week for the previous four weeks using a
sebolytic shampoo (Sebolytic, Virbac, Suite, TX, USA). The animal had not received any
drugs potentially responsible for drug-induced skin lesions [3,5,6]. Despite the antiparasitic
treatments and topical therapy, no positive results were observed, prompting a referral for
a second opinion.

The owners reported that the dermatological condition had begun approximately
three months prior to the examination, and although some lesions appeared to have healed,
new lesions emerged in different areas. When questioned about pruritus, the owners rated
itas 5/10 on the PVAS scale [10]. According to the owners, the dog had a good appetite and
no other known health issues apart from the cutaneous lesions, which were observed to be
painful as evidenced by increased sedentarism and evident mobility challenges attributable
to inflammation affecting the paws. The dog’s diet consisted of a mixture of human food
and commercial wet dog food.

During physical examination, the patient appeared anxious and displayed reactive
behavior towards the medical team which led to handling exclusively by the owners. The
body temperature was 39.3 °C, with pale pink oral and conjunctival mucosa, and a CRT of
less than 2 s. No abdominal distress was noted upon palpation. The skin and coat emitted
a seborrheic odor, and multiple lesions were observed on the skin surface, characterized
as follows:

e exfoliative, crusted, and ulcerated cutaneous lesions with purulent secretion localized
periocular (Figures 1la and 2a,b), on the nasal planum (Figure 1a,b), symmetrically in
the inguinal region (Figure 3a,b and Figure 4a) and on bilateral pinnae (Figure 4b);

e severe four-limb pododermatitis characterized by exfoliation of the plantar pads
accompanied by adjacent purulent secretion (Figure 5a) and interdigital pustules with
associated secretion (Figure 5b).

Multiple deep skin scrapings were performed, yielding negative results, thereby exclud-
ing parasite infestation. Skin and ear cytology revealed the abundant presence of neutrophils
(1-3 neutrophils /100 x objective field for both ear swabs and 5-10 neutrophils/100x objective
field for the skin cytology) and cocci (5-10 extracellular cocci/100x objective field for both
ear swabs, 1-5 intracellular cocci/100x objective field for both ear swabs, >10 extracellular
cocci/100x objective field of skin cytology, and 5-10 intracellular cocci/100x objective field
of skin cytology).

Blood samples were collected for a complete blood count and serum biochemistry
analysis. The complete blood count performed using Abaxis VetScan HM5 (Zoetis Services,
Parsippany, NJ, USA) showed platelet counts exceeding the upper limit of the reference
range, while lymphocyte (LYM), mean corpuscular hemoglobin (MCH), and mean corpus-
cular volume (MCV) values were at the lower end of the reference range. All of the other
parameters were in normal range (Figure S1).
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(b)

Figure 1. (a) Crusted lesions localized periocular and on the nasal planum. (b) Crusts situated on the
nasal planum.

(@) (b)

Figure 2. (a) Erosions in the periocular area of the right eye accompanied by adjacent alope-

cia. (b) Erosions in the periocular region of the left eye accompanied by adjacent alopecia and
purulent discharge.
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(a) (b)

Figure 3. (a) Symmetrical appearance of the lesions situated in the inguinal region. (b) Ulcerated
lesion covered with crust and adjacent erythema observed in the right inguinal area.

(a) (b)

Figure 4. (a) Ulcerated lesion with erythema observed in the left inguinal area. (b) Round erythema-

tous and crusty lesion located near the margin of the left pinna, along with the presence of erythema
and crusts at the entrance of the ear canal.
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(a) (b)

Figure 5. (a) Severe pododermatitis with the presence of purulent discharge and crusts observed
between the digital pads. (b) Interdigital presentation characterized by purulent discharge, with the
claws appearing normal.

Serum biochemistry analysis performed using Abaxis VetScan VS2 (Zoetis Services,
Parsippany, NJ, USA)—VetScan Comprehensive Diagnostic Profile indicated mild hepatic
damage, with elevated levels of alkaline phosphatase (ALP) at 281 U/L and alanine
aminotransferase (ALT) at 133 U/L, as well as glucose (GLU) at 115 mg/dL and potassium
(K+) at 5.9 mmol/L, with all other parameters falling within normal range limits (Figure
S2).

Given the exclusion of parasitic infestation, the presentation pattern of the skin lesions,
and the findings from the complete blood count and serum biochemistry analysis, an
abdominal ultrasound was performed, using the General Electric LOGIQ V5 Expert Ultra-
sound Machine (GE Medical Systems, Wuxi, Jiangsu, China) equipped with a 7.5-10 MHz
microconvex transducer and a 7-13 MHz linear transducer. The abdomen was examined in
a counter clockwise direction starting from the urinary bladder.

The urinary bladder appeared mildly distended with anechogenic content and normal
wall layering, though thickened (0.36 cm), and presenting a slightly irregular luminal lining,
with ultrasonographic findings being suggestive for cystitis.

Both kidneys presented with normal echostructure, echogenicity and size, smooth
outline, and no visible cystic/nodular structures or calculi, but there were multiple ca-
lyceal and cortical punctiform hyperattenuating foci observed, which were believed to be
mineralization in absence of a histopathological diagnosis (Figure S3).

The stomach had a normal wall layering and measurement with reduced content
and a hyperreflective structure with a posterior acoustic shadowing-compatible with
bone ingestion which was confirmed by the owner (Figure S4). The small intestine had
normal wall layering and measurements and normal peristaltic movement and the large
intestine presented with normal wall layering but slightly thickened (0.32 cm). The pancreas
appeared normal, with no adjacent mesenteric reaction or free fluid.

The spleen appeared with predominantly normal echostructure and echogenicity,
normal size (1.17 cm short axis at the level of the splenic hilum). Cranial to the splenic
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hilum there was a poorly delimited area, approximately 0.75 x 0.42 cm in size, non-
homogeneous, showing both hyperechoic and anechoic regions, with an absence of Doppler
signal, discretely deforming the splenic contour. Cranial to these there were found two
other poorly defined areas, hyperechoic compared to the rest of the parenchyma, the largest
measuring 0.33 x 0.25 cm. The ultrasonographic differential diagnosis established was
lipomas/myelolipomas/neoplasia and focal areas of dystrophic mineralization/neoplasia
(Figure S5).

The liver appeared of normal size with non-homogeneous parenchyma, with multi-
ple hyperechogenic strands diffusely dispersed throughout the parenchyma giving it a
“Swiss cheese” appearance, with a slightly irregular outline and poorly distinguishable
vascular walls (Figures 6 and 7a,b). The gall bladder had a fine hyperechoic wall with
anechoic content accompanied by hypoechoic, mobile, gravitationally dependent sediment
in reduced quantity.

Figure 6. Liver and gallbladder—multiple hyperechogenic strands diffusely dispersed throughout
the parenchyma—*“Swiss cheese” appearance and gallbladder sediment (microconvex transducer).

(b)

Figure 7. (a) Liver—non-homogeneous parenchyma (microconvex transducer). (b) Liver multiple
hyperechogenic strands diffusely dispersed throughout the parenchyma—"“Swiss cheese” appearance
(linear transducer).

The histopathological examination of the skin and liver was proposed to the owners,
but they declined the fine needle aspiration biopsy of the liver and the punch biopsy of the
skin, considering the invasiveness of both sampling techniques and the need for anesthesia.
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The owners also declined any other parenteral treatment, requesting a protocol that could
be administered by them at home. The recommended treatment consisted of a liquid oral
supplement of amino acids (Rx-amino B-plex, RX Vitamins Inc., Suite, TX, USA—2 mL twice
a day for 30 days), an essential fatty acid, vitamin, and zinc supplement (VetoSkin 300 mg
twist off, Vetexpert, Lomianki, Poland—1 capsule/day for 30 days) and a hepatic support
supplement (FOR Liver, Crida Pharm, Bucharest, Romania—1/2 pill/day for 30 days).
The recommended diet consisted of a homecooked protein source (egg whites—one/day)
and a commercial hepatic diet (Hill’s I/D Liver Care, Hill’s, Topeka, KS, USA). A 4%
chlorhexidine shampoo (Clorhexyderm ICF, PetMart, Bucharest, Romania—2 baths/week
for 4 weeks) and an ointment containing a combination of antibiotics (tetracycline, ery-
thromycin, neomycin) and prednisolone (Mibazon, Antibiotice, lasi, Romania) one applica-
tion daily for 28 days) were prescribed for the topical treatment of the pyoderma.

3. Discussion

This case report suggests that in dogs with characteristic skin lesions, a comprehensive
diagnostic approach including abdominal ultrasound assessment of the liver and pancreas,
as well as complete blood count and serum biochemistry, allows for a noninvasive diagnosis
of hepatocutaneous syndrome, particularly pertinent in cases where the owners decline
further invasive paraclinical examinations.

The dermatological differential diagnosis of hepatocutaneous syndrome includes au-
toimmune skin diseases (pemphigus foliaceus or vulgaris, systemic lupus erythematosus),
drug eruption, and zinc-responsive dermatosis [3,5] as the pattern of the skin lesions could
be similar. The drug cutaneous eruption diagnosis was excluded since the anamnesis
did not highlight any intake of drugs that could trigger a reaction. Since zinc-responsive
dermatitis develops mostly in puppies [11] as an improper feeding consequence, it was
also excluded from the differential list.

Pemphigus complex is a group of autoimmune skin disease that are characterized by
blister and pustule formation due to the loss of adhesion between the keratinocytes [3,5,12-14].
In pemphigus foliaceus, the lesions are pustular at the beginning and by pustule breaking,
crusts and pyoderma are formed. The location of skin lesions in dogs are reported as follows:
trunk, inner pinnae, dorsal muzzle, foot pads, periocular area, outer pinnae, planum nasale,
interdigital area, lips, perianal area, and mucous membranes [14]. The pattern of the lesions is
described as bilateral and symmetrical [13]. Performing direct cytology from the pustules can
offer a quick diagnosis of pemphigus foliaceus if acantholytic cells are found [14]. The dog
from our case report displayed crusted lesions in which acantholytic cells were not present,
but a final diagnosis could not be established by dermatological examination and direct
cytology alone. Pemphigus vulgaris is an autoimmune blistering dermatological pathology
that especially affects the mucosae and mucocutaneous junction and can affect also the
skin. The lesions evolve from blisters (vesicle or bullae) to erosions that generate pain,
especially when the development is in the oral cavity [15]. In a study that corroborated the
data from 54 cases of canine pemphigus vulgaris, it was concluded that the majority of
cases displayed a mucosal or mucocutaneous phenotype in which the lesions were located
on the lips/oral cavity. Only a few cases displayed skin lesions alone (2 out of 54) [15].

The clinical presentation of cutaneous lupus erythematosus is highly variable, ranging
from minor, mild alopecic scarring lesions to extensive ulceration. Some patients exhibit
pruritic seborrheic dermatitis, while others present with mucocutaneous ulceration, which
can disseminate to other body regions. Depigmentation of the nose or periocular area may
occur, alongside erythema, ulceration, and crusting of the nose, which is characteristic of
discoid lupus erythematosus. Focal ulceration of the footpads, suggestive of vasculitis,
may also be present, along with more diffuse crusting pad lesions [3].

Since the pathogenesis of the pemphigus complex diseases is related only to the
immune mediated conflict at the skin/mucosal level, even if the location of the skin lesions
are similar to those from pemphigus foliaceus and lupus erythematosus, in the present
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case report, the involvement of the liver lesions is definitory in orientating the diagnosis
towards hepatocutaneous syndrome.

Previously reported abnormal clinical pathology findings in dogs diagnosed with
superficial necrolytic dermatitis or hepatocutaneous syndrome include anemia, microcy-
tosis, elevated alkaline phosphatase activity, and hypoalbuminemia. Elevated alkaline
phosphatase activity was consistently noted in cases of aminoaciduric canine hypoaminoaci-
demic hepatopathy syndrome (ACHES), irrespective of the presence of cutaneous lesions.
Anemia and microcytosis were particularly pronounced in dogs with fulminant ACHES,
indicating a potential correlation between superficial necrolytic dermatitis and these hema-
tological alterations. Profiling of plasma and urine amino acids offers a noninvasive
approach for disease confirmation. As previously demonstrated, urine amino acid profiling
normalized to creatinine, revealing lysinuria, presents a novel diagnostic parameter that
could enhance the diagnostic efficacy of plasma amino-acid profiling [16].

The patient in this study exhibited subtle modifications in the complete blood count,
specifically lymphocytes (LYM), mean corpuscular volume (MCV), and mean corpuscular
hemoglobin (MCH) at the lower limit of the reference range, while platelets (PLT) exceeded
the upper limit of the reference range, thus suggesting the presence of microcytic anemia.
Serum biochemistry indicated values above the limit for alkaline phosphatase (ALP) and
alanine aminotransferase (ALT), with albumin levels within physiological limits. A limi-
tation of this case report is the inability to quantitatively determine plasma and urinary
amino acid values due to external reasons (infrastructure liabilities of the laboratory and
the lack of other options in the geographical area).

The ultrasonographical aspect of the liver as well as the normal size of the organ
combined with the Swiss cheese-like appearance of the parenchyma corroborates the
diagnosis of hepatocutaneous syndrome. Another differential diagnosis in absence of the
dermatological findings could have been that of chronic hepatitis/liver cirrhosis, although
the liver is reported to be reduced in size in these common conditions.

Historically, superior outcomes for dogs with hepatocutaneous syndrome have been
attributed to the administration of intravenous amino acid solutions [17]. Alongside intra-
venous amino acid infusions, high-protein diets, typically commercial diets supplemented
with whey protein, have been a cornerstone of treatment for dogs with hepatocutaneous
syndrome [18]. More recently, the combined administration of intravenous lipid with
intravenous amino acid infusions was reported to manage hepatocutaneous syndrome in a
single dog for 24 months. These observations suggest improved remission and survival
in dogs with aminoaciduric canine hypoaminoacidemic hepatopathy syndrome when fed
high-protein home-cooked diets [2]. In a separate study, the utilization of a combined
treatment approach involving amino acid supplementation and stem cell therapy demon-
strated efficacy in a patient diagnosed with hepatocutaneous syndrome. Notably, the dog
exhibited survival for a period of 32 months following diagnosis [19].

In the case report presented, the owner of the dog requested a treatment protocol
that could be administered at home. The treatment protocol included oral supplements
of amino acids, minerals and vitamins, essential fatty acids, and a hepatic support sup-
plement, as well as a commercial hepatic diet supplemented with a home-cooked protein
source. Additionally, topical treatment of the pyoderma was prescribed, consisting of using
twice a week a 4% chlorhexidine shampoo and an ointment for daily use, containing a
combination of antibiotics (tetracycline, erythromycin, neomycin) and an anti-inflammatory
(prednisolone). However, the follow-up of the patient could not be conducted as the owner
did not attend the 30-day recheck appointment.

The majority of reported outcomes for dogs with hepatocutaneous syndrome are poor,
with an average survival of 3-6 months from the time of diagnosis [4,20,21], although
sporadic reports indicate survival times exceeding 2 years [2].

It has been hypothesized that dermal lesions manifest as an advanced phase of hep-
atocutaneous syndrome, and their absence, consequently, does not exclude the presence
of the condition [16]. Hence, particularly when dermatologic patients exhibit cutaneous
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symptoms suggestive of hepatocutaneous syndrome, it is assumed that abdominal ultra-
sound evaluation serves as an essential non-invasive diagnostic tool and therefore, it was
considered that in this situation the histopathological examination of the liver would not be
mandatory, once ultrasonographic aspects of the liver are considered pathognomonic [9,22].

4. Conclusions

The hepatocutaneous syndrome of the dog appears to be a complex pathology that can
be easily confused with other skin diseases such as pemphigus complex skin diseases, lupus
erythematosus, zinc responsive dermatitis, or drug-induced cutaneous reaction and for
whose diagnosis the paraclinical examinations are of particular importance. A non-invasive
approach of diagnosing the hepatocutaneous syndrome in a dog by clinical examination,
routine blood testing, and ultrasound assessment of the abdomen was pursued in the
absence of the possibility of performing a histopathological diagnosis.

Ultrasound examination of the abdomen is not a frequently used paraclinical ex-
amination technique for the dermatological patients, and it should be considered before
other options. We conclude that in patients with clinical symptoms compatible with the
previously mentioned pathologies, the first step in establishing a diagnosis should be the
exclusion of hepatocutaneous syndrome by non-invasive methods, and unless liver damage
is excluded, histopathological examination of the skin should be considered necessary.
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Abstract: Hepatic encephalopathy (HE) in dogs is a metabolic disorder of the central
nervous system that occurs secondarily to liver dysfunctions, whether due to acquired or
congenital causes. A portosystemic shunt is the presence of abnormal communications
between the hepatic vessels (portal and suprahepatic veins). As a result of this, the blood
brought from the digestive tract through the portal vein bypasses the liver, and the unme-
tabolized components of the portal bloodstream enter directly into systemic circulation,
causing clinical symptoms of metabolic encephalopathy (HE). A 3-month-old Bichon canine
patient with a history of seizures secondarily to a portosystemic shunt (PS), confirmed
through color Doppler ultrasound exam and computed tomography, was presented for
evaluation. The typical electroencephalographic (EEG) traces recorded were characterized
by the presence of bilateral symmetrical triphasic waves, resembling non-convulsive status
epilepticus. The presence of this EEG pattern is useful in choosing the best therapeutic
option in order to not accentuate the HE sings and, consequently, to decrease the mortality
risk due to a prolonged status epilepticus.

Keywords: dog; portosystemic shunt; seizures; computed tomography; electroencephalography

1. Introduction

Hepatic encephalopathy (HE) in dogs is a metabolic disorder of the central ner-
vous system that occurs secondarily to liver dysfunction, regardless of whether they
have acquired or congenital causes [1-3]. One of the most common causes of HE is the
presence of abnormal communications between hepatic vessels (portal vein and supra-
hepatic vein) that form a portosystemic shunt. As a result of this, the blood brought
from the digestive tract through the portal vein bypasses the liver, and the unmetabo-
lized components of the portal bloodstream enter directly into the systemic circulation,
causing clinical symptoms of metabolic encephalopathy (ME). Toxic substances, such as
ammonia, aromatic amino acids (including phenylalanine, tyrosine, and tryptophan),
short-chain fatty acids, mercaptans, and various biogenic amines, indoles, and skatoles
have been implicated in causing HE. These compounds have convulsive effects in ani-
mals, and can modulate cortical excitability by acting as GABA-A receptor antagonists
and NMDA receptor agonists, thus leading to an increase in cortical excitability [4].
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Metabolic encephalopathy due to portosystemic shunting causes functional disturbances
of CNS activity due to endogenous intoxication.

Secondary hepatic encephalopathy (HE) due to portosystemic shunting is easily sus-
pected if clinical signs appear following food ingestion. Historically, it has been accepted
that neurological symptoms manifest 30-90 min after ingestion, and disappear within a few
hours, with seizures being the most expressive clinical signs [3]. Suggestive clinical signs,
breed predisposition, and additional tests (laboratory tests, along with routine imaging
such as ultrasound, or advanced techniques such as computed tomography, etc.) are suffi-
cient to establish the diagnosis of vascular anomaly [4,5]. In reality, neurological clinical
signs are present continuously, but if their intensity is very low, the clinical signs may
be subtle and expressed only through mild, nonspecific cortical inhibition or changes in
behavior [4]. Especially in those animals, assessing the neurological impact of this vascular
anomaly is challenging.

Electroencephalographic (EEG) examination is a procedure that allows the real-time
assessment of the bioelectric activity of the cerebral cortex [6-8] and the occurrence of
superimposed generalized spikes or sharp waves on a slow wave background is a common
finding [9]. In humans, understanding the specific EEG patterns in patients with portosys-
temic shunting is helpful for clinicians in establishing a diagnosis, assessing the severity
of cerebral homeostasis disruption, and monitoring the therapeutic effects of medication
administered to patients up to the time of surgery (if feasible) [10]. In early stages of HE,
EEG traces are characterized by an increase only of beta activity [11] or alpha activity [12]
into the frontal lobes, evolving in more severe stages of HE, to bioelectric transients as
triphasic waves and bursts of intermittent rhythmic delta activity are seen both in dogs
and humans [8,10].

Rapid identification of the etiology in a seizuring or unconscious dog and specific
treatment initiation should be rapidly performed, as long as a prolonged unconscious status
is associated with a poor outcome [13,14]. This goal may be difficult to achieve, especially
in patients with structural brain events who needs advance imaging equipment to be
diagnosed, or in patients with nonconvulsive status epilepticus due to either a systemic
metabolic disease or a primary structural brain lesion. In such scenarios, identification of a
specific pattern of the bioelectric cerebral activity together with routine lab results might
offer the clinician a quick indication over both the etiology of the encephalopathies and
also the patient’s prognosis and potential treatment efficacy.

The aim of the present study is to present the typical EEG recorded in a pediatric
canine patient with a presumed HE secondarily to an extrahepatic PS.

2. Case Description

An intact, crossbred male Bichon Frisé¢, 3 months old and weighing 2 kg, was admitted
to the Neurology Service of the Veterinary Teaching Hospital of FMYV, lasi, for evaluation
of epileptiform seizures with a 4-day history. Seizure activity was characterized by loss
of consciousness, rolling and pedaling movements, hypersalivation, and spontaneous
emission of urine, which occurred mainly postprandial. Upon admission, the patient
was presented with an inconstant opisthotonus with thoracic limb extension and pelvic
limb flexion beneath the body (mimicking a decerebellate rigidity), along with severe
cranial nerve deficits: normal blink reflex, but delayed and incomplete photomotor reflex,
delayed physiological nystagmus, bilateral ventral positional strabismus, bilateral absent
menace response, and an absent response to bilateral nasal cantus stimulation. A diffuse
intracranial multifocal condition (forebrain, brainstem, and potentially cerebellum) was
suspected, and a metabolic, toxic, inflammatory etiology was privileged.
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Laboratory tests showed a hemogram with neutrophilic leukocytosis, and serum
biochemistry revealed abnormalities in routine hepatic markers, including AST 130 U/L
(normal range of 1445 U/L), ALP 207 (normal range of 20-150 U/L), and GGT 9 (normal
range of 0-7 U/L). An abdominal ultrasound examination (My Lab 40 ultrasound machine,
Esaote Pie Medical, Maastricht, The Netherlands) revealed a congenital portosystemic
shunt (Figure 1) (in comparison to a physiological aspect, Figure S1), for which the patient
was recommended to undergo bile acid testing and advanced imaging (abdominal CT).
For a rapid diagnosis and due to financial reasons, the owner agreed to advanced imaging,
and temporarily declined the bile acid testing. CT examination under chemical restraint
(Ketamine, Kepro, Deventer, The Netherlands, at 0.1 mg/kg IV and medetomidine, Domitor,
Orion Pharma, at 0.05 mg/kg IV) revealed a large extrahepatic porto-caval shunt (Figure 2)
associated with multiple conical cortical brain lesions that were hypodense, with reduced
or absent contrast uptake, along with more extensive biconvex lesions, including along the
cerebral sulci (Figure 3). A final diagnosis of portosystemic shunt and presumed hepatic
encephalopathy was established.

Abdominal Canine
C 311 Small

Figure 1. Abdominal ultrasound exam, with color Doppler reveal portocaval shunt. VP = portal vein.
VCC = caudal cava vein. AO = abdominal aorta.

Following the CT study, under the same anesthesia, the bioelectrical activity of the
brain was recorded using a Neurofax electroencephalograph (Nihon Kohden). Nine
needle-type electrodes were placed as follows: F3 (left frontal), F4 (right frontal), C3
(left center), C4 (right center), O1 (left occipital), O2 (right occipital), Al (left ear), A2
(right ear), and the ground Z electrode (positioned on the muzzle above the nose).
Recordings were made in both a referential montage (F3-A1, C3-A1, O1-A1l, F4-A2,
C4-A2, and O2-A2) and a bipolar one (F3-C3, C3-O1, F4-C4, C4-O2, F3-F4, C3-C4, and
01-02). The electroencephalographic recording was conducted using the following
parameters: a sensitivity of 75 uV, a time constant of 0.3 s, a filter pass-down of 70 Hz,
a filter pass-up of 30 Hz, and electrode impedance <10 Q). The electrical activity of the
brain was characterized by almost normal waves, represented by slow, symmetrical,
and predominantly delta-wave background activity (Figure 4). The delta rhythm is
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commonly found in deep sleep or during anesthesia. In the case of anesthesia, once its
effect ends, background activity is characterized by the appearance of a high-frequency
waves that gradually pass through theta rhythms (Figure 5) to alpha and beta rhythms,
with the latter marking the onset of waking status.

11.7 Small Dog

Figure 2. Abdominal CT exam. Large extrahepatic portocaval shunt, Bichon dog, 3 months. Following
the caudal vena cava (CVC) from the caudocranial direction, it is observed that it runs parallel to the
portal vein to the prerenal level (cranial to the kidneys), where it gives a ventral branch that descends
ventro-laterally to the left, follows the small curvature of the stomach, then turns to the right and
joins the portal vein (PV) at the level of the hepatic hilum.

Figure 3. Cerebral CT exam in a Bichon dog, 3 months old, with portocaval shunt. Multiple
hypoattenuated lesions with little to no contrast enhancement, some located in the cortex with a
conical shape, others more extensive and biconvex, as well as along the cerebral sulci.

In the case of the described patient, a few minutes after the onset of the theta rhythm,
the appearance of periodic, rhythmic, low-frequency discharges and a very high amplitude
(over 150 microvolts) was observed on the EEG traces. Graphoelements could be identified
in all leads, both in mono- and bipolar montages in a synchronous clinical context, repre-
sented by the installation of pedaling movements and rhythmic vocalizations (Figure 6). In
addition to the hypersynchronized cerebral electrical activity, “bilateral triphasic waves”
(Figure 7) were identified. These were characterized by complexes with a moderate to
high amplitude (100-300 uV) of a frequency of 1.5 to 5 Hz (Figure 8). Although they were
frequently prevalent in the frontal regions, they could also be seen in the occipital chan-
nels. The initial negative component was the sharpest, while the next positive part of the
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complex was the largest and subsequently followed by another negative wave. Persistent
asymmetry (that is not related to technical factors or a cranial defect) may suggest an
underlying structural injury on the side with the lower amplitude.

FIAY
1

CIAY
2| Nt e S N A e AN TN et TNt TN e A e N et N P e N

0747
3

WWWMM
4

EWW%MWW
5

02A2
6 WMWWW

F3-C3
7 WMW’\WW\\/

€307
8

£4-C4
9 WWW\/\\/WW/‘\J\/\/"

402
10

F3-F4
11 MWWMVJMWMWM/

€374,
12 WWWMW\/"

01-702

M Is4,!suuv

Figure 4. EEG recording for 10 s. The nearly normal cerebral activity of the patient immediately

after the CT study, while still under medetomidine-ketamine anesthesia, showed slow, symmetric
background activity characterized by delta waves (with a frequency of 1-4 Hz). Each second of the
recording is delimited by the yellow vertical markings.
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the hypersynchronization of cerebral electrical activity. The primary graphoelements, which may
resemble spikes, consist of sharp and slow wave complexes with three distinct phases, known as
“triphasic waves”.
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Figure 8. The morphology of bilateral symmetric triphasic waves is characterized by a high ampli-
tude (exceeding 70 nV) and consists of three distinct phases: an initial small negative deflection, a
prominent positive deflection, and a prolonged, slow negative deflection that gradually increases in
amplitude. These waves exhibit a diffuse and bilaterally synchronous distribution.

After presenting the diagnosis and treatment options, the owners opted for euthanasia.

3. Discussion

In veterinary practice, EEG is commonly used for confirming the diagnostic of id-
iopathic epilepsy (Tier III according to the International Veterinary Epilepsy Taskforce
consensus [13]). Over the last few years, the availability of EEG equipment increased and a
large number of studies covering both the technical standardization and the findings in
different encephalopathies were published [15-18]. According to Luca et al. (2023), other
EEG indications besides diagnosing epilepsy, identification of epileptic foci, and antiepilep-
tic drug efficacy include determining brain death, sleep disorders, research purposes, and
post-op brain surgery monitoring [19]. In this paper, we describe the EEG findings in a
pediatric dog with presumed HE due to an extrahepatic portosystemic shunt.

Portosystemic shunt (PS) is one of the most common congenital liver diseases in
dogs [20]. Clinical signs associated with PS in dogs are various and involve neurological,
digestive, and urinary system. Neurological signs are the expression of the hepatic en-
cephalopathy (HE), and may vary for very subtle one (i.e., apathy) to severe ones (seizure,
coma) [2]. Despite the fact that PS is easily diagnosed when the blood tests and imaging
results are performed, HE diagnosis may be challenging for the veterinarian. Several
studies performed both in humans and dogs show that EEG may be considered an useful
diagnostic tool in diagnosing (and evaluation) of HE, as long as it can be associated with
the presence of bilateral symmetric triphasic waves, a characteristic bioelectric pattern. The
morphology of bilateral symmetric triphasic waves is characterized by a high amplitude
(>70 uV) and consisting of an initial small negative deflection, followed by a large positive
deflection and a long, slow, extended negative deflection that gradually increases, with a
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diffuse and bilaterally synchronous distribution [21-23]. In our dog, immediately after the
diagnostic of PS was fixed by both ultrasound examination and CT exam, under the same
anesthesia, the EEG traces show the presence of bilateral symmetric triphasic waves.

In humans, other potential causes for the occurrence of bilateral symmetric triphasic
waves include focal structural lesions and concomitant toxic or metabolic encephalopa-
thy (hyperthyroidism, hypo/hyperglycemia, hypo/hypercalcemia, thyamine deficiency,
etc.) [14,21,22]. In veterinary patients, the presence of EEG periodic discharges was ob-
served beside HE secondarily to PS in seizuring dogs due to a wide variety of etiologies,
both intracranial and systemic, during the preictal, ictal or postictal period making their
interpretation challenging [15]. Specifically, according to the same research group, triphasic
waves were noticed in relationship with the presence of intra-axial mases, polycythemia
and idiopathic epilepsy [15]. In our dog, based on the clinical symptomatology, blood tests
and imaging results, we suspect that the occurrence of the bilateral triphasic waves were
directly related with the development of HE. In a study conducted on 12 dogs with hepatic
encephalopathy (due to portosystemic shunt) the EEG recordings revealed generalized
high-voltage, low-frequency bioelectric activity, with the presence of symmetrical bilateral
triphasic waves in 58% of cases [24]. In humans with HE, the presence of triphasic waves is
a marker of severe HE (potentially as a result of white matter edema) and is a and indirect
marker of increased risk of death [25].

In dogs, the occurrence of HE was historically associated with high ammonia levels,
and some researchers state that the occurrence of triphasic waves in patients with HE is
directly dependent on the levels of ammonia in systemic circulation [25]. However, both
old and recent studies underline the idea that the HE may appear even in patients with a
normal blood ammonia level. Moreover, in humans, the fasting ammonia concentration is
nowadays considered an unreliable indicator of the degree of encephalopathy [26] and in
dogs, the correlations between blood ammonia concentrations and disease severity (i.e.,
hepatic encephalopathy grade) were rather weak for dogs with extrahepatic portosystemic
shunt [27]. Even though the absence of ammonia determination may be considered as
a potential limitation in HE diagnosis in our dog, the clinical symptomatology and the
imaging data were highly suggestive for a severe HE diagnostic.

At the time of presentation, the history (seizures) and cranial nerve deficits suggested a
neurological localization at the level of the forebrain, with profound disruption of neuronal
homeostasis in this area demonstrated by the electrical activity recorded in the EEG. How-
ever, it is interesting that, at its presentation, the patient exhibited decerebellate rigidity,
suggesting a cerebellar lesion (and possibly an edema with “mass phenomenon”). The
EEG technique does not record the activity of cerebellar neurons; therefore, we could not
assume that an electrical alteration in the brain was necessarily present in the cerebel-
lum as well. Furthermore, CT examination is not the preferred method for investigating
cerebellar parenchyma in small animals. Magnetic resonance imaging (MRI) is a more
suitable method for investigating the cerebellum, which represents a limitation in our
study [28]. However, according to Weiss and Thabut [29], CT scans are still useful for
exploring the pathophysiology of HE, whereas brain MRIs are cumbersome to perform in
critically ill patients, and frequently not easily available. Also, the authors underline that
for hepatic encephalopathy, CT scans could give some surrogate markers for evaluating
treatment strategies [29]. In rats with experimentally induced portosystemic shunts, the
morphological evidence demonstrated, in addition to HE, cerebellar impairment, including
Purkinje cell loss, astrocyte and Bergmann glial cell swelling, microglial activation, and the
onset of cytotoxic edema [30]. In dogs, congenital portosystemic shunting was associated
with marked cellular changes in both cerebral cortex and cerebellum [31]. We suspect that
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the decerebellate rigidity may have been associated with cerebellar edema, which may
have been of a higher grade than the compensated cerebral edema.

Another potential limitation of our study could be that total bile acid measurement
were not performed. Bile acids test is a helpful marker in diagnosing the portosystemic
shunt (and not the hepatic encephalopathy). The test’s diagnostic sensitivity and specificity
range from 88% to 93% and from 68% to 87%, respectively [32,33]. As a consequence, based
only on bile acids test a diagnostic of portosystemic shunt (even if the test is a positive one)
is only suspected but not confirmed. The advance imaging (as with computer tomography
and Doppler ultrasonography) are preferred for establishing a final diagnosis [2]. In our
manuscript, we proved the shunt by both imaging examinations: CT examination and
Doppler ultrasonography. As a consequence, in this light, we consider that the existence
of the shunt was proved by more accurate techniques (and not only suspected based on a
potential bile acids test).

In the case of the presented patient, upon emergence from anesthesia, the EEG trace
was characterized by continuous abnormal hypersynchronous activity, similar to non-
convulsive status epilepticus (Figure 8). Triphasic waves are not epileptiform per se,
and are not usually associated with seizures. However, generalized triphasic waves can
resemble the pattern of non-convulsive status epilepticus. In the few studies conducted
in human medicine, differentiating EEG traces between these two entities is difficult, and
the fact that both resolve after the administration of diazepam may lead to diagnostic
confusion [34,35]. In our case, although the patient had a history of seizures, the recorded
EEG traces could not be definitively classified as non-convulsive status epilepticus. In
the case of uncertainty, the application of an emergency anti-convulsant medication is
preferred. However, despite benzodiazepine being considered the first line medication
in treating status epilepticus in dogs [36], the use of benzodiazepine for stopping status
epilepticus in dogs with HE due to PS may be controversial as long as no clinical trials exist
in veterinary medicine, and in humans, their administration might precipitate the HE [2].
In such situation levetiracetam is considered to be a safer drug in achieving the therapeutic
goal. In this light, in dogs with suspected HE secondarily to PS and triphasic waves on EEG
recordings the use of EEG might be offer a rapid treatment orientation without increasing
the outcome risks. As we previously mentioned, in humans, the triphasic waves pattern
occurs especially in 2nd to 3rd grade HE [10]. Hence, repeated EEG recordings in dogs
with HE may be useful for the objective assessment of the recovering the brain functionality
and indirect the therapeutic efficacy of PS in dogs.

4. Conclusions

In this study, we describe a pediatric canine patient with reactive epileptic seizures
following a presumed hepatic encephalopathy due to an extrahepatic portosystemic shunt.
The EEG trace was characterized by the presence of bilateral synchronous three-phase wave
bursts, resembling non-convulsive status epilepticus. EEG can complement the diagnosis of
portosystemic shunting and provide an objective picture of the change in cerebral electrical
homeostasis and might be useful in initiating the therapeutic protocol.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife15010107 /s1, Figure Sla. Abdominal ultrasound exam of the
liver in healthy dog, M mode, reveal distinct traject of portal vein (VC) and caudal cava vein (VCC).
Figure S1b. Abdominal ultrasound exam of the liver in healthy dog, Doppler mode, reveal distinct
traject of portal vein (VC) and caudal cava vein (CVV).
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Abstract: Repairing or reconstructing significant bone defects is typically challenging. In the present
study, two composite cements were used as scaffolds in a sub-critical femoral defect in rats. A control
group and two experimental batches were used to compare the outcomes. This research aimed to
investigate the osteogenic potential and toxicological tolerance of the bioproducts through histopathol-
ogy and computed tomography imaging analysis at 14, 28, 56, and 90 days post-implantation. The
biomaterials used in the investigation consisted of a 65% bioactive salinized inorganic filler and a
25% weight organic matrix. The organic part of the biomaterial was composed of Bis-GMA (bisphenol
A-glycidyl methacrylate), UDMA (urethane dimethacrylate), HEMA (2-Hydroxyethyl methacrylate),
and TEGDMA (triethylene glycol dimethacrylate), while the inorganic filler was composed of silica,
barium glass, hydroxyapatite, and fluor aluminosilicate glass. The first findings of this research are
encouraging, revealing that there is a slight difference between the groups treated with biomaterials,
but it might be an effective approach for managing bone abnormalities. Material C1 exhibited a
faster bone defect healing time compared to material C2, where bone fractures occurred in some
individuals. It is unclear if the fractures were caused by the presence of the biomaterial C2 or whether
additional variables were to blame. By the end of the research, the mice appeared to tolerate the
biomaterials without exhibiting any inflammatory or rejection responses.

Keywords: sub-critical bone defect repairment; rats; femur; biomaterial; composite cement scaffolds

1. Introduction

The body’s bone structure has an extraordinary capability to regenerate and restore
itself. The thickness and organization of skeletal trabeculae, morphology, shape, size, and
especially the thickness of the cortical area all have a substantial impact on the physical
and mechanical properties of the skeleton [1].

Bone abnormalities can arise as a result of trauma, neoplasia, or infection. While
autologous grafts are considered the gold standard in managing such abnormalities, re-
stricted accessibility and associated comorbidities limit their widespread use [2,3]. Synthetic
skeletal-prosthetic polymers suggest promising results for the restoration of orthopedic
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defects [4]. In orthopedics, cement scaffolds are commonly utilized to replace skeletal
grafts. The mineral structure of the cements is comparable to the composition of bone,
which can create a powerful connection with the bone cells [5,6]. Bone cement is utilized
in the musculoskeletal domain for filling and restoring abnormal trauma sites. They are
frequently employed in different orthopedic and dentistry fixations [7,8]. Despite their
exceptional performance, the relatively slow disintegration rate of these compounds limits
their broader clinical use. Balancing the decomposition speed of polymers with new bone
development is still an issue that needs to be addressed [9].

Because of its superior mechanical qualities, Bis-GMA is a resin commonly used in
oral healthcare [10-13]. The material’s elasticity, longevity, and polymerization shrinkage
all increase when a UDMA monomer is used in its stead [14-17]. Given their important
tissue interactions, they encourage angiogenesis and bone formation [18-20]. An additional
field where cement has been used substantially is orthopedics. PMMA, or polymethyl
methacrylate, is a synthetic substance that has no biological activity and is often utilized to
secure implants. PMMA is mostly used in hip and knee replacements. Its functionality is
based on a mechanical interlock between the prosthesis and the irregularly shaped bone.
Bone cement implantation syndrome is frequently linked to this material [21]. Moreover,
blood or saline irrigation of the bone can influence PMMA’s mechanical characteristics
and impede bone growth. The mechanical characteristics of PMMA are mainly impacted
by the addition of hydroxyapatite (HAP), which has been observed to either increase or
decrease its strength [22,23]. Despite the implant’s biological compatibility, research has
demonstrated that different implants can cause an immediate inflammatory reaction that
occasionally results in systemic problems [24]. However, tight control over their structure
can successfully limit toxicity and biocompatibility [25].

Based on its biological activity, hydroxyapatite (HAP), a naturally occurring material
known as calcium apatite [26], is used in ceramics in medicine. It can exhibit bacteriostatic
properties and can stimulate bone regeneration, increasing the survival rate of PMMA
bonding. Barium promotes cell adhesion and proliferation as well as the synthesis of
angiogenic agents [27].

During new bone formation, certain biomaterials break down within the organism.
The byproducts of the decomposition from the material induce little to no tissue reaction,
and in other situations, they encourage bone regeneration. The compounds are regularly
absorbed or eliminated from cells, and therefore it is essential to pay attention to the organs
that process waste [9].

Long bones are developed by endochondral ossification, which appears throughout
growth or fracture repair. During this stage, osteogenic cells replace intermediate cartilage,
resulting in new bone [28]. Among all bones, the femur tends to be frequently utilized
considering its length, causing it to be more suitable for surgical approaches [29].

Unlike the majority of other organs, long bones have the potential to heal automatically
with little to no scarring [30].

A ‘critical size defect’ in bone refers to a skeletal injury that will not heal without
treatment. By conventional description, it is the smallest structural abnormality that will
not fully repair within an animal’s natural life [31,32]. Nonetheless, these essential size
differences should be differentiated from abnormalities in which nonunion is induced by a
disease-causing mechanism rather than size [33].

Our model evaluates a load-bearing sub-critical bone lesion. Critical or sub-critical size
bone defects can arise due to a variety of pathologies, including acute trauma, malignancies,
hereditary anomalies, and severe infection [34]. In prior investigations, the systemic and
local tissular biocompatibility of the materials was established using in vitro [35] and
in vivo cutaneous [36], subcutaneous, and intramuscular testing [37], and the composite
cements exhibited osteo-inductive activity without triggering a foreign body reaction.

Various reasons have been suggested in the literature as potential causes of the de-
creased durability of biomaterials, including debonding, residual air bubbles, cement
cracks, and porosity, known as external factors. A number of internal aspects may affect a
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material’s characteristics: structure, dimensions, form, arrangement of the particles, ratio,
and impurities (blood, bone fragments, fluids) [38—40]. A detailed description of the ce-
ments, including the manufacturing process, has been provided in a previous study [35]. It
is well established that the mixing techniques employed significantly influence the quality
of the bone cement [40].

The purpose of this study was to evaluate the composite cements in vivo using a
certain research method for bone restoration.

Animal models are the foundation of preclinical translational technology advance-
ments. The rats should have as low a morbidity or mortality ratio as possible to yield
accurate data [34]. There are various animal models used for bone development, such as
mice, rats, rabbits, dogs, pigs, sheep, and goats, but rodent models have been predominant
in practically all investigations due to their dimensions, affordability, accessibility, and
simplicity of handling [31,41,42]. Rats possess the majority of the main human bones and a
similar skeletal structure compared to humans [43]. However, there are specific limitations
due to Haversian remodeling [44].

The primary goal of this research was to provide a novel technique for a sub-critical
bone defect on a rat’s femoral mid-diaphysis to give suitable clinical relevance. We also
assessed the potential of bone to biologically regenerate over four distinct periods with and
without external intervention.

2. Materials and Methods
2.1. Preparation of Bone Biomaterials

The materials were produced at the Raluca Ripan Institute for Research in Chemistry
(ICCRR) in Cluj-Napoca, Romania.

The biomaterials used in this investigation consisted of a 65% bioactive salinized
inorganic filler and a 35% weight organic matrix. The organic part of the material was
composed of Bis-GMA (ICCRR-UBB, Cluj-Napoca, Romania) ((2,2-bis[p-(2'-hydroxy-3'-
metacryloxypropoxy)phenyl]-propane), UDMA (urethane dimethacrylate), HEMA (hy-
droxyethyl methacrylate), and TEGDMA (triethylene glycol dimethacrylate) (Sigma Aldrich
in Darmstadt, Germany) while the inorganic filler was composed of silica, barium glass,
hydroxyapatite, and fluor aluminosilicate glass (synthesized to ICCRR-UBB, Cluj-Napoca,
Romania). The research led to the development of bioproducts C1 and C2 by distributing
particles in the organic phase. The photopolymerization phase was initiated with a cam-
phorquinone photoinitiator (CQ) (0.5% relative to the liquid mixture)/amine (1%) as the
initiator/activator using an O-Star Curing Light lamp (Guilin Woodpecker Medical Instru-
ment, Co., Ltd., Guilin, China) for 20 s. The composition of both products is illustrated in
Figure 1.

The microstructural characteristics and elemental composition of the cements were
thoroughly examined and documented in a previous investigation conducted at our re-
search facility. Moreover, early in vitro research was conducted before creating in vivo
experiments. The research of Ardelean et al. offers all the data needed [35].

Before insertion, the biomaterials were prepared to match the defect in a cuboidal
shape which measured 4.00 mm in length, 2.00 mm in height, and 3 mm in width (Figure 2).
The cements were sterilized on the day of surgery to prevent contamination.

The biomaterials were autoclaved at 105 °C for 10 min using a Trade Raypa Steam Ster-
ilizer (R. Espinar, S.L., Spania, AE-75 Dry) to decontaminate them before the implantation.

2.2. Ethics Statement

This research study was carried out at the Faculty of Veterinary Medicine’s Estab-
lishment for Breeding and Use of Laboratory Animals in Cluj-Napoca, Romania, after the
specimens had been obtained from the Experimental Medicine Center at the University of
Medicine and Pharmacy Iuliu Hatieganu.
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Material category  Specific Product  Manufacturer Function
bioactive salinized BaF2 UBB-ICCRR, Refines radiopacity and
inorganic filler Cluj-Napoca mechanical strenght

Romania
bioactive salinized ~Fluoroaluminosilicate ~UBB-ICCRR,  Auguments anticariogenic
inorganic filler Cluj-Napoca, properties
Romania
organic matrix Bis-GMA UBB-ICCRR, Elevates mechanical
Cluj-Napoca strenght
Romania
organic matrix UDMA Aldrich, Optimizes flexibility
Steinheim,
C2 Germany
organic matrix TEGDMA Aldrich, Reduces viscosity
Steinheim,
Germany
organic matrix HEMA Aldrich, Adhesive enhancer
Steinheim,
Germany
Photoinitiator Camphorquinone Aldrich, Initiates polymerization
Steinheim,
Germany
bioactive salinized HA UBB-ICCRR,  Optimizes biocompatibility
inorganic filler Cluj-Napoca ,bioactivity, strenght and
Romania stability
bioactive salinized Silica UBB-ICCRR, Improves resistance
inorganic filler Cluj-Napoca,
Romania
bioactive salinized BaO UBB-ICCRR, Boosts adiopacity and
inorganic filler Cluj-Napoca mechanical strenght
Romania
bioactive salinized Quartz UBB-ICCRR, Optimizes mechanical
inorganic filler Cluj-Napoca, strenght and provides
Romania thermal stability

Figure 1. The composition of experimental materials and the functions of the components.

Figure 2. The representation of the biomaterial C1 in height (A), width (B), and length (C).
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According to standards, the individuals used in the investigation received regular
care, with consistent feeding intervals and closely monitored living conditions, such as a
temperature of 23 °C, humidity cycles of 55%, and light/dark cycles of 12 h.

This study received approval from the Bioethics Committee of the University of Agri-
cultural Sciences and Veterinary Medicine Cluj-Napoca no. 352/12.12.2022 and authorized
by the Sanitary—Veterinary and Food Safety Department, Cluj-Napoca, through the Project
Authorization no. 374/04.07.2023.

2.3. Blood Tests

Hematology and biochemistry investigations were conducted to confirm the rats’
health condition. Blood was collected after the rats had been sedated, in specific blood-
collecting tubes. A capillary tube was implanted at an angle of 30 degrees in the medial
canthus of the eye [45]. The results were compared to specific literature [46,47].

2.3.1. Hematology Blood Test

Blood was processed with Abaxis VetScan HM5 hematology analyzer (Abaxis Inc.,
Union City, CA, USA). The full blood count was performed to measure the following: WBCs:
White Blood Cells, LYMs: Lymphocytes, MONs: Monocytes, NEUs: Neutrophils, RBCs:
Red Blood Cells, HCT: Hematocrit, HGB: Hemoglobin, MCV: Mean Cell Volume, MCH:
Mean Corpuscular Hemoglobin, MCHC: Mean Corpuscular Hemoglobin Concentration,
and PLT: Platelet count.

2.3.2. Biochemistry Blood Test

The blood was processed with an Automatic Veterinary Chemistry Analyzer Element
RC (Scil Animal Care Company, Alfort, France). Several parameters were evaluated, such
as ALB: Albumin, TP: Total Protein, TB: Total Bilirubin, ALT: Alanine Aminotransferase,
ALP: Alkaline Phosphatase, CREA: Creatinine, UREA: Blood Urea Nitrogen, GLU: Glucose,
CA: Calcium, PHOS: Phosphorus, K: Potassium, and NA: Sodium.

2.4. Animal Care and Use

For the animal resource in this investigation, we employed 24 adult female rats,
divided into three groups, as follows: a control group, comprising 8 rats with no product
(C0); group 1, composed of 8 rats with Cement 1 (C1); and group 2, consisting of 8 rats
with Cement 2 (C2). The research rodent species were from the Muridae family, specifically
the Wistar-Lewis line, around 350 g in weight and 10 weeks old. This variety was chosen
because of its special attribute [48].

On days 0, 14, 28, 56, and 90, CT scans were performed. Blood samples were obtained
on the first and last days of the research. Tissue samples were obtained for histological
examination on days 14, 28, 56, and 90.

Two individuals per group were painlessly sacrificed through cervical dislocation
while under general anesthesia, in conformity with international protocols, on each sacrifi-
cial day; the sacrificial days were days 14, 28, 56, and 90.

This study was carried out at the Faculty of Veterinary Medicine’s Establishment for
Breeding and Use of Laboratory Animals in Cluj-Napoca, Romania, after the specimens
had been obtained from the Experimental Medicine Center at the University of Medicine
and Pharmacy Iuliu Hatieganu.

2.5. Surgical Procedure
2.5.1. Anesthesiologic Protocol and Pain Control

To make the surgical process less unpleasant, we used an induction cage for the rodents.
The anesthetic agent employed was isoflurane (Isothesia 250 mL, Omegavet, Bucuresti,
Romania). The specimens remained in the box until the point at which they were uncon-
scious, after which the intraperitoneal medication was administered. Rodents received
anesthesia based on their body mass from a combination of ketamine (50 mg/kg Narkamon
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Bio, Bioveta, Ivanovice na Hané, Czech Republic) and medetomidine (0.25 mg/kg Domitor,
Biotur, Teleorman, Romania), injected intraperitoneally.

The rodents’ eyes were protected against dryness using Corneregel eye gel (Bausch &
Lomb, Rochester, NY, USA).

Following surgery, the rats received supplementary oxygen. Postoperatively, for anal-
gesia we used Buprenorphine (1 mg/kg Bupaq, Biotur, Teleorman, Romania) subcuta-
neously in the first, second, and third days, one dose per 24 h.

2.5.2. Surgical Protocol

The animals were positioned in latero-lateral recumbency. From the sacral vertebrae
to the tail and tarsal area, the right leg was clipped and aseptically prepared with diluted
4% Chlorhexidine and 70% Sanitary Alcohol. A 25 mm longitudinal incision was made
with a #10 scalpel blade on the lateral side of the femur while holding it at full extension.
The subcutaneous tissue was dilacerated with blunt dissection to expose the fascia of the
Vastus Lateralis, Gluteal, and Biceps Femoris muscles. The dissection continued until the
femur was exposed. Miniature Senn—Miller retractors were used to retract the muscular
tissue, allowing for better visualization. Using an #11 scalpel blade, the periosteum was
gently cut and lateralized out of the bone with a moisturized sterile Q-tip. The femur
mid-diaphysis was then visible and prepared to create the bone defect.

Due to the modest size of the diaphysis, the bone defects were made using a neurosurgical
2 mm drill with a slow rotation speed (1500 rpm). During the defect creation, special care was
given to the nutrient foramen to preserve it. The bone was cooled with a NaCl 0.9% (Chloride
Sodium 0.9%, Braun, IIfov, Romania) solution while drilling, using a 10 mL syringe and a
21 G needle to avoid overheating and cell apoptosis. Additionally, bone fragments and bone
powder were carefully removed with this lavage to limit potential damage.

The defect’s size was measured using a mechanical millimetric caliper. A cortical
rounded-rectangular window 4.1 mm in length, 2.1 mm in height, and 3.1 mm in width
(Figure 3A) was produced in the midsection of the diaphysis. The first group was the
control group (C0). Their wound had the opportunity to heal naturally without any exterior
interference. The second and third groups were provided with the C1 and C2 polymerized
biomaterials (Figure 3B,C).

Figure 3. The bone defect was performed on the middle segment of the rats’ femoral diaphysis of the
right limb. Lateral exposure of the defect without (A) and with biomaterial C1 (B) and biomaterial
C2(C) on day 0.

The defect and surrounding tissue were lavaged with NaCl 0.9% solution before being
closed in layers: muscle fascia with a simple interrupted pattern and subcutaneous tissue
with a few buried knots using a 5.0 atraumatic absorbable polydioxanone monofilament
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(PDO) (BioSintex, Snagov, Ilfov, Romania). The skin was closed using 4.0 nonabsorbable
polyamide traumatic monofilament Nylon (BioSintex, BioNil Mono, Snagov, Ilfov, Romania)
wire in a simple interrupted pattern.

2.6. Imaging

Starting on day one, all rats were scanned to observe the progression of the lesion.
Aside from the progress, we also considered the possibility of fracture occurrence due to
the destabilization of the femur.

Helical CT scanning of the right hind limb was obtained using a Siemens CT So-
matom Scope machine with 16 channels. The scan was performed with the patient in
sterno-abdominal recumbency. The patient was fully sedated using inhalation anesthetics
(Isothesia, Baia-Mare, Romania).

Body images were obtained in the axial plane using a lower extremities protocol scan
with a 512 x 512 matrix, narrow windows (WW: 120, WL: 40), 3 mm slice thickness, and a
pitch of 3 mm, at KV 130 and mA 25. Multiplanar image reconstruction of the right hind
limb was obtained using soft tissue and bone window reconstruction at a slice thickness of
0.6 mm.

The scans were performed on the day of implantation of the materials (day 0), and
14 days, 28 days, 56 days, and 90 days after implantation using the same protocol.

2.7. Histopathological Analysis of the Bones

Tissue specimens of the femur were collected at 14, 28, 56, and 90 days, and then
preserved in 10% buffered neutral formaldehyde for 24 h. To protect the periosteum, the
femur was extracted, and the surrounding muscles were carefully removed. This technique
was used to isolate the femur for further histological examination while preserving the
integrity of the periosteum and the bone. Histological sections from femoral defects were
obtained directly from the site where the defects were created. Transverse planes were used
to create the sections. To assess the effect of the biomaterials on the surrounding tissues and
overall healing, the investigation encompassed both the primary defect area and peripheral
areas. After fixation, the tissues underwent conventional histopathology processing. For
examination, the paraffin-embedded samples were cut into 2-micrometer-thick slices and
stained with Hematoxylin and Eosin (H&E) and Masson Trichrome (MT). Two separate
pathologists evaluated the slides utilizing an Olympus BX40 microscope (Olympus Europa
SE&Co, Hamburg, Germany). The photographs were captured with an Olympus SC
180 digital camera (Olympus Europa SE&Co, Hamburg, Germany) and prepared using
Olympus CellSens, a specialized image acquisition and processing program.

On specific days, the samples were analyzed and contrasted. Both the C1 and C2
groups underwent a comparison with the Blank group.

3. Results
3.1. Biomaterials

A prior investigation thoroughly studied and reported on the microstructural features
and the composition of the bioproducts. Furthermore, before the in vivo trials were created,
early in vitro research was carried out. The research of Ardelean et al. provides all the
information required [35].

After 90 days, the biomaterials remained unchanged and showed no signs of deteriora-
tion. Comparing the product to the compact bone with X H.U., the computed tomography
scan revealed a greater radio-opacity. Furthermore, since the materials used possess a
very high resistance to deformation or cutting, they were taken out of all samples before
paraffin embedding.

104



Life 2024, 14, 1097

3.2. Blood Tests
3.2.1. Hematological

The complete blood counts in all groups showed normal values equivalent to those in
the control group (C0), exhibiting no statistically significant differences. The hematological
profile data from days 1 through 90 of the study are displayed in Tables 1 and 2. The use of
bioproducts did not negatively impact blood hematology.

Table 1. Mean and Standard Deviation of measured hematological parameters from the first day of
the research. Statistics performed utilizing one-way ANOVA and two-way ANOVA [46,47].

MEAN = S.D.

Analyte Blank C1 C2 References
WBC 107 cells/L 7.23 +£0.84 7.36 = 0.96 7.65 £ 0.73 2.10-19.50
LYM 10° cells/L 495+ 0.37 5.03 £0.24 5.00 £ 0.42 2.00-14.10
MON 10? cells/L 0.41 £0.31 0.20 4+ 0.09 0.51 +£0.32 0.00-0.98
NEU 10 cells/L 1.98 £ 0.85 2.19 £0.96 2.36 = 0.80 0.10-5.40

LYM % 68.57 £5.26 68.85 + 6.40 67.28 +2.80 0-100

MON % 4.38 +1.00 3.85 £ 0.79 430+ 1.20 0-100

NEU % 29.52 +7.70 27.43 £ 8.07 34.43 + 3.34 0-100
RBC 10'? cells/L 8.11 £1.26 7.33 £0.73 8.86 £ 0.83 5.30-10

HGB g/dL 15.53 £ 2.42 14.01 £1.32 16.93 £1.70 14-18

HTC % 42.06 £ 5.42 38.99 + 3.89 45.54 £2.77 35-52

MCV fl 5223 +1.14 52.00 +0.71 52.10 +1.33 50-62

MCH pg 20.70 +1.34 20.15+1.33 20.35 +1.49 16-23

MCHC g/dL 3722 +£1.36 36.80 £ 0.85 37.23 £1.57 31-40
PLT 10° cells/L 647.83 + 25.39 659.75 + 15.11 648.00 + 30.63 500-1370

Table 2. Mean and Standard Deviation of measured hematological parameters from the last day of
the research. Statistics performed utilizing one-way ANOVA and two-way ANOVA [46,47].

MEAN = S.D.

Analyte Blank C1 C2 References
WBC 10 cells/L 6.88 £ 0.43 7.10 £0.81 7.27 £0.71 2.10-19.50
LYM 107 cells/L 520 £1.07 523 £0.48 5.08 & 0.94 2.00-14.10
MON 10° cells/L 0.53 +0.32 0.29 £0.23 0.54 £ 0.31 0.00-0.98
NEU 10 cells/L 2.97 £0.96 2.55+1.13 2,954 0.89 0.10-5.40

LYM % 74.07 £5.17 70.48 £ 6.09 71.28 +2.36 0-100

MON % 4.83 4+ 0.82 4.09 + 0.66 465+ 1.14 0-100

NEU % 33.87 £13.22 29.93 +£9.87 38.06 & 3.03 0-100
RBC 10'2 cells/L 721 £0.76 7.03 £ 0.67 811+ 1.15 5.30-10

HGB g/dL 15.88 +1.75 14.57 + 1.61 17.01 +1.23 14-18

HTC % 42.06 £+ 4.38 40.61 £+ 4.80 4491 £3.33 35-52

MCV fl 57.48 £1.12 54.63 +2.83 54.66 1 2.88 50-62

MCH pg 21.45+£2.01 20.54 £1.91 20.53 +£1.83 16-23

MCHC g/dL 36.68 £ 1.26 36.68 £ 1.24 36.95 £1.33 31-40
PLT 10° cells/L 734.17 + 21.36 707.25 + 15.11 702.75 + 30.47 500-1370

3.2.2. Biochemical

The biochemical profile of the whole blood was analyzed on the first and last days of
this study; the results are subsequently presented in Tables 3 and 4. The biochemical test
findings showed no abnormalities of any kind, including liver or kidney impairment.

3.3. Surgical Procedure

A defect the size of the biomaterial was created in the cortical bone, which also
impacted the medullar space. During the procedure, no complications occurred. A minor
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hemorrhage developed, but was maintained under control when a cold chloride solution
was applied. Additionally, no signs of fracture were visible.

The entire procedure took an average of 25 min to execute, but after getting used to
the method, the time was considerably shorter, saving up to 10 min.

Table 3. Mean and Standard Deviation of measured biochemical parameters from the first day of the
research. Statistics performed utilizing one-way ANOVA and two-way ANOVA [46,47].

MEAN = S.D.
Analyte Blank C1 C2 References
ALB g/dL 4.344+0.29 446+ 0.28 4.39 +0.34 41-54
TP g/dL 7.54 £ 0.61 7.82 £0.50 742 +0.64 6.4-8.5
TB mg/dL 0.07+0.11 0.08 +£0.13 0.10 £ 0.12 0.0-0.6
ALTU/L 30.85 +£1.77 30.50 + 2.06 32.03 £ 0.67 26-37
ALPU/L 112.07 £ 17.39 104.83 = 16.93 123.35 £ 8.46 70-132
CREA mg/dL 0.92 +0.30 0.88 +0.29 1.03 £0.27 0.5-1.4
UREA mg/dL 38.08 +1.80 37.74 £ 1.86 39.03 +£1.45 34.28-40.70
GLU mg/dL 131.15 +7.74 132.44 +8.17 138.14 £ 3.62 114-143
CAmg/dL 11.29 £0.31 11.31 £0.37 11.40 £0.22 10.5-13
PHOS mg/dL 9.90 £ 2.64 8.98 £ 2.80 11.75 4+ 0.32 5-13
K mmol/L 6.60 £ 0.58 6.53 & 0.68 6.84 £ 0.33 5.3-7.5
NA mmol/L 147.27 +2.36 149.30 £2.10 142.10 £2.85 143-150

Table 4. Mean and Standard Deviation of measured biochemical parameters from the last day of the
research. Statistics performed utilizing one-way ANOVA and two-way ANOVA [46,47].

MEAN = S.D.
Analyte Blank C1 C2 References
ALBg/dL 4.86 +0.42 498 +1.42 4.82 +£0.39 41-54
TP g/dL 7.71 £0.48 7.50 £2.12 7.72 +£0.48 6.4-8.5
TB mg/dL 0.25+0.11 0.20+£0.13 0.16 = 0.10 0.0-0.6
ALTU/L 34.10 £2.28 33.11 +=2.45 34.03 + 2.80 26-37
ALPU/L 111.82 £+ 16.01 109.11 £ 12.76 106.16 £ 9.47 70-132
CREA mg/dL 1.25 £ 0.09 1.21 £0.38 1.26 £ 0.09 0.5-14
UREA mg/dL 38.64 +1.73 37.38 +=1.93 38.76 = 1.70 34.28-40.70
GLU mg/dL 126.37 £ 8.75 119.89 £ 8.42 115.77 £7.09 114-143
CA mg/dL 11.99 £ 0.42 11.94 £ 0.31 11.87 £ 0.64 10.5-13
PHOS mg/dL 9.78 £ 0.96 823 £1.93 7.62+1.24 5-13
K mmol/L 6.99 + 0.30 6.86 = 1.55 7.06 = 0.26 5.3-7.5
NA mmol/L 147.53 £1.51 148.35 £ 2.45 146.70 £ 2.19 143-150
3.4. Imaging

A 16-channel Siemens CT Somatom Scope was used to perform helical CT scanning of

the whole body.

For the control rats, the bone defects were identified on the scan from day 0; it was

4.1 mm long on the bone axis, 3.1 mm deep, and 2.1 mm wide, and it involved the compact
and medullary bone of the right femoral diaphysis. On the scan on day 14, the defect
maintained its length and width and healing was observed from the depth, the depth
being 2.8 mm; on the scan from day 28, bone healing was still evident and although the
length and width of the defect remained the same, the depth of the defect decreased and
was 1.6 mm; on the scan from day 56, the bone defect was no longer visible on the 3D
reconstruction and from the axial compact perspective the bone was restored, the defect
area showing only a slight decrease in radio-opacity; finally, at the scan on day 90, both the
medullary and cortical bone were completely healed without signs of vicious callus or low
radio-opacity (Figure 4).
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Figure 4. CT images showing the evolution of bone defect healing in the control rats. Three-
dimensional reconstruction of the bone (A-E) and axial view (F-J): aspect from day 1 (A,F); aspect
from day 14 (B,G); aspect from day 28 (C,H); aspect from day 56 (D,I); and aspect from day 90 (E,J);
the area of the bone defect is marked with a red circle. Scale bar: 4 mm.

For the rats in which the C1 material was implanted on day 0, the material implanted
at the level of the right femoral diaphysis was identified as having a length of 4.1 mm, a
thickness of 3.1 mm, and a width of 2.1 mm and showed a higher radio-opacity than the
compact bone with X H.U, and the muscle reaction zone at the level of the election site;
at the scan on day 14, the implanted material was in the same position and of the same
size, there was a minimal soft tissue reaction, and the compact bone was not healed; on the
scan from day 28, the compact bone included the tested material with the exception of the
proximal edge and the soft tissue no longer showed a reaction; on the scan from day 56, the
compact bone covered the tested material with the exception of the proximal edge, and
no defective callus reactions or soft tissue reactions were visible at that level; on the scan
from day 90 in the area of the implant, the bony compact was completely healed and no
defective callus reactions or soft tissue reactions were visible at that level (Figure 5).

Figure 5. CT images showing the evolution of bone defect healing in the rats treated with the C1

material. Three-dimensional reconstruction of the bone (A-E) and axial view (F-J): aspect from day 1
(AF); aspect from day 14 (B,G); aspect from day 28 (C,H); aspect from day 56 (D,I); and aspect from
day 90 (EJ); the area of the bone defect is marked with a red circle. Scale bar: 4 mm.

For the rats in which the C2 material was implanted on day 0, the material implanted
at the level of the right femoral diaphysis was identified as having a length of 4.1 mm, a
thickness of 3.1 mm, and a width of 2.1 mm, and showed a higher radio-opacity compared
to the compact bone with X H.U and the muscle reaction area at the level of the election
site; at the scan on day 14, the implanted material was in the same position and of the same
size and there was a minimal soft tissue reaction, the compact bone was not healed; on the
scan from day 28, the compact bone incorporated the tested material and the soft tissue no
longer showed a reaction; and on the scans from days 56 and 90, the compact bone covered
the tested material and no defective callus reactions or soft tissue reaction were visible at
that level (Figure 6).

In conclusion, from the point of view of CT scans, in rats treated with the C2 material,
healing of the bone defect took place faster (28 days) compared to rats treated with the C1
material (56 days). No abnormal reactions in either soft tissue or bone tissue were observed
in any of the materials.

3.5. Histopathological Examination

Prior to the paraffin embedding, the materials used to close the bone defect were
removed from all samples, being too hard to section. In all the analyzed preparations, a
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cavity indicating a lack of substance was observed, corresponding to the material used. No
phenomena of absorption or incorporation of the biomaterial were identified.

Figure 6. CT images showing the evolution of bone defect healing in the rats treated with the C2

material. Three-dimensional reconstruction of the bone (A-E) and axial view (F-J): aspect from day 1
(AF); aspect from day 14 (B,G); aspect from day 28 (C,H); aspect from day 56 (D,I); aspect from day
90 (E,J); the area of the bone defect is marked with a red circle. Scale bar: 4 mm.

On day 14, the beginning of bone regeneration was observed in the C1 individuals;
trabeculae of newly formed bone, immature woven bone, and gaps with hematogenous
bone marrow could be identified. The inflammatory infiltrate was absent, and there
was no fibrosis. A marked difference was noted in the C2 group, where, both at the
level of the bone defect and the rest of the bone cortex, there were numerous collagen
fibers, increased numbers of reactive fibroblasts, along with numerous blood vessels of
different calibers (granulation tissue) and a diffuse inflammatory infiltrate dominated
by polymorphonuclear cells. A focus of necrosis was present, with cellular and nuclear
debris, a minimal interstitial hemorrhage, and the presence of fibrin and interstitial edema.
Multifocal foci of cartilaginous metaplasia were identified; the transformation of fibrous
tissue into mature cartilaginous tissue and the latter into newly formed bone lamellae
(immature bone) were also observed.

A similar aspect was observed at 28 days, with the same biomaterial, where a traumatic
bone fracture of the femur was noted with a significant loss of bone matrix, which extended
beyond the edges of the bone defect. At the fracture site, a hematoma composed of erythro-
cytes mixed with fibrin was observed, surrounded by proliferative mesenchymal cells (callus)
containing multiple variable blood vessels, fragments of bone tissue, collagen fibers, and
rare multinucleated cells (osteoclasts). The bone tissue consisted of an increased number
of osteoblasts, osteocytes, and rare osteoclasts. The subperiosteal bone tissue proliferates,
composed of irregular and densely packed collagen fibers, formed a focus of hyaline cartilage
adjacent to the fracture. It was unclear whether the biomaterials used caused the fractures
in both individuals, or if other factors, such as the bone defect or the metabolic status of the
individuals, were involved. In the C1 group, immature bone was identified, which extended
from the subperiosteal level to the center, without fibrosis or inflammation.

At 56 days, the aspect of the control group was that of woven bone trabeculae, com-
posed of dense collagen bundles and numerous osteocytes, similar to that identified in
the C1 group. In the C2 group, a bone callus was identified, consisting of osteochondral
trabeculae, varying in size, shape, and orientation. Dense fibrous connective tissue inter-
sected with the trabeculae toward the periosteal surface, accompanied by a small number
of plasma cells, lymphocytes, and hemosiderin-laden macrophages.

On the last day of the experiment, day 90, a complete regeneration of the bone tissue
was observed in the control individual, with the created bone defect being completely
closed. The width of the cortical bone was not identical along the entire circumference
of the bone, being reduced at the level of the defect. In both the C1 and C2 groups, the
cavity corresponding to the material used was completely delimited by newly formed bone
tissue, composed of dense collagen fibers and numerous osteocytes. The medullary area
was reduced in size, and we were able to observe multifocal islands of osteoid detached
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from the newly woven bone formed. Also, a complete regeneration of the periosteum was
noted, which closed the bone defect, entrapping the biomaterial used.

Throughout the entire experiment (Figure 7), no necrotic or inflammatory changes
were observed in the bone marrow for any of the materials used (Figure 8). Also, the
biomaterials did not seem to excite any inflammatory or rejection response; they were well
tolerated by the mice (Figure 9).

N,
*

-
]»3\ o
(P T e

Figure 7. Photomicrographs of bone tissue—complete bone regeneration was observed in the
control group; traumatic bone fracture was noted in all animals treated with (C2); by the end of
the experiment, the cavity corresponding to the material used was completely delimited by newly
formed bone tissue. (A-D) control group; (A1-D1) group treated with C1; (A2-D2) group treated with
(C2). ((A—C)—Dblue arrow indicates bone defect); ((A1,B1,D1)—black arrow indicates woven bone);
(black star indicates bone marrow; red star indicates compact bone); (A2-C2)—photomicrographs
of callus, with blue arrows indicating collagen fibers, red arrows indicating bone trabeculae, black
arrows indicating hematoma, and yellow arrows indicating cartilaginous metaplasia); (Duration:
(A—-A2) 14 days; (B-B2) 28 days; (C-C2) 56 days; (D-D2) 90 days). H&E, scale bar = 500 pum.
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Figure 8. Photomicrographs of bone tissue. Bone regeneration was observed in the control group
(white arrow); bone fracture and callus formation (delimited areas); cartilaginous metaplasia (red
arrow) was noted in all animals treated with (C2); by the end of the experiment, the cavity corre-
sponding to the material used was completely delimited by bone tissue (green star). (A-D) control
group; (A1-D1) group treated with (C1); (A2-D2) group treated with (C2). Duration: (A-A2) 14 days;
(B-B2) 28 days; (C-C2) 56 days; (D-D2) 90 days. TM, scale bar = 200 pm.

110



Life 2024, 14, 1097

4 -
4
-
| 4
=
> ” --
> v
50 um B
E M -
g 7"-.;;':"" , "
T Sl
g > s,
g ——
- h\" [
e !
P - ”
7
500 um | | D

Figure 9. Detailed photomicrographs of bone tissue. (A)—granulation tissue (double arrow), con-
taining multiple variable blood vessels and inflammatory cells (green arrowhead), accompanied by
fragments of bone tissue, with rare osteoclasts (blue arrowhead), an increased number of osteoblasts
(yellow arrow) and osteocytes (red arrowhead); H&E, Scale bar = 50 um; (B)—endochondral ossifica-
tion (fibrous tissue—black arrow; cartilaginous tissue—blue arrow; bone lamellae—red arrow); H&E,
scale bar = 100 um; (C)—hematoma with interstitial edema, fibrin, and granulation tissue; H&E, scale
bar = 500 um; (D)—fracture callus, surrounding compact bone tissue (star); H&E, scale bar = 500 pum.

4. Discussion

As potential options for more extensive bone tissue repair and support, biocompatible
implants have garnered a lot of interest. Our products are a mixture of inorganic and
organic components that, when combined, generate biocompatible biomaterials. This study
assesses how low-molecular-weight monomers (Bis-GMA, TEGDMA, UDMA, and HEMA)
interact with the filler fraction, which is composed of 65% silica, hydroxyapatite, barium
glass, and fluor aluminosilicate glass. The experimental cementing materials C1 and C2
were produced by distributing the particles in the organic phase. Bis-GMA resin offers
mechanical strength while UDMA increases elasticity and strength [49]. TEGDMA lowers
viscosity to improve handling [50] and HEMA acts as an adhesion promoter, strengthening
the adhesive’s binding to the surrounding structures [51]. Excellent toughness and radio-
opacity are features of barium glass [52]. At the same time, silica improves polishability
and wear resistance [53].

Composites [45,46] for dentistry have been rapidly evolving over recent years, leading
to their widespread usage as cosmetic tooth-like restorations [54,55]. We should not forget
that dental composites might eventually be employed for bone augmentation, even though
this application has not received as much interest. Critical-size bone deformities may
potentially benefit from the usage of this type of bioproduct if they have been determined
safe for use and biocompatible [56]. In this study, we investigated the osteo-inductive
qualities, biocompatibility, and safety of composite cements when used as scaffolds in
skeletal anomalies. The use of sub-critical defects can significantly affect the ability to
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assess the material’s osteo-inductive capacity. Determining inductivity might be difficult in
models when control defects are anticipated to heal completely over time. In this research,
we can conclude that our model can reliably demonstrate that the biomaterial does not
impair osteogenic functions.

We found that our bioproducts remained unchanged throughout the ninety-day inves-
tigation. Based on the products’ chemical composition and the polymerization approach,
neither biodegradation nor absorption of the products was observed. In a previous study,
we investigated our products without polymerization on cutaneous defects, and the skin
was able to absorb the biocomponents and heal effectively. During the polymerization
process, the monomers create a strongly cross-linked system that is immune to decomposi-
tion by body fluids and enzymes. Fillers possess restricted dissolution qualities, reducing
physiological disintegration, and are mechanically strong while remaining chemically inert.
Prior research on hydroxyapatite has demonstrated that the addition of ceramic in the
polymeric matrix affects the material’s mechanical characteristics, speed of decomposition,
and biological behavior in a dose-dependent manner [57-59].

Materials that fail to degrade properly can disrupt the natural bone healing process, po-
tentially resulting in incomplete integration or prolonged complications. Non-degradable
materials may also trigger chronic inflammation or adverse responses, ultimately jeopar-
dizing the success of bone repair [7,8]. In this study, we examined the bone’s reaction over
a 90-day period and no side effects were seen. We acknowledge that the study duration
is a limitation and future research should extend the observation period to achieve more
comprehensive outcomes.

As previously mentioned, our polymerization approach preserves the mechanical
strength of bone cements, beyond the mechanical limit of the bone. The majority of
ceramic skeletal replacements are calcium-based and consist of a combination of tricalcium
phosphate (TCP) and hydroxyapatite (HAP). Thus, it appears to become more and more
likely to employ these composite cements scaffolds in living skeletal tissue.

The new bone starts chemical processes right after the surgery ends. First, the bone
triggers a defense mechanism that attracts immune cells, and then the host mesenchy-
mal cells migrate to the graft area through chemotaxis. Afterward, depending on several
osteo-inductive signals, stem endogenous cells develop into chondroblasts and osteoblasts.
Debris disintegration and revascularization take place subsequently. Ultimately, the restora-
tion of bone takes place [60,61]. When put into the bone, the bioproducts have been
observed to exhibit osteogenic capabilities. Nevertheless, the rate of resorption and disinte-
gration is slower than that of spontaneous bone repair.

Accelerating the biomaterial’s disintegration and enhancing the scaffold’s resorption
are two potential strategies that we will take into consideration for further studies [62-64].
However, one of this study’s limitations is that bone healing failure may not be recognized
until 15 weeks, which is three times longer than it takes for a normal fracture to heal [29].
It is important to note that the biomaterial C1 did not exhibit any fractures at the defect
site, whereas the biomaterial C2 experienced fractures and elicited heightened healing
responses. The cause of these fractures remains unclear, and further investigation is
required to elucidate this issue. We consider the small number of rats used in the research
a limitation, as a larger sample size would provide more robust data. Despite having all of
these features, the products have proven to be biocompatible [65,66].

To demonstrate the biocompatibility of the composites, preliminary in vitro research
on stem cells was conducted, followed by in vivo subcutaneous and intramuscular tests,
before creating femoral defects. The bioproducts in both trials did not exhibit any evidence
of rejection or cytotoxicity. Furthermore, in vitro tests demonstrated that the composite
cements C1 and C2 display osteo-inductive behavior [35]. This ability can be evaluated
through histopathological assessment.

Evaluating osteointegration is challenging because cement is highly dense, which may
limit its infiltration capacity. Additionally, material removal during sectioning, although
necessary due to the hardness of the cements, hinders the ability to accurately demonstrate
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cellular interaction. Yet, the bioproducts appear to be exhibiting the characteristics of
osteoconductivity, as evidenced by the surrounding tissue’s ability to close around it and
its lack of resorption or retractions.

As was previously indicated, even though the defect was created in the cortical bone,
it also affected the medullar area given the size of the biomaterials. In the bone marrow,
mesenchymal stem populations originate from the medullary cavity. The destruction
of the medullary space may impede the development of these precursor cells and thus
affecting the bone’s ability to heal [67]. None of these issues were discovered throughout
our investigation. There were no indications of rejection, and the medullar space continued
to generate progenitor cells.

Histopathology continues to be among the gold standards for evaluating biological
compatibility for the clinical usage of bioproducts [68]. Bone segments were examined
histopathologically at 14, 28, 56, and 90 days. Each specimen showed evidence of the
bone defect. In all research subjects, tissue growth was evident; nevertheless, none of
the biomaterials were absorbed after 90 days. During this day, the tissue allowed the
biomaterial to integrate and interact. Individuals with trabeculae of newly formed bone,
immature woven bone, and gaps where hematogenous bone marrow may be detected
exhibited the onset of bone regeneration on day 14. On day 27, immature bone was visible,
unaltered by fibrosis or inflammation and spreading from the subperiosteal level to the
center. The characteristic observed at 56 days was woven bone trabeculae, which were
made up of many osteocytes and thick collagen filaments. On day 90, newly generated
bone tissue, consisting of many osteocytes and thick collagen fibers, totally delimited
the cavity corresponding to the material employed. The size of the medullary region
decreased, and multifocal osteoid islands that had separated from the freshly produced
woven bone were noticed. Furthermore, the whole periosteum’s regrowth was visible,
sealing the bone defect and encasing the biomaterial. It is important to note that at the
beginning of day 14, the C1 biomaterial provided superior results compared to the C2
biomaterial. Nevertheless, without causing a granulomatous reaction, the biomaterials
demonstrated local biocompatibility. Despite requiring a lot of space, both composites
encouraged positive biological effects and did not inhibit bone formation. Our subjects
exhibited either no acute inflammatory cells or low levels of inflammation. A non-existent
fibrous barrier surrounding the biomaterial and spontaneous regrowth of bone in proximity
of the product was observed. There were no indications of necrosis or notable negative
responses, which suggested positive biocompatibility.

The fact that the control in this model exhibited complete healing makes it challenging
to compare these materials beyond evaluating their biocompatibility.

Rats were employed as a biological resource in this investigation. The ages of our
individuals ranged from ten to sixteen weeks. Rats were selected based on their simi-
larities with humans in terms of skeletal structure, reconstructive methods, and healing
systems [69]. Even if tissue strength reduces with age, any age-related change may be
minimal [70], since rats do not acquire complete ossification until they are one year old [71].
The study was conducted on the right femur to remove any further variations. All subjects
were kept under the same conditions.

To validate the material’s effectiveness and suitability for human clinical trials, future
research should also assess its performance in larger animal models. All things considered,
this work offers a solid platform for further studies and development of bioproducts-based
treatments for bone reconstruction.

Since bone cement is a foreign component of the bone cement-prosthesis system, it is
critical to comprehend the variables that might cause it to prematurely lose its mechanical
qualities, which could cause the prosthesis to loosen. This feature, however, is considered a
limitation of our study because it was not thoroughly examined in this research.

Some of the limitations of our study include the relatively small sample size of rats,
the modest size of the bone defect, and the insufficient data on biomaterial degradation
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and mechanical strength. These constraints have made it difficult for us to obtain more
thorough judgments about how effective bone cement is.

We intend to conduct a more thorough study to overcome these issues. Future studies
will evaluate bone lesions of different sizes, include a bigger batch of rats, and collect more
detailed information on mechanical characteristics and biomaterial degradation.

5. Conclusions

Osteocompatibility was demonstrated by both biomaterials.

The physico-chemical properties of the bioproducts fit the needs of the bone. CT scans
confirmed the bioproducts” durability and mechanical strength.

The histological analysis showed no evidence of necrosis or rejection and instead
supported the osteo-inductive feature of the biomaterials.

This could potentially be the starting point of a research project investigating the
application of dental biomaterials in the production of scaffolds for bone defects.
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Abstract: The aim of the study is to assess the lacrimal gland tear production, using the Schirmer
Tear Test (STT), in healthy sheep under general anesthesia and to explore the effects of applying 1%
hyaluronic acid ophthalmic gel during general anesthesia. While STT values during anesthesia have
been well documented in small animals such as cats and dogs, there seems to be a lack of information
available for ruminants like sheep. This gap in the literature highlights the need for further research
and exploration into tear production in sheep under anesthesia. The experimental research conducted
on twelve adults female sheep provided valuable insights into tear production under anesthesia. By
assessing tear production at various key time points the study was able to capture the changes in tear
production throughout anesthesia and revealed a significant decrease in Schirmer Tear Test values in
all sheep, following general anesthesia. The results showed that closing and taping the eye yielded
determined better outcomes compared to administering a 1% lubricant ophthalmic gel. This finding
suggests that eye care during anesthesia can impact tear production in sheep.

Keywords: sheep; anesthesia; lacrimal gland; tear production; ophthalmic gel

1. Introduction

Tears play a vital role in preserving eye health by eliminating foreign particles, supply-
ing crucial nutrients to the avascular cornea, and containing immunoglobulins, lysozymes,
and other essential proteins that help defend the eye [1].

Histologically, the lacrimal glands consist of acini, which comprise layers of myoep-
ithelial cells with lightly stained secretory granules, along with prominent serous cells.
These structures are encased in a rare and vascular stroma [2].

When discussing eye examinations, it is crucial to follow specific steps to ensure there
is no compromise and no further complications arise [3]. The Schirmer Tear Test (STT)
is a crucial examination in ophthalmology for assessing tear production and diagnosing
various eye pathologies like keratitis or keratoconjunctivitis sicca [4]. It plays a significant
role in determining the quality and quantity of tears, providing valuable insights into the
overall ocular health of an individual.

Insufficient tear production leads to keratoconjunctivitis sicca (KCS), commonly re-
ferred to as “dry eye” or xerophthalmia, causing gradual inflammation of the cornea and
conjunctiva [1,5,6]. Ocular discharge, because of this inflammation, is a common symptom
observed in individuals with KCS, although the exact extent of its increase may vary and
remain uncertain. Hence, understanding the baseline tear production in healthy sheep
is crucial, and this can be performed by the STT, currently considered the most accurate
method to measure tear production in animals [7].

Tear film is composed of three layers which are produced by the meibomian glands
and the glands of Zeis that form the outer thin and fatty layers that prevent the underlying
aqueous layer from evaporating or overflowing [8]. The middle aqueous layer, which
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constitutes over 60% of the entire tear film, is primarily responsible for its function and is
the thickest among the three layers. The lacrimal gland, accessory lacrimal glands, and the
nictitans gland are the ones that produce the aqueous layer [9]. The main function of the
aqueous layer of the tear film is represented by preserving nutrition and oxygen supply to
the cornea along with the protection of its surface from foreign bodies, epithelial waste,
or other toxic substances [10]. Conjunctival goblet cells produce the inner mucous layer
that has its main characteristic of transforming the hydrophobic epithelial surface into a
hydrophilic one [11].

Corneal abrasions are one of the most common ophthalmological complications related
to general anesthesia during surgeries that do not involve the eye. It is important to be
aware of this risk and take necessary precautions to prevent it [12]. Other complications
may include lagophthalmos, resulting in exposure keratopathy, diminished eyelid reflex,
lowered basal tear production, and compromised stability of the corneal tear film [13].

Anesthesia is frequently performed in sheep and pigs for experimental research,
employing a diverse approach to ensure effective sedation [14,15].

The effect of anesthetics on tear production is evaluated in different species, but in
sheep, the current veterinary literature has few studies regarding normal values of tear
production and how general anesthesia affects the STT measurements [16].

Reduced tear production may result from the interaction of general anesthetics with
the parasympathetic nervous system. Alternatively, it could be due to diminished blood
flow in the lacrimal gland or alterations in the tear-producing cells [17].

In our study, we aimed to compare tear production in sheep during anesthesia using
two different protection methods: taping the eye vs. applying a 1% hyaluronic acid
ocular gel. While we did not come across any specific research on eyelid closure in sheep
during anesthesia, there are several studies in human medicine that delve into the causes
of corneal injuries linked to anesthesia and assess the advantages and disadvantages of
various corneal protection methods [18-23].

The primary hypothesis posits that general anesthesia leads to a significant decrease in
tear secretion. The secondary hypothesis suggests that closing the eyelid during anesthesia
will help prevent rapid evaporation of the tear film and facilitate a quicker return to normal
values of STT compared to situations where 1% lubricant ophthalmic gel was used without
other protection.

2. Materials and Methods

This study was in accordance with the Ethics Committee of the Faculty of Veterinary
Medicine Bucharest and the methodology used adhered to the guidelines outlined in the
Public Health Service Policy on the Humane Care and Use of Laboratory Animals (2015).
The study was conducted on 12 Tsurcana female sheep (24 eyes) during the spring season,
with a mean age and weight of 6.33 years old and 48.25 kg, respectively. All animals were
housed under the same environmental, nutritional, and welfare conditions. A thorough
and calm preanesthetic physical examination was performed, evaluating cardiovascular
and respiratory functions, temperature, and hydration status. The color of the mucous
membranes was assessed, and additionally blood samples were obtained to assess health
status of the sheep, including a complete ophthalmologically exam. All sheep included in
this study were clinically healthy.

Patient preparation included a 12 h fasting and a 6 h water restriction. Regurgitation
is more likely if this preoperative fast period is not followed. Fasting before anesthesia
helps minimize gas production from fermentation and prevents rumen bloating. This, in
turn, reduces intraabdominal pressure on the diaphragm and major blood vessels, thereby
preventing compromised cardiovascular function [14].

All sheep were premedicated with 0.2 mg/kg of midazolam (Midazolam SUN 1 mg/mL,
Sun Pharmaceutical Industries Europe B.V., Cluj-Napoca, Romania), 5 mg/kg of ketamine
(Ketamidor® 100 mg/mL, VetViva Richter GmbH, Wels, Austria), and 0.1 mg/kg of butor-
phanol (Butomidor® 10 mg/mL, VetViva Richter GmbH, Wels, Austria) intramuscularly
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(IM). After premedication, a 20 G catheter was placed in the cephalic vein (Figure 1). The
induction was performed with 3-6 mg/kg of propofol (Fresofol® 1% MCT/LCT, Fresenius
Kabi Australia, Mount Kuring-gai, Australia) intravenously (IV).

Figure 1. Sheep with a 20 G catheter in the cephalic vein.

Sheep were intubated and maintenance of anesthesia was performed with isoflurane
(Isothesia, 1000 mg/g, Piramal Critical Care B.V., Voorschoten, The Netherlands) and
oxygen 100% (Figure 2a,b).
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Figure 2. (a) Intubation using a laryngoscope with a Miller blade; (b) visualization of the larynx.

Schirmer Tear Test (Schirmer-Tranentest, Vet Eickemeyer®, Tuttlingen, Germany) was
performed for both eyes, with baseline values being recorded and expressed in millimeters
per minute. During STT, the eyelids were gently closed, and the test strip was placed into
the temporal third of the lower eyelid for a duration of 1 min (Figure 3a). Following the
removal of the test strip, the length of the moistened region was promptly measured in
millimeters (Figure 3b).

Tear production was measured at baseline Ty (15 min before premedication). After
15 min of premedication, we recorded a second value of the STT (T3).

For the third value of the STT, immediately after intubation of the sheep, we chose
to tap the eyelids of the right eye (OD) with adhesive band, and for the left eye (OS), we
instilated 2 drops of a lubricant ophthalmic gel with 1% hyaluronic acid and waited 15 min
before measuring the tear secretion (Ty).

At the end of the surgery, we waited 15 min after extubation and we recorded a fourth
STT value (T3). The last measurement was performed for all sheep 24 h after the end of the

surgery (Ty).
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Figure 3. (a) Placing the Schirmer Tear Test; (b) values of the Schirmer Tear Test.

The surgery of the sheep was represented by removing an electrode and electronic
modules implanted subcutaneously in the right posterior leg, in the croup region, in a
previous surgery. For this study, all sheep were positioned in sternal recumbency with the
head straight (Figure 4).

Figure 4. Head position during surgery, immediately after intubation.

All sheep had the same period of being under anesthesia, respectively, 1 h.

A statistical analysis of the data was performed using the software program DATAtab
(DATAtab Team 2024. DATAtab: Online Statistics Calculator. DATAtab e.U. Graz, Austria.
URL https:/ /datatab.net, accessed on 12 July 2024) and Microsoft Excel (Version 16.82, 2024).

Mean values, along with the standard deviation (SD), were calculated for the STT
results. All measurements were conducted around the same time of the day, between
9 am and 3 pm, to account for potential diurnal variations in tear production [24,25].
Additionally, the measurements were performed by the same individual.
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A paired sample t-test was used to compare the STT values obtained before and after
premedication, after taping the right eye (OD) and applying 2 drops of the 1% hyaluronic
acid lubricant ophthalmic gel in the left eye (OS), after extubation, and after 24 h. We
analyzed whether taping the eye without applying the ocular lubricants can influence
the evaporation of the tear film and the return of the normal values faster. Statistical
significance was defined as a p-value < 0.05.

3. Results

All measurements were completed successfully. It is known that during summer
and spring, sheep tend to have higher STT values compared to winter, as described by
Dedousi [26]. Previous research in horses and ponies has shown a tendency for increased
tear scores in the STT during winter compared to those observed in summer, although
these differences did not reach statistical significance [27]. Moreover, a previous study
carried out on horses stated that the amount of tear secretion can vary according to the
seasons [27]. All data were obtained in the spring season, within the same period of the
day, from 9 am to 3 pm; therefore, changes in the daily cycle and season, which might
influence the test results, most likely did not affect our STT results since the differences
between STT values were observed in different seasons readings, early in the morning or
late evening [4,24,28,29].

The mean values + SD of basal tear production, expressed in millimeters/min, mea-
sured before premedication (T() on right (OD) and left eye (OS), were 19.08 £ 3.96 mm/min
and 17.33 4 2.53 mm/min, respectively (Figure 5a). The mean values & SD in both eyes
after 15 min of premedication (T;) were 13.08 £ 3.31 mm/min for the right eye (OD) and
12 + 3.43 mm/min for the left eye (OS) (Figure 5b).

Values of STT in OD and OS before premedication Values of STT in OD and OS 15 minutes after premedication
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Figure 5. (a) Values of the Schirmer Tear Test in the right (OD) and left eye (OS) before premedication;
(b) values of the Schirmer Tear Test in the right and left eye 15 min after premedication.

The results of the paired-t test indicated that there is a significant large difference
between the right eye (OD) before premedication (Tg) (M = 19.08, SD = 3.96) and after
15 min of premedication (T;) (M = 13.03, SD = 3.31), t(11) = 8.8, p < 0.001 (Figure 6a).
Regarding the left eye (OS), the results of the paired-t test indicates that there is a significant
large difference between the STT values before premedication (Ty) (M = 17.33, SD =2.53)
and 15 min after premedication (T;) (M =12, SD =3.43), t(11) = 7.7, p < 0.001 (Figure 6b).
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Figure 6. (a) Values of the Schirmer Tear Test in the right eye (OD) before premedication and 15 min
after premedication; (b) values of the Schirmer Tear Test in the left eye (OS) before premedication
and 15 min after premedication.

The mean values £ SD 15 min after intubation and taping the right eye (OD) and after
instilating two drops of ocular gel with 1% hyaluronic acid in the left eye (OS) (T,) were
8.75 £ 2.70 and 3.58 & 2.71 mm/min, respectively. The f-value is 4.67584, and the p-value
is 0.000058. The result is significant at p < 0.05.

There was a significant decrease in tear secretion value in sheep who received only the
ocular lubricant compared with the taped eye (Figure 7). Our hypothesis from our study is
that closing the eyelid in the right eye (OD) during anesthesia prevents a rapid evaporation
of the tear film, and a better outcome which was also seen in the values that we obtained.

—e— OD 15 minutes after taping the eye and intubation
18 —e— OS 15 minutes after applying ocular lubricant and intubation
14
12

10

2 4 6 8 10 12
Figure 7. Values of the Schirmer Tear Test in the right (OD) and left eye (OS).

The mean values & SD of the right (OD) and left eye (OS) after 15 min of extuba-
tion and returning of the palpebral reflexes were, respectively, 16 + 3.71 mm/min and
10.25 £ 3.67 mm/min. There was a significant difference regarding the return of tear pro-
duction (T3) in the right eye (OD), which was taped, compared with the left eye (OS), which
received only two drops of ocular gel with 1% hyaluronic acid. The t-value is 3.81253, and
the p-value is 0.000476. The result is significant at p < 0.05 (Figure 8).

123



Life 2024, 14,1038

—o— OD 15 minutes after detubation and returning of the palpebral reflex

—e— OS 15 minutes after detubation and returning of the palpebral reflex
25

20

15

10

0 ¥

2 4 6 8 10 12

Figure 8. Values of the Schirmer Tear Test in the right (OD) and left eye (OS) 15 min after detubation
and returning of the palpebral reflex.

After 24 h (T4), we evaluated the return of the tear production values at baseline. In
the right eye (OD), which was taped during anesthesia, the results of the paired-t test
indicate that there is a non-significant small difference between the values of the STT before
premedication (M = 19.08, SD = 3.96) and 24 h after premedication (M = 18.03, SD =2.42),
t(11) = 1.1, p = 0.137, compared with the values for the left eye (OS), who received the
ocular lubricant where the results of the paired-t test indicated that there is a significantly
large difference between the values of the STT before (M = 17.33, SD = 2.53) and after 24 h
from premedication (M = 14.16, SD = 1.89), t(11) = 4.4, p < 0.001 (Figure 9).
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Figure 9. Values of the Schirmer Tear Test in both eyes before premedication and 24 h after premedication.

At the end of the study, each sheep had a Fluoresceine test (AIESI® Fluorescein Sodium
Fluorescein Sterile Ophthalmic Strips for Eye Tone Test HOSPIFLUO STRIPS, Manufactured
by CONTACARE OPHTHALMICS & DIAGNOSTICS, Gujarat, India) performed, achieving
a negative result which established that none of them had any corneal abrasions and none
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were displaying other clinical symptoms like blepharospasm, ocular pain, and epiphora
that could indicate an affected cornea.
All the mean values + SD we obtained are displayed in the following table (Table 1).

Table 1. Values of mean and standard deviation of tear production in both eyes during different
periods in time.

STT Values in Both Eyes at Different Time Periods Mean + SD
T OD before premedication 19.09 & 3.96 mm/min
0 OS before premedication 17.33 4+ 2.53 mm/min
T OD 15 min after premedication 13.08 £ 3.31 mm/min
! OS 15 min after premedication 12 £ 3.43 mm/min
T OD 15 min after taping the eye and intubation 8.75 + 2.70 mm/min
2 OS 15 min after instilating the ocular lubricant and intubation 3.58 £ 2.71 mm/min
T OD 15 min after detubation and returning of the palpebral reflex 16 £ 3.71 mm/min
3 OS 15 min after detubation and returning of the palpebral reflex 10.25 £ 3.67 mm/min
T OD after 24 h 18.08 £ 2.42 mm/min
4 OS after 24 h 14.16 + 1.89 mm/min

4. Discussion

Based on the findings of this study, the results suggest a decrease in tear production
during anesthesia with midazolam, butorphanol, ketamine, and the other results suggest
that closing the eyelid in the right eye (OD) during anesthesia prevents a rapid evaporation
of the tear film and a fast return to normal values of STT compared with the left eye (OS),
where we only used two drops of the ocular lubricant.

To our knowledge, the results of this study are not comparable within the literature,
as there are no other studies that have evaluated the impact on tear production after the
administration of this sedative agents nor the impact of taping the eye compared with
instilating the ocular lubricant with 1% hyaluronic acid in the other eye, in Tsurcana sheep.

The mean baseline values of the STT (Tj) before premedication were, respectively,
19.08 & 3.96 mm/min in the right eye (OD) and 17.33 £ 2.53 mm/min in the left eye
(OS). Previous research has indicated that the average tear secretion (TS) rates in various
sheep breeds are as follows: Sanjabi sheep have a baseline rate of 18.52 & 2.55 mm/min,
as reported by Ghaffari et al. [30]; Romanov sheep have a lower baseline rate, with
11.59 + 4.07 mm/min [31]; and Merinos sheep have a higher rate of 18.80 4= 1.82 mm/min [32].
Variations in filter papers, the positioning of strips in the conjunctival sac, and the person
conducting the test can influence TS values due to differences in absorptive capacities,
as noted by Ghaffari et al. [30] and Rothschild et al. [33]. Moreover, a previous study
carried out on horses stated that the amount of TS can vary according to the season [27].
All our data were obtained in the spring season, at the same period of day, from 9 am
to 3 pm; therefore, changes in the daily cycle and season, which might influence the test
results, most likely did not affect our STT results since the differences between STT values
were observed in readings from different seasons, and early in the morning or in the late
evening [4,24,28,29].

4.1. Effects of the Anesthetic Drugs on Tear Production

The precise mechanism behind the reduction in TS in sheep remains uncertain. How-
ever, a prior investigation revealed that the intramuscular administration of a combination
of sedatives and opioid led to a decrease in TS levels in dogs [17]. In our study, the use of
opioids, sedatives, and dissociative anesthetics led to a fast and constant decrease in the
tear secretion following the premedication, induction, and maintenance phase.

Dodam et al. [17] proposed that the reduction in TS levels could be attributed primarily
to one or a combination of the following mechanisms: the central effects of these drugs on
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the autonomic regulation of tear production, effective pain relief, vasoconstriction of the
tear gland, and alterations in metabolism at the cellular level of the gland. Additionally,
another potential explanation for the decrease in TS levels could be that the administration
of sedatives resulted in a reduced blinking rate and increased evaporation of tears, as
suggested by Leonardi et al. [34].

4.2. Effect of 1% Hyaluronic Acid Compared with the Eye Closed

Although sodium hyaluronate positively impacts tear film stability, a recent pilot study
revealed that among two groups treated with hyaluronic acid (HA), the group receiving a
lower concentration (0.25%) had higher STT readings compared to the group receiving a
higher concentration (1%) [35]. In our study, closing the eyelid in the right eye (OD) during
anesthesia prevented a rapid evaporation of the tear film and a fast return to normal values
of STT compared with the left eye (OS), where we only use the ocular lubricant with 1%
hyaluronic acid. While ocular lubricants do not increase tear production rates, their use is
recommended to reduce corneal dehydration, enhance corneal wettability, and protect the
cornea [36].

5. Conclusions

The data obtained in the present research provide important information, helping the
anesthesiologists to better manage the effect of anesthetic drugs regarding tear production.
Anesthesia is required for several surgery procedures, and a good understanding of how
the drugs affect the STT and how the cornea can be protected is important for good pe-
rianesthetic management. This study suggested that the protocol used with midazolam,
butorphanol, and ketamine decreases tear production shortly after intramuscular admin-
istration in sheep. There are numerous methods available to protect the cornea, but the
one that we studied by taping the eyelid of the right eye (OD) and putting ocular lubricant
with 1% hyaluronic acid in the left eye (OS) suggested better STT values and a faster return
to baseline after the palpebral reflexes appeared in the right eye (OD) compared with the
left one (OS).

Author Contributions: Conceptualization, R.P. and R.C.; methodology, R.P. and R.C.; software,
R.P. and R.C; validation, R.P.,, R.C. and LE,, investigation, R.P, R.C. and LE.; resources, R.P. and
R.C.; data curation, R.P. and R.C.; writing—original draft preparation, R.P. and R.C.; writing—
review and editing, R.P., R.C. and L.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study complied with the ethical principles in scientific
research regarding the use of animals in procedures, submitted and favourably approved by the
Bioethics Committee No. 33/1.2.2024 of the Faculty of Veterinary Medicine of Bucharest, Romania.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data generated in this study are presented in the tables of this
article. For any further information, the reader can contact the authors.

Acknowledgments: To all the colleagues from the Faculty of Veterinary Medicine, University of
Agronomic Sciences and Veterinary Medicine of Bucharest, who helped us in completing many cases,
which were the basis of our experiences necessary in writing this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Gelatt, K.N.; Gilger, B.C.; Kern, T.J. Veterinary Ophthalmology, 5th ed.; Wiley-Blackwell: Ames, IA, USA, 2013; pp. 568-573, 583-590.

2. Dalga, S.; Aksu, S.I; Aslan, K.; Deprem, T.; Ugran, R. Anatomical and Histological Structures of Eye and Lacrimal Gland in
Norduz and Morkaraman Sheep. Turk. J. Vet. Anim. Sci. 2022, 46, 336-346. [CrossRef]

3. Featherstone, H.J.; Heinrich, C.L. Ophthalmic Examination and Diagnostics. In Veteinary Ophthalmology, 5th ed.; Gelatt, K.N.,
Gilger, B.C., Kern, T.J., Eds.; Two Volume Set; Wiley-Blackwell: Oxford, UK, 2013; pp. 533-702.

126



Life 2024, 14,1038

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Ribeiro, A.; Piso, D.; Padua, I.; Silva, M.; Laus, ]. Intraocular Pressure and Tear Secretion in Saanen Goats with Different Ages.
Pesqui. Veterindria Bras. 2010, 30, 798-802. [CrossRef]

Van Kampen, K.R.; James, L.F. Ophthalmic lesions in locoweed poisoning of cattle, sheep, and horses. Am. J. Vet. Res. 1971, 32,
1293-1295.

Williams, D.L.; Tighe, A. Immunohistochemical Evaluation of Lymphocyte Populations in the Nictitans Glands of Normal Dogs
and Dogs with Keratoconjunctivitis Sicca. Open Vet. |. 2018, 8, 47-52. [CrossRef]

Kurt, B.K,; Bulut, O.; Bozkan, Z; Sen, Z.B.; Belge, A. Determination of Tear Volume and Intraocular Pressure in Saanen Goat and
Sakiz Sheep in Similar Environmental Conditions. Int. |. Vet. Anim. Res. (I[VAR) 2021, 4, 78-82.

Samuelson, D.A. Ophthalmic anatomy. In Veterinary Ophthalmology; Gelatt, K.N., Ed.; Blackwell: Ames, IA, USA, 2007; pp. 37-148.
Gum, G.G,; Gelatt, K.N.; Esson, D.W. Physiology of the eye. In Veterinary Ophthalmology; Gelatt, K.N., Ed.; Blackwell: Ames, 1A,
USA, 2007; pp. 149-182.

Rolando, M.; Zierhut, M. The Ocular Surface and Tear Film and Their Dysfunction in Dry Eye Disease. Surv. Ophthalmol. 2001, 45,
5203-5210. [CrossRef]

Ehlers, N. The Precorneal Film. Biomicroscopical, Histological and Chemical Investigations. Acta Ophthalmol. Suppl. 1965,
(Suppl. 81), 81-134.

Grixti, A.; Sadri, M.; Watts, M.T. Corneal Protection during General Anesthesia for Nonocular Surgery. Ocul. Surf. 2013, 11,
109-118. [CrossRef]

Kaye, A.D.; Renschler, ].S.; Cramer, K.D.; Anyama, B.O.; Anyama, E.C.; Gayle, ].A.; Armstead-Williams, C.M.; Mosieri, C.N.; Saus,
J.A.; Cornett, E.M. Postoperative Management of Corneal Abrasions and Clinical Implications: A Comprehensive Review. Curr.
Pain Headache Rep. 2019, 23, 48.

Costea, R.; Pavel, R.; Girdan, G.; Ene, I; Posastiuc, F.; Micsa, C.; Constantin, T.; Togoe, D.; Diaconescu, A. Partial Intravenous
Anesthesia with Isoflurane and Alfaxalone for an Adult Sheep Undergoing Soft Tissue Surgery. Sci. Work. Ser. C Vet. Med. 2023,
69, 57-60.

Costea, R.; Ene, I; Pavel, R. Pig Sedation and Anesthesia for Medical Research. Animals 2023, 13, 3807. [CrossRef]

Peche, N.; Kostlin, R.; Reese, S.; Pieper, K. Postanaesthetic Tear Production and Ocular Irritation in Cats. Tierdrztliche Prax.
Kleintiere 2015, 43, 75-82. [CrossRef]

Dodam, B. Effects of Intramuscular Sedative and Opioid Combinations on Tear Production in Dogs. Vet. Ophthalmol. 1998, 1,
57-59. [CrossRef]

Smolle, M.; Keller, C.; Pinggera, G.; Deibl, M.; Rieder, |.; Lirk, P. Clear Hydro-Gel, Compared to Ointment, Provides Improved
Eye Comfort after Brief Surgery. Can. J. Anesth. 2004, 51, 126. [CrossRef] [PubMed]

Siffring, P.; Poulton, T. Prevention of Ophthalmic Complications during General Anesthesia. . Am. Soc. Anesthesiol. 1987, 66,
569-570. [CrossRef]

Schmidt, P.; Beggild-Madsen, N.B. Protection of the Eyes with Ophthalmic Ointments during General Anaesthesia. Acta
Ophthalmol. 1981, 59, 422-427. [CrossRef]

Orlin, S.E.; Kurata, FK.; Krupin, T.; Schneider, M.; Glendrange, R.R. Ocular Lubricants and Corneal Injury during Anesthesia.
Anesth. Analg. 1989, 69, 384-385.

Grover, VK.; Kumar, K.V,; Sharma, S.; Sethi, N.; Grewal, S.P. Comparison of Methods of Eye Protection under General Anaesthesia.
Can. J. Anaesth. 1998, 45, 575-577. [CrossRef]

Boggild-Madsen, N.B.; Bundgarrd-Nielsen, P.; Hammer, U.; Jakobsen, B. Comparison of Eye Protection with Methylcellulose and
Paraffin Ointments during General Anaesthesia. Can. Anaesth. Soc. . 1981, 28, 575-578. [CrossRef]

Kovalcuka, L.; Malniece, A. Measurement of Tear Production and Intraocular Pressure in Clinically Conscious Normal Captive
Red Deer (Cervus elaphus). Animals 2024, 14, 940. [CrossRef]

Orhan, A.; Bozkan, Z. Evaluation of Normal Tear Volume and Intraocular Pressure in Saanen Goats at Different Periods. Int. J.
Vet. Anim. Res. (IJTVAR) 2022, 5, 154-158.

Dedousi, A.; Karatzia, M.A.; Katsoulos, P.D. Reference Values of Schirmer Tear Test in Sheep and the Effect of Season on the Test
Results. Acta Vet. Hung. 2019, 67, 553-560. [CrossRef]

Beech, J.; Zappala, R.; Smith, G.; Lindborg, S. Schirmer Tear Test Results in Normal Horses and Ponies: Effect of Age, Season,
Environment, Sex, Time of Day and Placement of Strips. Vet. Ophthalmol. 2003, 6, 251-254. [CrossRef]

Del Sole, M.].; Sande, P.H.; Bernades, ].M.; Aba, M.A_; Rosenstein, R.E. Circadian Rhythm of Intraocular Pressure in Cats. Vet.
Ophthalmol. 2007, 10, 155-161. [CrossRef]

Giannetto, C.; Piccione, G.; Giudice, E. Daytime Profile of the Intraocular Pressure and Tear Production in Normal Dog. Vet.
Ophthalmol. 2009, 12, 302-305. [CrossRef] [PubMed]

Ghaffari, M.S.; Shojaei, M.; Sabzevari, A.; Khorami, N. Reference Values for Intraocular Pressure and Schirmer Tear Test in
Clinically Normal Sanjabi Sheep. Small Rumin. Res. 2011, 97, 101-103. [CrossRef]

Akgul, M.B. The effect of late pregnancy on tear secretion in romanov sheep. Int. J. Inf. Res. Rev. 2019, 6, 6078-6080.

Isler, C.; Altug, M.; Kilic, S. Evaluation of Tear Fluid Secretion and Intraocular Pressure in Normal Merinos Sheep and Saanen
Goats. Rev. Med. Vet. 2013, 164, 278-282.

Rothschild, C.M; Sellon, D.C.; Bryan, G.M.; Gay, ].M.; Hines, M.T. Effects of Trimethoprim-Sulfadiazine on Tear Production and
the Fluctuations of Schirmer Tear Test Values in Horses. Vet. Ophthalmol. 2004, 7, 385-390. [CrossRef] [PubMed]

127



Life 2024, 14,1038

34. Leonardi, F; Costa, G.L.; Stagnoli, A.; Zubin, E.; Boschi, P; Sabbioni, A.; Simonazzi, B. The Effect of Intramuscular
Dexmedetomidine-Butorphanol Combination on Tear Production in Dogs. Can. Vet. J. 2019, 60, 55. [PubMed]

35. DiPalma, C.; Micieli, F; Lamagna, B.; Nieddu, A.; Uccello, V.; Fatone, G.; Vesce, G. Schirmer Tear Test Value and Corneal Lesions’
Incidence during General Anesthesia for Non-Ophthalmic Surgery in Non-Brachycephalic Dogs: A Pilot Study Comparing Three
Different Lubricant Eye Drop Formulations. Vet. Sci. 2020, 7, 25. [CrossRef] [PubMed]

36. Aragona, P; Di Stefano, G.; Ferreri, F.; Spinella, R.; Stilo, A. Sodium Hyaluronate Eye Drops of Different Osmolarity for the
Treatment of Dry Eye in Sjogren’s Syndrome Patients. Br. J. Ophthalmol. 2002, 86, 879-884. [PubMed]

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.

128



e

Article

Detection of Ochratoxin A in Maize and Its Potential Impact on
Avian Pathology in Romanian Farms

Silviu-Ionut Beia 1't, Violeta Alexandra Ion >**, Elvira Gagniuc 3,4* (Oana-Crina Bujor 2

Elena Stefania Ivan 2, Andreea Barbu 2, Elena Pitoiu 4, Violeta Elena Beia ® and Liliana Badulescu

2

Faculty of Management and Rural Development, University of Agronomic Sciences and Veterinary Medicine
of Bucharest, 59 Marasti Blvd., 011464 Bucharest, Romania; beia.silviu@managusamv.ro

Research Center for Studies of Food Quality and Agricultural Products, University of Agronomic Sciences
and Veterinary Medicine of Bucharest, 59 Marasti Blvd., 011464 Bucharest, Romania;
oana.bujor@qlab.usamv.ro (O.-C.B.); elena.ivan@qlab.usamv.ro (E.S.I.); andreea.stan@qlab.usamv.ro (A.B.);
liliana.badulescu@qlab.usamv.ro (L.B.)

Department of Pathology and Forensic Medicine, University of Agronomic Sciences and Veterinary Medicine
of Bucharest, 59 Marasti Blvd., 011464 Bucharest, Romania

Synevovet Laboratory, 81 Pache Protopopescu Blvd., 021408 Bucharest, Romania; elena.pitoiu@synevo.com
National Sanitary Veterinary and Food Safety Authority, 1 Piata Presei Libere, 013701 Bucharest, Romania;
beia.violeta@ansvsa.ro

*  Correspondence: violeta.ion@qlab.usamv.ro (V.A.L); elvira.gagniuc@fmvb.usamv.ro (E.G.)

These authors contributed equally to this work.

Abstract: Ochratoxin A (OTA) is a nephrotoxic mycotoxin that commonly contaminates maize, posing
significant health risks to both poultry and humans. In this study, a rapid and sensitive method
utilizing ultra-performance liquid chromatography coupled with fluorescence detection (UPLC-FLD)
was developed for the quantification of OTA levels in maize. The method utilizes immunoaffinity
column purification for improved specificity. Accuracy and precision were validated in line with
European Union Reference Laboratory (EURL-MP) guidelines, meeting regulatory standards for
linearity, trueness, detection and quantification limits, precision, and uncertainty, as per European
Commission Regulation (EC) No. 401/2006 and its amendments. The method demonstrated an
average recovery rate of 116.78% for maize, with RSDy,r values (within-laboratory reproducibility)
of 12.72%. Furthermore, OTA occurrence and its possible effects were investigated in several farms in
South Romania, where necropsy and histopathological analyses of poultry revealed severe kidney
damage, including renal tubular degeneration.

Keywords: OTA; mycotoxins; method validation; maize; histopathology; ultra-performance liquid
chromatography; immunoaffinity column

1. Introduction

Mycotoxins are natural contaminants produced as secondary metabolites by certain
genera of filamentous fungi, primarily Aspergillus, Penicillium [1], and Fusarium. More than
200 fungal species and approximately 300 distinct fungal metabolites have been identified
as mycotoxins, including aflatoxins (AFs), ochratoxin A (OTA), zearalenone (ZEA), and
fumonisins [2]. These fungi are generally classified into “field fungi”, like Fusarium, which
infect crops during growth, and “storage fungi”, such as Aspergillus and Penicillium, which
contaminate grains during storage [3,4]. Aspergillus is a large genus with over 100 species,
some of which thrive in soil or decaying vegetation, while others are responsible for plant
diseases and storage contamination. Mycotoxins pose serious health risks to humans and
animals due to their toxic effects [5]. OTA is classified as a possible human carcinogen
(Group 2B) and has been linked to a range of toxic effects, including hepatotoxicity, terato-
genicity, neurotoxicity, immunotoxicity, and enterotoxicity in various animal species [6].
The European Union (EU) has classified mycotoxins as priority substances, recognizing
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them as more hazardous to health than common food and feed contaminants like pes-
ticides, preservatives, and food additives [7,8]. Common sources of exposure include
cereals, nuts, dried fruits, spices, coffee [9-11], grapes, fish [12], wine, beer [13], mollusks,
herbs, and feed materials [14]. Given the significant impact of mycotoxins, particularly
OTA, on agricultural products, it is crucial to explore these toxins in greater detail due
to their serious implications for food safety and animal health. The fungi that produce
OTA can thrive in temperatures ranging from 0 to 37 °C [13], and OTA is highly thermally
stable, making its removal from feed challenging even at temperatures up to 250 °C [15].
Storage conditions play a critical role in preventing OTA contamination in agricultural
products. High humidity and extended storage periods encourage fungal growth and OTA
production, while low humidity and adequate ventilation reduce these risks. Effective
storage practices include using airtight, moisture-proof containers, maintaining clean and
mold-free environments, and thoroughly drying crops before storage. However, many
small local farmers remain unaware of these practices, and without proper aeration their
bulk storage methods often result in fungal contamination by spring.

Numerous analytical methods have been developed to investigate OTA, including cap-
illary electrophoresis (CE) [16], gas chromatography-mass spectrometry (GC-MS) [17,18],
and enzyme-linked immunosorbent assay (ELISA) [19]. However, most of the proposed
methods rely on liquid chromatography (LC) coupled with various detection systems, such
as fluorescence detection (LC-FLD) [20], tandem mass spectrometry (LC-MS/MS) [21], and
high-resolution mass spectrometry (LC-HRMS) [22].

Sample extraction for OTA typically involves liquid-liquid extraction (LLE) or solid—
liquid extraction (SLE), followed by cleanup with immunoaffinity columns (IAC) or solid-
phase extraction (SPE) cartridges [22]. For OTA determination, traditional methods involve
mixing a ground sample with an acetonitrile-water mixture, filtering, and applying the
extract to a purification column [17]. SPE effectively isolates mycotoxins using sorbents
such as C8, C18, aluminum oxide, and silica gel. Advanced SPE techniques, including
magnetic SPE (m-SPE) and dispersive SPE (d-SPE), have been utilized to detect numerous
mycotoxins and pesticides [21,23]. Additionally, the QUEChERS (Quick, Easy, Cheap,
Effective, Rugged, and Safe) method simplifies mycotoxin detection by combining extrac-
tion, separation, and purification in one run, offering high throughput and significant
recovery [21]. Understanding the extent and implications of OTA contamination relies
heavily on the effectiveness of the analytical methods used to detect and measure this
mycotoxin. The accurate detection of OTA in food and feed is crucial due to its significant
health risks. Despite advances in analytical techniques, the primary concern remains the
potential impact of OTA on animal and human health.

Feed ingestion is the primary route of mycotoxin exposure in animals [24]. Various
mycotoxins, including aflatoxin B1 (AFB1), aflatoxin M1 (AFM1), citrinin (CIT), dihydroc-
itrinone (DH-CIT), deoxynivalenol (DON) conjugates, enniatin B (ENNB), and OTA, have
been detected in animal biological fluids [25,26]. This presence suggests that animals
and humans may also be exposed to mycotoxins through skin contact or inhalation of
aerosols [27].

Poultry exhibit a lower absorption rate of OTA but are more sensitive to its effects
compared to mammals [5]. OTA exerts significant nephrotoxic effects on broilers, leading
to kidney enlargement and hyperplasia of the tubular epithelium [28,29]. It also adversely
affects the immune system of birds, causing leukocytopenia [5,30]. The effect of OTA on
growth includes a decreased body weight, poor feed conversion ratio, stunted growth,
low-quality eggshells, reduced egg production, and immunosuppression. Furthermore, it
can cause liver damage and affects gastrointestinal health and microbial communities [30,
31]. Clinical signs of OTA toxicity in poultry include weakness, anemia, decreased feed
consumption, reduced growth rates, poor feathering, and elevated mortality rates at
high dietary concentrations [32,33]. Pathophysiological changes associated with OTA
exposure include decreased urine concentration, a reduced glomerular filtration rate,
impaired proximal tubular function, and renal degeneration with ultrastructural alterations.
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Additionally, studies have reported increases in the relative weights of the liver, spleen,
pancreas, proventriculus, gizzard, and testes in poultry fed OTA [34].

The aim of this study was to develop and implement a rapid and reliable method for
the qualitative and quantitative detection of mycotoxins in maize used in intensive farming
systems. Access to rapid diagnostic methods enables farmers to obtain timely toxicological
results for maize, especially in cases where mycotoxicosis is suspected, allowing for swift in-
tervention to minimize economic losses. Currently, in Romania, mycotoxicological analysis
of maize requires a lengthy processing time, with an average confirmation period of approx-
imately 21 days. The method developed in this study significantly reduces this timeframe to
just 2 days, offering a faster and more efficient approach to OTA detection. The UPLC-FLD
method was validated in line with European Union Reference Laboratory (EURL-MP) [35]
guidelines, ensuring accuracy and regulatory compliance. This study hypothesized a
correlation between OTA levels in maize and poultry health issues, such as increased mor-
tality and specific pathological changes, as observed in Romanian farms where chickens
consumed mold-contaminated maize. Histopathological examinations of tissue samples
from recently deceased broiler chickens revealed potential OTA-related organ damage,
particularly in the kidneys, along with reduced lymphocyte populations in lymphoid
organs, suggesting compromised immune responses due to chronic OTA exposure.

2. Materials and Methods
2.1. Chemicals and Reagents

The standard solution was prepared using an OTA reference material of 100 pg/mL
concentration in methanol purchased from LGC Limited Standards (Middlesex, TW11 OLY,
London, UK). Methanol and acetonitrile (HPLC grade) were purchased from Honeywell
(Riedel-de Haén, Seelze, Germany); glacial acetic acid was purchased from Fisher Scientific
(Pittsburgh, PA, USA).

Potassium chloride was purchased from Scharlab S.L. (Sentmenat, Barcelona, Spain);
sodium chloride, potassium dihydrogen phosphate, and disodium hydrogen phosphate
were purchased from Carl Roth GmBH (Karlsruhe, Germany). OTAClean for Ochratoxin A
immunoaffinity columns were obtained from LCTech GmbH (Obertaufkirchen, Germany).
Phosphate-buffered saline (PBS, pH 7.2) was prepared by adding potassium chloride
(0.20 g), potassium dihydrogen phosphate (0.20 g), anhydrous disodium hydrogen phos-
phate (1.16 g), and sodium chloride (8.00 g) to 900 mL of water. The pH was adjusted
with 0.1 M NaOH and 0.1 M HCI. The volume was made up to 1 L with water. Tissue
processing reagents included buffered 10% formaldehyde (Laurypath for Epredia, 69630
Chaponost, France), absolute ethyl alcohol, 70% and 95% ethyl alcohol, xylene (Laurypath
for Epredia, 69630 Chaponost, France), paraffin wax (Histoplast LP, Epredia, Portsmouth,
NH, USA), and hematoxylin and eosin (ST Infinity HE Staining kit, Leica Biosystems,
Richmond, IL, USA).

2.2. Sample Collection

Several farms in Nuci and Moara Domneasca (Ilfov County), Cosereni and Fierbinti
(Ialomita County), and Lunca (Buzau County) were investigated for OTA contamination
in maize used for poultry feeding (Table 1). These investigations were prompted by
farmers’ reports of unusually high poultry mortality rates, leading them to submit maize
samples for OTA analysis. Samples from maize stored in bulk were collected in accordance
with Commission Regulation (EU) No. 2782/2023, which amends the requirements of
Regulation (EC) No. 401/2006 [36], to ensure that each sample represented its respective
batch.

A total of forty incremental samples were collected from various points (upper, middle,
and lower areas) to capture the entire mass of stored maize. These incremental samples were
then combined to form an aggregate sample of approximately 4 kg. From the aggregate
sample, two subsamples of at least 0.5 kg each were taken for examination and transported
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under optimal conditions to the research center’s laboratory for mycotoxin analysis. Next,
the samples were milled and sieved (0.5 mm) to produce representative test samples.

Table 1. Samples used for OTA analysis.

Sample Code Variety Storage Conditions Location
M1 Carioca Bulk in storage Moara II)I?On;neasca/
M2 P9889 Classic horizontal hall Nuci/Ilfov
M3 P9889 Classic horizontal hall Nuci/Ilfov
M4 P9889 Classic horizontal hall Nuci/Ilfov
M>5 P9889  Vertical silo made of galvanized sheet metal Lunca/Buzau
M6 P9389 Horizontal silo made of concrete and Lunca,/Buziu

masonry, warehouse type

M7 P9889 Bulk in storage Cosereni/Ialomita
M8 P9889 Bulk in storage Fierbinti/Talomita
M9 P9889 Bulk in storage Fierbinti/Talomita

Among the investigated farms, the one with the highest OTA contamination, which
was also selected for histopathological examination, was located in Nuci, Ilfov County.
This farm housed 27,000 Ross 308 broiler chickens in a 1000 m? facility. According to the
farmer, the feed was switched during the second week to a maize-based diet specifically
formulated for the chickens’ growth phase, which contained 60% maize.

The chickens were fed ad libitum, with continuous access to food and water. By
the third week, the farm’s mortality rate had reached 3%. However, shortly after the
introduction of the new feed, mortality rates spiked, rising to 10-15% by the fourth week.
The chickens also exhibited a marked decline in weight gain and deterioration in overall
health. Clinical signs such as lethargy, anorexia, diarrhea, refusal to feed, dehydration,
and damaged plumage became increasingly apparent. To determine the cause of the
increased mortality, necropsies were conducted on 10 recently deceased broiler chickens.
Samples from the kidneys, liver, thymus, bursa of Fabricius, and spleen were collected
from 32-day-old Ross 308 chickens for histopathological examination.

2.3. OTA Extraction and Clean-Up

The extraction and cleanup of OTA in maize were performed using a modified
procedure based on the OTAClean immunoaffinity column from LCTech GmbH, Ober-
taufkirchen, Germany [37]. In brief, 2 g of NaCl and 100 mL of an 80:20 (v/v) methanol
solution were added to 20 g of a ground maize sample. The mixture was stirred for 1 h and
then filtered. A 12 mL portion of the filtrate was diluted with 48 mL of PBS (pH 7.4) before
passing through the immunoaffinity column, which contains immobilized monoclonal
antibodies specific to OTA and offers a recovery rate exceeding 90% for the OTA standard,
as stated in the certificate of analysis. After the extract fully passed through the column, it
was washed with 10 mL of water, and the OTA was eluted using 1.5 mL of methanol. The
collected eluate was refrigerated for subsequent analysis.

2.4. UPLC-FLD Instrument and Chromatographic Analysis

A Waters Acquity I chromatographic system (Milford, MA, USA) was used for OTA
analysis, equipped with a UPLC binary pump, autosampler, injection system, and fluores-
cence detector. The analysis was performed under isocratic conditions, with a total runtime
of 3 min. For OTA separation, a Zorbax Eclipse Plus C18 column (100 mm x 2.1 mm,
1.8 um) (Agilent Technologies, Santa Clara, CA, USA) was employed. The mobile phase
consisted of acetonitrile/water/acetic acid (70:30:1, v/v/v), with a flow rate of 0.5 mL/min
and an injection volume of 5 pL. Detection was carried out at an excitation wavelength
of 330 nm and an emission wavelength of 460 nm. During the analysis, the samples were
maintained at 20 °C, and the column temperature was set to 30 °C.
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2.5. OTA Method Validation

The method validation process evaluated several critical parameters, including the
linearity, limit of quantification (LOQ), repeatability relative standard deviation (RSD;),
within-laboratory reproducibility relative standard deviation (RSDyr), and recovery (R), in
compliance with Commission Regulation (EU) No. 2782/2023, which amends the require-
ments of Regulation (EC) No. 401/2006 [36]. Performance criteria were also benchmarked
against the proposed guidelines from the draft version of the EURL-MP [35].

To assess linearity, seven concentrations of OTA standard solutions (ranging from
0.5 to 10 ng/mL in methanol: acetic acid, 98:2, v/v) were used. Regression analysis was
conducted to explore the relationship between OTA concentration (independent variable)
and fluorescence detector intensity (dependent variable). Data analysis was performed
using Microsoft Excel (version 2013), utilizing the Analysis ToolPak’s Regression tool.
Key statistical outputs included the correlation coefficient (Multiple R), the coefficient of
determination (R?), and the adjusted R2. The ANOVA table was used to test the overall
significance of the model, while the coefficient table provided detailed insights into variable
relationships. Residual analysis was performed to confirm model fit and validate regression
assumptions, with all statistical tests conducted at a significance level of & = 0.05.

According to the EURL-MP guidelines [35], the limit of quantification (LOQ) was
established at levels lower than 0.5 times the maximum level (ML). Method validation was
conducted on maize flour quality control material (QC) sourced from Fera Science Ltd.
(Sand Hutton, York, UK), which had an assigned ochratoxin A (OTA) value of 0.810 ug/kg.
This assigned value served as the LOQ for the analysis, indicating that concentrations
below this threshold may not be reliably quantified. The acceptable |z |-score range for
this QC material was 0.454-1.166 pg/kg. Quality control procedures for the maize samples
were performed through extraction and cleanup in accordance with the developed method.

The estimation of uncertainty followed the guidelines outlined in the Eurachem Guide
for Quantifying Analytical Measurement Uncertainty [38], utilizing validation data from two
fortification levels. Key sources contributing significantly to the overall uncertainty—such
as the standard uncertainty from control solutions, uncertainty from linearity (coefficient of
variation), precision of repeatability of control solutions, bias-related uncertainty, and precision
of sample reproducibility—were prioritized in calculating the combined uncertainty.

2.6. Tissue Preparation and Histopathological Examination

The tissue and organ samples from 10 broiler chickens that had recently died (including
the kidney, liver, thymus, bursa of Fabricius, and spleen) were fixed in buffered 10%
formaldehyde for 24 h, followed by dehydration in (1) 70% ethylic alcohol for 60 min,
(2) 95% ethylic alcohol for 45 min, and (3) absolute ethylic alcohol for 2 h. The clearing
phase of the samples was made by repeated xylene immersions, followed by paraffin wax
infiltrations [39]. The samples were automatically processed with the tissue processor
Gemini AS Epredia (Runcorn, UK) and paraffin embedding was carried out with modular
tissue-embedding center Microm EC 350-1 (Thermo Fischer Scientific, Waltham, MA,
USA). The resulting blocks were cut at 3 pm using the RM 125RTS (Leica, Wetzlar, Hesse,
Germany) microtome. The sections were stained with hematoxylin and eosin (HE) by
using the Gemini AS Epredia Slide Stainer (Runcorn, UK). The examination was performed
with an Olympus BX43 microscope coupled to an Olympus DP73 video camera and using
the Olympus Cell"B analysis system version 3.4 (Shinjuku, Japan) for the microscopic
evaluation of the samples.

3. Results
3.1. OTA Method Validation Parameters and Sample Contamination

The validation results of the OTA analytical method demonstrate that the developed
approach effectively separates OTA from matrix interferences, achieving high selectivity
primarily due to immunoaffinity columns that significantly reduce matrix effects. The
UPLC-FLD chromatograms for the OTA reference standard solutions (3 ng/mL) demon-
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strate excellent resolution and similar clarity, as observed in the chromatograms for quality
control (QC) maize materials and samples (Figure 1).
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Figure 1. Typical UPLC-FLD chromatograms of OTA: (a) reference standard solution (3 ng/mL),
(b) QC (maize), and (c) maize sample (M3). * represents the OTA peak.
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Under optimal conditions, the calibration curve was established using five concentra-
tion levels of the OTA reference material solution, with two replicates at each level. The
linearity was confirmed within the range of 0.5-10 ng/mL, with a regression equation of
y = 7436.2x + 152.69 and a correlation coefficient (R?) of 0.999, as per ISO 8466-1:2021 stan-
dards [40]. ANOVA analysis determined a standard error of 440.40 and a method standard
deviation of 0.06, resulting in a variation coefficient of 1.37%, well below the generally
accepted threshold of 5%. To evaluate accuracy, a 3 ng/mL solution from a different batch
of certified OTA reference material was prepared and injected over 10 consecutive days,
with two repetitions per injection. The accuracy of the method was clearly demonstrated,
with results ranging from 95.83% to 104.65%.

LOQ is a crucial parameter, especially when evaluating contaminants with defined
maximum levels. In this study, the LOQ was experimentally determined using trueness
and precision criteria, based on maize QC material. To assess repeatability (RSDy), six QC
samples were analyzed in a single day, resulting in an average concentration of 0.95 ug/kg
and an average recovery rate of 116.78%. The RSD; was calculated at 7.95%, indicating
excellent repeatability at low OTA concentrations. The within-laboratory reproducibility
(RSDyR) for the LOQ was 12.72%, which meets the requirements set by Commission
Regulation (EU) No. 2782 /2023, amending Regulation (EC) No. 401/2006 [36]. This falls
well within the accepted RSD; threshold of <20%, as well as the criteria specified in the
EURL-MP guidelines [35], which recommend an LOQ value lower than 50 ug/kg.

From the nine maize samples tested, three samples were below the limit of quan-
tification (LOQ)—two from Lunca, Buzau County, and one from Fierbinti. Additionally,
three samples had OTA concentrations lower than 5 pg/kg: one from Moara Domneasca at
4.88 ng/kg, and two from Nuci, llfov County, with levels of 1.47 ug/kg and 1.77 ug/kg,
respectively. The sample collected from Cosereni contained 64.60 ng/kg of OTA, while
another sample from Fierbinti showed a concentration of 14.68 ug/kg.

Notably, one maize sample (M3) from Nuci, Ilfov County, recorded a concentration
of 228.75 ug/kg (Table 2), which is close to the maximum recommended OTA limit of
0.25 mg/kg established by Commission Recommendation No. 2016/1319 [41]. Conse-
quently, poultry samples were collected from this farm to look into the possible impact
of OTA-contaminated feed on kidney health. The OTA concentration in the feed mix was
calculated using the fact that maize accounted for 60% of the diet specifically formulated
for the chickens’ growth phase. Among the nine samples tested, sample M3 exhibited a
concerning concentration of 137.25 pg/kg, while sample M7 contained 38.76 ng/kg, war-
ranting significant attention. Furthermore, sample M9 showed a moderate contamination
level of 8.81 ug/kg.

Table 2. Ochratoxin A (OTA) contamination levels in maize samples from selected farms.

Sample Code OTA in Maize * (ug/kg) OTA in Feed Mix ** (ug/kg)

M1 4.88 2.93

M2 1.77 1.06

M3 228.75 137.25

M4 1.47 0.88

M5 <LOQ -

M6 <LOQ -

M7 64.60 38.76

M8 <LOQ -

M9 14.68 8.81

Legend: <LOQ—below limit of quantification (0.810 ug/kg). * OTA in maize was analytically determined using
UPLC-FLD. ** OTA in feed mix was calculated based on percentage of maize in maize-based diet formulated
specifically for chickens” growth phase.
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3.2. Gross and Histological Sample Result

During the necropsy of chickens from the farm located in Nuci, IIfov County, where
elevated levels of OTA (228.75 pg/kg) were detected in the contaminated maize, several
pathological changes were observed. The kidneys of all individuals showed lesions marked
by enlargement, degeneration, pallor, and increased firmness, with chalky deposits accu-
mulating in the ureters (Figure 2). The serous membranes exhibited chalky white, fine, dry
deposits. The liver showed hepatomegaly with a yellow-green coloration, characteristic of
hepatic steatosis. Numerous foci of necrosis were seen on the surface of the liver, and on
section, the liver tissue was soft and friable, suggesting massive degeneration of hepato-
cytes. Lymphoid organs such as the spleen, bursa of Fabricius, and thymus were reduced
in size and pale.

Bursa of Fabricius

Figure 2. Gross and histopathological lesions from Ross 308 gout-affected commercial broiler chickens
after exposure to feed with mycotoxins. (a) Swollen kidneys full of chalky deposit and the dilatation of
ureters; the kidneys are marked by dashed white-line box. (b) The kidneys are enlarged, degenerate,
and filled with urates, with bilateral multifocal petechiae; the kidneys are marked by the dashed
white-line box. (c) The gross examination of the bursa of Fabricius reveals significant atrophy, with a
notable reduction in size and weight, and pale discoloration; the kidneys are marked by the dashed
white-line box. (d) Visceral gout, observed in the transverse cross-section of the chicken kidney.
Bluish-purple urate deposits in the lumen of renal tubules forming urate cylinders (arrows), HE stain.
(e) Gout tophi (indicated by a white dashed circle and arrow), with cellular spicules surrounded
by macrophages and multinucleated giant cells, moderate interstitial lymphocytic and histiocytic
nephritis, tubular degeneration, and necrosis in the chicken kidney, HE stain; (f) Gout tophi (indicated
by a white dashed circle and arrow), with interstitial fibrosis and urate deposits in the chicken kidney,
HE stain.
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Microscopic examination revealed multifocal and random deposits in the kidneys,
including colorless to intensely basophilic, spheroid, or sharp acicular crystalline deposits
(urate tophi). Surrounding these deposits there were a moderate number of inflammatory
cells, predominantly mononuclear lymphocytes, active macrophages, multinucleated giant
cells, and heterophils mixed with eosinophilic and karyolytic cellular debris. Extravasated
red blood cells extended into the adjacent interstitium. Renal tubules exhibited mild to
moderate ectasia with a degenerate epithelium, enlarged epithelial cells with indistinct
borders and microvacuolated cytoplasm, hypereosinophilic epithelial cytoplasm, and
pyknotic nuclei. The interstitium contained infiltrates of lymphocytes and macrophages,
along with signs of tissue fibrosis.

In the liver, hepatocytes displayed moderately increased cell volume with finely granu-
lar cytoplasm, indicative of extralobular hepatic glycogenosis. Some hepatocytes contained
microvacuoles or macrovacuoles (steatosis), accompanied by perivascular, portobiliary,
and sinusoidal inflammatory infiltrates. Multifocal hepatocytic necrosis was also noted.
The intestinal mucosa was swollen and exhibited multiple hemorrhagic spots. In certain
segments, the mucosa was necrotic and covered by a fibrinous exudate. Occasionally,
the glandular body (proventriculus) showed erosions and ulcerations. A reduction in
lymphocyte populations was observed in the lymphoid organs. The bursa of Fabricius
frequently showed hypocellular lymphoid follicles with moderate to severe lymphocyte
depletion and signs of cellular apoptosis.

4. Discussion

The UPLC-FLD technique serves as an affordable and user-friendly alternative to mass
spectrometry (MS) or tandem mass spectrometry (MS/MS), while still delivering high
specificity and sensitivity. This makes it particularly effective for detecting mycotoxins in
various matrices, including maize, and suitable for multi-mycotoxin analyses. Recently,
multiresidue immunoaffinity columns (IACs) have been developed to streamline the si-
multaneous purification of multiple mycotoxins, including aflatoxins B1, B2, G1, G2, OTA,
and zearalenone [42]. Although these columns improve workflow efficiency, their recovery
rates tend to be lower compared to single-target columns. OTA-specific immunoaffinity
columns, however, remain highly effective for analyzing complex feed matrices, offering
superior selectivity and enhanced analytical reliability. In addition, alternative methods
such as QUEChERS combined with solid-phase extraction (SPE) have been explored as sub-
stitutes for IAC; however, they do not match the overall effectiveness. Ultimately, despite
the higher cost associated with IAC, it continues to be regarded as the most effective and
environmentally friendly option for mycotoxin analysis [43].

In our study, the UPLC-FLD method was validated for precision and accuracy, ef-
fectively separating OTA from matrix interferences while demonstrating high selectivity
through the use of immunoaffinity columns. The method also enabled rapid analysis, with
OTA showing a retention time of just 0.71 min and a total instrumental analysis time of
3 min. The UPLC chromatograms exhibited excellent resolution, high linearity (R? = 0.999),
and accuracy ranging from 95.83% to 104.65%.

Leite et al. (2023) [44] developed and optimized a sensitive, precise, and robust
multi-mycotoxin analytical method using ultra-high-performance liquid chromatography
coupled with tandem mass spectrometry (UHPLC-MS/MS) for the detection of 23 regu-
lated, non-regulated, and emerging mycotoxins in maize grain, including ochratoxin A
(OTA). This approach used QuEChERS extraction with a C18 sorbent, followed by UHPLC-
MS/MS analysis to accurately quantify these mycotoxins in maize samples. By analyzing
blank samples and using a signal-to-noise ratio of 10:1, Leite et al. (2023) [44] achieved a
limit of quantification (LOQ) of 3.7 ng/kg, with recovery rates between 75.8% and 98.1%.
In comparison, our study achieved a significantly lower LOQ of 0.81 pg/kg, along with a
recovery rate of 116.78%.
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Another key validation parameter, RSDy, which influences the standard uncertainty
of the method, was assessed in this study. In our research, we observed an RSDyr of 12.72%
at 0.81 ng/kg, while Silva et al. (2019) [45] reported a slightly higher RSDy,r of 14.5% at a
concentration of 1.5 pug/kg. Leite et al. (2023) [44] recorded an RSDy,r of 13.6% in a poultry
feed analysis spiked at 2 pg/kg, further underscoring the influence of feed matrices on
analyte recovery rates.

Romania’s warm and humid climate, especially in regions such as the Southern Plain
and Dobrogea, creates optimal conditions for Aspergillus species, key OTA producers.
These conditions increase the risk of OTA contamination, particularly during maize storage
in silos, posing potential health risks if not effectively managed. Between January 2012
and July 2015, post-harvest OTA contamination in Romanian maize was reported at an
incidence rate of 6.8%, with 4 out of 59 samples testing positive (Gagiu et al., 2018) [46].
OTA levels in contaminated samples ranged from below 2.50 ug/kg to a maximum of
6.72 ug/kg, with a mean of 2.70 £+ 0.43 pg/kg and a median below 2.50 pg/kg. Of the
samples, 6.8% exceeded the maximum allowable OTA level, raising food safety concerns
in affected areas. Processed maize products showed the highest OTA levels, with maize
grains stored in silos reaching up to 3.39 ug/kg in 2012 and corn germ samples reaching
5.64-6.72 nug/kg in 2014.

Maize, however, is not the only feed susceptible to OTA contamination. Alexa et al.
(2013) [47] found a relatively low OTA incidence in 2010 wheat samples in western Romania,
with a maximum contamination level of 11.3 ug/kg. However, OTA incidence increased
significantly in 2011, with 92.31% of wheat samples testing positive and contamination
levels reaching up to 25.70 pg/kg, demonstrating annual fluctuations in contamination
across feed types. OTA contamination has also been reported in maize from other regions,
indicating similar risks in various climates. For instance, Kortei et al. (2021) [48] assessed
OTA levels in Ghanaian maize, collecting samples from village markets from July to
December 2020. Of the 180 samples analyzed, 103 contained OTA, with contamination
levels ranging from 0 to 97.51 pg/kg. Of these, 52.22% exceeded the EFSA tolerable limit,
while 49.44% exceeded Ghana’s safety standard.

In Doha, Qatar, Alkuwari et al. (2021) [49] reported that all maize samples (n = 13) col-
lected from local markets tested positive for OTA, with levels between 1.55 and 2.58 pg/kg.
Similarly, Beg et al. (2006) [50] investigated OTA contamination in yellow maize and other
feed ingredients in a Kuwaiti poultry feed production facility. Among the 14 broiler starter
feed samples, 93% contained less than 5 pug/kg OTA, and 32 maize samples analyzed
showed that half had OTA concentrations below this threshold.

The nephrotoxic effects of ochratoxins have been investigated for a long time. Grossly,
these lesions include enlarged kidneys with urate retention. Microscopically, renal tubular
degeneration and necrosis, along with cast formation and urate tophi, are typically ob-
served. Lymphoid organ suppression (lymphocyte depletion) and hepatic necrosis may
also occur. Similar results have been reported by other studies [51]. Santin et al. (2002) [52]
conducted a necropsy analysis of chickens fed a diet containing OTA at 2 mg/kg for three
to four weeks, observing alterations in internal organs such as pale, swollen kidneys and
enlarged, yellowish, friable livers. Histopathological examinations revealed the vacuolation
and megalocytosis of hepatocytes, hyperplasia of the biliary epithelium, and hypertrophy
of renal proximal tubular epithelial cells. In another study, broiler chickens fed a diet with
2 mg/kg of OTA showed no changes within the first three weeks of treatment [53]. How-
ever, significant changes were noted after five weeks, including kidney swelling, slight liver
enlargement, and a reduction in the size of the bursa of Fabricius. Microscopic analyses
indicated marked changes in lesion scores, with the highest scores observed in the kidneys,
followed by the liver, bursa, spleen, and thymus. Kumar et al. (2004) [54] confirmed that
OTA is more nephrotoxic than hepatotoxic for broilers, with the most significant effects
seen in animals fed a diet contaminated with OTA at 2 mg/kg. These effects included the
atrophy of the bursa, thymus, and spleen, along with lymphocyte depletion. In a recent
study on two commercial poultry farms, Bozzo et al. (2008) [55] detected OTA in all feed
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samples, with concentrations ranging from 0.160 to 0.332 mg/kg. The OTA-contaminated
feed was administered to the animals for at least two months. Postmortem inspections,
along with cytological and histological examinations of layer hens, evidenced gross and
microscopic lesions in the kidneys and liver. Sawale et al. (2009) [56] reported negative
effects of OTA on performance, hematobiochemical disturbances, and severe immunosup-
pression in laying hens fed a diet contaminated with OTA at 1 mg/kg for 60 days. Our
study provides additional evidence in this field.

5. Conclusions

This study presents a developed and validated UPLC-FLD method that exhibits robust
precision and accuracy in the detection of OTA in maize. The method effectively separates
OTA from matrix interferences, thereby ensuring reliable detection at low concentrations.
The maize samples tested from various counties in Romania reveal significant variability in
OTA concentrations. Notably, maize sample M3 exhibited a concentration of 228.75 ug/kg,
which, while below the maximum recommended limit of 250 pg/kg, underscores the po-
tential risk associated with OTA contamination in maize. Histopathological assessments of
the collected poultry samples indicated nephrological damage that may be associated with
OTA presence, including kidney enlargement, urate deposits, and tubular degeneration,
along with lymphoid organ suppression and hepatic necrosis. These findings corroborate
existing research on OTA’s severe impact on poultry health. This study underscores the ne-
cessity for stringent feed testing and management practices to address OTA contamination
and mitigate its adverse effects. Furthermore, the analysis highlights the effectiveness of
the UPLC-FLD method in providing the accurate quantification of mycotoxins, with high
correlation coefficients and recovery rates affirming its reliability. This research emphasizes
the critical importance of continuous mycotoxin surveillance to ensure feed safety and
protect both animal and human health, offering valuable insights for the agricultural and
public health sectors.
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Abstract: Copper is an essential trace element but becomes toxic in overexposed animals. Sheep
are the domestic species most prone to chronic copper poisoning, as a slight increase in the dietary
concentration can lead to liver accumulation and the development of clinical signs in this species.
Common sources of copper in the diet are feed additives and mineral supplements, which are
commonly used in pigs and poultry. Recently, new copper supplements were registered for animal
nutrition, including copper bilysinate. This study describes an episode of presumed chronic copper
poisoning in Five Texel sheep, which were exposed to a compound feed containing copper bilysinate.
Four weeks after the introduction of the compound feed into the diet, the first animal started to show
typical clinical signs of chronic copper poisoning and died, followed by another animal a week later.
Despite removing the compound feed from the diet, a third sheep died 3 weeks later. Two animals
survived and fully recovered. Necropsy and histology showed characteristic gross and microscopical
lesions typical of copper poisoning. The case report highlights the potential toxic effect of copper
bilysinate in sheep.

Keywords: hemolysis; trace minerals; potentially toxic element; toxicity

1. Introduction

Copper (Cu) is an essential trace element for both ruminants and monogastrics [1] and
plays an important role in many physiological processes, as it is a component of proteins,
enzymes, and nucleic acids [2-6]. As a component of essential enzymatic systems, copper
is involved in energy production, immune response, growth, nervous system function, and
connective tissue formation [1,5].

Copper toxicosis is more common in sheep than in cattle or monogastric animals [1],
causing important economic losses [7]. Cattle and certain breeds of dogs, notably Bedling-
ton Terriers, are also sensitive. In Bedlington Terriers, an inherited sensitivity to copper
toxicosis similar to Wilson disease in humans has been identified. Chronic copper poi-
soning has been reported in other breeds of dogs, including Labrador Retrievers, West
Highland White Terriers, Skye Terriers, Keeshonds, American Cocker Spaniels, and Dober-
man Pinschers [8,9]. Other species, such as pigs, poultry, and horses, may be affected but
are more resistant [7].

The high susceptibility of sheep to copper toxicosis is due to their low dietary re-
quirement and their inability to increase copper excretion in response to increased dietary
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intake [6]. Certain breeds of sheep are more sensitive than others, Texel sheep being con-
sidered one of the most sensitive breeds to copper toxicosis [6]. Milk sheep in intensive
farming [7] and young animals are more prone to copper poisoning than adult ones [6]. This
age-related susceptibility may be attributable to their higher copper absorption capacity
than in adult sheep and their underdeveloped biliary excretion [10].

In sheep, when the diet contains elevated copper levels, or is deficient in molybdenum,
copper accumulates in the liver [1]. The most important sources of copper in the diet are
feed additives such as copper sulfate, copper chloride, and copper oxide [9]. The use of
trace mineralized salt in sheep diets or forage harvested from fields fertilized with poultry
or swine manure with increased copper are other causes of poisoning [7]. Misformulation
of rations or errors in the mixing of feed can result in high concentrations of copper.

Chronic copper poisoning is a common global problem for the sheep industry, and
outbreaks were reported and case reports were published in many sheep-rearing countries,
such as Iran, Australia, New Zealand, South Africa, USA, Brazil, and Canada [7]. In Europe,
recent reports from the United Kingdom described cases of copper poisoning in sheep,
associated with organic farming and the consumption of red clover (Trifolium pratense)
and white clover (Trifolium repens) [11]. It is also a common problem in the Greek sheep
industry [11]. Cases were also reported in Spain, Turkey, and the Scandinavian countries [7].
In Belgium, commercially prepared milk replacers with high copper levels were involved
in poisoning cases in calves [11].

In this case report, we describe an episode of accidental chronic copper poisoning
in Texel sheep due to feeding the animals with a compound feed containing mineral
supplements intended for pigs. The mineral supplement contained copper bilysinate, a
new form of copper, which was authorized in 2014 in the European Union for animal
nutrition for all animal species. Also in 2014, European Food Safety Authority (EFSA)
showed an equivalent bioavailability between copper bilysinate and copper sulfate [12].
This feed additive can be a powder or a granulate with a content of copper > 14.5% and
lysine-HCl > 84%; the active substance name is copper chelate of L-lysinate-HCl, and
the chemical formula is Cu(C4H13N203), [12]. In addition to the high copper content,
according to the manufacturer, the commercial product involved in this poisoning case
reduces copper excretion by 43.6% in pigs (the species for which the product is labeled) [13],
which can potentially increase the risk for hepatic accumulation and chronic poisoning
in sheep.

2. Case Description

The episode occurred in a small owner-operated unit in Cluj County, Romania, in Jan-
uary 2022. The farmer, who was new in sheep husbandry, incorrectly purchased feed with
added copper bilysinate intended for pigs. Five animals were involved in this poisoning
case: one male and four pregnant ewes, Texel breed of sheep. The animals were acquired
one month before the onset of the clinical signs and were housed in a stable, where they had
permanent free access to fresh water and were fed with good-quality hay and a compound
feed with mineral supplement intended for pigs, containing 14.22 mg/kg copper bilysinate.
There was no added molybdenum in this commercial product.

The animals started to show clinical signs 6 weeks after the introduction of the commer-
cial compound feed into the diet. The first animal to show clinical signs was a three-year-old
pregnant ewe. The animal showed anorexia, weakness, and apathy. Jaundice, characterized
by the yellow discoloration of the conjunctiva and the skin, hemoglobinuria, abdominal
pain, rumen stasis, and normal body temperature were observed. Although it was able to
rise, the animal preferred sternal recumbency and died 2 days after the onset of the clinical
signs. A week later, a second animal, a three-year-old male, started to show similar clinical
signs and died. After this event, the owner suspected a feed-related problem and stopped
feeding the surviving animals with the high copper level feed. The hay was examined, and
no visible signs of impurities or toxic plants were identified. The animals had permanent
free access to fresh water, the public water system being the source of water at this farm.
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Although the compound feed was removed from the diet, after another 3 weeks (week
10 after the introduction of the compound feed), another pregnant ewe died, presenting
similar clinical signs and lesions as the previous animals showed.

The two surviving pregnant ewes presented mild clinical signs of anorexia and apathy,
fully recovered, and gave birth to healthy lambs.

Blood smear realized from peripheral blood showed signs of oxidative hemolytic
anemia, with the presence of erythrocyte ghosts and Heinz bodies (Figure 1).
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Figure 1. Blood smear, evidence of Heinz bodies (black arrows) and ghost erythrocytes (red arrows),
indicating hemolytic anemia; Diff-Quick stain.

A complete necropsy was performed on the deceased animals, and the poisoning was
confirmed through pathological findings. Grossly, the animals showed marked, diffuse
icterus (Figure 2A,B), splenomegaly, pale, friable, and enlarged liver (Figure 3A), distended
gallbladder, dark-brown discoloration of the renal cortex (Figure 4A), and hemoglobinuria
(Figure 5).

The main histological findings were acute, massive, diffuse hepatic necrosis (Figure 3B,C)
and diffuse, severe renal tubular necrosis associated with the presence of hemoglobin casts
within renal tubules (Figure 4B,C).

-y

o

Figure 2. (A) (Head), (B) (Left hindlimb). Generalized icterus, yellowish discoloration of the skin and
subcutaneous fat, caused by hyperbilirubinemia resulting from intravascular hemolysis.
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Figure 3. Pale, enlarged liver (A). Massive, diffuse hepatocellular necrosis, centrolobular area (B) and
midzonal area (C). Hematoxylin-eosin stain (B,C).

Figure 4. Kidney, diffuse dark-brown discoloration of the renal cortex (A), Acute, severe renal tubular
necrosis—all tubular structures in the section are affected (B). Multifocal intraluminal hemoglobin
casts—asterisk (C). Hematoxylin-eosin stain (B,C).

Figure 5. Dark-brown urine—hemoglobinuria, likely resulting from excessive intravascular hemolysis.

146



Life 2024, 14, 1363

3. Discussion

Copper intoxication is a deadly condition in sheep and is reported worldwide [7].
There are two types of copper toxicosis described: acute and chronic [1,7,9,14]. Copper
sulfate is typically the form most frequently associated with reported cases of poisoning [9].
In sheep, especially in sensitive breeds like the Texel sheep, the chronic form is more
common, and it is usually a consequence of long-term exposure (several weeks) to excessive
doses (higher than the dietary requirement) [7]. The incidence of chronic copper poisoning
is increasing worldwide as intensive breeding systems are extensively used and sensitive
breeds become more popular [7]. The main cause of chronic copper poisoning in sheep is the
inability of this species to increase biliary excretion as a response to high dietary intake [14].
High dietary intake will lead to increased absorption, as copper is not absorbed based on
the animal’s daily requirements like other metals but is dependent and proportionate on
the concentration in their diet [15].

In sheep, copper has a complex interrelationship with several elements, especially
molybdenum and sulfur [9], as both elements decrease copper absorption and inhibit
copper utilization. These minerals interact to form soluble thiomolybdates (mono, di-, tri-
and tetra) in the rumen [1]. Thiomolybdates are also absorbed into the bloodstream and act
as a copper chelator, keeping copper in a biologically non-functional form. Molybdenum
plays a major role, with low dietary levels of the metal being associated with increased
absorption of copper. Other metals and minerals that interact with copper absorption are
interacting zinc and iron [15]. Interaction with the mentioned minerals, even if the dietary
level of copper is within the normal range, may also lead to the development of chronic
poisoning [1,7,9].

The elevated copper level in the diet (or molybdenum deficiency) leads to liver ac-
cumulation of the metal [1]. The chemical form of copper in the diet is also important
as the bioavailability may vary among different products. Newer feed additives, such as
copper bilysinate have high bioavailability [7]. In addition to the high bioavailability, the
commercial product involved in this episode reduces copper excretion [13].

While the liver accumulates copper, the plasma and serum copper concentrations are
maintained within the normal range [1]. When copper levels in the liver reach high, toxic
levels, and the storing capacity of lysosomes is overwhelmed, liver necrosis occurs [14].
Copper is then released from the necrotized hepatocytes into the bloodstream, causing
oxidation of the erythrocyte membrane resulting in methemoglobinemia and intravascular
hemolysis, hemoglobinuria, and elevated serum levels [9,14]. The copper release from the
hepatocytes is usually triggered by a stress such as transportation, pregnancy, lactation,
extreme weather, and concurrent diseases [1,7,9].

The cause of death in chronic copper poisoning is either acute anemia due to hemolysis
or acute renal tubular necrosis induced by the direct toxic effect of the reabsorbed copper by
the renal tubular epithelial cells and by the toxic effects of hemoglobin, which is reabsorbed
after the hemolytic event [7,9,14].

In the present episode of chronic copper poisoning, the diagnosis was based on the
history, clinical data, and post-mortem findings. Feeding a susceptible breed with a high
copper diet over several weeks led to copper accumulation in the liver and release of
the metal with typical clinical signs and lesions for chronic copper intoxication. Previous
studies [16] showed that copper lysine complex administration leads to higher liver con-
centrations compared to copper sulfate in pigs [16]. In this study, the use of a commercial
compound feed containing copper bilysinate, which, according to the manufacturer, re-
duces copper excretion by more than 43% in the target species (pigs), led to high liver
concentrations, hepatocellular necrosis and intravascular hemolysis in the sheep involved
in this episode.

Breed is one of the most important factors influencing copper toxicity, and genetic
factors could be involved [7]. Merino sheep are less often affected by copper toxicoses than
other sheep breeds [17]. North Ronaldsay, reported to be the most susceptible breed, is a
primitive sheep adapted to the copper-deprived North Ronaldsay island [7,17]. Finnsheep
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seems to be the most resistant [18]. A copper content of less than 15 ppm in the diet
is considered safe yet it can accumulate in the liver of Texel sheep and Texel x Friesian
milk sheep at a relatively high level, which suggests that the sensibility of these breeds to
copper is high [18]. Breeds susceptible to copper intoxication, like Texel, along with mature
British breeds, like Suffolks, Oxfords, and Shropshires, are often used in the sheep industry,
increasing the incidence of the disease [6,7,18].

As the clinical signs in chronic copper poisoning are associated with an acute hemolytic
crisis, the differential diagnosis should exclude several infectious diseases such as babesio-
sis, leptospirosis, theileriosis, anaplasmosis, bacillary hemoglobinuria, Clostridium perfrin-
gens type A infection, and toxic plant ingestion such as rape, kale, onion, garlic [7].

Animals suffering from chronic copper poisoning have a poor prognosis and can be
difficult to treat when they show severe clinical signs [7] such as in the present episode,
where even after the compound feed was removed, another animal died. It is therefore
recommended that animals with copper poisoning are treated before the onset of severe
clinical signs [9].

Treatment of chronic copper poisoning is realized by administering copper antago-
nists and chelating agents [7,9,14]. In animals with severe anemia following intravascular
hemolysis, a blood transfusion should be considered [7,9]. The most used antagonists are
ammonium or sodium molybdate and sodium thiosulphate. These products are adminis-
tered as a drench, daily, orally, 50-500 mg ammonium or sodium molybdate and 0.3-1 g
sodium thiosulphate. The therapy should last 34 weeks [7,9,14].

The most effective product in reducing liver copper levels and reducing mortality
rates is ammonium tetrathiomolybdate. It is administered intravenously, at 2.7 mg/kg
for 3-6 treatments (on alternate days) or subcutaneously at 3.4 mg/kg on three alternate
days [7,9,14].

The chelator used in chronic copper poisoning in sheep is D-penicillamine 10 to
15 mg/kg orally twice daily [14]. Sodium calcium edetate and 2,3-dimercapto-1-propanol
have also been experimentally used to treat copper poisoning in sheep with variable
success [7,14].

Preventing hepatic copper accumulation and reducing the risk of chronic poisoning
in susceptible breeds, especially in intensive breeding systems or endemic areas, are
mainstays of ovine health management [7]. Prevention is realized with the addition
of copper antagonists to the diet. Dietary supplementation with molybdenum (can be
increased to 5 ppm in the diet) and sulfur (0.35% of diet) reduces hepatic Cu accumulation
in sheep. Zinc supplementation at 100 ppm will also reduce copper absorption [6,14]. A
copper/molybdenum ratio of 6:1 to 10:1 in the diet decreases the likelihood of copper
accumulation in the liver [14].

Copper bilysinate is a relatively new, recently registered supplement. To the authors’
knowledge, this study is the first report of poisoning in sheep involving this new form of
copper. In addition to exposure to this highly bioavailable copper source, other ingredients
of the commercial compound feed involved in this episode may have contributed to
reduced excretion of copper, finally leading to accumulation and chronic copper poisoning.
It is essential not to use compound feeds intended for copper-tolerant species like pigs in
the diet of sheep.
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