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Editorial on the Research Topic
The integration of clinical veterinary anatomy and diagnostic imaging

The integration of clinical veterinary anatomy and diagnostic imaging has significantly
advanced veterinary medicine, enhancing diagnostic precision, surgical planning, and
therapeutic strategies. Veterinary anatomy provides the fundamental framework for
understanding the structure and function of animal bodies. At the same time, imaging
modalities offer non-invasive tools to visualize these structures in both normal and
pathological states. The synergy between these fields has improved the accuracy of
disease diagnosis and paved the way for more refined interventional procedures. With
continuous advancements in imaging technologies, including higher-resolution imaging,
three-dimensional reconstructions, and quantitative analysis, veterinary medicine is
experiencing an unprecedented transformation. The Research Topic, “The integration of
clinical veterinary anatomy and diagnostic imaging, presents a collection of 14 studies
that exemplify this interdisciplinary approach, contributing to a deeper understanding of
anatomical variations, pathological conditions, and novel diagnostic methodologies.

The evolution of imaging technologies has been instrumental in veterinary diagnostics.
Techniques such as computed tomography (CT), magnetic resonance imaging (MRI), and
ultrasonography have become indispensable tools, providing detailed anatomical insights
that facilitate the identification of pathologies challenging to detect through traditional
methods. These modalities have expanded the diagnostic capabilities of veterinarians,
allowing for early disease detection, improved treatment monitoring, and more precise
therapeutic interventions. Several studies within this Research Topic highlight the practical
applications of integrating anatomy and imaging:

Magnetic resonance imaging (MRI) is an exceptionally valuable tool in veterinary
medicine, providing detailed visualization of musculoskeletal, nervous, and lymphatic
structures. Several studies in this collection explore innovative MRI techniques and their
potential applications in diagnosing and monitoring various conditions. They offer new
approaches for early detection, disease characterization, and improved treatment planning.

Bunzendahl et al. investigated the magnetic properties of canine menisci using ex
vivo MRI techniques to explore age-related joint degeneration. Their study assessed
magnetization transfer, T1, and T2* relaxation times as potential cartilage and meniscal
health biomarkers. By analyzing meniscal tissue’s structural and biochemical composition,

5 frontiersin.org


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2025.1602545
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2025.1602545&domain=pdf&date_stamp=2025-05-20
mailto:durosokol@ubt.edu.al
https://doi.org/10.3389/fvets.2025.1602545
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2025.1602545/full
https://orcid.org/0000-0002-6075-7342
https://www.frontiersin.org/research-topics/63536/the-integration-of-clinical-veterinary-anatomy-and-diagnostic-imaging
https://doi.org/10.3389/fvets.2025.1521684
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Duro et al.

the researchers identified patterns associated with degenerative
changes, which could serve as early indicators of osteoarthritis.
Their findings provide a foundation for developing non-invasive
diagnostic techniques that allow veterinarians to track joint
deterioration over time. The study’s results emphasize the potential
of MRI-based biomarkers in guiding therapeutic interventions to
preserve joint function and mitigate osteoarthritic progression in
aging dogs.

Lee et al. applied two-point and six-point Dixon MRI
for fat fraction analysis in healthy dogs’ lumbar vertebral
bodies and paraspinal muscles, comparing the results with
magnetic resonance spectroscopy. The study demonstrated that
Dixon MRI provides a reliable and non-invasive method for
quantifying fat infiltration in muscle tissue. It is a valuable
tool for assessing muscle health and detecting early signs of
atrophy. Their research suggests that this imaging technique
could be beneficial for monitoring metabolic disorders and
neuromuscular conditions that affect muscle composition. By
eliminating the need for invasive biopsies, Dixon MRI offers
a practical alternative for routine veterinary assessments and
long-term health monitoring. The study further validates Dixon
MRI as a faster, clinically feasible alternative to traditional
magnetic resonance spectroscopy, increasing its applicability in
veterinary practice.

DuPont
retropharyngeal lymph nodes using T2 spin-echo sequences

and Boudreau measured canine medial
at 3T MRI to establish baseline values for normal lymph node
size and texture. The study provides critical reference data for
distinguishing between physiological variations and pathological
enlargement due to lymphoma, infection, or metastatic disease. By
defining normal morphometric parameters, this research improves
the diagnostic utility of MRI in clinical settings, allowing for more
accurate assessments of lymphadenopathy. Their findings highlight
the importance of advanced imaging techniques in early disease
detection, ultimately aiding in timely therapeutic decision-making.
The study also explores the potential correlation between lymph
node size and systemic disease, further expanding the role of MRI
in clinical veterinary oncology.

Kim et al. detailed the MRI characteristics of an atypical
cervical glioma with a predominant extramedullary distribution
in a dog. The case study underscored the importance of MRI
in differentiating spinal tumors based on their location, extent,
and tissue characteristics, which directly influence treatment
planning. Their imaging findings provided crucial insights into
the compressive effects of the tumor on surrounding neural
structures, guiding the surgical approach and postoperative
management. The study further demonstrated the potential
for significant neurological recovery following the intervention,
even in severe spinal cord compression cases, emphasizing
the importance of early and accurate imaging for optimizing
treatment outcomes. By combining advanced MRI findings with
histopathological confirmation, this case highlights the evolving
role of MRI in diagnosing and managing complex spinal tumors
in veterinary patients.

In addition to MRI, CT remains a highly effective tool in
veterinary diagnostic imaging. By utilizing advanced computed
tomography (CT) modalities—including spectral CT, cone beam
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CT (CBCT), multidetector CT (MDCT), and CT angiography—
researchers are enhancing diagnostic accuracy, refining treatment
strategies, and improving non-invasive assessment techniques.
These innovations provide a more precise understanding of
anatomical and pathological variations, ultimately optimizing
clinical decision-making in veterinary medicine.

Ji et al. examined the echocardiographic and CT features
of congenital bronchoesophageal artery hypertrophy and fistula
in a dog. Their study highlighted the complementary roles of
echocardiography and CT angiography in diagnosing complex
vascular anomalies, which are often challenging to detect using a
single imaging modality. A 4-year-old beagle underwent routine
medical screening, revealing a right-sided continuous murmur.
Further imaging identified multiple systemic-to-pulmonary shunts,
which were surgically ligated. Postoperative imaging confirmed
reduced ventricular overload and decreased shunt flow. This
study provides valuable insight into the imaging features and
surgical management of multi-origin systemic-to-pulmonary
shunts, emphasizing the role of multimodal imaging in diagnosis
and intervention.

Umbh et al. conducted a detailed morphologic study of PDA in
25 dogs using computed tomography imaging, providing an in-
depth characterization of anatomical variations in this congenital
defect. By evaluating differences in PDA morphology, the study
helps refine surgical and catheter-based closure techniques,
ensuring better procedural outcomes. Their findings revealed three
distinct PDA morphologies, with significant correlations between
anatomical dimensions and body weight. The distinctive cross-
sectional configuration observed via CT imaging offers valuable
pre-procedural planning insights, potentially aiding the design
of new occlusion devices. This research enhances interventional
cardiology approaches, allowing for more tailored and effective
treatment strategies.

Hagenbach et al. compared cone beam computed tomography
(CBCT) with multidetector computed tomography (MDCT) for
imaging the equine carpal region. Their study demonstrated
that CBCT provides detailed visualization of bone and soft
tissue structures with reduced radiation exposure compared to
MDCT. In a study of 28 forelimbs from 15 horses, CBCT was
effective for assessing osseous structures and some intraarticular
ligaments, particularly after contrast enhancement. However,
MDCT provided superior imaging of soft tissue structures and
cartilage. These findings position CBCT as a reliable diagnostic
tool for equine orthopedic evaluations, particularly useful in
detecting early-stage musculoskeletal injuries such as stress
fractures and osteoarthritis.

Mikic¢ et al
images compared to accurate unenhanced images in rabbits,

evaluated virtual non-contrast spectral CT

demonstrating that spectral CT offers a viable alternative to
conventional imaging with potentially lower radiation doses. By
analyzing 219 regions of interest in 20 rabbits, the study confirmed
that attenuation values between virtual and accurate non-contrast
images were highly comparable, particularly in the spleen, liver,
musculature, and renal cortices. Additionally, the elimination of
motion artifacts and reduction in radiation exposure make this
method particularly beneficial for fragile or repeatedly imaged
patients. While the technique has shown promise for normal

frontiersin.org
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tissues, further research is needed to validate its applicability in
diseased organs, paving the way for broader veterinary applications.

Shear Wave Elastography (SWE) has emerged as a valuable
non-invasive diagnostic tool for assessing reproductive organ
health in veterinary medicine. Zappone et al. investigated testicular
stiffness in healthy and fertile male dogs using qualitative (2D-
SWE) and quantitative (pSWE, 2D-SWE) techniques. Their study
established baseline values for normal testicular stiffness in
medium-to-large breed dogs, finding relatively uniform stiffness
with minor variations across anatomical regions but no significant
differences between testes, breeds, or age groups. Additionally,
body weight showed a correlation with stiffness in 2D-SWE
measurements. These findings highlight the potential of SWE for
detecting early testicular abnormalities, improving reproductive
management, and aiding in diagnosing subclinical infertility in
breeding dogs. Further research with larger and more diverse
canine populations will help refine its clinical applications.

Similarly, Ucmal et al. explored the use of SWE in monitoring
postpartum reproductive organ recovery in Kivircik ewes. Their
study quantified shear wave speed (SWS) and stiffness in the uterine
cervix, caruncles, and vulvar labia, alongside Power Doppler
ultrasonography to assess blood flow changes in caruncles. They
observed significant time-dependent differences in cervical stiffness
and caruncular regression, providing key insights into uterine
involution. The findings demonstrate the potential of SWE in
tracking postpartum recovery and fertility status in livestock,
offering a new non-invasive approach to reproductive health
assessment in ewes.

Together, these studies underscore the growing role of
elastography in veterinary reproductive medicine. By enabling
precise, real-time evaluation of tissue stiffness in different
reproductive structures, SWE is promising to improve breeding
management, early disease detection, and overall reproductive
efficiency in companion animals and livestock.

Kleiner et al. and Wolf et al. investigated advanced techniques
for sacroiliac luxation repair in feline cadaveric models. Both
studies utilized CT-based neuronavigation to enhance surgical
accuracy and safety. Kleiner et al. compared fluoroscopy-controlled
freehand drilling to computer-assisted navigation, demonstrating
improved screw placement precision with neuronavigation.
Similarly, Wolf et al. assessed the feasibility of minimally invasive
computer-assisted drilling (MICA) compared to the traditional
fluoroscopy-controlled approach. Their study highlighted a steep
learning curve but showed that computer-assisted techniques
reduced surgical inaccuracies over time, improving accuracy
deviations from 4.2 mm to 0.9 mm after five procedures. Moreover,
Wolf et al. introduced a new patient reference array placement
method, which improved safety by preventing violations of vital
structures. These findings emphasize the role of CT-based image
guidance in orthopedic procedures, enhancing surgical precision
while minimizing neurovascular risks.

Godlewska et al. presented a case report on a nodular lesion
in the ventral neck of a rat, utilizing radiography, ultrasound,
and echocardiography alongside histopathology to establish
a differential diagnosis. The study highlighted the challenges
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of assessing subcutaneous tumors in small mammals due to
their rapid growth and varied etiologies. Their comprehensive
multimodal imaging approach facilitated a more accurate lesion
characterization, enabling targeted biopsy and subsequent
therapeutic planning. The case emphasizes the importance of
combining different imaging modalities in diagnosing rare or
ambiguous masses in exotic animal practice.

Reinitz et al. utilized CT-based angiography with a barium
contrast agent to generate a 3D reconstruction of the vascular
anatomy in an African elephant’s hindfoot. This study provides
crucial insights into the unique blood supply to the digital cushion,
supporting in the diagnosis, treatment, and prevention of foot
diseases, which are a leading cause of morbidity in captive and
wild elephants.

In conclusion, this Research Topic of studies underscores
the pivotal role of advanced imaging techniques in modern
veterinary medicine. By integrating detailed anatomical knowledge
with cutting-edge imaging modalities, veterinary professionals can
achieve more accurate diagnoses, refine surgical techniques, and
improve patient outcomes across various species and conditions.
The studies within this Research Topic illustrate how imaging
is essential for diagnosing diseases and advancing anatomical
knowledge, surgical precision, and therapeutic approaches in
veterinary science.
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Ultrasound of the testes is important in the evaluation of breeding dogs, and
recently advanced techniques such as Shear Wave Elastography (SWE) have
been developed. This study focused on evaluation of normal testicular stiffness
in healthy and fertile male dogs, employing both qualitative (2D-SWE) and
quantitative (pSWE, 2D-SWE) techniques. Nineteen dogs of various medium-
large breeds aged 3.39 + 2.15years, and with a history of successful reproduction
were included after clinical, B-mode and Doppler ultrasound of testes and
prostate, and semen macro and microscopic evaluations. pSWE involved
square regions of interest (ROIs) placed at six different points in the testicular
parenchyma, while 2D-SWE depicted stiffness with a color scale ranging from
blue (soft) to red (stiff), allowing a subsequent quantification of stiffness by the
application of 4 round ROIs. The results showed a mean Shear Wave Speed
(SWS) of 2.15 4+ 0.39 m/s using pSWE, with lower values above the mediastinum
compared to below, and in the center of the testis compared to the cranial and
caudal poles. 2D-SWE demonstrated a uniform blue pattern in the parenchyma,
and a mean SWS of 1.65+0.15m/s. No significant differences were found
between left and right testes, above and below the mediastinum, or among
breeds. No correlations were observed between mean SWS and body condition
score, age, testicular and prostatic volume. Weight was positively correlated
with mean SWS only by 2D-SWE. By performing semen analysis and enrolling
only healthy and fertile adult dogs, we ensured both structural and functional
integrity of the testes. This pilot study represents a valuable baseline data for
testicular stiffness by both pSWE and 2D-SWE with a Mindray US machine in
medium-large sized healthy and fertile dogs, pointing out the potential role of
SWE in the non-invasive fertility assessment and management of breeding dogs.

KEYWORDS

shear wave elastography, ultrasound, dog, testis, fertility

Introduction

The ultrasonographic evaluation of the testes is an important step in assessing the
reproductive potential of a male dog, along with clinical examination of the genitalia,
assessment of libido and examination of semen (1). Ultrasonography is a reliable imaging
technique that allows real-time assessment of the reproductive tract and is the gold standard
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for testicular evaluation due to its high resolution, ability to assess
flow, availability, and safety (2, 3). To improve the accuracy of
bidimensional ultrasound, several advanced ultrasound techniques
have been developed, such as Doppler, contrast-enhanced
ultrasonography ~ (CEUS), 3D/4D  ultrasonography, and
elastography (3).

Elastography is an ultrasound technique for measuring tissue
stiffness. Currently, there are two main categories, Strain elastography
(SE) techniques, which measure the elastic recovery of tissue after the
application of external mechanical compression with a probe, and
Shear wave elastography (SWE) techniques, which are based on the
measurement of shear wave speed (SWS). Shear waves are generated
in the tissue in response to focused acoustic pulses from the probe,
and their speed is positively correlated with tissue stiffness. Moreover,
SWE techniques can be divided into point shear-wave elastography
(pSWE) and multidimensional SWE (2D-SWE, and 3D-SWE). The
former measures the SWS in a focal point in the tissue (called region
of interest, ROI), while 2D-SWE measures the SWSs in several points
within a larger field of view (FOV) and depicts them in a color-coded
map (called elastogram), superimposed to the gray-scale image (4-7).
In 3D-SWE, the images are reconstructed in three dimensions (i.e.,
the axial, sagittal, and coronal planes), using a single sweep of the
ultrasound beam across the entire area of interest. Thus, 3D-SWE has
the capability to generate volumetric images and to effectively show
the stiffest point within a mass (8, 9). Results of SWE can be expressed
both in m/s (as shear wave speed) or be converted to Young’s modulus
(in kPa) (6).

In human medicine, testicular stiffness has been investigated by
elastography in both physiological (10) and pathological testes (11—
18). Elastography has been applied for the evaluation of undescended
testes, infertility, testicular torsion, tumors, microlithiasis, varicocele
and segmental testicular infarction (18), and has shown efficacy in the
diagnosis of varicocele (19) and in discriminating focal non-neoplastic
lesions from neoplasms, and benign from malignant testicular tumors
(20). This technique also showed to be useful in predicting the
postoperative improvement in some sperm parameters in patients
subjected to varicelectomy (21).

In veterinary medicine, studies on the application of elastography
to canine testes have demonstrated its utility in differentiating
Leydigomas from non-neoplastic testicular lesions by 2D-SWE (22),
in assessing normal testicular values by pSWE (23), in describing
PSWE characteristics of pathological testicular tissue (24), and in
evaluating epididymal spermatogenesis by SE (25).

The aim of this study was to assess normal testicular stiffness
using pSWE and 2D-SWE in dogs with established fertility. This
would allow this ultrasound technique to be used as a diagnostic
support in course of testicular disorders that may interfere with
normal fertility in dogs.

Materials and methods
Ethical approval

All treatments, housing and animal care followed EU Directive
2010/63/EU on the protection of animals used for scientific purposes.

The Ethics Committee of the Department of Veterinary Medicine and
Animal Productions at the University of Messina, Italy (protocol n.
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051/2021), approved the protocol and procedures. Informed consent
was obtained from each dog owner before its inclusion in the study.

Animals and inclusion criteria

A total of 19 client-owned healthy male dogs, heterogeneous in
breed and age, were included in the study, which took place between
April and October 2023. The subjects were presented to a veterinary
practice (Clinica Veterinaria Camagna - VetPartners, Reggio Calabria,
Italy) for an evaluation of their reproductive potential. To be included
in the study, subjects had to be in good general health, have at least
one litter in their reproductive history, and have prostatic and
testicular echotexture and sizes within the physiological range the
animal’s weight and size (26, 27). They also had to be free of clinical
and ultrasound abnormalities of the reproductive system and have
sperm with minimum characteristics according to the World Health
Organization standard methods (28).

For each dog, a remote and recent medical history was acquired,
and general clinical examinations and blood analysis were performed.
Blood tests included a complete blood count (CBC), and a baseline
serum biochemistry assessment of albumin (ALB), globulin (GLOB),
ALB/GLOB ratio, alkaline phosphatase (ALKP), Alanine transaminase
(ALT), blood urea nitrogen (BUN), creatinine (CREA), glucose
(GLU), and total proteins (TP). Finally, a complete reproductive
health examination was performed, including a clinical examination
of the reproductive system, ultrasound of the testes and prostate, and
semen analysis.

Ultrasound procedures

Ultrasonography was performed by the same operator (MQ), who
had 15years of experience in this field, to avoid interobserver
variability. All the procedures on the dogs were performed without
sedation or anesthesia. Scrotal sac hair was clipped, and gel was
applied to the surface.

B-mode ultrasound was performed by a 3-12 MHz linear
transducer (L12-3E) using a Mindray DC-80A ultrasound equipment
(Mindray Medical Italy S.R.L. Via Leonardo da Vinci, 158-20,090
Trezzano sul Naviglio, Italia). Qualitative analysis of blood flow by
Color and power Doppler was performed in testes, epididymis, and
spermatic cord.

Testicular volume was calculated using the electronic calipers of
the device, applying the formula for an ellipse:
volume =length x width x height x 0.5236. The volume of each testicle
was added to give the total testicular volume (TTV). Prostatic volume
(PV) was calculated using the formula: [1/2.6 (LxW xD)]+ 1.8 (29).
Both testes and prostate were assessed for size, margins (regular or
irregular) and echotexture of the parenchyma (homogeneous and
heterogeneous, hypoechoic, hyperechoic or mixed in relation to the
surrounding tissue). Elastography was performed using a linear
transducer (L12-3E) to obtain pSWE and 2D-SWE data. To minimize
the external pressure of the probe, a thick layer of coupling gel was
applied to the scrotal surface and the transducer was gently positioned
in order to obtain a longitudinal scan of the testis. The shape of contact
surface displayed on the screen was used as a quality criterion for the
degree of manual pressure. pPSWE was performed using square ROIs
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of 0.5x 0.5 cm, positioned in six points of the testicular parenchyma
(i.e., cranial, middle, and caudal portions, above and below the
mediastinum line, respectively) where there was no vascularization
signal. The machine gave real-time median SWS values within the ROI
and quality indexes, such as the Motion-stability index (MST-B) and
Interquartile range/median (IQR/M) ratio. The first index is
represented by a 5-point star-shaped scale that turns green when the
object is perfectly still, while the IQR/M ratio is an index of variability
of the measurements within the ROL The criteria for frame acquisition
were at least 4 green stars for the MST-B index and an IQR/M
ratio<15% (7, 30). A mean value for each of the six ROI was
calculated in m/s.

For the 2D-SWE ultrasound, the FOV was set to include the
whole testis in longitudinal scan. When the elastography mode was
on, the machine provided a dual image representing the B-mode
ultrasound on the left, and the elastogram on the right. The color scale
of the elastogram ranged from blue to red (0-70kPa - 0.0-4.8 m/s),
with blue areas representing the softest tissue and red areas
representing the stiffest tissue. The criterion for the acquisition of the
frames was a MST-B index of at least 4 green stars. Subsequently, in
post-processing of the saved image, focal mean SWSs could
be assessed by placing round ROIs within the FOV. The operator
placed two pairs of ROIs of 0.5 cm diameter on each testis, two ROIs
being above the mediastinum line, and two beneath it. Also in this
case, the ROIs were positioned in areas without vascularity. Then the
average SWSs between the two ROIs of each couple were calculated.

Semen analysis

Sperm collection was performed in a quiet and appropriate
environment with a non-slip floor, by manual collection and in the
presence of a teasing bitch, and after removal of the extragonadal
reserve to minimize defects in sperm stored in the epididymis, such
as reduced motility and increased debris. Macroscopically, the volume,
color and appearance of the ejaculate were assessed. Sperm
concentration was assessed using an SDM1 photometer (MiniTube™),
calibrated for dogs by prior validation with a Makler chamber (Sefi-
Medical Instruments, Haifa, Israel), by placing 10 uL of ejaculate in the
appropriate loggia of the instrument’s analysis microscope. Motility
was assessed using the CASA software. The analysis was performed
with the following parameters: number of frames acquired 30, frame
rate 60 Hz, minimum cell contrast 75, minimum cell size 4 pixels,
straightness threshold 75%, path velocity threshold 100 pm/s-1, mean
path velocity (VAP) cut-off 9.0 pm/s-1, mean VAP cut-off 20 pm/s-1,
non-motile head size 4 pixels, non-motile head intensity 80, static
head size 0.44-4.98, static head intensity 0.49-1.68 and static
elongation 17-96%. After staining with eosin/nigrosin, cell
morphology was assessed by examining a minimum of 200
spermatozoa per slide. For the evaluation of the semen parameters,
we applied the threshold values reported by Tesi et al. (31).

Statistical analysis
The statistical analysis was performed using software Jamovi

(Version 2.3.28.0 for MacOS) (32). Descriptive statistics were
expressed in mean +standard deviation, and median values. Shear
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wave speed (SWS) values were expressed in m/s, in mean values +
standard deviation, 95% confidence interval for the mean, and
minimum and maximum values. Shapiro-Wilk test was performed to
assess normality of data. Data obtained by 2D-SWE were normally
distributed, while data from pSWE did not follow normality; hence,
for the analysis of these data sets, parametric and non-parametric tests
were employed, respectively.

For pSWE measurements, Mann-Whitney’s U test was performed
to evaluate differences between measurements in left and right testicle,
and above and below the mediastinum line. Friedman’s test was used
for the analysis of variance between the six measurement points. If the
test was positive and statistically significant, post-hoc Paired
Comparisons (Durbin-Conover) were performed.

For 2D-SWE evaluations, Student’s T test was applied to evaluate
differences between measurements taken in left and right testis, above
and below the mediastinal line.

For both pSWE and 2D-SWE measurements, a Spearman Rho test
was applied to search for correlation between of mean SWS with
weight, body condition score (BCS), age, testicular volume, and
prostatic volume of the dogs. Kruskall-Wallis test was used for the
analysis of variance of pPSWE and 2D-SWE values between breeds.

For correlations between total testicular volume (TTV) and total
sperm count (TSC), TTV and sperm motility percentages, prostatic
volume (PV) and TSC, and between ejaculate volume and sperm
motility percentages, Rho Spearman test was performed.

For all the tests, results with p values <0.05 were considered
statistically significant.

Results
Animals

Nineteen male dogs were included in the study (Table 1), of which
seven were English Setters, six Pointers, four Italian Pointing dogs, one
German Wirehaired Pointer and one Italian Spinone. The age of the
dogs ranged from 1 to 9years, with a mean of 3.39 £2.15years and a
median of 3 years. Their weight ranged from 15.5 to 31 kg, with a mean
of 23.19+4.90kg and a median of 23kg. Body condition score (BCS)
showed a mean score 0of 4.29+0.75 on a scale of 1 to 9 points. None of
the dogs showed alterations of the blood parameters examined. Due
to lack of compliance, dogs n.17 and n.18 were only assessed with
PSWE and 2D-SWE, respectively.

B-mode and Doppler ultrasound

By B-mode ultrasound, the testes and the prostate of all the
dogs included were normal in size, margins, and parenchyma
echotexture. The testes were ovoid in shape, with regular margins
characterized by a thin and hyperechoic line (tunica albuginea).
Testicular parenchyma presented medium echogenicity with a fine
and homogeneous echotexture, interrupted by the presence of the
mediastinum in the central part of the testis, which appeared as a
hyperechoic line or spot, in the longitudinal and transverse scans,
respectively. The prostate showed a rounded shape, with smooth
margins and a homogeneous fine-coarse, medium-echoic texture.
Color and power-Doppler examinations of testicles, prostate and
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TABLE 1 Characteristics of subjects enrolled in the study: breed, body
weight, body condition score.

Dog Breed Body Age BCS
Weight (Years) (1-9)
((Xe))
1 Pointer 21 8 4.5
2 Pointer 23 1.5 35
3 English Setter 19 9 4
4 Pointer 20 5 4
5 English Setter 18.5 2 35
6 English Setter 20 4 4
7 English Setter 24 4 4
8 English Setter 21 4 4
9 Pointer 21 5 5
10 Pointer 23 1.5 4.5
11 Pointer 24 1.5 5
12 Italian Spinone 25 1 6
13 English Setter 15.5 25 5
14 English Setter 15.7 2.5 5.5
Italian Pointing
15 31 2 4
dog
Italian Pointing
16 30 2 4.5
dog
Italian Pointing
17 31 3 35
dog
Italian Pointing
18 30 3 3
dog
German
19 Wirehaired 28 3 4
Pointer

BCS=Body condition score.

spermatic cord showed the presence of widely distributed arterial
and venous blood flows (Figure 1). Quantitative testicular and
prostatic ultrasound evaluations showed a mean total testicular
volume (TTV) of 16.62+4.36 cm® and a mean prostatic volume
(PV) 0of 10.88 +£4.18 cm?® (Table 2).

pSWE

Eighteen pairs of testes were evaluated by pSWE and 216
measurements were obtained (Figure 2). Mean SWS was
2.15+0.39m/s (95%CI=2.10-2.21 m/s). Mean * Standard deviation
(SD), 95% confidence interval (CI) for the mean, minimum and
maximum SWSs obtained in the six different points of the testes, are
reported in Table 3.

No statistical differences were found between left and right
testicles (p=0.189), while the mean values obtained below the
mediastinum (2.30+0.41 m/s) were significantly higher than the ones
taken above the mediastinum (2.01+0.31 m/s) (p <0.001). Friedman’s
test showed significant differences between the measurements taken
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in the three points of the testicular parenchyma (cranial, middle,
caudal portion) (p<0.001). Post-hoc comparisons showed that
measurements taken in the middle of the testicular parenchyma were
significantly lower than measures obtained in the cranial (p <0.001)
and caudal (p=0.008) poles. These differences remained when
measurements above (p=0.003) and below (p<0.001) the
mediastinum were considered separately.

No significant differences were found in mean SWS values
between different breeds (p=0.159). No correlation was found
between pSWE measurements and weight, BCS, age, testicular
volume, prostatic volume (Table 4).

2D-SWE

Eighteen pairs of testes were evaluated by 2D-SWE and 72 SWS
measurements were obtained.

Qualitative analysis showed a uniform blue pattern in the
testicular parenchyma, while the surrounding structures (testicular
involutes) appeared as a colored border from green to red, following
the gradient of the scale, from the internal to the external part of the
FOV (Figure 3). Results of quantitative analysis, Mean, with the
respective 95% confidence interval (CI), standard deviation (SD),
minimum and maximum values, expressed m/s, are reported in
Table 5.

No significant differences were found between left and right
testicles (p=0.061), and between measurement taken above
(1.64+0.15m/s) and below (1.66+0.15m/s) the mediastinum line
(p=0.486). There were no significant differences also in measurements
between breeds (p=0.249).

A significant positive correlation was found between testicular
stiffness and weight of dogs. No correlation was found between
2D-SWE values and age, BCS, testicular volume, and prostatic volume
of the evaluated patients (Table 6).

Semen analysis

The results of the evaluation of the ejaculate of the 19 dogs
included in the study are reported in Table 2. The analysis of
quantitative parameters showed an average volume of 8.92+4.96 mL
of ejaculate, an average concentration of spermatozoa of 103.15 +63.26
x10%/ml and a mean total sperm count of 859.23+328.44 x10°
spermatozoa. The evaluation of motility of the spermatozoa showed
average percentage values of 71.38+12.57%, 27.37+12.01%, and
1.28+2.66% of progressive, non-progressive, and immobile
spermatozoa, respectively. The percentage of spermatozoa with
abnormalities was lower than 10%. The values of the semen parameters
were in the physiological range for the species, breed and size of each
animal, demonstrating their fertility.

Spearman’s Rho test showed absence of correlations between
TTV and TSC (p=0.769), between TTV and sperm motility
percentages (p=0.656), and between PV and TSC (p=0.542).
Ejaculate volume was positively correlated to the percentage of
progressive spermatozoa (Rho: 0.498; p=0.035), and negatively
correlated to the percentage of non-progressive spermatozoa (Rho:
—0.499; p=0.035).
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Color Doppler examination of the testicle (A) and spermatic cord (B) of a normal canine testicle.

Elastography is a safe and harmless ultrasound technique that
allows the depiction of mechanical properties of tissues, and the
assessment of tissue stiffness, adding diagnostic power to conventional
ultrasound techniques. This technique found important applications
in human medicine, being highly predictive of hepatic fibrosis and
helpful in the characterization of breast and thyroid nodules (33, 34).

In veterinary medicine, several studies evaluated the performance
of elastography in discriminating healthy from abnormal tissue, and
in characterizing tissue alterations (35, 36). The application of
elastography to canine reproductive tract was reported for the first
time in 2015, with the assessment of prostatic strain values in healthy
beagle dogs (37); in 2016, SE was used to assess canine testicular,
epidydimal, and prostatic physiological strain values (38). Compared
to SE techniques, SWE techniques showed higher sensitivity (39, 40)
). On the other hand, the

repeatability of SWE becomes an issue when comparing measurements

and better inter-operator agreement (41,

obtained from different machines. In fact, ultrasound manufacturers
use their own software for elastography, whose measurements differ
significantly from each other. For this reason, the guidelines for the
application of SWE suggest that each manufacturer should have its
own reference values (6, 7, 33). To the best of our knowledge, our is
the first study that evaluates the performance of both focal and

bidimensional SWE techniques in canine testes with normal semen
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analysis and in absence of ultrasonographic abnormalities of testes
and prostate, using Mindray equipment. Therefore, this work
establishes the baseline for standard values, useful for further
comparisons with pathological findings.

In our study, dogs that could be considered healthy and fertile
were selected to assess their testicular SWS. As the dogs enrolled were
breeding dogs, it was not possible to perform cytologic and/or
histopathologic evaluation of the testicles to assess their integrity. In
fact, these traumatic procedures can cause testicular damage, with
complications that may also become evident only in the long term (43,

). Hence, we applied strict inclusion criteria as evidence of both
structural and functional integrity of the testicles; good health and
fertility were assessed by the absence of clinical and laboratory
alterations, the presence of at least one litter in dogs’ history, and a
thorough breeding soundness examination, including B-mode and
Doppler ultrasound evaluations and semen analysis.

Although correlations between semen parameters and prostatic

and testicular volumes were previously reported ( ), in our study
there were no correlations between testicular volume and total sperm
count, between testicular volume and sperm motility, or between
prostatic volume and total sperm count. However, this discrepancy
could be due to the limited number of dogs evaluated, that could have
affected the power of the statistical analysis. Furthermore, ejaculate
volume showed correlation with sperm motility, being positively

correlated to the percentage of progressive spermatozoa, and
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TABLE 2 Total testicular and prostate volume and semen parameters of the ejaculate of the 19 dogs included in the study.

Quantitative parameters Motility

TTV PV Volume TSC Progr. Immobile
(cm?) (cmd) (ml) (x109) % %
1 13

o
11.24 14.09 53.92 700.96 74 25.46 0.54
2 20.6 11.32 14 38.55 999.04 82 17.89 0.11
3 20.55 8.47 5 133.45 667.25 69.45 27.8 2.75
4 16.42 10.22 5 124.65 623.25 69.19 27.54 3.27
5 12.21 10.9 10 57.84 630.45 59.7 37.72 2.58
6 11.63 5.28 9 161.35 1452.15 28.9 69.85 1.24
7 21.58 6.06 7 22.57 157.99 62.2 26.42 11.38
8 15.73 10.32 3.5 273.18 956.13 65.56 34.44 0
9 10.35 16.54 12 104.03 1248.36 69.36 30.54 0.1
10 20.06 12.68 5 165.76 828.8 74.54 25.46 0
11 19.8 5.6 10 128.17 1281.7 82.77 17.23 0
12 9.23 13.24 4 169.89 679.56 70.63 29.37 0
13 13.77 6.07 9 121.76 1095.84 76.23 23.68 0.09
14 17.05 5.39 8 109.44 875.52 76.61 23.14 0.25
15 21.73 11.78 9 100.33 902.97 71.4 28.83 0.23
16 23.39 20.19 19 87.28 903.42 80.66 19.01 0.33
17 15.61 16.25 20 35.57 1323.36 73 25.82 1.18
18 20.1 12.68 3 36.05 529.98 86 13.85 0.15
19 14.8 9.62 4 36.05 468.65 84 15.93 0.07

US=Ultrasound; TTV =Total testicular volume; PV =Prostatic volume; TSC = Total Sperm count; Progr = Progressive; N-Progr = Non-Progressive.
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FIGURE 2
pSWE of a normal dog’s testicle. ROl was positioned in the middle portion and below the mediastinum.
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TABLE 3 Shear wave speeds (SWSs) obtained by pSWE in the six points of measurement (cranial, middle, and caudal portions of the parenchyma, above
and under the mediastinum).

Above mediastinum

Below mediastinum

Cranial Middle Cranial Middle
Mean +SD (m/s) 2.1540.32 1.86+0.23 2.0140.32 2.4140.37 2.14+0.44 2.36+0.40
95% CI for the mean

2.04-2.26 1.79-1.94 1.9-2.11 2.28-2.53 1.99-2.29 2.22-2.49
(m/s)
Min (m/s) 1.62 1.56 1.42 1.53 1.54 1.51
Max (m/s) 2.81 2.46 3.04 3.07 3.07 321

TABLE 4 Analysis of correlation between mean SWS and weight, age, body condition score (BCS), testicular and prostatic volume of the dogs examined

by pSWE.
Weight Age BCS Testicular volume Prostatic volume
Mean SWS Spearman’s Rho 0.065 —0.394 0.327 —0.122 0.284
DoF 16 16 16 16 16
p value 0.797 0.106 0.185 0.631 0.253

BCS, Body condition score; DoF, Degrees of freedom.

negatively correlated to the percentage of immobile spermatozoa. To
the best of our knowledge, this is the first report of this finding in
dogs. Although it was not the aim of our study, this topic is worth of
further investigations involving a lager sample size, to ensure a robust
statistical analysis of the factors influencing semen quality.

With pSWE evaluation, by measuring in six points of the testicular
parenchyma, we obtained an average SWS of 2.15+0.39m/s.
Noteworthy, we found that measurements taken above the
mediastinum showed lower values than the ones taken below, and that
the central portion of the parenchyma was softer than the cranial and
caudal poles, regardless of the depth of the measurement. Although
there is no previous report of this finding in veterinary medicine, it
has been previously described in human testes (10, 42), and has been
explained as a reflection of the different structural anatomy in the
testicular portions examined; in fact, the central part of the testis is
characterized by more seminiferous tubules and greater lymphatic and
blood vascularization, opposed to a higher tissue density in the rete
testis area (42). Considering these differences, it may be practical to
assess the stiffness in several points on the testis, which should include
at least the central portion and one of the extreme portions (cranial or
caudal) of the parenchyma, both above and below the mediastinum.
This will allow the operator to perform a thorough and reliable pPSWE
evaluation, and to avoid biases related to the point of measurement.

In veterinary medicine, the reference values for a healthy testis
according to pSWE have been reported in two studies by Feliciano
etal. (23, 24). The first was a preliminary study, which found a mean
SWS of 1.28 m/s in juvenile dogs, and 1.26m/s in adult and senior
dogs. In that study no semen analysis, nor cytology or histopathology
were performed to confirm the healthy status of the testes (23). In the
second study, the same authors evaluated both healthy and abnormal
testes, histopathology was performed, and an average SWS of
1.30+0.12 m/s for healthy testes was reported (24). Furthermore, the
authors described testicular disorders in 36 testes, defining the values
for degeneration, atrophy, hypoplasia, orchitis, interstitial cell tumors,
Sertoliomas and Leydigomas, and finding that the benign lesions were
softer than malignant ones (24). In both their studies, the shear
velocities obtained for normal healthy canine testes higher than those
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observed in humans (0.62-1.01m/s) (48), probably due to a major
presence of fibrous tissue in the testes of dogs compared to those of
humans (23, 24). Despite we performed the same acquisition
procedure (i.e., six ROIs in the longitudinal scan), higher SWSs than
reported by Feliciano et al. were measured (23, 24). Unfortunately, as
the authors used an Acuson S2000/Siemens ultrasound machine,
we cannot establish whether the nature of this difference is due only
to the different ultrasound machines used or there might be other
influencing factors.

Glinska-Suchocka et al. (22) evaluated the performance of
2D-SWE in assessing testicular lesions in 9 dogs with non-neoplastic
testicular lesions and Leydigomas, reporting that Leydigomas showed
a stiffness of 91.85kPa (corresponding to 5.53m/s) compared to
11.25kPa (corresponding to 1.93m/s) of nonneoplastic lesions. The
authors then suggested elastography for the screening of testicular
lesions. However, the authors did not include a healthy control group
with which to compare our results. Although, also in this case, the
ultrasound machine was different than ours, so the value of a
comparison would be low (22).

In our study, the 2D-SWE evaluation showed a mean SWS of
1.65+0.15m/s. SWS by 2D-SWE showed a significant correlation with
weight of the dogs. However, the relatively low strength of the
correlation, with a borderline p value, and the small population sample
consisting of medium-large sized dogs, must be taken into account
when considering this result. Mean SWSs obtained by pSWE and
2D-SWE differed from each other, the former being higher than the
latter. It has previously been reported that these techniques give
different values in human testes, since they rely on different sampling
techniques, with greater slowing of shear waves in larger FOV/ROIs
than in smaller ones (42). Furthermore, 2D-SWE is characterized by
better resolution but lower precision at each image pixel than pSWE
(5). However, since this kind of comparison has not been made in
other studies using Mindray machines, and was not the aim of our
study, it should be further assessed with the appropriate
accurate analysis.

In a recent study, Gloria et al. (25) performed strain elastography
in dogs to assess testicular stiffness in association with seminal
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TABLE 5 Quantitative values obtained by 2D-SWE of testes.

- Wi

Mean +SD 1.65 £0.15
95% CI for the mean 1.62-1.69
Minimum 1.35
Maximum 2.03

parameters of spermatozoa collected from epididymis after
orchiectomy, and with histological quantification of fibrous connective
tissue. They found that increased testicular stiffness was associated to
functional alterations, rather than to connective tissue deposition (25).
In human medicine, a correlation of SWS with testicular parenchymal
damage and quantitative sperm abnormality was found (49), and
elastography has shown good predictive potential for recovery of
semen quality after varicocelectomy (21). A similar evaluation with
SWE techniques is worth to be done also in dogs. In fact, being SWE

quantitative techniques, it would be possible to correlate quantitative
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TABLE 6 Spearman’s Rho correlation test between mean SWS obtained
by 2D-SWE and weight, age, body condition score, total testicular
volume, and prostatic volume of the dogs examined.

s hoe aes Ty ey

mean Spearman’s

SWS Rho 0.498* —-0.17 —0.166 0.034 0.076
DoF 16 16 16 16 16
p value 0.035 0.5 0.512 0.893 0.764

*p<0.05: DoF = degrees of freedom.

parameters of elastography and semen analysis. As our sample was
only made of healthy dogs, we could not perform this assessment. A
wider sample, including dogs with semen abnormalities, and with
different sizes and weights, should be further evaluated; this would
provide a thorough characterization of the standard features of
testicular SWE, as well as the assessment of the potential predictive
value of SWE also for canine semen quality, and perhaps the definition
of thresholds values. If a predictive potential for semen quality will
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be found, SWE could play an essential role as a complementary step
to breeding soundness examination in male dogs.

Lack of compliance is one limitation in the use of SWE in animals.
In fact, the subject should remain perfectly still during the evaluation
in order to obtain the most reliable results (50). This requirement is
difficult to achieve in veterinary medicine, unless performing the
exam under general anesthesia and with controlled ventilation, to
avoid respiratory motion artifacts. Thanks to its extra-abdominal
location, SWE of the testes is not affected by respiratory movements.
Furthermore, the application of several quality criteria for the
acquisition of the images ensured the reliability of our results.
Nevertheless, two of the nineteen dogs enrolled became extremely
uncompliant and allowed us to perform only half of the examination.

As mentioned above, our is a pilot study whose sample was mainly
composed of medium-large sized dogs; thus, the next crucial step is
to extend the research also to small, toy and giant sizes, with the same
procedures and equipment, in order to create a database of reference
values of testicular stiffness in fertile breeding dogs.

Conclusion

In conclusion, this pilot study provides a valuable baseline data for
testicular stiffness using both pSWE and 2D-SWE with a Mindray
ultrasound machine in medium-large size dogs with established
fertility. The ability to accurately assess testicular health and
functionality in a non-invasive manner provides veterinarians with a
valuable supplement to their diagnostic approach, contributing to a
better reproductive management of canine patients. Further research
on a larger sample of dogs of different size are required to fully realize
the potential of this innovative approach to improve fertility
assessment and management in breeding dogs.
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Introduction: Foot health is crucial for elephants, as pathological lesions
of the feet are a leading cause of euthanasia in captive elephants, which are
endangered species. Proper treatment of the feet, particularly in conditions
affecting the digits and the digital cushion, requires a thorough understanding
of the underlying anatomy. However, only limited literature exists due to the
small population and the epidemiological foot diseases which often precludes
many deceased elephants from scientific study. The aim of this study was to
provide a detailed anatomical description of the blood supply to the African
elephant’s hindfoot.

Methods: The healthy right hindlimb of a 19-year-old deceased female African
savanna elephant was examined using computed tomography. Following a
native sequence, 48 mL of barium-based contrast agent was injected into the
caudal and cranial tibial arteries, and a subsequent scan was performed. The
images were processed with 3D Slicer software.

Results: The medial and lateral plantar arteries run in a symmetrical pattern.
They each have a dorsal and a plantar branch, which reach the plantar skin
before turning toward the axial plane of the sole to reach the digital cushion
from the proximal direction. An accurate 3D model of the arteries and the bones
of the foot, a set of labeled images and an animation of the blood supply have
been created for ease of understanding.

Discussion: In contrast to domestic ungulates, the digital cushion of the
hindlimb is supplied differently from that of the forelimb. The lack of large
vessels in its deeper layers indicates a slow regeneration time. This novel
anatomical information may be useful in the planning of surgical interventions
and in emergency medical procedures.
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1 Introduction

Elephants, belonging to the family Elephantidae and to the order
Proboscidea, hold a symbolic place in the annals of human history,
representing strength, grace, wisdom, and peace (1). The African
savanna elephant (Loxodonta africana) is the largest terrestrial animal,
with an average shoulder height:body weight ratio of 3.2 m:6000 kg for
males and 2.6 m:3000kg for females (2), and has been classified as
endangered on the Red List of the International Union for
Conservation of Nature since 2001 (3).

Wild elephants only lie down to sleep for about an hour every 3 to
4 days; otherwise they only sleep in a standing position for 1 to 2h per
day (4). While captive individuals may have slightly different sleeping
habits, the legs and feet are critically important to their health. The
limbs of the elephant are columnar, and, as in most quadruped
animals, the forelimbs carry a greater weight (5-7). The limbs remain
columnar during slow-paced movement, with a limited flexion
appearing at higher speeds (8). The primary function of the hindlimb
is to initiate movement and transmit thrust to the trunk, as in all
quadrupeds. However, the elephant hindlimb shares many similarities
with the human hindlimb in morphology (e.g., elongated femur) and
movement pattern (no significant rotation or abduction/adduction in
the stifle) (7, 8). This stiffness of movement, the poor limb
configuration (9, 10) an walking on hard surfaces, often in cold, damp
conditions with limited space (6, 10, 11) result in widespread
occurrence of foot diseases in captive elephants.

Approximately 50% of captive elephants experience foot-related
diseases at some point in their lives (12). In a recent paper, only 26%
of the United Kingdom’s captive elephant population showed normal
locomotion (9). Another study found that only 1.2% of the elephants
examined had no visible lesions on their nails and pads (13). Among
the varieties of diseases, chronic unresponsive foot infections stand
out as a leading cause for euthanasia in captive elephants (14). While
certain external lesions such as nail cracks, foreign bodies, and visible
infections can be identified without the need for diagnostic imaging
(15), these superficial lesions can also lead to more severe diseases,
particularly those affecting the underlying bones, such as osteomyelitis,
ascending soft tissue infections, and infectious arthritis. These
conditions are challenging to diagnose and treat, as the elephants
spend most of their time standing; this outlook could however
be improved with a better understanding of the underlying anatomical
structures (8, 16).

The anatomy of the feet in the different elephant species is
remarkably similar despite the significant differences in their habitat
(17). Their hindfoot is generally smaller than the forefoot as it bears
less weight, with the forelegs bearing up to 60%, and the hindlegs
bearing about 40%. Its shape is ovoid in character due to a lateral (17)
or mediolateral (18) compression, which is pronounced in African
savanna elephants. The African savanna elephant has no phalangeal
bones distal to the first metatarsal bone, and the digit is only evidenced
by a single, axial sesamoid bone. Smuts and Bezuidenhout (19)
excluded this structure from the digits and view the African elephant
as having only four digits, whilst Ramsay and Henry (17) accepted and
counted this rudiment as the first digit. Digits three and four are the
largest and therefore carry the greatest weight.

A significant digital cushion is located behind the slanted digits,
under the tarsus. It is composed of fibrous connective tissue containing
collagen, reticulin, and elastic fibers. Through the ability to compress
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and expand during locomotion, the digital cushion can be counted as
a dynamic feature which makes the movements of the feet more active
than previously assumed (18). The compression and relaxation
mechanism work like a pump as the digital cushion facilitates the
return of venous blood toward the central venous system against
gravity (14), which is a critical function given the size and the constant
movement of the elephant. While digital cushions are also described
in many other mammalian species, such as horses (20, 21), their
significance in locomotion is extraordinary in elephants due to the
absence of the weight-bearing suspensory apparatus of the distal
phalanx, which is the chief weight-bearing structure in horses (22).

The available literature for the vasculature of the elephant’s
hindlimb is scarce. Ramsay and Henry (17), much like Smuts and
Bezuidenhout (19), focus on the locomotive system. Ramsay and
Henry found that the cranial tibial artery (arteria (a.) tibialis cranialis),
which provides the dorsal blood supply of the pes in equines and
ruminants (21, 23), became small at the level of the tarsus (11). The
same paper reported that the caudal tibial artery provided the majority
of the plantar blood supply (17); it divided into a medial and a lateral
branch at the calcaneus, with the medial branch running through the
canalis tarsi. Both the medial and the lateral branches were shown to
extend into the digital cushion on their respective sides (17, 24), but
the paper does not give any further description about the exact
location or further branching of these arteries. There are no diagrams
or photos available about the foots blood supply to
improve understanding.

Petnehdzy et al. described the blood supply of the digital cushion
in the forelimb of an Asian elephant using computed tomography
(CT)-based reconstruction (25). They found that the metacarpal
artery gave rise to a short trunk, which divided into a palmar and a
dorsal branch, both of which supply the digital cushion from their
respective directions; the short trunk also gave off a branch running
toward the first digit. Given the similarities in the foot anatomy
between the two species, a similar arrangement of vessels can
be hypothesized to exist in the forelimb of the African savanna
elephant as well.

To date, externally visible landmarks have been used in surgical
procedures (26) to guide incisions. This approach leads to
complications in procedures such as phalangeal removal (27), because
the course and size of the vessels are unpredictable. In addition,
diseases such as osteomyelitis and osteitis are currently treated with
antibiotics injected locally into the vessels without knowing their exact
course. Such treatment is done by looking for superficial veins with
ultrasound (28). A detailed understanding of the systemic circulation
and blood supply is of great necessity to form the basis of surgical
treatments of the limbs, while avoiding vascular complications, and to
effectively deliver drugs locally via specific vessels that supply a
targeted tissue area. The aim of this study is to improve the current
state of knowledge by providing a detailed description of the blood
supply of the digital cushion and the digits in the African elephant,
supported by images and 3D animation.

2 Materials and methods

The right hindfoot of a deceased African savanna elephant at the
Sosto Zoo (Nyiregyhdzi Allatpark Nonprofit Kft. (Sosto Zoo),
HRSz15010/2, S6stdi ut, H-4431 Nyiregyhaza, Hungary) was used for
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the study. The 19-year-old female specimen was parent-reared in a
peer group and kept on 1 hectare of landscaped forest soil with
mounds and ditches. In addition, there was an indoor facility with 400
square meters of floor area covered with synthetic resin. Use of the
outdoor area was limited to 6 h per day during winter conditions. The
female died of Clostridium enterotoxemia, but her foot was clinically
assessed as healthy. The leg was cut at the tibiotarsal joint (articulatio
(art.) tibiotarsale) with a bone saw and was frozen at —4°C. The leg
was then placed in a room temperature environment for 48 h and the
cranial and the caudal tibial arteries were cannulated (16G intravenous
catheter, B. Braun AG., Melsungen, Germany) before the examination
was performed.

Three CT series were produced at the Kaposi Somogy County
Teaching Hospital Dr. Jozsef Baka Diagnostic, Radiation Oncology,
Research and Teaching Center (Kaposvar, Hungary) with a SIEMENS
SOMATOM Sensation Cardiac CT (Multislice scanner, Siemens AG,
Erlangen, Germany). A native series was taken, resulting in 2144 slices
(Exposure Time: 16.04s; Scanning Length: 493 mm; Exposed Range:
464 mm; Nominal Single Collimation Width: 0.6 mm; Nominal Total
Collimation Width: 38.4 mm; Pitch Factor: 0.8 ratio; Number of
X-Ray Sources: 1; KVP: 120kV; Maximum X-Ray Tube Current:
240mA; X-Ray Tube Current: 239mA; Exposure Time per
Rotation: 1s).

Following the native series, a total of 20 milliliters (ml) of barium
sulfate-containing Micropaque contrast agent (Micropaque/
Microtrast, Guerbet Inc., Villepinte, France) was administered over
3 min into the cannulated vessels, and a second series of CT scans was
performed with similar settings as in the previous scan ( )
directly after injecting the contrast agent. This was followed by an
additional 3min’ long injection of 28 mL contrast agent and a
subsequent immediate third scan. Injection of further contrast agent
became difficult at this point, and the process was ceased. The obtained
material was saved in a DICOM format.

The sequences were evaluated by two veterinary surgeons with
experience in elephant care and were found to be free of pathological

I A: 296.8626mm

B: 4: 28ML 0.6 170h

FIGURE 1
Contrast filled Computed Tomography image of the African savanna
elephant’s right hindfoot. Mid-sagittal plane.
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lesions. The toenails possessed good shape and constitution which
corresponded with the assessment that this elephant did not have foot-
related disease. The skeletal maturation of the elephant was found to
be complete, as the growth plates were completely closed. This
observation was again in line with the documented age of the
investigated animal, as this is a process typically occurring at the age
of 9 to 10years (29, 30).

The first series was selected to be used for the bone reconstruction
process. The vessels in the 2nd series were not adequately filled, and
the contrast agent did not reach the sole, but the vessels in the 3rd
series were much more visible, so it was selected for reconstruction of
the blood supply.

The chosen datasets were loaded into the open-source, free 3D
Slicer software (31, 32). The current version at the time of use was
version 5.2.2. The 3D Slicer is constantly being optimized with the
help of the National Institutes of Health. The program for
computerized image analysis is characterized by being freely available
and not tied to specific hardware, which makes it easily accessible and
user-friendly. It is intended for both medical and veterinary clinical
research purposes in the realm of image processing, medical image
informatics, and visualization using 3D models (31, 32).

The “Paint” effect in the “Segment editor” module of the software
was used to segment the bones. The voxels of each bone were manually
stained one by one in the selected color to get clear borders and to
visualize the different bone groups as thoroughly and realistically as
possible ( ). The software lacks a standard setting for each bone
of the region and there is no generally accepted color code. Therefore,
we selected colors from the available options that were readily
distinguished from each other. Every bone group and every individual
bone was colored in one slice. After finishing the coloration, the
segments were converted to models through the “Segment editor /
Models” effect to create a multicolored 3D reconstruction of the
elephant’s foot.

The “Threshold” effect as an automatic segmentation, which can
be found in the “Segment editor” module, was used for the vessel’s
reconstruction. The “Threshold” effect identifies the density of the
different tissues shown in the CT images. Through the “Threshold
range,” the densities which will be colored can be determined (31, 32).
For the vessels, the “Threshold range” was 2,800-3,070. This marked
the basic structures of the main vessels without marking the other
tissues. Afterwards an anatomist traced and verified every vessel and
their smaller branches slice by slice and manually revised the
segmentation using the “Segment editor / Paint” effect.

Once these models were saved, the “Threshold” effect was set to a
wide range (99-3,071) on the same CT sequence, and every tissue was
segmented into one block. This model was used to reconstruct the
external view, the skin, and its features.

All models were merged to get the comprehensive connection
between bones and arteries and to identify the arteries and branches
in the following step. The vessels, individual bones, and skin features
may be turned on and off or their opacity may be changed in order to
get a better perspective ( ).

The finalized model enabled us to view a composite representation
of all reconstructed tissues and examine the connection between
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FIGURE 3

Screenshot of the 3D Slicer; composed 3D model of the African savanna elephant’s right hindfoot with bones and the arteries. The opacity of the
neighboring soft tissue is reduced to 10%. Medial view. Red: talus, yellow: calcaneus, dark purple: os tali centrale, light gray: os tarsale I., violet: os
tarsale II, light pink: os tarsale Ill, blue: os tarsale IV, dark green: ossa metatarsalia |-V, light green: phalanx proximalis |-V, light purple: phalanx media I-V,
cyan:: phalanx distale |-V, dark gray: ossa sesamoidea proximalia, 1: a. tibialis caudalis; 2: a. plantaris medialis; 3: a. plantaris medialis r. plantaris; 4: a.
plantaris medialis r. dorsalis; 5: a. dorsalis pedis.
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bones, arteries, and skin. Identified vessels not previously described
in the elephant are named according to the homologous vessels in the
Mlustrated Veterinary Anatomical Nomenclature (21).

The oval-shaped sole formed by mediolateral compression was
seen, and the three toenails could be identified. The lack of
pathological lesions in the foot indicates appropriate housing
conditions and husbandry techniques. The reconstruction of the
bones revealed comparatively small nutritional openings clustered on
the calcaneus (especially on the sustentaculum tali), talus, and on the
dorsal surface of the metatarsal bones. The plantar surface of the
metatarsal bones remained smooth. The prehallux was visible in the
CT images, but it was not stained together with the bones.

The detailed study of the 3D bone models confirmed that the
calcaneus and the talus of African elephants form a sinus tarsi. The first
digit had no phalanges, and the first metatarsus was the most distal
bone, which was supported by a single proximal sesamoid bone at its
distal epiphysis. The fifth digit lacked the distal phalange. All other
digits had all three phalanges present with a pair of proximal sesamoid
bones for each.

On the dorsal aspect of the foot, we saw a descending a. dorsalis
pedis which divided into two well-visible arteries. The a. digitalis
dorsalis communis II ran in a mediodistal direction over the third
tarsal bone and then between the second and the third metatarsal
bones. It gave off a. digitalis dorsalis propria III abaxialis, which was
only traceable to the first phalanx (Figure 4).

10.3389/fvets.2024.1399392

The a. digitalis dorsalis communis III ran distally over the dorsal
aspect of the third tarsal bone and could be traced to the height of the
basis of metatarsal bones three and four. From both common digital
dorsal arteries, a branch (a. tarsea lateralis et medialis) was visible
coursing in the abaxial direction of the respective side over the
proximal row of the tarsus.

On the plantar aspect proximal to the calcaneus, the caudal branch
of the caudal tibial artery divided into a medial (a. plantaris medialis)
and a lateral branch (a. plantaris lateralis) which ran in a mediodistal
and laterodistal direction, respectively.

The medial plantar artery gave rise to small branches running
toward the nutritional holes on the caudomedial aspect of
the calcaneus.

Both the lateral and the medial plantar arteries divided into a dorsal
and a plantar branch (ramus (r.) dorsalis et r. plantaris). The a. plantaris
medialis divided at the level of the central tarsal bone while the a.
plantaris lateralis divided slightly more distally at the level of the fourth
tarsal bone. The dorsal branch of the medial plantar artery vascularized
the middle and distal row of the tarsus and ran on the medial aspect of
the first metatarsal bone before giving off a medial branch to the
dorsomedial side of the digital cushion. The remaining portion ran
around the distal phalange of the first digit (a. digitalis dorsalis propria
I abaxialis), descended until the sole, and finally turned in the plantar
direction to supply the digital cushion. The plantar branch of both
plantar arteries divided into a similarly strong lateral and medial

FIGURE 4

a. tarsea lateralis.

Dorsal blood supply of the African savanna elephant’s right hindfoot. Screenshot of the 3D Slicer. (A) Dorsal view. (B) Mediodorsal view. Red: talus,
yellow: calcaneus, dark purple: os tali centrale, light gray: os tarsale |., violet: os tarsale I, light pink: os tarsale IlI, blue: os tarsale IV, dark green: ossa
metatarsalia |-V, light green: phalanx proximalis |-V, light purple: phalanx media |-V, cyan:: phalanx distale |-V, dark gray: ossa sesamoidea proximalia, 1:
a. dorsalis pedis; 2: a. digitalis dorsalis communis llI; 3: a. digitalis dorsalis communis II; 4: a. digitalis dorsalis propria Il abaxialis; 5: a. tarsea medialis; 6:
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FIGURE 5

Blood supply of the digital cushion of the African savanna elephant’s right hindfoot. Screenshot of the 3D Slicer. Medial view. Red: talus, yellow:
calcaneus, dark purple: os tali centrale, light gray: os tarsale |, violet: os tarsale II, light pink: os tarsale Ill, blue: os tarsale IV, dark green: ossa
metatarsalia |-V, light green: phalanx proximalis |-V, light purple: phalanx media |-V, cyan:: phalanx distale |-V, dark gray: ossa sesamoidea proximalia, 1:
a. plantaris medialis; 2: a. plantaris medialis r. dorsalis; 3: a. plantaris medialis r.

plantaris; 4: a. digitalis dorsalis propria | abaxialis; 5: rr. tori digitalis.

FIGURE 6

Blood supply of the digital cushion of the African savanna elephant's right hindfoot. Screenshot of the 3D Slicer. Lateral view. Red: talus, yellow:
calcaneus, dark purple: os tali centrale, light gray: os tarsale I, violet: os tarsale II, light pink: os tarsale Ill, blue: os tarsale IV, dark green: ossa
metatarsalia |-V, light green: phalanx proximalis |-V, light purple: phalanx media |-V, cyan:: phalanx distale |-V, dark gray: ossa sesamoidea proximalia, 1:
a. plantaris lateralis; 2: a. plantaris lateralis r. dorsalis; 3: a. plantaris lateralis r. plantaris; 4: a. plantaris medialis r. plantaris.

branches (rr. tori digitalis) at level of the middle of the first phalanges.
These supplied the digital cushion and the caudal portion of the sole
from the medioplantar and lateroplantar directions, respectively
(Figure 5); they bent toward the plantar direction, with the arch almost
reaching the plantar skin and the terminal portion located 0.5 cm from
the sole skin.
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The dorsal branch of the lateral plantar artery did not have any
direct branch for the digits. Its main portion supplied the dorsolateral
side of the digital cushion (Figure 6). It had a branch running
horizontally in the medial direction behind the proximal epiphysis of
the fifth metatarsal bone. This built an arch toward the medial plantar
artery under the calcaneus, but the reconstruction is incomplete at this
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FIGURE 7

Blood supply of the African savanna elephant'’s right hindfoot.
Screenshot of the 3D Slicer. Plantar view. Red: talus, yellow:
calcaneus, dark purple: os tali centrale, light gray: os tarsale |., violet:
os tarsale II, light pink: os tarsale Ill, blue: os tarsale IV, dark green:
ossa metatarsalia |-V, light green: phalanx proximalis |-V, light purple:
phalanx media |-V, cyan:: phalanx distale |-V, dark gray: ossa
sesamoidea proximalia, 1: a. plantaris medialis; 2: a. plantaris medialis
r. plantaris; 3: a. plantaris medialis r. dorsalis; 4: a. plantaris lateralis; 5:
a. plantaris lateralis r. plantaris; 6: a. plantaris lateralis r. dorsalis; the
red arrows mark the visible portions of the arcus plantaris profundus.

section (Figure 7). The plantar branch of the lateral plantar artery
mirrored the path of the plantar branch of the medial plantar artery;
thus, it supplied the digital cushion from a lateroplantar direction.

4 Discussion

The aim of this study was to identify and visualize the blood supply
of the African elephants hindfoot and to present it in an approachable
way. 3D models are highly beneficial for spatial representation as they are
realistic and facilitate the imagination of complex structures.

The animal’s death was unexpected due to its rapidly progressive
disease. The necessary pathological necropsy and post-mortem
administrative paperwork, as well as coordination between the three
institutes, took significant time. As a result, the team had to freeze the
limb in order to preserve it.

Gross dissection, cryosectioning, and standard & CT angiography
are alternative methods to obtain morphological data on the blood
supply. Gross dissection and cryosectioning require a fresh cadaver
however (33). Dissection of the specimen following the CT examinations
would not have provided additional information. It is unlikely that
tracing the branches that the contrast agent did not fill would have
been feasible.
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Basic angiography on this specimen would provide much less
information than a CT and would not permit reconstruction. CT
angiography (or positive contrast imaging) in a living elephant could lead
to better results as the perfusion of the tissue would better distribute the
contrast agent. However, as there is no literature on contrast imaging in
live elephants, this option is likely precluded by the current technical
limitations. CT scanners are located indoors in conditions that are
inaccessible for adult elephants. While some specially trained dogs can
remain motionless for the duration of a CT scan (34, 35) this is not
realistic for elephants, whose slightest movement could seriously damage
the equipment. Therefore, full anesthesia would be required; however
current patient tables of the CT scanners cannot move the animal.

Reconstructive anatomical methods offer a more detailed assessment
and significantly improve visualization compared to traditional
techniques (36). Due to the change in permeability of the vascular wall,
iodine-based contrast agents (such as those used in angiography) would
rapidly penetrate into adjacent tissues. Although this technique is
frequently used in certain studies (37) to increase tissue contrast, it would
limit the visibility of the vessels that this study aimed to examine. No
such effects of barium sulfate have been reported, even with an extended
time period between injection and CT scans. However, during this
period, due to its high viscosity, contrast can leak into small and
insignificant vessels, leading to a decreased signal-to-noise ratio (38).

There are options in 3D Slicer to automate the segmentation process
(31, 32), but that requires the subject to be in the exact same position for
the different scans. During the injection of the contrast agent, the
position of the limb was slightly altered, resulting in this method being
inapplicable for our study. Therefore, we elected to proceed with
manual segmentation.

This study is subject to certain limitations, mainly the utilization of
only one specimen for the research. Anatomical studies of rare,
endangered species often use only one (25, 39-42) or two (43) subjects.
In addition, the possibility to use imaging techniques such as CT and
MRI are also limited by the size, weight, and transport issues of this
species (16) and the cost of such examinations. Greater collaboration
among zoos would be necessary to include multiple healthy limbs in an
extensive anatomical study.

No evidence of a correlation between body size or gender and foot
morphology has been found in elephants (17, 19) or domesticated
species (21, 23). Thus, individual anatomical differences, which would
not have a clinical impact, may appear in our model, but the major
structures are typically identical within the healthy members of the same
species (21, 23). The vessels approaching the digital cushion are smaller
in diameter then those supplying the digits, although the pad itself is
much bigger in volume. They are well visible close to the skin but become
scarce deeper. This supports the histological findings of Weissengruber
etal. (18) and indicates limited healing capabilities for deep lesions.

Grouped nutritional holes were found on the calcaneus, talus, and
dorsal surface of the metatarsal bones. Previously, nutritive openings
were only described on the dorsal surface of the first phalangeal bones
(17). Our study is the first to report the sinus tarsi in an African elephant.
Although previously unreported in this species, it is in line with the
anatomy of domestic mammals (20, 21) and the Asian elephant (25).

The filling of the specimen with contrast agent was stopped when
the counterpressure became significant and the contrast agent started
to appear on the cut surface of the limb. This indicated that the
approachable vessels were full, and forcing more contrast agent could
damage the arteries or create artifacts during the CT scans (38).
Despite this, the reconstruction showed that the filling of the vessels
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was not complete. The plantar blood supply of the digits is not visible,
either due to the collapse of the vessels during the process or blood
clots already present at outset. Freezing could also have such an effect,
but based on the authors’ experience with such specimens, the
thawing time was sufficient to prevent residual frozen bodies from
blocking the flow of the contrast agent. The visible vessels still provide
valuable, novel information on the blood supply of the foot.

On the dorsal aspect of the foot in horses, cattle, sheeps & dogs,
the a. dorsalis pedis descends until the distal third of the metatarsal
bones where the dorsal common digital arteries would branch off,
which make the a. tarsea medialis et lateralis well distinguishable
branches of the a. dorsalis pedis at the height of the art. centrodistalis
(23). In our study, the second and the third dorsal common digital
arteries separate from the main vessel proximal to the distal row of
the tarsus, making the medial and lateral tarsal arteries their
subbranches on the respective sides. No further dorsal digital
arteries were found. This can be the result of insufficient filling of the
vessels, but in such cases, traces or short stumps are usually present
(44). Therefore, it is more likely that digits I and V are fully supplied
from the plantar direction just like the abaxial sides of digits
ITand IV.

On the plantar side the blood supply of the digital cushion is
visible. Both the medial and lateral plantar arteries approach the pad
from both the dorsal and the plantar directions and create many
anastomoses close to the sole between the medial and lateral sides
and the plantar and dorsal approaches as well. Ramsey & Henry did
not report the division on the proximal portion of both the medial
and the lateral plantar arteries or the anastomoses near the sole,
indicating that their dissection stopped at the level of the tarsus (17).
This setup is very different from the one described in the forelimb of
the Asian elephant (25), where a single trunk arising from the arcus
palmaris profundus would serve as the major vessel, and its direct
branches reach the digital cushion close to the median plane of the
limb. Previous studies state that the anatomy of the hindfoot in the
different elephant species are similar (17, 18). Based on this, the
blood supply to the digital cushion in the forelimb and hindlimb of
elephants appears to differ significantly. This is a novel finding, as
species with existing descriptions of this region, such as horses, cattle,
and sheep, have similar blood supply to the digital cushion in each
hoof. In those species the rr. tori digitales of the medial and lateral
sides arise from the plantar digital arteries of the corresponding side
on both the forelimb and the hindlimb (21, 23). However, the
aforementioned studies about African elephants, as well as Asian
elephants, focus on the locomotive apparatus rather than the vessels
(17, 18). It is possible that the blood supply differs significantly
despite the commonalities in the muscles and joints.

The incomplete arch connecting the medial and lateral plantar
arteries distal to the calcaneus is probably the deep plantar arch
(arcus plantaris profundus), which serves as the origin for the plantar
blood supply of the digits in domestic mammals. As the arch itself is
already fragmented, its branches are not distinguishable. The a.
tarsea perforans, which runs through the canalis tarsi, was described
in African savanna elephants (17) but we were unable to locate any
sign of the vessel despite the presence of the canal. This could be the
result of the insufficient filling of the contrast agent or an individual
difference as this artery is reported to be inconstant in some species
(21). For the contrast agent to sufficiently reach every major branch,
including the mostly horizontally-oriented perforating tarsal artery
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and the deep plantar arch, a fresh carcass is needed, the limb should
be severed more proximally and the blood should be flushed out
before the contrast agent is injected.

5 Conclusion

The study provides novel information about the blood supply of
the digital cushion in an African elephant. The previously described
medial and lateral plantar arteries on each side of the tarsus divide into
dorsal and plantar branches to supply the digital cushion and the
caudal portion of the sole. The plantar branches are more dominant
and running directly under the skin. The distribution of the arteries
and their location compared to the skeleton and the skin are accessible
through high quality images and 3D models, which are the first such
to be presented of the region. The size and distribution of the vessels
explain the slow healing of the digital cushion.

This anatomical description of the region will help caretakers and
veterinarians execute treatment in the best possible way, which is
especially important considering the vital role the condition of the
foot and the digital cushion have in the general health of elephants.

While the forefeet and the hindfeet look very similar and have
many similarities in their skeleton and dynamics, the blood supply of
their digits and digital cushion are very different.

The 3D printable model can be used to educate students,
caregivers, and veterinarians to help keep captive elephants healthy in
the future, protecting the endangered species.
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Introduction: Intramedullary cord tumors present diagnostic and therapeutic
challenges. Furthermore, spinal cord tumors can move across compartments,
making antemortem diagnosis difficult, even with advanced imaging. This report
presents a rare case of a cranial cervical spinal glioma, confirmed by surgical
histopathology, with postoperative improvement in a dog.

Case description: A 9-year-old female Maltese dog presented with kyphotic
posture, progressive left hemiparesis, and decreased appetite. Neurological
examination revealed neck pain and decreased proprioception in the left limbs
along with intact deep pain perception. Two days later, the patient developed
non-ambulatory tetraparesis. Magnetic resonance imaging (MRI) revealed an
ovoid, well-defined mass with homogeneously marked contrast enhancement
in the second cervical spinal cord that severely compressed the spinal cord.
This mass was heterogeneously hyperintense on T2-weighted images and iso-
to-hypointense on Tl-weighted images, showing an appearance resembling
the "golf-tee” and “dural tail” signs. The MRI findings suggested an intradural
extramedullary tumor. Intraoperatively, a well-demarcated mass which was
locally adherent to the spinal meninges was removed. Both histopathological
and genomic tumor tests were indicative of a glioma. Approximately 2 weeks
postoperatively, the patient’s neurological signs returned to normal.

Conclusion: This case report describes an atypical cervical glioma with
complicated MR characteristics in a dog, where MRI helped guide surgical
intervention.

KEYWORDS

canine, histopathology, laminotomy, oligodendroglioma, spinal tumors
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1 Introduction

Spinal neoplasia can result in clinical signs of spinal cord
dysfunction (1). Spinal cord tumors are classified as intramedullary
(accounting for ~15% of such tumors) (1-8), extradural (~50%) (1, 4,
5, 8), and intradural extramedullary tumors (35%). Intramedullary
tumors include astrocytomas, oligodendrogliomas, and ependymomas
(1, 5-7). Some neoplasms, including nephroblastomas and peripheral
nerve sheath tumors, can occupy both intradural extramedullary and
intramedullary locations (2, 5, 6).

Magnetic resonance imaging (MRI) has excellent contrast
resolution and is essential for the diagnosis of spinal cord neoplasms
(6, 9). Signal intensity, degree of contrast enhancement, and presence
of fluid-filled compartments are used to differentiate spinal cord
neoplasms (5). Moreover, the location of a spinal cord neoplasm with
respect to the meninges helps predict the histological type (1, 5).
However, intramedullary cord tumors present diagnostic and
therapeutic challenges (9). Spinal cord tumors can move across
compartments, making antemortem diagnosis difficult, even with
advanced imaging (8). Although successful surgical removal has been
described, intramedullary spinal cord tumors may not be generally
amenable to surgery (1, 5, 8).

Treatment options for spinal tumors include surgical removal,
radiotherapy, and chemotherapy (1). The prognosis depends on the
tumor type, degree of spinal infiltration, spinal cord damage pre-and
intraoperatively, degree of local resection, and surgeon’s experience
(1, 2, 5). Cytoreductive surgery, the primary treatment for patients
with spinal cord neoplasia, may be used with or without radio-and
chemotherapy (1, 5). It is commonly performed for extradural and
intradural extramedullary neoplasms but rarely for intramedullary
neoplasms (1, 2, 5). This reflects the technical expertise required to
resect neoplasms within the spinal cord without iatrogenic injuries.
Therefore, the preoperative distinction between intradural
extramedullary and intramedullary neoplasms may be useful.
Although MRI has excellent contrast resolution, its relatively low
spatial resolution may negatively affect differentiation between
intradural extramedullary and intramedullary neoplasms (5). A
previous canine study reported a case of confirmed intramedullary
cervical glioma exhibiting characteristics of intradural extramedullary
lesions on MRI. In humans, MRI has a sensitivity of ~83% for the
diagnosis of intradural extramedullary tumors, with 31 of 187 of
these tumors misdiagnosed as intramedullary tumors (5). The present
report describes a rare case of postoperative improvement in a cranial
cervical glioma in a dog characterized by a predominant intradural
extramedullary lesion distribution on MRI findings regarding the
origin of the mass.

2 Case description

A 9-year-old intact female Maltese dog weighing 1.9kg was
presented with a kyphotic posture and decreased appetite for
3 days. Neurological examination revealed no abnormalities other
than mild neck pain. A nonsteroidal anti-inflammatory drug was
administered for pain control. However, 2 days later, the patient
was returned to the hospital with deteriorating neurological
symptoms and left hemiparesis. The dog was ambulatory with
mild-to-moderate neck pain and decreased proprioceptive
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reactions in the left limbs, along with intact deep pain perception.
Physical examination revealed a grade II heart murmur with no
other abnormalities. Laboratory findings were mostly normal,
except for mildly elevated levels of alkaline phosphatase (405 U/L;
reference range, 47-254U/L) and alanine aminotransferase
(95U/L; reference range, 17-78 U/L). Radiography revealed
marked ventral spondylosis deformans with intervertebral disc
space narrowing in the 6th-7th cervical vertebrae, with no other
abnormalities. Echocardiography and abdominal ultrasonography
showed myxomatous mitral valve disease stage Bl and small
bilateral renal calculi. Based on clinical and neurological signs, the
main differential diagnoses were cervical intervertebral disc
disease, degenerative myelopathy, neoplasia or inflammatory
diseases, and vascular disorders of the brain or cervical spine.
Therefore, an MRI of the brain and cervical spinal cord was
planned. Two days before the MRI examination, the patient’s
clinical signs progressively deteriorated, presenting as
non-ambulatory tetraparesis with normal deep pain responses in
all four limbs.

MR images of the brain and cervical spine were acquired using
a 1.5-Tesla scanner (MAGNETOM AVANTO, Siemens, Germany)
with head and neck knee coils, respectively. The MRI sequences of
the brain and cervical spine used in the present case are shown in
Table 1. On T2-weighted images, ill-defined, heterogeneously
hyperintense areas in the spinal cord were identified eccentrically in
the central-to-left dorsal aspect of the second cervical (C2) spinal
cord, leading to focal spinal cord swelling showing a loss of normal
parenchymal architecture and circumferential attenuation of the
cerebrospinal fluid (CSF) line on T2-weighted half-Fourier
acquisition single-shot turbo spin-echo sequence (Figures 1A,C,D).
The lesion appeared iso-to-hypointense on T1-weighted images and
iso-to-hyperintense on T2-weighted multi-echo data image
combination sequence images (Figures 1BE,F). Post-contrast
T1-weighted images revealed an ovoid, well-defined mass with
homogeneously ~ marked  contrast enhancement  (size:
10.9 x 7.2 x 8.3 mm, length/height/width; Figures 1G-I). The mass
contained multiple small cavitary lesions suggestive of cystic or
necrotic areas, causing severe left-sided compression of the spinal
cord (Figure 1G). In the dorsal subarachnoid space just caudal to the
C2 mass, although not typical, a structure resembling the “golf-tee”
sign, a characteristic sign of an intradural extramedullary lesion (4,
6, 10, 11), and syringomyelia were noted (Figure 1A). Additionally,
an appearance mimicking the “dural tail sign” in the meninges
adjacent to the thickened C2 left nerve root with contrast
enhancement, mild atrophy with contrast enhancement of the
paraspinal muscle adjacent to the lesion, and ventral meningeal
enhancement were identified (Figures 1H,1). However, broad-based
dural attachment of the mass was not evident in any sequence. Other
MRI findings included multiple cervical intervertebral disc
degeneration with protrusion, bilateral ventriculomegaly, and
Chiari-like malformations. Based on MRI findings, we concluded
that the C2 spinal mass was the cause of the patient’s symptoms.
Considering the MRI characteristics of the mass (single, well-
defined, marked contrast enhancement, and mass effect), a spinal
tumor concurrent with gliosis, left-sided neuritis, and myositis was
strongly suspected rather than inflammatory or vascular diseases.
However, the origin of the C2 mass could not be determined because
of its extensive distribution throughout the spinal parenchyma in all
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TABLE 1 MRI sequences of the brain and cervical spine used in the present case.

Sequences TR (ms) TE (ms) FOV (mm) Slice thickness (mm)
T1 sagittal 560 12 130x 130 3.0
T2 sagittal 3,860 120 130x 130 3.0
T1 transverse 599 11 130x 130 3.0
Brain T2 transverse 4,000 89 130x130 3.0
FLAIR transverse 7,290 88 130x130 3.0
T2* GE transverse 572 15 130x130 3.0
DWI transverse 4,500 91 130x 130 3.0
T1 sagittal 524 13 160 x 160 2.5
T2 sagittal 3,000 91 160 x 160 2.5
T1 transverse 550 15 100 x 100 3.0
Cervical T2 transverse 3,360 82 100x 100 3.0
T2 MEDIC transverse 600 23 120x120 3.0
3D T2 SPACE sagittal 1730 193 160 x 160 0.9
T2 HASTE myelography sagittal 8,000 1,200 160 x 160
T1 sagittal 524 13 160 x 160 2.5
T1 transverse 550 15 100x 100 3.0
Post-contrast
T1 dorsal 400 12 180x 180 3.0
3D T1° sagittal 21 7 180x 180 0.8

DWI, diffusion-weighted images; FLAIR, fluid-attenuated inversion recovery; FOV, field of view; HASTE, half-Fourier acquisition single-shot turbo spin-echo; MRI, magnetic resonance
imaging; MEDIC, multi-echo data image combination; SPACE, sampling perfection with application-optimized contrast using different flip angle evolution; T2* GE, T2*-weighted gradient-
recalled echo; TE, echo time; TR, repetition time; 3D T1%, three-dimensional T1-weighted spoiled gradient-echo water excitation.

images. An intradural extramedullary tumor (e.g., meningioma,
nerve sheath tumor, or nephroblastoma) was considered a primary
differential diagnosis, and other possibilities were an intramedullary
tumor or intramedullary invasion by an extramedullary tumor.
Given its clear margins, location, size, and the progression of clinical
signs, surgical removal of the mass was planned via dorsal
laminectomy of C2 combined with durotomy. A high-speed burr
and bone-cutting forceps were used to create a hinged osteotomy of
the C2 dorsal arch involving the cranial 75% of the C2 spinous
process (Figure 2). The bone flap was rotated dorsally and cranially
on the preserved attachment of the cranial aspect of the C2 spinous
process to the dorsal arch of C1 to visualize the dorsal dura. A
midline durotomy revealed a capsulated mass. Most tumor parts
were easily separated and removed from the adjacent spinal cord
parenchyma; however, the ventral part adhered locally to the spinal
cord meninges adjacent to the left nerve root with fibrotic tissues
(Figure 2). After careful removal of these ventral tumor tissues, mild
hemorrhage occurred but was promptly controlled. No abnormalities
were observed in the spinal cord. A biological, absorbable dura
substitute (Lyoplant Onlay; B Braun Co., Germany) was used to
cover the dural defect and sutured to the adjacent dura before the
spinous process was returned to its normal position. Subsequently,
the dorsal arch of the axis was rotated back over the exposed
vertebral canal, and the spinous process was stabilized with 2-0
non-absorbable sutures (PROLENE Polypropylene Suture;
ETHICON Co., United States) through one predrilled hole. The
excised mass, characterized by a red, well-circumscribed, and elastic
appearance (Figure 3), was histopathologically examined
(hematoxylin and eosin staining). Spindle round-to-polygonal cells
containing small-to-moderate amounts of pale, eosinophilic,

Frontiers in Veterinary Science

wispy-to-granular cytoplasm were observed. The nuclei were
heterochromatic, with one or two variably distinct nucleoli, along
with moderate anisocytosis and anisokaryosis (Figure 3). These
findings were most consistent with glioma, in which
oligodendroglioma may be the most consistent. The histopathological
identification of an intramedullary tumor did not match the MRI or
surgical findings. Thus, a genomic tumor test was performed using
the same tissue sample as the histopathology; immunohistochemical
staining for glial cell tumor markers could not be performed because
of the owner’s financial constraints. This genomic tumor test is a
tumor-only, next-generation sequencing, hybrid-capture test
involving canine gene panel covering 482,000 base pairs of 120 genes
associated with canine or human cancer. Genetic data revealed copy
number loss of CDKN2N and gain of MYC, supporting the diagnosis
of a canine glioma. Three days postoperatively, the dog was able to
stand up and walk in the cage, and its appetite returned to normal.
Approximately 2weeks postoperatively, all neurological signs
returned to normal. Although postoperative MRI and computed
tomography (CT) examinations were recommended to confirm the
residual tissue of the glioma and assess metastasis, including “CSF
drop metastasis” from the glioma (12-14), only a 16-channel multi-
detector CT (Emotion 16, Siemens Healthcare, Forchheim,
Germany) scan was performed due to the owner’s financial
constraints. On postoperative CT images, regional bone defects in
the C2 lamina due to surgery were identified. However, no significant
CT findings were identified in the whole body, including tumor
metastasis, lymph node enlargement, or contrast-enhanced lesions
around the surgical site. Although chemotherapy was recommended
based on the genetic data and considering possible recurrence and

local adhesion or invasion of the tumor, the owner rejected this
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FIGURE 1
Magnetic resonance images showing the cervical spinal cord of the present case. The extensive lesion in the second cervical (C2) spinal cord (A,B)
(dotted circles) is ill-defined and heterogeneously hyperintense with loss of normal intraparenchymal architecture on sagittal (A) and transverse (D)
T2-weighted images. The lesion appears iso-to-hypointense on sagittal (B) and transverse (E) T1-weighted images and iso-to-hyperintense on T2-
weighted multi-echo data image combination sequence images (F). The origin of this C2 lesion cannot be determined due to its extensive distribution
throughout the spinal parenchyma on all images. The lesion leads to focal spinal cord swelling and attenuation of the cerebrospinal fluid line on T2-
weighted half-Fourier acquisition single-shot turbo spin-echo myelography (C), accompanied by the presence of a structure resembling the “golf-tee”
sign (A) (yellow arrow) in the dorsal subarachnoid space and diffuse syringomyelia (A) (white arrow) just caudal to the lesion. Post-contrast T1-
weighted sagittal (G), transverse (H), and dorsal (I) images of the cervical spinal cord. Post-contrast T1-weighted images reveal an ovoid, well-defined
mass with homogeneously marked contrast enhancement. The mass contains multiple small cavities (G), suggestive of cystic or necrotic areas, leading
to severe left-sided compression of the spinal cord and an appearance mimicking the “dural tail sign” of the adjacent meninges (H) (arrowhead) (H). A
thickened left C2 nerve root with contrast enhancement (1) (yellow arrow), mild atrophy and contrast enhancement of the paraspinal muscle (H,1)
(asterisks) adjacent to the lesion, and ventral meningeal enhancement (G) (white arrow) are also present. These findings strongly suggest a spinal tumor
concurrent with gliosis and left-sided neuritis and myositis rather than inflammatory or vascular diseases. Based on these MRI findings, the mass is
considered to be of intradural extramedullary rather than of intramedullary origin.

suggestion. Ten months after discharge, no recurrence of
neurological signs had been reported.

The authors declare that no Institutional Animal Care and Use This report presents a rare case of a cranial cervical spinal glioma,
Committee or other approval was needed. Written informed  confirmed by surgical histopathology, with postoperative
consent was obtained from the owner prior to any procedures  improvement in a dog. Gliomas arise from glial cells in the brain or
being performed. spinal cord and are grouped as astrocytic, oligodendroglial, and
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FIGURE 2
Surgical removal of the mass following dorsal laminotomy of the axis combined with durotomy at the second cervical vertebra. (A) A bone flap (p) of

the C2 axis spinous process is created with laminotomy of the C2 axis. The bone flap (p) is rotated dorsally and cranially to visualize the dorsal dura (D).
(B,C) Following the laminotomy, a midline durotomy reveals a capsulated mass (asterisk). Most parts of this tumor are easily removed from the adjacent
spinal cord (s) parenchyma. (D) The ventral part of the mass (asterisk) regionally adheres to the spinal cord (S) meninges (arrowhead) adjacent to the
left nerve root with fibrotic tissues (hash). The ventral tumor tissues are carefully removed.

FIGURE 3
Representative images of the excised mass. Gross appearance (A) and photomicrographs of histopathological evaluation (B,C). The mass is
characterized by a red, well-circumscribed, and elastic appearance (A). The poorly demarcated mass is composed of neoplastic cells arranged in
sheets and occasional short streams (B: 40x). The spindled, round, or polygonal cells contain small-to-moderate amounts of pale eosinophilic, wispy-
to-granular cytoplasm, and heterochromatic nuclei with one or two variably distinct nucleoli (C: 400x). Anisocytosis and anisokaryosis are moderate
(C). These findings are consistent with glioma, in which oligodendroglioma may be the most consistent. Scale bars in (B): 500 pm and in (C): 50 pm.

ependymal tumors. Canine gliomas typically affect older individuals,  in the brainstem and spinal cord (3, 7). The most common type of
especially those of brachycephalic breeds, and occur mainly in the  canine spinal cord glioma is ependymoma, followed by astrocytoma,
frontal, parietal, or temporal telencephalic lobes and less frequently  oligodendroglial tumors, gliomatosis cerebri, and unclassified glioma
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(3, 8). In a recent report of seven canine spinal gliomas, the affected
spinal cord segments were, in decreasing order of frequency, thoracic
(three cases), lumbar (three cases), and cervical (one case); the most
common spinal cord glioma was oligodendroglioma (3). In another
canine report of 53 intramedullary spinal tumor cases, thoracolumbar
segments were the most frequently affected, although primary
intramedullary tumors were more common in the cervical spinal cord
in young dogs. Furthermore, intramedullary masses were identified
in all dogs in which MRI was performed (8). However, intramedullary
spinal tumors can expand and infiltrate other sites, although
intramedullary spinal lesions may initially be intraparenchymal (3, 8).
Clinical diagnosis and treatment of intramedullary neoplasms may
be challenging because of the rapidly progressive clinical course and
On MRI, both
astrocytomas and oligodendrogliomas appear as ovoid-to-elliptical

neuroanatomical location of these tumors.

mass lesions that are well-marginated, located eccentrically in the
spinal cord, and associated with variable degrees of spinal cord
expansion. Astrocytomas and oligodendrogliomas are iso-to-
hypointense on TI-weighted images and hyperintense on
T2-weighted and short-tau inversion recovery images with moderate
contrast enhancement. In contrast, ependymomas appear as focal to
multi-segmental, fusiform, centrally located lesions that are
heterogeneously iso-to-hypointense on T1-weighted images and
hyperintense on T2-weighted images, with marked contrast
enhancement (8). Nevertheless, there have been reports of one dog
diagnosed with oligodendroglioma showing hyperintensity on
T1-weighted images and another dog with diffuse leptomeningeal
oligodendroglioma accompanied by the “dural tail sign” (15, 16). In a
recent study evaluating the MRI characteristics of inflammatory,
neoplastic, and vascular diseases of the canine spinal cord, the
diagnostic sensitivity was excellent for intradural spinal diseases but
poor for intramedullary tumors. Published descriptions of the
imaging features of intramedullary tumors are sparse, their
predilection sites are poorly understood and variable, and their MRI
features overlap with those of inflammatory and vascular diseases (9).
Therefore, the present case, which included MRI and surgical
resection with histopathological examination of the spinal mass, has
significant clinical value. The MRI characteristics included a well-
defined, homogenously marked contrast-enhancing, single-mass
lesion with extensive, eccentric distribution throughout the spinal
parenchyma. The origin of the lesion was difficult to establish because
of the extensive involvement of the spinal cord parenchyma without
broad-based dural contact and findings mimicking the “golf-tee” and
“dural tail” signs, further complicating the evaluation. This case
suggests that an intramedullary glioma should be considered when
the lesion is widely distributed throughout the spinal parenchyma,
even if it is located eccentrically rather than centrally. The authors
considered the present case to be a glioma originating from the spinal
cord parenchyma, exhibiting extensive expansion in the
extramedullary space. Ultimately, the mass was relatively well
removed, significantly contributing to the improvement of the
neurological symptoms. Intraoperatively, the mass was observed in
the extramedullary region, facilitating its identification and resection
after durotomy. The left ventral area of the mass adhered to the
meninges around the left intervertebral foramen. To date, such canine
spinal gliomas attached to the meninges with a pedunculated pattern
have not been reported. Additionally, the mass exhibited a well-
circumscribed red-colored and elastic appearance, differing in

Frontiers in Veterinary Science

10.3389/fvets.2024.1400139

characteristics from those in previously reported soft grayish masses
(14-16).
Consequently, the surgeons suspected, even postoperatively, the

in oligodendroglioma or oligodendrogliomatosis
extension of an intradural extramedullary tumor into the
intramedullary parenchyma rather than an intramedullary origin.
Considering the craniocervical location and elastic appearance of the
mass, the surgeons suspected a meningioma (17, 18). Following the
histopathological results, a genomic tumor test was performed, which
strongly supported the diagnosis of a spinal glioma. Indeed, it has
been reported that the MYC gene is overexpressed in glioma, and the
deletion of the CDKN gene is considered a clinically important
molecular alteration in glioma (19, 20). This case provided additional
evidence against drawing a conclusion regarding a presumptive
histologic diagnosis and making decisions based solely on MRI
findings to classify the lesion location relative to the meninges (5).

To the best of our knowledge, this is the only reported case of a
canine spinal glioma with remarkable postoperative improvement.
Most reported canine spinal gliomas or intramedullary tumors were
diagnosed postmortem or were associated with a short survival time
due to rapid deterioration postoperatively (3, 8, 13-16, 21). This may
be primarily due to the challenge of diagnosing spinal glioma
antemortem and implementing surgical treatment owing to the
intramedullary tumor location.

This report had several limitations, including a lack of
immunohistochemical data, CSF analysis, and various MRI sequences.
Although  differentiating types
histopathological results was necessary, immunohistochemistry could

among glioma based on
not be performed. Therefore, the definitive glioma type could not
be confirmed. Nevertheless, we considered the mass to be an
oligodendroglioma or astrocytoma with higher potential, based on
MRI features and histopathological findings. Considering the size,
distribution, and pronounced contrast enhancement, the mass leaned
more toward a high-grade tumor than a low-grade tumor, indicating
the necessity for ongoing monitoring to detect any potential
recurrence (16). The lack of CSF analyses might not have substantially
impacted the patient’s evaluation and diagnosis because spinal gliomas
have no specific CSF characteristics (3, 7, 9, 14, 22). The inclusion of
post-contrast fat saturation and diffusion tensor imaging may have
provided additional information on the mass distribution and location
and may have proven beneficial in determining the type of spinal
tumors on MRI for future reference (23, 24).

Despite numerous reports detailing the MRI features of canine
spinal tumors, the present case indicated the existence of additional
types not yet reported. Although histopathological examination is
typically required for a definitive diagnosis, MRI provided detailed
information on the location, distribution, and margination of spinal
cord lesions, facilitating surgical decision-making. Additional
information regarding spinal tumor characteristics on MRI may
contribute to the advancement of antemortem diagnosis. Furthermore,
surgical treatment may benefit patients with spinal cord tumors that
are considered removable based on MRI findings.
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Case report: Echocardiographic
and computed tomographic
features of congenital
bronchoesophageal artery
hypertrophy and fistula in a dog

Yewon Jit, Jinsu Kang?, Suyoung Heo’, Kichang Lee! and
Hakyoung Yoon®#*
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Introduction: Studies on aberrant bronchoesophageal arteries are limited.
Herein, we report a case of a multi-origin systemic-to-pulmonary shunt with
suspected bronchoesophageal artery hypertrophy and fistula in a dog.

Case report: A 4-year-old castrated male beagle weighing 11kg underwent
routine medical screening. Physical examination revealed a right-sided
continuous murmur of grades 1-2. Thoracic radiography revealed a mild
cardiomegaly. Echocardiography revealed a continuous turbulent shunt flow
distal to the right pulmonary artery (RPA) branch from the right parasternal short
axis pulmonary artery view. Computed tomography demonstrated systemic-to-
pulmonary shunts originating from the descending aorta at the level of T7-8, the
right 5th and 6th dorsal intercostal arteries, and the right brachiocephalic trunk,
which formed anomalous networks around the trachea and esophagus that
anastomosed into a large tortuous vessel at the level of T6—-7 and entered the
RPA. Surgical ligation of multiple shunting vessels was performed. Postoperative
echocardiography and computed tomography showed decreased left ventricular
volume overload and markedly decreased size of the varices. Additionally, most
of the shunting vessels were without residual shunt flow.

Conclusion: The present study provides information regarding imaging features
and the successful surgical management of multiple systemic-to-pulmonary
shunts originating from the descending aorta, right brachiocephalic trunk, and
intercostal arteries and terminating at the RPA. Multimodal imaging features
after surgical ligation have also been described.

KEYWORDS

aortopulmonary shunt, aberrant bronchoesophageal artery, esophageal varices,
cardiovascular anomaly, canine
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1 Introduction

Various cardiovascular malformations associated with systemic-
to-pulmonary (L-to-R) shunts have been reported in the veterinary
literature. L-to-R shunts can progress to heart failure due to volume
overload. The clinical significance of L-to-R shunts depends on their
size and the blood flowing through them (1). The types of L-to-R
shunts include patent ductus arteriosus (PDA) (2, 3), aortopulmonary
window (APW) (4-7), L-to-R arteriovenous fistulae (8), arteriovenous
shunts (9), L-to-R (10-17).
Bronchoesophageal artery (BEA) hypertrophy, also referred to as an

and various atypical shunts
aberrant BEA, is a relatively rare type of L-to-R shunt in dogs (10, 11,
14, 15, 17). The BEA usually arises from the fifth right dorsal
intercostal artery and courses next to the esophagus, which is known
to play a major role in supplying oxygen to the airways and supporting
pulmonary structures (18). Normal bronchial arteries from the BEA
communicate with the pulmonary artery only through a capillary bed,
resulting in a physiologically small amount of L-to-R shunting flow
that is hemodynamically insignificant (19). Although aberrant BEAs
are known to be abnormal bronchial-to-pulmonary artery
communications, the underlying etiology is still not fully understood;
however, these anomalies of BEA can result in a significant L-to-R
shunt, which can present as similar features on physical and
radiographic ~ examinations. Therefore, advanced imaging
examinations, such as echocardiography and computed tomography
(CT), are essential in distinguishing BEA anomalies from other
L-to-R shunts.

To date, five studies on aberrant BEA, BEA hypertrophy, and
anomalous BEA have been reported in dogs (10, 11, 14, 15, 17);
additionally, there is a lack of reports on BEA anomalies in other
animals. However, these cases have differences in the locations of
shunt insertion, and there are no reports of cases with right-sided
murmurs. In these reports, the echocardiographic and CT
characteristics of anomalous BEA have been described; however, to
our knowledge, no study in the veterinary literature has described the
related postoperative CT features.

Herein, we report a case of a multi-origin systemic-to-pulmonary
shunt with suspected BEA hypertrophy and fistula. This report aimed
to describe in detail the echocardiographic and CT features of the
multiple shunts and changes in postoperative echocardiographic and

CT findings.

2 Case description

A 4-year-old castrated male beagle weighing 11kg underwent
routine medical screening. The patient had no history of diseases
other than chronic otitis externa and no clinical signs indicative of
cardiovascular diseases. On physical examination, no abnormalities
were observed (temperature, 38°C; heart rate, 110 beats/min; and
systolic blood pressure, 150 mmHg); however, a mild right-sided basal
continuous murmur of grades 1-2 was noted. Laboratory
examinations revealed mildly elevated alanine aminotransferase
levels. Thoracic radiography (HF-525 PLUS, ECORAY, Seoul, Korea;
kVP 70, mA 200, exposure time 0.03 s) was performed, which revealed
an increased vertebral heart score of 11.7 (reference range, 8.7-10.7)
and a sternal contact of 3.5 (reference range, 2.5-3.0) on the right
lateral view. Generalized cardiomegaly and a slight bulge at the 1-3
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oclock of the cardiac silhouette were identified in the ventrodorsal
view. The diameters of the caudal vena cava and pulmonary vessels
were within normal ranges.

Two-dimensional transthoracic echocardiographic examination
was performed using a 5-MHz 72 phased array transducer (Aplio 300;
Canon Medical System, Europe B.V., Zoetermeer, 73 Netherlands),
which revealed the following measurements: left ventricular
end-diastolic internal diameter corrected for body weight (LVIDDn),
1.74 (upper limit; <1.7) (20); left ventricular end-systolic internal
diameter corrected for body weight (LVIDSn), 1.14 (reference range,
0.74-1.33) (21); end-diastolic volume index (EDVI), 103.11 (upper
limit;>100) (22); end-systolic volume index (ESVI), 40.87 (lower
limit;<30) (22). These measurements were calculated using the
Teichholz method. Additionally, the following were noted: E peak
velocity, 91.3cm/s, 58-117cm/s. (23); E/E, 10.49 (reference range,
7.3-9.5) (24); and LA:Ao, 0.97 (upper limit <1.6) (20). Collectively,
these observations suggested mild left ventricular eccentric
hypertrophy. No significant mitral, tricuspid, aortic, or pulmonic
regurgitations were observed. From the right parasternal short axis
pulmonary artery view, a continuous L-to-R turbulent shunt flow
distal to the right pulmonary artery (RPA) showing a mosaic pattern
was identified on color Doppler, with a peak velocity of 4.18 m/s and
a pressure gradient of 69.89 mmHg on continuous wave Doppler
(Figures 1A,B). However, the orifice of the shunt at the typical location
of the PDA or the orientation of the shunt could not be identified
on echocardiography.

CT (Alexion, TSX-034A, Toshiba Medical Systems, Tochigi,
Japan) was performed to further assess the orientation and anatomical
features of the suspected shunting vessel. The CT scan was performed
under general anesthesia induced using butorphanol 0.2mg/kg
(Butophan; Myungmoon Pharm Co., Ltd., Seoul, Korea) and propofol
6mg/kg (MCT/LCT 1%, Freefol-MCT; Daewon Pharm Co., Ltd.,
Seoul, Korea) and maintained with 1.5% isoflurane (Isoflurane; Hana
Pharm Co., Ltd., Hwaseong, Korea). The CT parameters were as
follows: helical scan mode, 100 kVp, 150mA, 256 x 256 matrix,
rotation time of 0.75s, and slice thickness of 1 mm. Pre- and post-
contrast CT images were acquired. For the contrast medium, 900 mg
iodine/kg of iohexol in a total volume of 28 mL (Omnipaque, GE
Healthcare, United States) was injected intravenously at a rate of
3mL/s using a power injector. Post-contrast CT scans were performed
when the ascending aorta started to show contrast enhancement and
120s after the first injection.

CT tomography revealed multiple L-to-R shunts (Figure 2). The
first shunt (shunt 1) identified was a tortuous vessel originating from
the brachiocephalic trunk that ran caudally and anastomosed with the
peritracheal network (Figures 2E,G). The second shunt (shunt 2) was
caudal to the first one, originated from the thoracic descending aorta
at the T8 level, and formed tortuous vessels that eventually connected
to the periesophageal network (Figures 2A,B,F). Regarding the third
shunt (shunt 3), the vessels arising from the right fifth and sixth dorsal
intercostal arteries joined and formed a tortuous shunting vessel that
ran cranially and connected to the peritracheal network (Figures 2B
D,F,G). These three shunts were connected to either the peritracheal
or periesophageal dense network and eventually anastomosed to a
large tortuous vessel connected to the RPA. The measured size of the
orifice was 4.1 mm at insertion (Figures 2D,G).

After imaging, the shunts were surgically ligated. Midazolam
0.2mg/kg (Midazolam, Bukwang Pharm Co., Seoul, Korea) and
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FIGURE 1

Preoperative Doppler echocardiography at the shunt insertion. Color-flow Doppler examination from a right parasternal short-axis view (A,B) reveals a
turbulent positive continuous shunt flow entering the distal right pulmonary artery (white arrow) (systolic, 4.18 m/s; diastolic, 2.56 m/s). Postoperative
Doppler echocardiography at the preoperative location of the shunt. No residual flow was seen at the location (white arrowhead) (C,D).

butorphanol 0.2 mg/kg (Butophan, Myungmoon Pharm Co., Seoul,
Korea) were administered intravenously. Intravenous cefazolin 25 mg/
kg (cefazolin sodium, Korus Pharm Co., Chuncheon, Korea) was
administered as premedication, and general anesthesia was induced
with intravenous propofol 6 mg/kg (Provive 1%; Myungmoon Pharm
Co., Seoul, Korea) and maintained with sevoflurane (Sevofran, Hana
Pharm Co., Seoul, Korea). The dog was positioned in left lateral
recumbency, and the right thorax was prepared for aseptic surgery. An
intercostal thoracotomy was performed at the 5th right intercostal
space, and a shunt entering the right pulmonary artery branch was
identified (
using a surgical clip (Hemoclip, Teleflex, Pennsylvania, USA) and 5-0
polypropylene (PROLENE, Ethicon, New Jersey, USA) ( )
Next, the shunts connected to the brachiocephalic trunk and the right

). The shunt was bluntly separated and ligated

5th-6th dorsal intercostal arteries supplying the periesophageal
network were identified, and ligation was performed ( ).
Sutures were performed using a routine method, and the dog
recovered from anesthesia without any complications. For
postoperative analgesia, butorphanol-lidocaine-ketamine was
administered (butorphanol at a dosage of 0.02mg/kg/h, lidocaine
[lidocaine hydrochloride, Jeil Pharm Co., Daegu, Korea] at a dosage
of 1.5 mg/kg/h, and ketamine [ketamine hydrochloride, Yuhan Corp.,
Seoul, Korea] at a dosage of 0.6 mg/kg/h) via constant rate infusion.
Follow-up echocardiography and CT were performed at 3 weeks
and 12 weeks postoperatively. On postoperative echocardiography
at 3 weeks and 12 weeks after surgical ligation, no residual shunting
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of the right pulmonary artery was observed ( ).
Additionally, echocardiographic parameters showed a diminution
of the left ventricular volume overload (preoperative LVIDDn 1.74
to postoperative LVIDDn 1.46; preoperative EDVI 103.11 to
postoperative EDVI 67.41). Moreover, decreases in E peak velocity
from 91.3 cm/s to 44.70 cm/s, and E/E’ from 10.49 to 6.67 cm/s were
observed, which indicated a decrease in left atrial pressure. CT at
3 weeks postoperatively showed no residual enhancement caudal to
the ligation site of shunt 1 originating from the brachiocephalic
trunk or shunt 2 originating from the descending aorta. Shunt 3
originating from the fifth and sixth right dorsal intercostal arteries,
showed no cranial or caudal residual flow to the clip at the two
ligation sites; however, mild residual enhancement of the vessel
connected to the peritracheal network was observed. The shunting
vessel anastomosed from the three shunts and the peritracheal-
periesophageal network were observed; however, no connection
between the aorta and the RPA was identified ( ). No
remarkable changes or aneurysms were observed on the follow-up
CT at 12 weeks postoperatively.

An L-to-R shunt can result in left ventricular volume overload,
and treatment options vary according to shunt type; thus, a definitive
diagnosis of the shunt is important. To date, several anomalous
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FIGURE 2

MIP images and a 3D reconstructed image of preoperative computed tomography scans. Scale bars equal 10 mm. Transverse 5-mm-thick slab MIP
(A-C), dorsal 10-mm-thick slab MIP (D), sagittal 7.5-mm-thick slab MIP (E,F), and 3D reconstructed images of the heart and adjacent vessels (G). Shunt
(black arrow) from the descending aorta at T8 level, which was considered the enlarged left bronchoesophageal artery (BEA) (A,E). Note that in (E), the
shunt is supplying the periesophageal network (white dotted arrow). Tortuous vessels (white arrowhead) arising from the fifth and sixth dorsal
intercostal arteries course forward and connect to the peritracheal network (black arrowhead) (B,F,G). On dorsal and transverse MIP images, the main
shunt (white arrow) entering the distal right pulmonary artery (RPA) (black asterisk) is seen (C,D). 3D reconstructed image showing multiple tortuous
vessels (white arrowhead), a network, and the main shunt vessel (white arrow) connected to the distal RPA (black asterisk). Note the aberrant tortuous
vessel from the brachiocephalic trunk, which was considered the aberrant right BEA (black dotted arrow) (G).

aortopulmonary shunts that differ from typical PDA or APW, which
comprise the majority of L-to-R shunts in dogs, have been reported in
the veterinary literature (10-16). Herein, the physical, radiographic,
echocardiographic, and CT characteristics of BEA hypertrophy
compared to other L-to-R shunts are discussed.

) and

anomalous L-to-R communication associated with aberrant BEA in

Few reports have described the features of BEA (25,
dogs (9-11, 14, 15). Previous reports have demonstrated shunts
between the BEA and the pulmonary artery or branches suspected to
be aberrant branches of the BEA connected to the main pulmonary
artery (MPA) (10, 11,
coexisted with a network of closely related tortuous vessels.

)- In one study, all cases of aberrant BEA

Additionally, it described the features and patterns of congenital and
acquired BEA hypertrophy and concurrent L-to-R artery
communications (14). A recent study described the imaging features
of anomalous bronchial and non-bronchial arterial blood supply to
the lungs in dogs and proposed a classification of BEA hypertrophy.
The imaging features of congenital BEA hypertrophy include an
enlarged left BEA from an enlarged intercostal artery between T5 and
T8; an aberrant origin of the right BEA from the right brachiocephalic
trunk; the presence of a large and tortuous vessel between the dense
peritracheal-periesophageal network and the MPA through an orifice;
and no evidence of lung or pleural diseases (14).

Herein, one physical characteristic was a mild continuous
murmur heard at the basal level of the right heart. Continuous
murmurs are usually heard in PDA and APW (2, 4), generally at the
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base and apex (4, 27). All previous cases of BEA hypertrophy had
various grades of left-sided murmur, either apical or basal (11, 14,

, 17); however, no study has reported BEA hypertrophy with a
right basal murmur. In previous reports regarding BEA
hypertrophy, shunt insertion locations were the proximal left
pulmonary artery, between the aorta and the pulmonary artery, and
the proximal RPA. Herein, the location of the main shunt entering
the RPA was distal rather than proximal; this may be a reason for
the different murmur locations. These findings indicate that BEA
hypertrophy can have various shunt insertion locations, and
murmur locations can vary according to the location. In addition
to relatively common congenital anomalies with right-sided
murmurs, such as ventricular septal defects (VSDs) (28), rare
cardiovascular anomalies such as the aorta-right atrial tunnel (29)
can present with a right-sided continuous murmur. Therefore, the
differential diagnosis, in the case of a continuous right-sided
murmur, should include BEA hypertrophy, aorto-right atrial
tunnel, and VSD. However, murmur alone is insufficient to diagnose
BEA hypertrophy; echocardiography and CT should be performed
for a definite diagnosis.

Herein, distinct echocardiography and CT features enabled the
differentiation of the condition from other cardiovascular anomalies.
Because the location of the main shunt entering the distal RPA was
different from the level of the ligamentum arteriosum, it could
be distinguished from PDA. Tortuous communicating vessels were
also identified. Because APW is characterized by an opening or
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FIGURE 3

View at the time of surgical ligation of the shunting vessels. The main shunt entering the right pulmonary artery (white dotted line) is identified (A). The
caudal vena cava is indicated by the black arrow. Blunt separation and ligation of the shunt are performed using a surgical clip (white arrow) and 5-0
polypropylene (B,C). Identification and ligation of the shunting vessel (yellow dotted line) from the brachiocephalic trunk—which was considered the
aberrant form of the right bronchoesophageal artery and right fifth—sixth dorsal intercostal arteries—is performed, and a surgical clip (white arrowhead)
is observed. The white asterisk indicates the reflection of the esophagus on the malleable retractor (D—F).

window without tortuous vessels or significant length of
communication (30), it could be differentiated from APW. This case
also showed three tortuous vessels originating from different locations
entering the dense peritracheal and periesophageal networks, which
eventually formed a large tortuous vessel that entered the RPA. One
of the tortuous vessels was connected to the suspected aberrant BEA
originating from the fifth and sixth intercostal arteries and entered the
peritracheal network. Our findings were similar to those of a previous
report on congenital BEA hypertrophy; therefore, the present case was
considered to have congenital BEA hypertrophy.

However, herein, as the main shunt entered distal to the RPA,
there were some differences compared with previous reports. In a
review of BEA hypertrophy and aberrant BEA, only two dogs had
shunts entering the RPA, while others had shunts entering the left
pulmonary artery, usually at the proximal part or between the aorta
and the pulmonary artery caudal to the ligamentum arteriosum (11,
14, 15). In both cases, shunts entering the RPA were proximal, not
distal (14, 15).

Shunt insertion location can be critical when L-to-R shunt
identification is based solely on echocardiography, especially when the
patient is asymptomatic. Because the efficacy and accuracy of the
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diagnosis from echocardiography are affected by the experience of the
clinician performing echocardiography (31), uncommon shunts with
atypical origins may be neglected and remain unidentified. It is
relatively easier to identify shunts entering the MPA or proximal
branches on the echocardiography on the basic right parasternal
short-axis view at the level of the MPA, but they can be missed when
shunts with a small amount of flow enter the distal branches.
Therefore, it is important to check for anomalous shunt flows not only
at the location of typical shunts but also distal to them from modified
views, if needed.

Herein, subsidiary anomalies were observed compared to typical
BEA hypertrophy alone. On CT examination, a slight difference was
identified cranially, where the enlarged left BEA arose. The fifth and
sixth dorsal intercostal arteries did not course directly but tortuously
from the aorta, from which two tortuous arteries arose. These two
tortuous vessels coursed and eventually connected as a tortuous vessel
and entered the peritracheal network. Despite the unknown
etiopathology of BEA hypertrophy and concurrent peritracheal-
periesophageal network, the left BEA and fifth, sixth, and eighth
dorsal intercostal arteries develop as branches of the dorsal
intersegmental arteries or their ventral branches during the
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FIGURE 4

2) (C-F).

Follow-up computed tomography (CT) images at 12 weeks postoperatively (A—F) and a reconstructed 3D image (G) for comparison. Scale bars equal
10 mm. The remaining trunk of the ligated vessel (white arrow) connected to the right pulmonary artery, which is supplied by the peritracheal network
(white dotted arrow), is identified, but no connection cranial to the surgical clip (white arrowhead, 1) is observed (A,B,C,G). Note the remarkable
decrease in the flow of the peritracheal network (white dotted arrow) and the ligated vessel compared with those observed in preoperative CT (D,G)
Surgical clip for the ligation of the small tortuous vessel originating from the fifth and sixth intercostal arteries, which were supplying the peritracheal
network (white arrowhead, 2) (C). Ligation of the shunting vessel from the brachiocephalic trunk, which was considered the aberrant right
bronchoesophageal artery (BEA) supplying the peritracheal network. No remaining flow after the ligation is observed. Surgical clips for the ligation of
the suspected aberrant right BEA (white arrowhead, 3) and of the small shunting vessel originating from the fifth dorsal intercostal artery (white arrow,

development of the vascular system, and the suspected BEA
hypertrophy and additional anomalies could be the result of secondary
connections during the embryonal stage (18).

On follow-up echocardiography at 3weeks and 12weeks
postoperatively, no residual flow and decreased LVIDDn, EDV], E
peak velocity, E/A ratio, and FS were observed. Decreased LVIDDn
and EDVI were considered to result from the decreased left ventricular
volume overload. Decreased left ventricular preload and filling
pressure after surgical ligation could result in a decreased E peak and
E/A ratio (32). Additionally, decreased FS might have resulted from
decreased diastolic volume without a significant change in systolic
volume and was considered a temporary postoperative status (32).

Although surgical ligation of suspected BEA hypertrophy and
fistulas has been reported in two case reports (10, 15), there is a lack of
studies describing changes in CT findings after surgical ligation of the
shunts. Herein, follow-up CT scans at 3weeks and 12weeks after
surgical ligation showed no residual flow of the large shunting vessel
entering the RPA and no residual flow caudal to the ligation site of
shunt 1, which was considered an anomalous origin of the right BEA
connecting and supplying the peritracheal network. Shunt 3, which
supplied the peritracheal network, was also ligated; the amount of the
peritracheal network was markedly decreased, but a small amount of
flow was observed. Shunt 2, considered an aberrant form of a
hypertrophied left BEA, was not perfectly ligated, which was suspected
to be the reason for the mild residual flow of the periesophageal network.
described that
echocardiography, angiography, and CT examinations before the

A previous report cases underwent
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surgical ligation of shunts (15). In three of the four dogs, only the large
main shunts entering the pulmonary artery were surgically ligated,
which resulted in immediate shrinkage of some or all tortuous vessels.
One dog had at least two vessels in addition to the major vessel of
aortic origin that underwent separate ligation, similar to the present
case. However, the origins and characteristics of these additional
vessels were not fully elucidated, and no postoperative CT was
performed. Herein, a small amount of residual flow was observed in
the tortuous network postoperatively; however, no residual flow was
identified on echocardiography. As residual flow can only be identified
on CT and not on echocardiography, and tortuous networks cannot
be assessed on echocardiography, follow-up CT examination, in
addition to echocardiography, is needed to thoroughly assess residual
flow and the existence of remaining shunts.

This study has some limitations. First, on the follow-up CT, a mild
residual flow in the periesophageal network was observed, which
could have led to an aneurysm. However, no aneurysm was identified
at the 3-month follow-up. In addition, it has been reported that the
resolution of transient deterioration of left ventricular systolic
function could be seen after 6 months of surgical or interventional
ligation of L-to-R shunts (32). Second, no follow-up echocardiographic
examination after 12 weeks was performed in this case. However, as in
the present case, although postoperative echocardiographic
parameters indicated resolution of the left ventricular volume
overload, there was an insignificant amount of residual flow from the
tortuous network. Even if a small amount of residual flow remains in
the peritracheal-periesophageal network, the surgical ligation of
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major shunt vessels can clinically help in the resolution of LV
volume overload.

4 Conclusion

This report describes the preoperative and postoperative physical,
echocardiographic, and CT features of BEA hypertrophy. BEA
hypertrophy should be included as a differential diagnosis when a
right-sided murmur is noted, a mosaic pattern at the distal RPA is
observed on echocardiography, and a shunt of systemic arterial blood
flow inserted into the pulmonary artery is seen on CT examination.
Surgical ligation is a practical method for the occlusion of L-to-R
shunts in BEA hypertrophy, which can decrease the volume overload
of the heart and result in a remarkable decrease in the number of
peritracheal and periesophageal networks.
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Case report: A nodular lesion in
the ventral region of the neck in
the rat as a starting point for
considerations on differential
diagnosis
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*Veterinary Clinic ANIMAL.MED, Gdansk, Poland

The purpose of this case report is to present a poorly differentiated sarcomain a
pet rat. A veterinarian detected a small-sized nodular lesion in the ventral region
of the neck during a follow-up visit related to another ailment. The anatomical
structures found in the neck region in the rat and the differential diagnosis when
deformities are palpated in this body part are discussed in detail. The patient
underwent a total of four surgical procedures, as well as radiotherapy and
chemotherapy. The rat survived in good condition for 144 days after finding the
tumor.

KEYWORDS

pet rat, poorly differentiated sarcoma, tumor, ventral neck, differential diagnosis

Introduction

When a nodular lesion is found on palpation in the neck region in a rat, it is essential to
consider all possible differential diagnoses. It is the authors’ experience that it usually appears
to be a tumor or an abscess, but it may be difficult to say with certainty where they originate
from. Tumors of the mammary gland along with galactocele, salivary gland tumors and
inflammation, enlarged lymph nodes in the course of lymphoid neoplasms, tumors of the
thyroid and parathyroid glands, as well as tumors originating from the connective tissue,
nerves, and vessels can be expected to appear in this region. When it comes to abscesses, these
are usually subcutaneous deformities but may also arise in deeper tissues and organs of the
neck (1, 2).

Case description

The patient was an 18-month-old male pet rat (Rattus norvegicus f. domestica) brought in
for a follow-up visit associated with treatment for diabetes mellitus that was recognized
6months earlier. To date, glucose levels had been controlled by subcutaneous insulin
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administration. The owner measured the glucose twice daily and
adjusted the dose according to the glucose level (1-31U 2x daily). On
clinical examination, the rat was obese (BCS 5/5) (3), with a reduction
of muscle mass in the pelvic limbs, typical of older males (4). A well-
demarcated, nodular lesion of approximately 4 mm in diameter was
palpable in the left ventral neck region. It doubled in size over the
following 2 weeks. There were no symptoms directly related to its
presence. A blood sample was taken under isoflurane anesthesia. The
results showed slightly elevated GLDH, ALT levels, and monocyte
count, which was not considered a contraindication to general
anesthesia (Table 1). In the authors’ opinion, the upper limit of urea is
higher, and the lower limit of alpha-amylase is lower in rats than that
given by Giknis and Clifford (5), so the results were deemed correct.
Chest radiographs (Figure 1), echocardiography, and abdominal
ultrasound were also performed. Chest radiographs showed a slight
increase in lung opacity and a diffuse bilateral bronchial pattern with
a slight loss of distinction of the heart contour, which was suggestive
of pneumonia. There were no signs of metastases. Echocardiography
showed left ventricular lumen dilatation with no impairment of
systolic function, with a slight left atrial lumen dilatation and a slight
aortic  valve regurgitation. ‘The abdominal ultrasound
was unremarkable.

The lesion was removed along with a part of the left mandibular
salivary gland and an adjacent lymph node. Histopathological
examination revealed malignant myoepithelioma of the mandibular
salivary gland. It was infiltrated by poorly circumscribed and
nonencapsulated nodular neoplasm, composed of spindeloid
neoplastic cells arranged in interwoven irregular bundles without
distinct orientation. They infiltrated between acini and glandular
structures. The neoplastic cells had indistinct cell borders, a moderate
amount of eosinophilic cytoplasm, and one spindeloid to elongated
hyperchromatic nucleus. Mild to moderate anisocytosis and
anisokaryosis was seen. Neoplastic cells were present at the sample’s
margins. The lymph node was unremarkable.

The patient was referred for an oncology consultation. Therefore,
a blood test was repeated. This time, hyperglycemia was noted along
with monocytosis (Table 1), and the insulin dose was adjusted. It was
decided to implement radiotherapy in a regimen of four fractions of
5Gy once a week.

Three weeks after the initiation of radiotherapy no recurrence
was observed in both palpation and ultrasound examinations.
However, another 4weeks later (2.5months after surgery), a
considerable deformity could already be palpated, covering almost
the entire ventral region of the neck. The lesion was solid, hypoechoic,
multilobate, and moderately vascularized on ultrasound examination.
It measured 25.2 x 12.8 mm. Its dorsal part was poorly demarcated
from the surrounding tissues. In addition, multiple cysts of varying
sizes, filled with echogenic fluid, were found. The tumor was located
adjacent to the external jugular vein and the left common carotid
artery. Due to the suspicion of tumor recurrence and poor prognosis,
euthanasia was suggested, but the owner opted for another surgery,
which was performed ahortly thereafter. Histopathological
examination revealed a poorly differentiated sarcoma in the salivary
gland’s immediate vicinity (Figure 2).

Four days after surgery, an extensive deformity reappeared in the
exact location. The overlying skin was thickened and ulcerated. Local
recurrence was suspected, along with tumor infiltration of the skin.
The owner decided to do a third and fourth (10 days apart) surgical
removal of the tumor. During the third surgery, a hemostatic sponge
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TABLE 1 Blood results and reference ranges.

Parameter Blood Blood Reference
results results range
before before the  according to

the first oncology Giknis and
surgery consult Clifford (%),
to the
authors*

RBC 9.42 8.94 7.62-9.99T/L

Ht 472 474 38.5-52%

Hb 16.1 15.5 13.6-17.4g/dL

MCV 50.1 53 46.3-56.211

MCH 17.1 17.3 16.3-19.5pg

MCHC 34.1 327 31.9-38.5g/dL

WBC 5.29 52 1.98-11.06 G/L

Neutrophils 13.6 15.7 9-49.3%

Lymphocytes 76.6 72.7 44.7-87.1%

Monocytes 8.7 10.6 1-3.6%

Eosinophils 0.9 0.8 0.4-4%

Basophils 0.2 0.2 0-0.6%

PLT 841 1,137 574-1,253 G/L

ALT (GPT) 57.6 374 19-48U/L

AST (GOT) 73.6 98.5 63-175U/L

Alpha-amylase 577.1 435.7 1,223-2,109U/L

TP 6.68 6.51 5.6-7.6g/dL

CK 79 428 460-1,230

GLDH 39.6 15.2 0-17 U/L*

Creatinine 0.4 0.42 0.3-0.5mg/dL

Urea 36.06 23.94 10.07-20 mg/dL

Glucose 135.5 457.2 106-184 mg/dL

* indicates, where the range level of GLDH is given.

with bleomycin was left in the wound, while the subsequent surgery
included intratumoral administration of doxorubicin.
Histopathological examination of the tumor and skin sections
again revealed poorly differentiated sarcoma (Figure 2). An
immunohistochemical (IHC) study of these lesions was performed.
Monoclonal antibodies against cytokeratin (CK MNF116), vimentin
(Vim), p63 protein (myoepithelial cell marker), and the EnVision™,
Peroxidase/DAB system (Dako, Agilent Tech. Santa Clara, CA,
United States) were used. The positive control was the canine
mammary gland. CK and p63 expression were absent in the tumor
cells, Vim expression was negative to weakly positive in some areas.
Due to financial constraints, performing further IHC differential
diagnostics was impossible, e.g., for cutaneous vascular tumors.
After the next 10days, a considerable deformity measuring 25 x
12mm was found again. The skin was covered with a wound from
which bloody fluid was oozing out (Figure 3). Finally, euthanasia was
performed as the rat was scratching intensely in this area, which led
to bleeding. The patient also had reduced appetite and showed lower
activity. The post-mortem examination revealed a nonencapsulated
tumor, light pink in color, adjacent to the left external jugular vein, the
left common carotid artery, and it penetrated deep into the soft tissues
of the neck. No distant tumor metastases were found macroscopically.
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FIGURE 1

Chest radiographs showing a slight increase in lung opacity, diffuse
and bilateral bronchial pattern with a slight loss of distinction of the
heart contour, suggestive of pneumonia.

Discussion

The anatomy of the neck is complex mainly due to the multitude
of soft tissues present in this region (1, 6). Several internal organs can
be found here: salivary glands, lymph nodes, thyroid and parathyroid
glands, esophagus, larynx, and trachea. In a rat, the first pair of
mammary glands is also present (6). Besides the organs, the neck
consists of muscles, ligaments, fasciae, vessels, nerves, and a
vertebral column.

The salivary glands are represented by large and symmetrically
lying clusters of glandular tissue: the paired sublingual, mandibular,
and parotid glands. The mandibular salivary gland in a rat is located
on the ventrolateral surface of the neck and extends from the angle of
the mandible nearly to the thoracic inlet. It is oval in shape and reaches
an average size of 10 x 15 x 5 mm. The four-lobed parotid gland
borders it laterally and extends to the base of the external ear. The
minor sublingual salivary gland is adjacent to its rostral part (6-8).
Extraction of the lower incisors led to the enlargement of the
mandibular and sublingual salivary glands due to hypertrophy and
hyperplasia of its lobules. Rats show testosterone-dependent sexual
dimorphism in the size of the mandibular salivary glands. Therefore,
androgens, drugs that block their action and castration, may affect the
size of this organ (7, 8). Salivary glands are relatively difficult to
distinguish on palpation from the surrounding tissues.

The most common infectious agent capable of causing unilateral
or bilateral inflammation of the mandibular and parotid glands, as
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well as the lacrimal glands and mandibular lymph nodes, is
Sialodacryoadenitis virus (SDAV). The whole ventral neck region is
usually swollen, which may also apply to the head. Rat coronavirus,
polyomavirus, and cytomegalovirus infections usually progress
without significant changes in the salivary glands (7, 8). In contrast,
infection with Klebsiella aerogenes and Staphylococcus aureus can lead
to abscess formation (8). As a consequence of trauma, the presence of
salivary stones and foreign bodies blocking the outflow of saliva,
mucocele and sublingual salivary cysts can form. However, these are
rare in rats (7, 8).

The same refers to spontaneous and primary salivary gland
tumors (8-11). According to Tsunenari et al., their incidence ranges
from 0.02 to 0.8% (12). Cases of adenocarcinomas ranging from
poorly to well differentiated (7, 9, 13), poorly differentiated carcinomas
(9, 11-15), epithelial-myoepithelial carcinomas (9), myoepitheliomas
(8,9, 16, 17), or squamous cell carcinomas (7, 12) have been described
in the literature. Tumors of mesenchymal origin - fibrosarcomas,
undifferentiated sarcomas (7), and malignant peripheral nerve sheath
tumors (7, 12) have all been found in rat salivary glands. In addition,
the salivary glands can be involved in a neoplastic process in the
course of leukemia (7). It is known from human medicine that salivary
gland carcinomas can develop on top of existing benign tumors and
progress from low-grade to high-grade malignancies (18).

In a rat, the mandibular salivary gland is adjacent to the cervical
mammary gland, which is extensive in this species. The rats mammary
gland comprises four pairs of glands and six nipples. It is important to
note that mammary tumors in older female rats are the second most
common neoplasm (incidence — 32.92%) (19). They are also found in
males, although much less frequently. Most of these are benign, such
as fibroadenomas and adenomas, although carcinomas and sarcomas
may also appear (7, 20). In addition to neoplasms, retention cysts
(galactocele) containing milk, cellular debris, and sometimes
inflammatory infiltration cells can be expected, mainly in older
females (7).

Lymph nodes in the neck region in a rat are small, with a diameter
of no more than 2-3 mm, making them undetectable on palpation in
healthy animals. They may occur singly or in groups. Enlargement of
lymph nodes in this area may be associated with inflammation and
hyperplasia in the course of infections with pathogens, such as SDAV
or Mycoplasma spp. (7). Lymph nodes can also be the site of tumor
metastases, such as the cervical lymph nodes in case of thyroid tumor,
the mandibular lymph nodes in case of schwannoma, or Zymbal’s
gland carcinoma (7).

Primary lymph node neoplasms such as lymphoma are rare in
rats (7). They can infiltrate the skin and subcutaneous tissue.
Lymphomas should be differentiated from large granular lymphocyte
leukemia, the rat’s most common type of lymphoid malignancy with
an incidence of 3.75-5.42% of all neoplasms (19). It progresses with
splenomegaly and hepatomegaly in the later course of the disease.
Enlarged organs can easily be palpated. Massive enlargement of the
mesenteric, mediastinal, and mandibular lymph nodes is also possible
(7). Several round, large structures can then be palpated in both - the
ventral region of the neck and the middle abdomen. The patient
usually presents with dyspnea and marked leucocytosis, which may
be accompanied by hemolytic anemia.

The thyroid gland in the rat is located directly behind the larynx
and consists of two lobes connected by an isthmus. According to the
literature, spontaneous non-neoplastic and neoplastic proliferation of
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FIGURE 2

Histopathological image (hematoxylin-eosin-HE staining) and immunohistochemical (IHC) study of a poorly differentiated sarcoma located adjacent
to the left mandibular salivary gland (A,B,C—F) and in the surrounding skin (a,b,c—f) being a recurrence. (A,B) Show a poorly demarcated, non-
encapsulated tumor-rich cell neoplasm located near the salivary gland (black arrowhead) with loosely arranged neoplastic cells with indistinct cell
borders, forming cystic vessel-like spaces filled to varying degrees with erythrocytes and eosinophilic fluid (asterisk). A pleomorphic tumor cells (oval,
round, polygonal shape) with high anisokaryosis, a sparse cytoplasm, multinucleated cells present (inset: black thin arrowhead), and mitotic figures
(white arrowhead) up to 4 in 10 HPF fields of view (2.37 mm?),; sparse pale connective tissue with areas of hemorrhage. Immunohistochemical
examination confirmed the mesenchymal origin of the neoplastic cells: negative cytoplasmic reaction for pan-cytokeratin (C, arrowheads indicate
CK-positive salivary epithelial cells); weakly positive cytoplasmic reaction for vimentin, although it was negative in some areas (D); no nuclear reaction
for p63 protein in tumor cells (E). Nuclear p63 reaction in salivary myoepithelial cells is indicated by white arrowheads (F). (a,b) Show a poorly
demarcated, non-encapsulated tumor-rich cell neoplasm arranged in short interlacing streams, located in the dermis and subcutaneous tissue,

infiltrating muscle fibers and hair papillae (marked with a black shout in d—f). Pleomorphic tumor cells (oval, spindle, round, polygonal shape) with high
anisokaryosis, visible 1-2 nucleoli, moderate slightly eosinophilic cytoplasm. Numerous mitotic figures (19/10HPF, [2.37 mm?]) one of them indicated
by a white arrowhead (b). The stroma is scanty with areas of hemorrhage, but less extensive compared to the poorly differentiated sarcoma adjacent
to the salivary gland. As in the sample of poorly differentiated sarcoma adjacent to the salivary gland, CK-negative (c), Vim-positive to negative (d), and

p63-negative (e,f) neoplastic cells are shown. Hair matrix cells show nuclear positivity toward p63 (e,f).

the thyroid gland - adenomas and carcinomas originating from
follicular and thyroid C-cells, can be expected. Some carcinomas
infiltrate surrounding tissues and may metastasize to regional lymph
nodes and the lungs (7, 9, 19, 21). According to Nakazawa et al.,
thyroid neoplasms in rats are quite common, accounting for 2.5% of
males and 8.33% of females (19), but can only be palpated when they
reach a significant size. There are 1-2mm parathyroid glands
associated with the cranio-lateral surface of the thyroid, which can
also undergo hyperplastic and neoplastic changes (7), the latter
accounting for 1.25% in males (19). The authors rarely encounter
thyroid and parathyroid tumors in rats in their practice

The Zymbal gland is a modified sebaceous gland found in
rodents. It consists of 3-4 lobes, located rostro-ventrally to the
external ear. Its duct opens adjacent to the tympanic membrane into
the lumen of the external acoustic meatus. Hyperplasia of the Zymbal
gland in the rat is not a response to primary degenerative or
inflammatory changes involving the gland and is considered a
pre-neoplastic lesion (7). Tumors from the Zymbal gland are
adenomas, papillomas, but mainly carcinomas (7). Squamous cell
infiltrate should

carcinoma can surrounding tissues and

Frontiers in Veterinary Science

be differentiated from squamous cell carcinoma of the skin. Zymbal
gland neoplasms are palpable as bulky, slightly mobile lesions at the
base of the external ear. Larger ones often ulcerate; the tumor may
be visible in the lumen of the external acoustic meatus, may contain
serous contents, and may be associated with swelling (7, 22).

Localization of lesions originating from the Zymbal gland is quite
characteristic and is at the base of the external ear. However, the tumor
may involve the lateral neck region if significant. It should also
be borne in mind that malignant tumors of the Zymbal gland can give
metastases to the salivary glands and the mandibular lymph nodes
(7,20).

In addition to the organs described, the neck contains cervical
vertebrae, muscles, ligaments, joints, vessels, and nerves. All these
structures are covered with skin and subcutaneous tissue. Thus, in the
ventral region of the neck, one can also expect to find primary tumors
of mesenchymal origin such as fibromas, fibrosarcomas, myxomas,
myxosarcomas, histiocytic sarcomas, lipomas and liposarcomas,
haemangiomas, haemangiosarcomas, perivascular wall tumors
(formerly haemangiopericytomas), rhabdomyosarcomas, tumors
arising from peripheral nerve sheaths and peripheral neuroblastic
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FIGURE 3
Appearance of the tumor on the day of euthanasia.

tumors arising from neural crest (7). Piloleiomyoma and
piloleiomyosarcoma have not been described in rats so far (7, 23).

Skin tumors of epithelial origin have also been reported in rats:
papilloma and squamous cell carcinoma, basal cell tumor, adenoma
and carcinoma of the sebaceous glands, trichoepithelioma,
keratoacanthoma, myoepithelioma, as well as those originating from
the lymphatic and hematopoietic system - cutaneous lymphoma, mast
cell tumor, extramedullary plasmocytoma (7). Spontaneous
osteosarcomas have been described in rats, including the vertebral
column, and hence, this type of tumor might also be expected in the
cervical vertebrae (24). Poorly differentiated sarcomas may have foci
of bone metaplasia, which may contribute to misdiagnosis (7).

A small structure called the carotid body (carotid glomus) is
found bilaterally near the internal and external carotid arteries. It
comprises richly vascularized epithelial tissue and has a chemoreceptor
function. The rat’s carotid body weighs 60 ug (25). Tumors arising
from the glomus are described in humans mainly as benign and
painful deformities. There is no literature data regarding the
occurrence of this type of lesion in rats.

In addition to neoplastic tumors, abscesses should also
be considered in the differential diagnosis of nodular lesions in the
neck region in a rat. Most commonly, these are subcutaneous abscesses
that arise from skin damage, e.g., due to aggressive behavior between
cagemates. Abscesses may be fluctuant and ulcerated. They can also
be located in deeper tissues and originate from the organs of the neck.
Infection can spread via the hematogenous and the lymphatic
routes (1, 2).

In the presented case, a nodule in the ventral region of the neck
was detected by a veterinarian during a standard check-up. The neck

Frontiers in Veterinary Science

10.3389/fvets.2024.1472317

should be thoroughly palpated during the clinical examination of each
patient, although relatively small and deeply located deformities may
not be detected. Ultrasound may help determine the origin and extent
of a nodular lesion and perform a biopsy.

Histopathological examination initially revealed a malignant
myoepithelioma. Two further examinations were performed by a
different histopathologist who diagnosed a poorly differentiated
sarcoma. In addition, those latter two diagnoses were supported by
immunohistochemistry, which ruled out the epithelial and
myoepithelial origin of the tumor. However, it was not possible to
confirm the vascular origin of the tumor, as indicated by multiple
cavities filled with blood and proteinaceous fluid. Suspicion arose that
the first diagnosis showing a malignant neoplasm was only a
preliminary one, based on H-E examination alone, and it was still
insufficient without immunohistochemistry.

Malignant myoepitheliomas are rare, diagnostically challenging
biphasic tumors even for an experienced pathologist because of the
spindle-shaped morphology of the cells in the malignant
“sarcomatous” component, which can resemble sarcoma. On the
other hand, it cannot be ruled out that the radiation therapy may
have acted as an initiating factor in the development of the
sarcoma. Radiation-induced soft tissue sarcomas (RISs) are a rare
but potential late side effect of radiotherapy. According to the
literature, rats developed mainly lymphomas and soft tissue
sarcomas in the areas receiving radiation. Secondary sarcomas
were observed at the edge of the irradiation field where the dose
was higher. These areas are more prone to uncontrolled,
disorganized repair tissue proliferation, leading to an increased risk
of cell damage and mutagenesis and, therefore, the development of
RIS (26, 27).

In this case, the epithelial-mesenchymal transition (EMT) should
also be considered. ETM is essential in embryogenesis and wound
healing but can also be involved in pathological processes such as
cancer. It can be activated by chronic inflammation and immune
disease as well as by repeated tissue trauma disrupting the healing of
a wound (28). However, the authors believe it could have been
sarcoma from the very beginning. After its surgical removal, the
tumor could have recurred near the remaining mandibular salivary
gland and the skin.

Low-grade sarcomas have been described in humans, dogs, cats,
cattle, pigs, and horses. Clinically, they are rapidly growing,
asymptomatic cutaneous or subcutaneous tumors, rarely giving
metastases in dogs. However, they are considered to be locally invasive
(29). Rapid growth is often accompanied by extensive necrosis (7).

Ideally, the diagnosis should be known before any treatment,
including surgical intervention, is implemented. However, this is not
easy to achieve in practice. A histological diagnosis can
be problematic, especially for undifferentiated and poorly
differentiated tumors, due to the tremendous histological
heterogeneity of sarcomas and the recent change in nomenclature
(23, 29). Cytopathological evaluation of a biopsy taken from the
tumor may be helpful as a first step to exclude other possibilities, such
as mast cell tumor (30). In human medicine, a fine-needle biopsy is
not recommended for diagnosing sarcomas due to the insufficient
material obtained with this procedure (31). A histopathological
examination enriched by immunohistochemistry with a broad panel
of antibodies is necessary to make a definitive diagnosis (23).
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Treatment of soft tissue sarcomas is challenging in all animal
species, including humans (29). There is a lack of information
regarding the treatment of sarcomas in rats. Complete excision of the
lesion with wide margins is the mainstay of treatment of metastasis-
free lesions (29, 32). Incomplete excision of the tumor or leaving a
narrow margin of healthy tissue, especially for poorly differentiated
sarcomas, significantly increases the risk of local recurrence. In human
and veterinary medicine, re-excision of surgical scar and radiotherapy
is recommended (29, 30, 32). Postoperative radiotherapy can prolong
the time to local recurrence (32). Perioperative chemotherapy with
doxorubicin is effective in humans. It can also be considered an
adjunctive treatment in veterinary medicine, though its efficacy in rats
has not yet been known (30). Electrochemotherapy is a relatively new
therapeutic technique that increases tumor cells uptake of
chemotherapeutic agents such as bleomycin (33).

Due to the tumor’s location in the presented case, the possibility
of maintaining safe tissue margins was slight from the beginning.
Therefore, local recurrence had to be expected (29, 34). It took
2.5months from the initial detection of the tumor to the emergence
of the recurrence. When the recurrence was identified, the tumor
was already approximately 2cm in diameter. A further three
surgeries, dictated by the owner’s desire to continue the treatment,
did not have a long-term effect, as the tumor grew back quite
quickly each time.

It should be noted that the patient was in excellent condition most
of the time, and his owner reported no distressing symptoms,
including pain. Pathological lesions in the neck can induce pressure
on the trachea and esophagus, leading to dyspnea, coughing, difficulty
swallowing, and regurgitation. After each surgery, the rat awoke
quickly and without complications. The recovery period was
uneventful, and the patient did not require a protective collar. During
treatment, the patient’s other problems were adequately addressed an
echocardiogram and abdominal ultrasound were performed,
pneumonia was treated with antibiotics, and diabetic symptoms were
controlled with insulin administration.

Conclusion

The presented case was a starting point for considerations on the
differential diagnosis when a nodular lesion is found in the rat’s ventral
region of the neck. The authors” experience indicates that it usually
appears to be a tumor or an abscesses. However, because the neck
anatomy is complex, there are many possibilities when it comes to
determining its origin. The neck region should be thoroughly palpated
during clinical examination of any patient, especially its ventral part.
This case also demonstrates how complicated the diagnostic and
therapeutic process can be when a nodular lesion is found in the
location mentioned above. The main conclusion from this case report
is to increase the awareness of veterinary pathologists and oncologists
that the final diagnosis should always be part of a broad-spectrum
differential
immunohistochemical data, including clinical and treatment history.

diagnosis combining histopathological and

Diagnosing a malignant tumor in a rat does not necessarily
mean a verdict, especially when in conjunction with a dedicated
owner. With advances in human and veterinary medicine, new

treatment options are emerging. However, their outcomes may have
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not yet been reported in rats and remain in the field of
experimental medicine.
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Introduction: Fatty degeneration of the vertebral bodies and paravertebral muscles
is associated with the presence, severity, and prognosis of spinal disease such as
intervertebral disc degeneration. Therefore, the fat fraction (FF) of the vertebral
bodies and paraspinal muscles has been considered a potential biomarker for
assessing the pathophysiology, progression, and treatment response of spinal disease.
Magnetic resonance spectroscopy (MRS) is considered the reference standard for fat
quantification; however, it has limitations of a long acquisition time and is technically
demanding. Chemical shift-encoding water-fat imaging, called the Dixon method,
has recently been applied for rapid fat quantification with high spatial resolution.
However, the Dixon method has not been validated in veterinary medicine, and
we hypothesized that the Dixon method would provide a comparable assessment
of the FF to MRS but would be faster and easier to implement in dogs.

Methods: In this prospective study, we assessed the FF of the lumbar vertebral
bodies and paravertebral muscles from the first to sixth lumbar vertebrae using
MRS, the two-point Dixon method (LAVA-FLEX), and the six-point Dixon method
(IDEAL-1Q) and compared these techniques.

Results and discussion: The FFs of vertebral bodies and paravertebral muscles
derived from LAVA-FLEX and IDEAL-IQ showed significant correlations and
agreement with those obtained with MRS. In particular, the FFs obtained with
IDEAL-1Q showed higher correlations and better agreement with those obtained
with MRS than those derived by LAVA-FLEX. Both Dixon methods showed excellent
intra- and interobserver reproducibility for FF analysis of the vertebral bodies and
paraspinal muscles. However, the test—retest repeatability of vertebral body and
paraspinal muscle FF analysis was low for all three sequences, especially for the
paraspinal muscles. The results of this study showed that LAVA-FLEX and IDEAL-
IQ have high reproducibility and that their findings were highly correlated with the
FFs of the lumber vertebral bodies and paraspinal muscles determined by MRS in
dogs. The FF analysis could be performed much more easily and quickly using
LAVA-FLEX and IDEAL-IQ than using MRS. In conclusion, LAVA-FLEX and IDEAL-
IQ can be used as routine procedures in spinal magnetic resonance imaging in
dogs for FF analysis of the vertebral bodies and paraspinal muscles.

KEYWORDS

canine, chemical shift, intervertebral disc disease, magnetic resonance imaging,
myosteatosis
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1 Introduction

Intervertebral disc disease (IVDD) is a common spinal disease in
dogs and probably the most common condition for performing spinal
magnetic resonance imaging (MRI) in dogs (1). Although the
mechanism of IVDD has not been elucidated, fatty infiltration of the
vertebral bodies and paravertebral muscles May have a significant
effect on the onset, progression, severity, and prognosis of IVDD (2-7).
In humans, in addition to evaluating the disc and spinal cord,
evaluation of fatty degeneration of the spine and paravertebral muscles
using MRI has been widely performed for various spinal diseases
including IVDD (8, 9). Those studies have revealed that fat
quantification using MRI is correlated with histological examination
findings and is associated with presence, severity, and prognosis of
spinal disease.

In canine spinal MRI, assessment primarily focuses on disc
degeneration, herniation, and spinal cord changes to diagnose
IVDD. A few studies on fat assessment of the vertebral bodies and
paraspinal muscles in dogs with IVDD have been conducted (4-7, 10,
I 1). Some studies have evaluated changes in the paravertebral muscles
using cross-sectional areas of these muscles on computed tomography;,
but this method is time consuming and nonspecific for fatty
degeneration (10, 11). Other studies have used MRI for assessing fatty
degeneration of the paraspinal muscles. However, most studies
conducted qualitative or quantitative evaluations based on cross-
sectional areas of muscles or the signal changes on T1-weighted or
short tau inversion recovery images, which is subjective and difficult
when evaluating for diffuse changes (4-6).

There are two primary techniques for fat analysis using MRI in
humans including magnetic resonance spectroscopy (MRS) and
chemical shift imaging such as the Dixon method. Among them,
MRS has been considered the gold standard for fat quantification
(12, 13). However, the use of MRS is limited in clinics due to its long
acquisition time, technically demanding nature, and associated
sampling errors that lead to low spatial resolution (13-15).
Chemical shift-encoding water-fat imaging, called the Dixon
method, has recently been applied for rapid fat quantification with
high spatial resolution (10, 12, 14). It acquires both in-phase (water
+ fat) and out-phase (water - fat) images and provides a series of
four images including in-phase, out-phase, fat-only, and water-only
images. The two-point Dixon method was traditionally used, but
variants of the Dixon technique such as IDEAL-IQ have been
developed to provide more consistent separation of fat and water
signals (16, 17).

While several studies have demonstrated the accuracy of the
Dixon method and its high clinical applicability for evaluating fat
quantification in the spine and paravertebral muscles in humans,
research in dogs remains limited (2, 3, 8, 9). To the best of author’s
knowledge, only one study has applied the two-point Dixon technique
to assess paraspinal muscle myosteatosis in dogs with IVDD. This
study revealed an association between myosteatosis in the multifidus
muscle and outcomes (7). Because fat quantification MRI can
be influenced by various factors such as the composition or size of the
field of view, it is crucial to establish the accuracy, reproducibility, and
repeatability before applying it in small dogs. The purpose of this
study was to evaluate the feasibility of the traditional two-point Dixon
method and a more recently developed six-point Dixon method
compared with gold standard of MRS for fat fraction (FF) analysis of
the vertebral bodies and paravertebral muscles in healthy dogs.
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2 Materials and method

2.1 Animals

This study was a prospective experimental study. In this study, six
purpose-bred beagles, including four intact female and two intact male
dogs, were used. The median age of the dogs was 3 years (1-5years), and
the median weight was 13.4kg (12.0-14.8kg). All dogs were regarded as
clinically healthy based on a physical examination, complete blood
count, serum biochemistry, and thoracic and abdominal radiographs.
The study protocol was authorized by the Institutional Animal Care and
Use Committee at Kyungpook National University. The protocol for the
care of the dogs adhered to the Guidelines for Animal Experiments of
Kyungpook National University (No. KNU 2023-0590). Each laboratory
beagle dog was housed in an individual pen and had no history of low
back pain, spinal surgery, or metallic implant placement.

2.2 MRI acquisition

The dogs were fasted for 24h prior to anesthesia induction for
MRI. A 22-gauge catheter was placed into the cephalic vein, and
0.03mg/kg of medetomidine (Medetin, 1mg/mL, Dongbang,
Gyeonggi-do, Korea) and 1 mg/kg of alfaxalone (Alfaxan®, 10 mg/mL,
Careside, Gyeonggi-do, Korea) were administered to each dog. An
endotracheal tube was placed, and anesthesia was maintained with
isoflurane (Ifran®, 2-3%, Hana Pharm, Seoul, Republic of Korea) and
oxygen (1-2 L/min). General anesthesia and breathing were controlled
with a ventilator. Isotonic saline solution (0.9% NaCl, 3 mL/kg/h, JW
Life Science, Seoul, Republic of Korea) was administered intravenously
for the duration of the procedure.

All lumbar MRI images were obtained in dorsal recumbency with
a 1.5-T MRI (Signa Explorer; GE Healthcare, Wisconsin,
United States) using a 16-channel flex coil (GEM flix coil 16-M Array;
GE Healthcare). After obtaining three-dimensional T1-weighted
(T1W) sequences as a localizer, three-orthogonal T2-weighted (T2W)
images covering the 11th thoracic vertebra to the sacrum including
sagittal, transverse, and dorsal planes were obtained.

2.3 LAVA-FLEX, IDEAL-1Q, and MRS
acquisition for FF of the vertebral bodies
and paraspinal muscles

Based on the sagittal, transverse, and dorsal plane T2W images,
fat quantification scanning was performed with three different
sequences including the two-point Dixon method (LAVA-FLEX; GE
Healthcare), the six-point Dixon method (IDEAL-IQ; GE Healthcare),
and MRS. MRS was used as a reference standard for fat quantification
in this study. Detailed parameters for each sequence are shown in
Tables 1, 2. For LAVA-FLEX and IDEAL-IQ, both the sagittal plane in
the centre of the lumbar spine and the transverse plane at the centre
of the lumbar vertebral midbodies from L1-L6 were acquired for
evaluating the vertebral bodies and paraspinal muscles, respectively.
Both sequences automatically reconstructed fat signal-only, water
signal-only, in-phase, and out-phase images. The IDEAL-IQ
additionally provided an automatically calculated FF map (fat signal/
fat signal + water signal) on the MRI machine workstation (Signa
Explorer; GE Healthcare).
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TABLE 1 Acquisition parameters of LAVA-FLEX and IDEAL-IQ for FF quantification of the lumbar vertebral bodies and paravertebral muscles.

Imaging parameters

LAVA-FLEX (two-point Dixon)

IDEAL-1Q (six-point Dixon)

Vertebra body Muscle Vertebra body Muscle
Orientation Sagittal Transverse Sagittal Transverse
Repetition time (msec) 6 6 20 23
Echo time (msec) 2.1,4.2 2.1,4.2 3.5,5.5,7.4,94,11.4,13.3 3.4,54,7.3,9.3,11.2,13.2
Field of view (mm) 280x280 280x280 280x280 280x280
Matrix size 160x 160 160 x 160 140 x 140 140 x 140
Section thickness (mm) 6.0 4.0 6.0 4.0
Intersection gap (mm) 0 0 0 0
No. of sections 40 40 40 40
Flip angle (degree) 12 12 5 5
No. of signals acquired 2 2 8 8
Bandwidth (kHz) 62.5 62.5 100 100
Imaging time (sec) 106 108 155 156

FF; fat fraction.

TABLE 2 Acquisition parameters of MRS for FF quantification of the
lumbar vertebral bodies and paravertebral muscles.

Parameters Vertebral Paravertebral
bodies muscles

Sequence type Stimulated echo acquisition mode (STEAM)

Repetition time (msec) 3,000 3,000

Echo time (msec) 35 35

Number of averages 32 32

Acquisition voxel (mm) 4.0x6.0x15.0 4.0%x15.0x15.0

Number of signals 8 8

acquisition

Imaging time (sec) 168 168

FF; fat fraction, MRS; magnetic resonance spectroscopy.

To acquire MRS as a standard of reference, single-voxel stimulated
echo acquisition mode (STEAM) was used. Based on the three-
orthogonal T2W images, multiple single spectroscopy voxels were
positioned in the center of the lumbar vertebral bodies and paraspinal
muscles from L1 to L6 (Figure 1). For the vertebral bodies, a voxel size of
4.0x6.0x 15.0mm was used. This voxel size was set to the largest size that
does not include the cortical bone and surrounding muscles to prevent
errors on MRS due to low signal-to-noise ratio. For the paraspinal
muscles, a voxel was positioned in the left epaxial muscle at the level of
each vertebral midbody using a voxel size of 4.0 x 15.0x 15.0mm. The
voxels of the paravertebral muscles were set to the largest so that all sides
of the voxels were surrounded by the muscles without including adjacent
subcutaneous fat. Both the longissimus lumborum and iliocostal muscles
were included because it was difficult to distinguish the fascial boundaries
between these muscles in some cases.

2.4 FF analysis with LAVA-FLEX and
IDEAL-1IQ

The LAVA-FLEX and IDEAL-IQ images were analyzed on Picture
Archiving and Communication System workstations (INFINITT;
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Infinitt Healthcare, Seoul, Korea). In LAVA-FLEX images, the FF was
measured using fat signal-only images and in-phase images (fat +
water signal) as follows: FF =fat signal / (fat + water signal). In IDEAL-
IQ, the FF was measured using an automatically calculated FF map.

To evaluate the FF of the lumbar vertebral bodies, rectangular
regions of interest (ROIs) (4.0x 15.0mm) were drawn on sagittal
images centred on the lumbar vertebral bodies to exclude the cortical
bone and paraspinal muscle (Figures 2A,C,E). To assess the FF of the
paraspinal muscles, rectangular ROIs (15.0 x 15.0 mm) were drawn in
the left epaxial muscles where it is surrounded by muscle at the level
of each vertebral midbody (Figures 2B,D,F). We recorded the x, y, and
z axis information of the MRS voxel range, then when drawing ROIs
of the vertebral bodies and paraspinal muscles in LAVA-FLEX and
IDEAL-IQ images, the evaluation area of ROIs was made to match the
MRS voxels. In LAVA-FLEX, the ROIs drawn on the fat signal-only
images were copied and pasted to the in-phase images to create the
same ROL.

2.5 FF analysis in MRS

All spectroscopy images were processed using a commercial
spectroscopy tool (LCModel version 6.3; LCModel Inc., Oakville,
Canada), which involves post-processing and quantifications
including noise filtering, apodization, baseline, phase correction,
signal fitting of the peaks within the acquired spectra, and integration
to determine the area under each spectral peak of interest. In the
spectra, integrated signal intensity in the spectral regions of
0.5-2.0ppm was assigned to fat, and 4.0-5.4 ppm was assigned to
water. The FF was calculated as the ratio of fat peak areas to the sum
of fat peak and water peak areas (14).

2.6 Reproducibility and test-retest
repeatability test

To assess the test-retest repeatability of FF analysis using LAVA-
FLEX, IDEAL-IQ, and MRS, the same experiment protocol was
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FIGURE 1

Positioning of the voxel in magnetic resonance spectroscopy (MRS) to analyze the fat fraction (FF) in the lumbar vertebral bodies and paraspinal
muscles. (A) Shows a representative sagittal image of voxel positioning for vertebral body FF measurement with MRS. A voxel (4.0 X 6.0 X 15.0 mm) is
positioned in the center of the lumbar vertebral body without including cortical bone and the paraspinal muscles based on transverse, sagittal, and
dorsal images. (B) Shows a representative transverse image of voxel positioning for paraspinal muscle FF measurement with MRS. A voxel

(4.0 x15.0 x 15.0 mm) is positioned in the left epaxial muscles at the level of the vertebral midbody without including adjacent subcutaneous muscles
based on transverse, sagittal, and dorsal images.

I ———0
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Area : -60.19mm2
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Max : 197
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FIGURE 2

Positioning of the region of interest (ROI) in LAVA-FLEX (A-D) and IDEAL-IQ (E,F) to analyze the fat fraction (FF) in the lumbar vertebral bodies and
paraspinal muscles. In LAVA-FLEX, the same two ROIs were used in in-phase (A,B) and out-phase images (C,D), and in IDEAL-IQ, one ROl was used in
the FF map (E,F). In LAVA-FELX and IDEAL-IQ, a 4.0 X 15.0 mm ROl is positioned in the sagittal plane for vertebral body FF analysis, and a 15.0 x 15.0 mm
ROl is positioned in the transverse plane for paraspinal muscle FF analysis. The ROIs of the vertebral bodies and paraspinal muscles were matched as
closely as possible to the voxel from magnetic resonance spectroscopy (MRS).
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performed again with a one-week interval and analyzed with the same
methods as the first examination.

To evaluate the intra- and interobserver reproducibility of the
LAVA-FLEX and IDEAL-IQ, one examiner (H-WL) analyzed the
LAVA-FLEX and IDEAL-IQ images in the first exam three times, and
three different examiners (H-WL, J-YL, J-YL) independently
performed an analysis of the LAVA-FLEX and IDEAL-IQ without
knowing the MRS results and each other’s results. When measuring
reproducibility, the ROI was drawn subjectively using the same ROI
criteria without the location information of the MRS voxel;
4.0x15.0mm ROIs were drawn on sagittal images centred on the
lumbar vertebral bodies to exclude the cortical bone and paraspinal
muscle for vertebral body analysis and 15.0x 15.0mm ROIs were
drawn in the left epaxial muscles where it is surrounded by muscle at
the level of each vertebral midbody. The reproducibility of MRS was
not evaluated because MRS was analyzed using the program and did
not depend on the examiner.

2.7 Statistical analysis

All continuous values are reported as means + standard
deviations (SDs). All statistical calculations were performed using
IBM SPSS Statistics (SPSS 25.0, IBM SPSS statistics, New York,
United States). Normality was assessed using the Kolmogorov-
Smirnov test. In the analysis, the comparison between MRS and
Dixon used Dixon data where ROIs were drawn consistent with MRS
voxels based on MRS location information. To evaluate the difference
in the FFs of the lumbar vertebral bodies and paraspinal muscles
derived from MRS according to the sites and the differences among
MRS, LAVA-FLEX, and IDEAL-IQ, the Friedman test and Wilcoxon
signed-rank test were used. To assess the correlation and agreement
between LAVA-FLEX and IDEAL-IQ and the reference standard of
MRS, Spearman’s correlation, linear regression, and the intraclass
correlation coefficient (ICC) analyses were performed. It was
considered statically significant if the p-value was less than 0.05
(p<0.05). The following criteria were used to analyze the ICC:
excellent (>0.90), good (= 0.75 to 0.89), fair (0.50 to 0.74), and poor
(<0.50) (1). The difference between each sequence was analyzed using
Bland-Altman analysis.

The intra- and interobserver reproducibility of LAVA-FLEX and
IDEAL-IQ were evaluated using the results of the first examination by
calculating the ICC. The test-retest repeatability of fat quantification with
MRS, LAVA-FLEX, and IDEAL-IQ was evaluated by assessing the
difference in values between two separate scans and calculating the
coefficient of variation (CV) and by Bland-Altman analysis. The CV was
interpreted according to the following definitions: excellent (<10%),
good (10 to 20%), acceptable (21 to 30%), and poor (>30%) (18).

3 Results

3.1 FFs of the lumbar vertebrae and
paraspinal muscles according to each
lumbar site

All MRI scans were performed without any complications in all
dogs. Figure 3 shows the FF of the lumbar vertebral bodies and
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paraspinal muscles at each lumbar site derived from MRS. The FFs of
the lumbar vertebral bodies were significantly different between the
sites; the FFs of the caudal lumbar spine tended to be higher than
those of the cranial lumbar spine (Table 3). There was no significant
difference in the FFs of the paraspinal muscles according to the sites.

3.2 Comparison between MRS, LAVA-FLEX,
and IDEAL-1Q

Figure 4 shows FFs of the lumbar vertebral bodies and paraspinal
muscles at each lumbar site derived from MRS, LAVA-FLEX, and
IDEAL-IQ. For the FFs of the vertebral bodies, there was no
significant difference among the three sequences except for the FF of
the 5th lumbar vertebral body (Table 4). The average FF of the
vertebral bodies was significantly different between sequences,
showing highest value with LAVA-FLEX and the lowest value with
MRS. The paraspinal muscle FFs were significantly different between
sequences at all sites; they were the lowest with LAVA-FLEX and the
highest with MRS. The average FFs of the paraspinal muscles showed
the same pattern.

Although the absolute FFs of the vertebral bodies and paraspinal
muscles did not match between the sequences, there was a significant
correlation between each sequence. The correlation and agreement
between LAVA-FLEX and IDEAL-IQ compared with MRS are shown
in Table 5. IDEAL-IQ showed higher correlation and agreement with
MRS for the FFs of the lumbar vertebral bodies and paraspinal
muscles than LAVA-FLEX. A linear regression results showed a
significant linear relationship between the FFs derived with LAVA-
FLEX and MRS and between IDEAL-IQ and MRS (Figure 5).

3.3 Reproducibility and test—retest
repeatability

Table 6 shows the intra- and interobserver reproducibility of the
FF analysis using LAVA-FLEX and IDEAL-IQ. All the FFs showed an
excellent inter- and intraobserver reproducibility. Table 7 summarizes
the differences, CVs, Bland-Altman analysis, and ICCs of the FFs
derived with LAVA-FLEX, IDEAL-IQ and MRS between the first and
second scans. The FFs of the vertebral bodies derived from IDEAL-IQ
and the FFs of the vertebral bodies and paraspinal muscles derived
from MRS showed significant differences between the first and second
scans. The general test-retest repeatability was low for all sequences;
in particular, the paraspinal muscle FFs showed poor test-
retest repeatability.

4 Discussion

In this study, LAVA-FLEX and IDEAL-IQ showed excellent
correlation and agreement with MRS for evaluating the FFs of the
lumbar vertebral bodies and paraspinal muscles, which is consistent
with the findings of previous human studies (12-15). However, the
absolute FFs derived from LAVA-FLEX and IDEAL-IQ did not exactly
match those derived from MRS, particularly in the paraspinal muscles.
Our results showed that LAVA-FLEX and IDEAL-IQ slightly
overestimated the FFs of the vertebral bodies, while they
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FIGURE 3
Box-and-whisker plots of fat fraction (FFs) for vertebral bodies and paraspinal muscles derived from magnetic resonance spectroscopy. The boxplot
shows the range in data between the 25th and 75th quantiles within the box, line within box indicates median, and outliers are indicated by points.
Different lower-case letters, which are at the top of the box plot, indicate significant differences between groups (a—f; p <0.05). The FFs of the lumbar
vertebral bodies were significantly different according to the lumbar levels; the FFs of the caudal lumbar spine tended to be higher than those of the
cranial lumbar spine. There was no significant difference in the FFs of the paraspinal muscles according to the lumbar levels.

TABLE 3 Fat fracction of the lumbar vertebral bodies and paraspinal muscles derived from MRS according to each lumbar site.

Fat fraction Lumbar site
)
) L3 L4
Vertebral body 18.41+4.85* 20.01+5.26° 19.77 +3.99* 22.1545.17%4 24.03+4.84% 25.25+6.42 <0.001
Paraspinal muscle 9.67+5.24 9.84+5.76 10.23+7.11 9.49+4.92 7.7843.26 8.29+2.75 0.470

The data shown are reported as the mean + standard deviation. ** Within a column, values with different superscript letters differ significantly (p <0.05). FE, fat fraction; MRS, magnetic

resonance spectroscopy.

underestimated the FFs of the paravertebral muscles compared with
the MRS. Although the exact cause of the difference between LAVA-
FLEX or IDEAL-IQ and MRS is unknown, it May be explained by the
multiple confounding factors for FF analysis in this study such as T2*
effects, magnetic field inhomogeneity, T1 effects, the presence of
multiple peaks in the fat spectrum, and eddy current effects
(14, 19-23).

Among the aforementioned confounding factors, the T2* effect is
an important factor in fat quantification of the vertebral bodies using
MRS (14, 23). Vertebral bone marrow is comprised of trabecular bone,
which is the principal source of magnetic field inhomogeneities in the
vertebral bodies (24, 25). Magnetic field inhomogeneities shorten the
T2* relaxation time of both water and fat components, which broadens
the widths of water and fat peaks in MRS (14). As the widths of water
and fat peaks become wider, they overlap, and the fat adjacent to water
peak is obscured by the water, which leads to underestimation of the
FF (14). Compared with MRS, the T2* effect from trabecular bone has
a negligible contribution to the signal at gradient echo sequences such
as LAVA-FLEX and IDEAL-IQ (14). Therefore, the T2* shortening
effect of the trabecular bone May have affected the FFs derived from
MRS, resulting in differences in the FFs of the lumbar vertebrae
among LAVA-FLEX, IDEAL-IQ, and MRS in this study. Similar to our
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findings, previous human studies have shown that bone marrow FFs
derived from MRS without considering T2* effects were lower than
those measured by the Dixon technique (14). Unlike the vertebral
bodies, it was thought that there was little T2* effect when evaluating
the paraspinal muscle FFs using MRS because there no substance with
a large T2* effect was present.

With the Dixon technique, such as LAVA-FLEX and IDEAL-IQ, T1
effects can affect FF measurement. Both LAVA-FLEX and IDEAL-IQ
use a very short repetition time. The T1 relaxation time of water is
significantly slower than that of fat; therefore, the signal of water May
deteriorate as it is exposed to repetitive radiofrequency pulse before the
signal is fully recovered due to the short repetition time (19, 20).
Although efforts are made to compensate for this by using a low flip
angle, the T1 relaxation effect May reduce water signal and contribute
to overestimation of FFs with LAVA-FLEX or IDEAL-IQ compared
with MRS (19, 20). This T1 effect could explain the overestimation of
the vertebral body FF with LAVA-FLEX or IDEAL-IQ compared with
MRS, but it is difficult to explain underestimation of paravertebral
muscle FF in LAVA-FLEX and IDEAL-IQ. Additionally, when
comparing LAVA-FLEX and IDEAL-IQ, LAVA-FLEX had a shorter
repetition time and a higher flip angle, which would have resulted in a
greater T'1 effect and higher fat measurement. However, our results did
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FIGURE 4
Box-and-whisker plots of fat fractions for (A) vertebral bodies and (B) paraspinal muscles derived from magnetic resonance spectroscopy (MRS), LAVA-
FLEX and IDEAL-IQ. The boxplot shows the range in data between the 25th and 75th quantiles within the box, line within box indicates median, and
outliers are indicated by points. Different lower-case letters, which are at the top of the box plot, indicate significant differences between groups (a, b,
c; p<0.05).

TABLE 4 Comparison among LAVA-FLEX, IDEAL-IQ, and MRS for FF quantification of the lumbar vertebral bodies and paraspinal muscles.

Fat fraction (%) Site MRS LAVA-FLEX IDEAL-1Q P-value
Vertebral body L1 18.41+4.85 23.53£8.11 18.80+5.33 0.135
L2 20.01£5.26 17.75+10.86 20.77 £4.90 0.846
L3 19.77 +3.39 21.64+9.13 21.41+5.84 0.607
L4 22.15+5.17 31.52+10.82 22.18+4.68 0.223
L5 24.03 +4.84* 32.26+12.90° 27.18+6.05 0.042
L6 25.25+6.42 24.37+10.88 24.54+5.86 0.846
Average 21.60£5.36" 25.18+11.10° 22.48+5.76° 0.021
Paraspinal muscle L1 9.67 +5.24¢ 5.16+3.22° 5.97+3.13" 0.002
L2 9.84+5.76 5.04+4.98° 5.70+4.39° 0.009
L3 10.23+7.11° 4.81+£3.90" 5.57+3.59° 0.006
L4 9.49+4.92° 5.13+3.48° 5.85+2.72° 0.009
L5 7.78+3.26" 4.18+3.47° 5.24+2.66 0.042
L6 8.29+2.75" 4.34+3.33° 5.00+1.58° 0.009
Average 9.22+4.77° 4.77 +£3.52* 5.55+2.92° <0.001

The data shown are reported as the mean + standard deviation. * Within a column, values with different superscript letters differ significantly (p <0.05). FF; fat fraction, MRS; magnetic

resonance SpECtl‘OSCOP)’.

not reflect this. Therefore, in this study, we believed that the T1 effect
was not a major factor that contributed to the fat quantification.

In a previous human study, Dixon techniques tended to
underestimate the FFs in organs with low FFs (13). In low fat content
regions, image noise can have a significant impact on FFs due to a low
signal to noise ratio. Therefore, the Dixon technique May have
underestimated FFs due to errors from low signal values and image
noise at the low FF sites (26). In our study, the FFs of the paraspinal
muscles were low (< 10%) compared with those of the lumbar
vertebral bodies (> 20%), and the image noise of the paraspinal
muscles with LAVA-FLEX or IDEAL-IQ might be a cause of
underestimation of the paraspinal muscle FFs compared with those
derived from MRS. In this study, an analysis of image quality, such as

Frontiers in Veterinary Science

signal-to-noise, was not conducted, and further studies are needed to
evaluate the relationships among signal, noise, and FF value.
Although the absolute FFs derived from LAVA-FLEX or
IDEAL-IQ did not completely match with those determined with
MRS, LAVA-FLEX and IDEAL-IQ showed high correlation with MRS
for both vertebral body and paraspinal muscle FF assessment. In
particular, IDEAL-IQ showed a higher correlation and better
agreement with MRS than LAVA-FLEX, which was consistent with the
findings of human studies (11, 27). IDEAL-IQ, the 6-point Dixon
technique, is thought to be more accurate for FF analysis than the
2-point Dixon-based LAVA-FLEX. There are several advantages of the
multi-point Dixon technique compared with the traditional 2-point
Dixon technique. The multi-point acquisition offers better chances to
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TABLE 5 Correlation and agreement between LAVA-FLEX and IDEAL-IQ compared with MRS for FF quantification of the lumbar vertebral bodies and
paraspinal muscles.

Parameter Sequences Correlation Agreement Bland—Altman
analysis
ICC Bias 95% LOA
Vertebral body LAVA-FLEX vs. MRS 0.437 0.008 0.542 <0.05 -36 -22.7t015.6
IDEAL-IQ vs. MRS 0.859 <0.001 0915 <0.01 -0.9 691052
Paraspinal muscle LAVA-FLEX vs. MRS 0.750 <0.001 0.885 <0.01 44 -0.8t09.7
IDEAL-IQ vs. MRS 0.888 <0.001 0911 <0.01 37 —0.8108.1

FF, fat fraction; ICC, intraclass correlation coefficient; LOA, limits of agreement; MRS, magnetic resonance spectroscopy.

correct for the T2* effect, magnetic field inhomogeneity, and eddy
currents effects. The multi-point acquisition requires a slightly longer
repetition time, which increases signal-to-noise ratio and reduces T1
relaxation effects. However, a longer repetition time has the
disadvantage of increasing the scan time. In this study, IDEAL-IQ
took approximately 50s longer than LAVA-FLEX. However,
considering that both sequences could be acquired in less than 3 min
and that IDEAL-IQ provides FF maps to reduce the analysis time, this
small scan time difference is thought be negligible in clinical practice.

Both LAVA-FLEX and IDEAL-IQ had excellent intra- and
interobserver reproducibility for vertebral body and paraspinal muscle
FF evaluation. This means that when repetitive ROIs are drawn using
the same criteria, even if the ROIs do not completely match, they have
similar values and can be used clinically. IDEAL-IQ automatically
provides an FF map; therefore, only one ROI is needed to measure the
FF, but LAVA-FLEX requires that two of the same ROIs to be drawn
separately on the fat-only and in-phase images. Therefore, we expected
that LAVA-FLEX May show lower reproducibility than IDEAL-IQ, but
the reproducibility of the two sequences was similar. This was thought
to be because in this study, when drawing two ROIs on a fat-only
image and an in-phase image with LAVA-FLEX, we copied one ROI
and pasted it on the other image. Moreover, we expected that the
reproducibility of paraspinal muscle FFs might be lower than that of
the vertebral body FFs because the muscles are not square in shape
and have unclear landmarks and margins compared with bone;
however, the reproducibility of the FFs for the vertebral bodies and
muscles were similar. This was thought to have reduced errors in ROI
placement in this study. For accurate comparison with MRS, the ROI
was set and analyzed based on the MRS voxel when setting the ROI
location for the paraspinal muscles in LAVA-FLEX and IDEAL-IQ in
this study.

Unlike their high reproducibility, MRS, LAVA-FLEX, and
IDEAL-IQ all had low test-retest repeatability for both vertebral body
and paraspinal muscle FF assessment. The test-retest repeatability
was the lowest for LAVA-FLEX among the sequences. Although, in
this study, the same criteria were used for the first and second
examination when setting up voxels for MRS or drawing ROIs for
LAVA-FLEX and IDEAL-IQ, but there May have been differences in
the scan plane, dog’s position, or setting of voxel or ROIs between first
and second examination. However, these factors cannot be completely
controlled in clinical practice. The paravertebral muscle FF
assessment showed lower test-retest repeatability than that for the
vertebral bodies, and there are several possible reasons for this
finding. In this study, the voxel size of MRS and the analysis ROI in
Dixon methods were larger in the paravertebral muscle than the
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vertebral body, which May have lowered repeatability. Unlike
vertebral body, muscle is a flexible tissue that deforms easily between
two scans, especially under anesthesia. Thus, repositioning the same
voxel placement exactly as it was for the previous scan is more
challenging for the paravertebral muscles than for the vertebral
bodies. Moreover, the paravertebral muscle FF can shift depending
on the shape and orientation of muscle (28). In addition, the
anatomical muscle region used in the analysis May have affected the
test-retest repeatability. In this study, when assessing the paraspinal
muscle FF, voxels in MRS or ROIs in LAVA-FLEX and IDEAL-IQ
May have contained two adjacent muscles rather than one specific
muscle. This was because when setting up the voxel for MRS, it was
difficult to evaluate a single muscle considering the square shape of
the voxel and the size of voxel to obtain a sufficient signal. The
inclusion of fascial boundaries and intermuscular fat May have
contributed to the heterogeneity in analysis in this study. Since the
scan plane and the dog’s position cannot be entirely controlled during
repeated scans, the optimal strategy to enhance repeatability May
involve controlling the analysis of the ROL In particular, LAVA-FLEX
and IDEAL-IQ allow ROIs to be drawn freely regardless of their size
and shape, making it easy to set an ROI for specific muscles. Further
research focusing on repeatability using ROIs for specific muscles
is needed.

When evaluating the FFs of the lumbar vertebrae and paraspinal
muscles, it is important to know the physiological variance among
healthy subjects. In humans, fatty infiltration can be affected by
various factors such as the anatomical site, sex, age, obesity, and
hormones; therefore, these factors should be considered when
interpreting the FF (29-35). In this study, the FFs of the caudal lumbar
vertebral bodies tended to be higher than those of the cranial lumbar
spine in healthy dogs. Although there were no studies on fat content
according to vertebral body location in dogs, the result of the present
study was consistent with those obtained in human studies (29-31).
A previous study showed increased FFs of the vertebral bodies from
the first to the fifth lumbar vertebrae in healthy humans (29). In
another study, a craniocaudal gradient of the vertebral FFs from T12
to L5 was observed in human patients without spinal bone disease
(30). In human studies, centripetal bone marrow conversion has been
suggested to be a cause of this lumbar vertebral FF gradient (29-32).
In adult humans and dogs, the bone marrow converts from
hematopoietic marrow to fatty marrow with a centripetal direction
from the appendicular skeleton to the axial skeleton (31, 32). This
centripetal conversion May contribute to the lumbar FF gradient.
Another possible explanation is an indirect consequence of the
increased mechanical stress on the caudal lumbar vertebrae (30). Since
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FIGURE 5
Linear regression model for fat fractions (FF) obtained from Dixon MRI (LAVA-FLEX and IDEAL-IQ) and magnetic resonance spectroscopy (MRS).
Scatterplots correlate FFs derived from (A) LAVA-FLEX, (B) IDEAL-1Q for vertebral body, and (C) LAVA-FLEX, (D) IDEAL-IQ for paraspinal muscle along
the y-axis with fat fraction measured with MRS along the x-axis. Correlation coefficient (R?) was ranging from 0.23 to 0.69 for LAVA-FLEX and 0.72 to
0.88 for IDEAL-IQ.

TABLE 6 Intra- and interobserver reproducibility of FF analysis using LAVA-FLEX and IDEAL-I1Q.

Sequence Parameter Interobserver Intraobserver reproducibility
reproducibility
ICC 95% ClI ICC 95% ClI
LAVA-FLEX Vertebral body 0.994 0.989-0.997 0.975 0.957-0.987
Paraspinal muscle 0.998 0.996-0.999 0.998 0.997-0.999
IDEAL-IQ Vertebral body 0.994 0.990-0.997 0.977 0.960-0.988
Paraspinal muscle 0.999 0.997-0.999 0.999 0.998-0.999

CI, confidence interval; FF, fat fraction; ICC, intraclass correlation coefficient. An ICC < 0.50, between 0.50 and < 0.75, between 0.75 and < 0.90, and > 0.90 was considered poor, fair, good, and

excellent measurement reliability, respectively.

the sacropelvic complex is fixed, more force and stress are placed on
the adjacent lower lumbar spine, which can cause higher fatty
degeneration in the lower lumbar spine (30, 31).

Unlike the vertebral body FFs, there were no significant differences
in the FFs of the paraspinal muscles according to the lumbar sites in
this study. This result was not consistent with those from previous
human studies, which showed that paravertebral muscle fatty
infiltration generally increased from cranial to caudal, with the highest
value at L5 (33-35). There are many possible causes for this
discrepancy. First, relatively young dogs were included in this study.
In humans, it was reported that lumbar paravertebral muscle fatty
degeneration occurs relatively more slowly than vertebral body fatty
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degeneration with aging (33). Moreover, the younger the age of the
individual, the less pronounced the difference in fatty degeneration of
the paraspinal muscles according to the anatomical level (35).
Therefore, we suggest that the age of dogs May have contributed to the
lack of a FF gradient in the paraspinal muscles; however, due to the
small number of subjects, differences by age could not be analyzed in
this study. Second, the location of the muscles analyzed May have
affected the results. In previous studies, fatty degeneration was most
evident in the multifidus muscle in human patients with IVDD (33,
34). However, we did not include the multifidus muscle in this study
because the cross-sectional area of this muscle was too small to place
the voxel in it for MRS. Therefore, degenerative changes in the muscles
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TABLE 7 Difference, coefficient of variance, Bland—Altman agreement, and ICC of the vertebral body and paraspinal muscle fat fractions between the
first and second scans.

Sequence Mean + SD (%) Bland—Altman ICC (95% Cl)
Bias (95% LOA)
1st scan 2nd scan
LAVA-FLEX Vertebral body 25.18+11.10 26.47+8.89 0.293 38.7 —1.29(~16.31-13.72) | 0.830 (0.667-0.913)
Paraspinal muscle 4.77+3.52 4.19+2.64 0.134 69.2 0.58 (=5.34-6.51) 0.691 (0.394-0.842)
IDEAL-IQ Vertebral body 22.48+5.76 23.84+5.82 0.000 25.0 —1.36 (~5.03-2.30) 0.973 (0.946-0.986)
Paraspinal muscle 5.55+2.92 537+2.64 0.777 50.7 0.18 (~1.94-2.30) 0.961 (0.923-0.980)
MRS Vertebral body 21.60+5.36 24.1144.55 0.000 223 —2.51 (=6.73-1.72) 0.951 (0.903-0.975)
Paraspinal muscle 9.22+4.77 7.97+4.10 0.001 51.9 1.25 (—2.62-5.12) 0.948 (0.898-0.974)

CI, confidence interval; CV, coefficient of variance; ICC, intraclass correlation coefficient; LOA, limits of agreement; MRS, magnetic resonance spectroscopy, SD, standard deviation.

May have been underestimated in this study. Unlike humans, dogs
walk on all four limbs, so there May not be a difference in loading on
the paravertebral muscles in the rear compared to the front like in
humans. However, as far as author’s knowledge, there was no previous
study to prove this.

In humans, many studies have been conducted to apply the FF of
the vertebral bodies and paraspinal muscles in healthy subjects and
patients with spinal diseases such as IVDD (2, 3, 8, 9, 12-16). These
studies showed an association between the FF and histological IVDD
grade, neurological symptom, and prognosis (2, 3, 8, 15). A recent
study in dogs suggested that there is a correlation between fat
degeneration and neurologic grade in dogs with IVDD and the
potential use of fat degeneration as a biomarker in dogs with IVDD
(7). In that study, paravertebral muscle fat fraction was not associated
with the outcome of dogs with IVDD. However, due to the lack of
studies in dogs, more data are needed in patients with IVDD. The
results of this study suggest that LAVA-FLEX or IDEAL-IQ can
be used as a routine sequence in dogs when obtaining spinal MRI in
future studies to identify the association of fat infiltration in the
vertebral bodies and paraspinal muscles with IVDD in dogs.

Although not included in the analysis in this study, LAVA-FLEX
and IDEAL-IQ have several advantages for clinical use compared with
MRS. First, these Dixon techniques are much faster for FF analysis,
particularly when analyzing multiple sites. In this study, it took
approximately 17 min for MRS to obtain the FFs of the vertebral
bodies at each of six levels from L1-L6, whereas with LAVA-FLEX and
IDEAL-IQ, it took less than 3min. Second, LAVA-FLEX and
IDEAL-IQ do not require post-processing compared with MRS,
making them easy for clinicians to use. Third, MRS can only analyze
the voxel set at the time of acquisition, while LAVA-FLEX and
IDEAL-IQ allow setting and modification of the ROI in the obtained
image. In addition, MRS requires the use of voxels of a certain size or
a certain cuboid shape, but LAVA-FLEX and IDEAL-IQ can specify
small ROIs with free shapes, allowing flexibility for evaluating specific
anatomical muscles. Finally, LAVA-FLEX and IDEAL-IQ provide fat
suppression images. When evaluating spinal disease, fat suppression
images are necessary to distinguish the lesion from the epidural fat or
paraspinal fat. Dixon techniques provide homogeneous and reliable
fat separation and thus can be used as alternative sequences to other
fat suppression images (16).

There were several limitations in this study. First, this study
included only a small number of individuals. To overcome this
limitation, analysis was performed at six different vertebral sites, but
comparisons of more samples are needed through prospective studies
in patients. Second, subjects included in this study were of the same
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breed and were similar in age and weight; thus, we could not consider
various factors that can affect the FE In humans, several factors
including age, sex, and body weight can affect the FF; therefore, the FF
in dogs could similarly be affected by various factors (29-35).
However, these limitations did not pose a problem for the main
purpose of this study, which was to evaluate the feasibility of LAVA-
FLEX and IDEAL-IQ for assessing the FF compared with
MRS. Further studies with larger numbers of subjects and wider range
of variation in subject characteristics such as age, gender, body
condition score, and breed are needed. Third, in this study, the FFs of
the vertebral bodies and paraspinal muscles were not compared with
histopathological findings. Previous human studies have showed a
high correlation between Dixon-based or MRS-based FFs and
histological results, but they have not been validated in dogs (35, 36).
Although this study did not compare FFs to histological findings,
we believe that the feasibility of LAVA-FLEX and IDEAL-IQ for
evaluating the FFs of the lumbar vertebral bodies and paraspinal
muscles in dogs was verified because it was compared with FFs
derived from MRS, which is well-known as the gold standard method
for FF evaluation.

5 Conclusion

In conclusion, the results of this study showed that LAVA-FLEX
and IDEAL-IQ have high reproducibility and are highly correlated
with MRS, the gold standard method, for measuring the FFs of the
lumbar vertebral bodies and paraspinal muscles in dogs. In addition,
the FFs can be obtained and analyzed much more easily and quickly
with these methods compared with MRS. Therefore, we believe that
LAVA-FLEX and IDEAL-IQ can be used as routine methods in spinal
MRI in dogs.
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Visualization of anatomical
structures in the carpal region of
the horse using cone beam
computed tomography in
comparison with conventional
multidetector computed
tomography
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and Data Processing, Justus-Liebig-University Giessen, Giessen, Germany, °Institute of Veterinary-
Anatomy, -Histology and -Embryology, Faculty of Veterinary Medicine, Justus-Liebig-University
Giessen, Giessen, Germany

Introduction: In the diagnostics of orthopedic diseases in the horse, diagnostic
imaging often plays a decisive role. Cone beam computed tomography (CBCT)
imaging is used in both human and small animal medicine and becoming
increasingly popular. To see whether CBCT imaging can be useful in the
diagnosis of orthopedic diseases of the carpal region of the horse and to explore
possible limitations we compared CBCT images with multidetector computed
tomography (MDCT) images of the carpal region of equine cadaveric specimens.

Materials and methods: Twenty-eight forelimbs from fifteen horses, slaughtered
for reasons unrelated to this study, were examined. Native and contrast
enhanced CBCT and MDCT scans were performed. Anatomical structures were
blindly evaluated by three independent experienced observers using a visual
scoring system previously reported and adapted to the equine carpal region.
A descriptive evaluation was carried out as well as Spearman’s rank correlation
and interobserver agreement was shown by percent agreement (PA).

Results: Visualization of osseous structures was excellent in both MDCT and
CBCT. Articular cartilage could only be assessed in contrast enhanced scans
whereby MDCT showed a slightly better visualization than CBCT. Soft tissue
structures were generally difficult to assess. An exception were the medial and
lateral palmar intercarpal ligament, which could not be visualized in native
but were well visualized in contrast enhanced scans in both MDCT and CBCT
images.

Discussion/conclusion: For the evaluation of osseous structures and some
intraarticular ligaments after contrast enhancement, CBCT serves as a reliable
diagnostic imaging modality for the equine carpal region. However, soft tissue
structures and cartilage are imaged more reliably using MDCT.
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1 Introduction

Diseases of the carpal region are a common source of lameness
and loss of performance, especially in racehorses (1-4). In a cohort
of 114 Standardbred racehorses in training, lameness was localized
to the carpal region in 28% of the horses, overall, and in 56% of the
horses with forelimb lameness, making carpal lameness most
common in this study population (5). The most commonly described
reasons for carpal lameness are developmental (e.g., incomplete
ossification), degenerative, inflammatory, infectious, or traumatic
(e.g., carpal fractures) insults (1, 6). The carpal joint represents a
complex anatomic region with numerous osseous and non-calcified
structures, i.e., cartilaginous elements, intra- and extraarticular
ligaments as well as tendons and tendon sheaths (7). Different
diagnostic imaging modalities are employed in the diagnostic workup
of the carpal region in horses. In practice, radiographic projections
of the extended as well as of the flexed carpus are taken, but diagnostic
yield is limited due to superimposition of relevant anatomical
structures. To avoid this, cross-sectional imaging modalities are
gaining practical relevance in the diagnosis of carpal problems. In a
previous study (8) of imaging of articular cartilage lesions, computed
tomography (CT) arthrography showed the highest sensitivity
(69,9%), followed by magnetic resonance (MR) arthrography
(53,5%). The intraarticular injection of contrast medium in the
antebrachiocarpal and middle carpal joints significantly improved
the visibility of these lesions. The majority of comparative imaging
studies in horses focuses on comparing magnetic resonance imaging
(MRI), multidetector computed tomography (MDCT), and digital
radiography (9). Taking a closer look at the different CT technologies
currently in use for examinations of the equine carpal region, the
conventional MDCT and cone beam computed tomography (CBCT)
are to be considered. In MDCT imaging, a fan-shaped x-ray beam is
rotated in a helical progression around the area of interest. For this
the patient is moved at consistent speed in relation to and through
the CT-gantry, producing image planes slice by slice. These slices are
subsequently assembled into a 3D-reconstruction (10). In CBCT
imaging, on the other hand, a fixed cone-shaped x-ray beam is
projected onto a flat panel detector, while rotated around the region
of interest within a gantry that remains in a fixed position in relation
to the patient. The thereby acquired volumetric data is sampled with
multiple projections of the complete field of view (FOV) from just a
single rotation (11-13).

CBCT has its origins in various fields of human medicine such as
(14),
radiotheraphy guidance (15), and mammography (16). Today, it finds

angiography and intra-operative imaging procedures
widespread application in advanced dentistry and maxillofacial
surgery (17) as well as image guided spine surgery (18). Additionally,
CBCT imaging is used in diagnostic imaging of human extremities,
allowing for rapid true to size visualization of osseous structures and
to a lesser extend also of soft-tissue structures (19).

The progressive development of CBCT imaging in human medicine

has brought forward numerous CBCT imaging units that are useful for
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application in veterinary medicine (9). Thus, for example, dental
abnormalities in cats and dogs were examined with CBCT imaging (20,
21). Moreover, CBCT technology was described for the assessment of
osseous maxillofacial structures and dentition in rabbits (22, 23).

Although the general diagnostic potential of standing CBCT for
the equine carpal region has been mentioned (24), no systemic
evaluation of the CBCT data quality exists. Thus, the aim of this
study was to assess and evaluate clinically relevant structures of the
equine carpal region in a comparative study using CBCT and
MDCT scans.

2 Materials and methods
2.1 Cadaveric specimens

Twenty-eight forelimbs from fifteen horses, slaughtered for
reasons unrelated to this study, were examined (Table 1). Before
separating the limbs at mid-antebrachium level, a cable tie was
fastened approximately 100 mm proximal of the antebrachiocarpal
joint to avoid entrapment of air. After separation, the limbs were
clipped and cleaned before radiographs were projected in four
different
palmaromedial oblique and dorsomedial-palmarolateral oblique)

planes (dorso-palmar, latero-medial, dorsolateral-
using a high-frequency generator (Siemens Optitop 150/40/80, 70kV
and 2.5 mAs) and a DR flat panel detector (Fujifilm, FDR D-EVO II
C24). The specimens were then stored for a maximum of 24h at 4°C

before CBCT and MDCT scans were carried out.

2.2 CBCT and MDCT scans

The FDA-approved CBCT scanner (O-arm®, Medtronic Inc.) for
application in surgical environments was used in high definition (HD)
mode with 120kV, 120 mAs and a FOV of 200 mm. The FOV was large
enough for all forelimbs examined. The MDCT scans were carried out
with a helical 16-slice MDCT scanner (Somatom® Definition AS
Siemens, Erlangen, Germany). The device settings of 130kV, 173 mAs,
and 0,6 mm slices were applied for all image acquisitions with a FOV
of 256 mm, running both soft tissue and bone algorithms.

First, a native CBCT scan and then a native MDCT scan were
carried out with the limbs laying on the dorsal side. Subsequently, a
1:1 mixture of contrast medium (Xenetix® 300, Guerbet, Sulzbach,
Germany) and isotonic saline solution 0,9% (Braun Ecofl®, B. Braun
Melsungen AG, Germany) was injected by dorsal approach in both the
antebrachiocarpal (ACJ) and middle carpal joints (MCJ) with a 20G
cannula (Stercan®, B. Braun Melsungen AG, Germany) until the joints
were ballooned (average volume 20 mL). Immediately afterwards the
carpal joints were flexed and extended thirty times to get an even
distribution of the injected solution. Subsequently, the limbs were
scanned again with both MDCT and CBCT applying the same device
settings as used for the native scans.
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Horse number Carpus number Age (years) Breed Sex Leg
1 1 12 ‘Warmblood Gelding Right forelimb
1 2 12 Warmblood Gelding Left forelimb
2 3 14 Tinker horse Mare Left forelimb
3 4 16 Thoroughbred Mare Right forelimb
3 5 16 Thoroughbred Mare Left forelimb
4 6 19 ‘Warmblood Gelding Right forelimb
4 7 19 ‘Warmblood Gelding Left forelimb
5 8 19 ‘Warmblood Mare Right forelimb
5 9 19 Warmblood Mare Left forelimb
6 10 20 Pony Mare Right forelimb
6 11 20 Pony Mare Left forelimb
7 12 23 Warmblood Mare Right forelimb
7 13 23 Warmblood Mare Left forelimb
8 14 24 Haflinger Mare Right forelimb
8 15 24 Haflinger Mare Left forelimb
9 16 25 ‘Warmblood Mare Right forelimb
9 17 25 Warmblood Mare Left forelimb
10 18 25 Noriker Gelding Right forelimb
10 19 25 Noriker Gelding Left forelimb
11 20 26 Icelandic horse Mare Right forelimb
11 21 26 Icelandic horse Mare Left forelimb
12 22 26 Icelandic horse Mare Right forelimb
12 23 26 Icelandic horse Mare Left forelimb
13 24 27 Warmblood Gelding Right forelimb
13 25 27 ‘Warmblood Gelding Left forelimb
14 26 28 Haflinger Mare Right forelimb
14 27 28 Haflinger Mare Left forelimb
15 28 29 Quarter horse Gelding Left forelimb

2.3 Image evaluation

A DICOM viewing software (DICOM Horos® viewer) was used
in a quiet and darkened examination room with the help of a MacBook
Pro®, 2,3 GHz Dual-Core Intel Core i5, MacOs Ventura 13.4 to display
the MDCT and CBCT scans while a multiplanar reconstruction tool
was utilized for the different slice planes. Numbers were randomly
given for each forelimb and the observers could allocate the two
different modalities to the respective limb. All observers [two board-
certified equine surgeons (CK, AC) and one board-certified large
animal radiologist (GMD)] were experienced in interpreting MDCT
and CBCT images. The observers were instructed to evaluate the
visibility of the following clinically relevant structures using a scoring
system adapted from Bierau et al. (25):

Osseous structures (Figure 1):
« Distal aspect of the radius (DR)

« Proximal (antebrachial) row of the carpal bones (incl. Accessory
carpal bone) (AR)
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« Distal (metacarpal) row of the carpal bones (MR)

o Proximal aspects of the metacarpal bones (PMC)

Articular structures (Figure 1):

« Cartilage of DR
o Cartilage of AR
« Cartilage of MR
« Cartilage of PMC

Soft tissue structures (Figure 2):

Digital extensor tendons (DET)

Deep digital flexor tendon (DDFT)
Superficial digital flexor tendon (SDFT)
o Carpal flexor tendon sheath (CFTS)
Collateral ligaments of the carpus (CL)

Medial palmar intercarpal ligament (MPIL)

Lateral palmar intercarpal ligament (LPIL)

Origin of the suspensory ligament (OSL)
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FIGURE 1

MDCT and CBCT images of the right forelimb of a 19-year-old gelding. The visibility of the listed osseous and articular structures was evaluated in
MDCT and CBCT images with and without contrast enhancement. Osseous structures (a,b,e,f) (DR) distal radius, (CU) ulnar carpal bone, (Cl)
intermediate carpal bone, (CR) radial carpal bone, (CA) accessory carpal bone, (C4) fourth carpal bone, (C3) third carpal bone, (C2) second carpal bone,
(MC4) fourth metacarpal bone, (MC3) third metacarpal bone, and (MC2) second metacarpal bone. Articular structures (c,d,g,h; marked with black
arrows): (1) cartilage of DR, (2) cartilage of the antebrachial (proximal) row, (3) cartilage of the metacarpal (distal) row, and (4) cartilage of proximal MC3.

For the evaluation of the images, a modified visual scoring system
) was used. The
scoring system consists of visual assessment scores from zero to three

according to Vallance et al. (26) and Bierau et al. (
using subjective criteria for visibility for each structure. A score value
of zero indicates that the evaluated structure was not visible. If a
structure was poorly visualized, only identified by its location and
signal intensity but not by margins, shape, or size, the observers scored
the structure with a score value of one. A score value of two indicated
that the structure could be clearly identified by its location, shape, and
signal intensity but the margins were not clearly delineated. The
highest score value of three represented a structure that was well
visualized and clearly delineated by its location, shape, signal intensity,
size, and margins ( ).

2.4 Statistics

For the statistical analysis a statistical software (SAS® 9.4) was
used. A descriptive evaluation and comparison of the different
recordings from the two devices before and after injection of contrast
medium (MDCT native, CBCT native, MDCT contrast, and CBCT
contrast) was performed belonging the visualization of the

Frontiers in

aforementioned anatomical structures ( ). The agreement of
CBCT with MDCT was determined with the help of Spearman’s rank
correlation coefficient (r,) and percent agreement (PA) represents the
interobserver agreement. A correlation coefficient of 7, > 0.4 represents
acceptable agreement and 7; > 0.7 represents good agreement. For the
parameter percent agreement also a value close to 1 defines a good
agreement between the different observers.

3.1 Comparison of native MDCT and CBCT
images

All osseous structures examined in this study (DR, AR, MR,
PMGC; in total n=112) were well visualized in native CBCT as well
as in native MDCT (MDCT and CBCT mean score 3.0, PA=1).
The cartilage of these structures was not be seen in any of the
native scans (MDCT and CBCT mean score 0.0, PA=1). In
general, soft tissue structures were better visualized in MDCT
than in CBCT scans. In detail, tendons/tendon sheaths (MDCT
mean score 1.42, PA=0.42 vs. CBCT mean score 0.49, PA =0.56)
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FIGURE 2

palmar intercarpal ligament (MPIL)

bone window i ) bone window
. soft tissue window . .
with contrast medium with contrast medium

MDCT and CBCT images of the right forelimb of a 19-year-old gelding. The visibility of the listed soft tissue structures was evaluated in MDCT and
CBCT images with and without contrast enhancement. Soft tissue structures: (5a) lateral digital extensor tendon, (5b) dorsal (common) digital extensor
tendon, (5¢) extensor carpi radialis tendon, (5d) abductor pollicis longus tendon, (6) deep digital flexor tendon (DDFT), (7) superficial digital flexor
tendon (SDFT), (8) carpal flexor tendon sheath (CFTS), (9a) lateral collateral ligament of the carpus, (9b) medial collateral ligament of the carpus,
(10a+b) origin of the suspensory ligament (OSL), (10a) lateral lobe, (10b) medial lobe, (11a) lateral palmar intercarpal ligament (LPIL), and (11b) medial

S

‘ l 10 j1‘0;‘

were better visualized than ligaments (MDCT mean score 0.78,
PA =0.38 with r, from 0.80 to 0.99 vs. CBCT mean score 0.24,
PA =0.93 with r, from 0.84 to 0.93). Intracarpal ligaments (MPIL
and LPIL) were not well visualized, neither in native CBCT (score
0.0, PA=1) nor in native MDCT scans (mean score 0.33,
PA=0.33).

3.2 Comparison of native MDCT with
contrast enhanced MDCT and native CBCT
with contrast enhanced CBCT

The intraarticular injection of contrast medium did not change
the visibility of osseous structures neither in MDCT (mean score 3.0,
PA=1) nor in CBCT (mean score 3.0, PA=0.99). A significant
improvement of the visualization of cartilage was shown after contrast
enhancement in both MDCT (mean score 2.30, PA =0.67 with r, from
0.73 t0 0.83) and CBCT (mean score =1.69, PA =0.32 with r, from 0,45
to 0.61), whereby the visualization was better in MDCT than in
CBCT. When focusing on the articular structures, the cartilage of DR
was rated the highest (MDCT mean score 3.0, PA=1 vs. CBCT mean
score 2.38, PA=0.30) while the cartilage of the PMC showed the
lowest score (MDCT mean score 1.2, PA=0.24 vs. CBCT mean score
0.86, PA=0.42). Tendons and tendon sheaths had low scores in both
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MDCT and CBCT, where MDCT showed better visibility (mean score
1.45, PA=0.54) than CBCT (mean score 0.28, PA=0.55). The MPIL
and LPIL, as intraarticular ligaments, were significantly better
visualized after contrast enhancement (r,=0.94) in both MDCT
(mean score 2.67, PA=0.33) and CBCT (mean score 2.5, PA=0.32),
while CL could almost not be visualized (MDCT mean score 0.33,
PA =0.33 vs. CBCT mean score 0.01, PA=0.98). The OSL was better
visualized in MDCT (mean score 1.99, PA=0.89) than in CBCT
(mean score 1.18, PA=0.70) but this did not improve significantly
with contrast enhancement.

In the present study, reconstructed CBCT and MDCT images of
clinically relevant anatomical structures of the equine carpal region
were acquired in fresh cadaveric specimens and compared with the
help of a scoring system. While osseous structures were well visualized
in both modalities before and after contrast enhancement, cartilage
could only be seen after the injection of contrast medium. The
visibility of cartilage after contrast enhancement was better in MDCT
than in CBCT. For soft tissue structures such as ligaments, tendons
and tendon sheaths, the MDCT images showed superior quality
in general.
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bone window

FIGURE 3
Definition of the utilized scoring system according to Vallance et al. (

remained invisible.

soft tissue window

) and Bierau et al. (
structures. Score 3: (a,e) The distal aspect of the radius (black arrows) was clearly visualized and delineated by its location, shape, attenuation, size, and
margin in both, MDCT and CBCT. Score 2: (b) In MDCT, the deep digital flexor tendon (black arrows) was clearly identified by location, shape, and
attenuation, but the margins were not clearly delineated. In the accompanying CBCT image (f), none of the structures was scored 2. Score 1: (c) In
MDCT, the carpal flexor tendon sheath (black arrow) was poorly visualized, but detectable, and was identified by its location and attenuation but not by
margins, shape, or size. In the accompanying CBCT image (g), the superficial digital flexor tendon (black arrow) was scored 1. Score 0: (d,h) Although
the lining of the cortical bone (black arrows) of the ulnar carpal bone and the accessory carpal bone was clearly visible, the belonging cartilage

bone window

) including examples of differently scored anatomical

4.1 Conditions of CBCT

In this study, CBCT showed a similar capacity in the visualization
of osseous structures compared to images produced by MDCT. After
contrast enhancement, indirect visualization of cartilage improved for
both modalities, but more so in MDCT. When focusing on the
periarticular soft tissue structures, neither of the two modalities
performed well, regardless of the use of contrast enhancement.
However, following contrast enhancement, the MPIL and LPIL
became well visualized in both modalities. This is explained by their
intraarticular position and the corresponding possibility of an indirect
representation when visualizing the synovial space, similar to the
principle of indirect articular cartilage visualization by adding contrast
medium to the synovia.

One of the disadvantages of CBCT imaging is the cone beam
effect, which occurs because of the divergence of the cone-shaped
x-ray beam. That’s why more information is recorded for centered
structures than for peripheral objects and leads to more peripheral
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noise and other artefacts such as more scatter radiation, reduced
contrast resolution and with that poorer soft tissue visualization (13,

, 28). Motion artefacts are often described as a major factor for
disruption and repetitions of examinations. Unlike in MDCT imaging,
where motion artefacts are restricted to the segment that is being
scanned at the time of patient movement, in CBCT all images
reconstructed from the acquired volume will show motion artefacts,
because the x-ray beam only rotates once around the subject of
interest. Obviously, because this study was performed on cadaveric
specimens, this limiting effect could not be assessed. However, based
on clinical experience, motion artefacts are less frequently a limiting
factor when scanning extremities compared to heads in standing
CBCT imaging of horses and other equids (13, 24). Furthermore,
post-processing motion correction software is under development
(27). For the used CBCT scanner in this study (O-arm® (Medtronic),
O-arm caliber 699 mm), the FOV is limited for 397 x 160 mm with a
resolution of 512 x 512 x 192 voxel. For some regions of interest, such
as the equine head or the stifle joint, it can necessitate more than one
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TABLE 2 Visualization score and technique comparison of cone beam computed tomography (CBCT) and conventional multidetector computed tomography (MDCT).

Joint Tendons/ Tendon sheaths Ligaments
. o Cartilage Cartilage Cartilage Cartilage
Technique Statistics DET DDFT SDFT CFTS CL MPIL LPIL
a DR AR MR PMC
Median (range) 0.00 (0-0) 0.00 (0-0) 0.00 (0-0) 0.00 (0-0) 2.00(1-2) | 2.00(1-2) 2.00 (1-2) 1.00(0-2) | 1.00(0-2) | 0.00(0-1) = 0.00(0-1)  2.00(1-3)
MDCT native,
" Mean 0.00 0.00 0.00 0.00 1.74 1.72 1.66 0.57 0.68 0.33 0.33 1.80
n=
Percent agreement 1.00 1.00 1.00 1.00 0.48 0.45 0.45 0.31 0.32 0.33 0.33 0.55
Median (range) 3.00 (3-3) 3.00 (2-3) 2.00 (1-3) 1.00 (0-3) 1.00(0-2) = 2.00(1-2) 2.00 (1-2) 1.00(0-2) | 0.00(0-1) | 3.00(2-3) = 3.00(2-3) = 2.00(1-3)
MDCT contrast,
" Mean 3.00 2.98 2.06 1.16 1.19 1.93 1.91 0.78 0.33 2.67 2.67 1.99
n=
Percent agreement 1.00 0.98 0.46 0.24 0.14 0.86 0.81 0.35 0.33 0.33 0.33 0.89
Median (range) 0.00 (0-0) 0.00 (0-0) 0.00 (0-0) 0.00 (0-0) 0.00 (0-1) 1.00 (0-2) 1.00 (0-1) 0.00 (0-1) 0.00 (0-0) 0.00 (0-0) 0.00 (0-0) 1.00 (0-2)
CBCT native,
" Mean 0.00 0.00 0.00 0.00 0.46 0.72 0.69 0.06 0.00 0.00 0.00 0.97
n=
Percent agreement 1.00 1.00 1.00 1.00 0.36 0.49 0.50 0.90 1.00 1.00 1.00 0.70
Median (range) 2.00 (1-3) 2.00 (1-3) 1.00 (0-3) 1.00 (0-2) 0.00 (0-1) 0.00 (0-1) 0.00 (0-1) 0.00 (0-1) 0.00 (0-1) 3.00 (0-3) 3.00 (0-3) 1.00 (0-3)
CBCT contrast,
" Mean 2.36 2.19 1.40 0.81 0.17 0.44 0.44 0.07 0.01 2.50 2.50 1.18
n=
Percent agreement 0.30 0.29 0.26 0.42 0.67 0.33 0.33 0.88 0.98 0.32 0.32 0.70
Comparisons:
Spearman’s rank
MDCT native vs. r,=* r,=* r,=* r,=* r;=0.23 r,=0.58 r,=0.57 r,=0.23 r,=* r,=* ry=* r,=—0.02
correlation
CBCT native
p-value p=* p=* p=* p=* p=0.04 p <001 p<0.01 =003 p=* p=* p=* p=0.89
Spearman’s rank
MDCT contrast | P I, =* r=—0.12 1, =0.54 1, =0.47 1, =0.15 r,=—025 r,=—0.36 1,=0.32 1,=0.16 1, =0.94 1, =0.94 =024
vs. CBCT correlation
contrast p-value p=* =029 p<0.01 p<0.01 p=0.18 p=0.02 p<0.01 p <001 p=0.16 p <001 p <001 p=0.03

*The correlation coefficient could not be calculated, because there was not enough variance in the present data (see percent agreement). DR, distal aspect of the radius; AR, antebrachial (proximal) row of the carpal bones (incl. Accessory carpal bone); MR, metacarpal
(distal) row of the carpal bones; PMC, proximal aspects of the metacarpal bones (MCII, III, IV); DET, digital extensor tendons; DDFT, deep digital flexor tendon; SDFT, superficial digital flexor tendon; CFTS, carpal flexor tendon sheath; CL, collateral ligaments; MPIL,

medial palmar intercarpal ligament; LPIL, lateral palmar intercarpal ligament; OSL, origin of the suspensory ligament.
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scan to complete the whole examination (27). The scans of the carpal
region in this study were even performed with the smaller cylindrical
volume of 212 x 160 mm and we were able to confirm that this was
sufficient for all examinations carried out.

4.2 CBCT vs. MDCT

The overall portrayal of the anatomic structures appears to be of
higher quality when produced with MDCT scanners than when
produced with CBCT scanners. However, particularly in regards to
the visualization of osseous tissues, there appeared to be only minor
differences between CBCT and MDCT imaging of the carpal joint of
horses. Further investigations with known or provoked pathologies
would have to be conducted to determine the effect on diagnostic
yield and reliability when comparing the two modalities.

For computed tomographic arthrography of articular structures,
MDCT showed better visualization than CBCT and the different soft
tissue structures, except MPIL and LPIL, were difficult to assess with
and without contrast enhancement and with both MDCT and CBCT
(Table 2). Because two-dimensional imaging reaches its limits in such
complex anatomical areas as the equine carpal joints, three-
dimensional diagnostic imaging such as MRI, MDCT, and CBCT are
the modalities of choice for comprehensive diagnostics. For the
portrayal of cartilage lesions in equine carpal joints, computed
tomographic arthrography showed a higher sensitivity than contrast-
enhanced MRI scans (8), while the current study suggests that CBCT
could not really join this category. Although CBCT deals with different
disadvantages as mentioned before, the modality also has its merits
that should be considered. Particular in regards to its practical
advantages, CBCT imaging represents a valuable adjunctive and
alternative modality to MDCT and other three-dimensional imaging
modalities in horses. CBCT scans are mostly well tolerated even in
standing sedated horses, probably because of low noise and the fast
acquisition time, because neither the gantry nor the patient is moving
during the examination (13). Furthermore, it can be applied both as a
preoperative planning tool and due to its ability to be mobile as an
intraoperative three-dimensional imaging modality in horses and
lower radiation dose and acquisition costs compared to MDCT
scanners are described as well as a slightly higher spatial resolution
(27,29). When it comes to the decision what kind of imaging modality
should be used for different clinical cases, the diagnostic value of the
chosen modality is of highest importance. However, the practicability,
features, conditions should not

technical and purchase

be neglected either.

4.3 Visibility of MPIL and LPIL

Because the MPIL and LPIL are reported as significant sources of
carpal lameness and instability in horses (30-33), they were also part of
this investigation. In a study of 1992, the number of horses with MPIL
injuries was suspected to be much higher than previously thought (34)
but one of the biggest challenges is the significant imaging
representation. Although radiography and ultrasonography can be used
to assess the MPIL and LPIL, these modalities are limited. Likewise,
arthroscopy as a minimally-invasive diagnostic modality has its
limitations in assessing the intercarpal ligaments because of the
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restricted window of visualization (30, 35). In contrast, MRI and CT
arthrography are valuable diagnostic imaging modalities to assess the
intercarpal ligaments (30, 36). The portrayal of MPIL and LPIL after
contrast enhancement in CT corresponds well with that in
MRI. However, MRI requires more scan time than CT imaging, making
CT arthrography a valid alternative (30). This was confirmed in the
present study, where the intercarpal ligaments became reliably visible
after contrast enhancement in both MDCT and CBCT imaging
(Figure 4). A possible reason for the relatively low interobserver
agreement (PA=0.33) for these two intraarticular ligaments could
be that one observer scored these two ligaments with an MDCT mean
score of 2.00 and CBCT mean score of 1.61 while the other two
observers scored them with an MDCT mean score of 3.00 and CBCT
mean score of 2.95. Nevertheless, even in MDCT as well as in CBCT,
they showed a significant improvement of visualization after contrast
enhancement (r,=0.94) overall. To our knowledge, there are no previous
studies about the portrayal of MPIL and LPIL in CBCT imaging.

4.4 Communication between
carpometacarpal joint and OSL

In this study, an enrichment of contrast medium in the OSL was
observed in several forelimbs after intraarticular injection in the ACJ
and MC]J (Figure 5). Even if the MDCT image and the CBCT image
in this figure are at the same level, the contrast medium is already
more widely distributed in CBCT than in MDCT. CBCT scans were
performed immediately after MDCT scans, which may have resulted
in a slightly different distribution of contrast medium. In previous
studies, a connection of the OSL with the CMCJ could already
be shown (30, 38). Communication between areas of the carpal joint
and the OSL were also registered in this study, whereupon the clinical
relevance needs to be examined in more detail in further studies. The
accumulation of contrast medium in the OSL could be seen in both,
MDCT and CBCT. It must be noted that contrast solutions used for
diagnostic anesthesia or for intraarticular medication may have
different properties and therefore behave differently in life animals
with weight bearing extremities and compared with the mixture of
contrast agents used in this study on cadaveric specimens.

4.5 Visibility of cartilage after contrast
enhancement

Cartilage was only visualized indirectly after injection of contrast
enhancement. Overall, the visibility of the cartilage in contrast-
enhanced scans was slightly better in MDCT than in CBCT scans, but
decreased from proximal to distal in both modalities. The joint capsule
of the ACJ therefore has a wide dorsal recessus and has the greatest
range of motion and thus cartilaginous surface area. Further distally
is the MC]J, which contributes less to the range of motion of the carpus
and is less voluminous. The articulating osseous structures of the
CMC]J, the bones of the distal/metacarpal row of the carpal joint, and
the metacarpal bones, offer flatter joint surfaces. These are tight joints
with a narrow joint capsule and therefore almost no room for joint
movement (39). These morphological particularities together with the
fact of thinner cartilage in the distal joint compartments (40) explain
the poorer visibility of articular cartilage in distal carpal aspects.
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FIGURE 4

Equine carpal region in sagittal section (a,d). Depiction of the MPIL and LPIL in coronal section as representants of the equine intracarpal ligaments in
bone window after contrast enhancement in MDCT (b,c) and CBCT (e,f) of a 25-year-old gelding. The LPIL (1a-c) reaches from the distal part of the
palmaromedial surface of the ulnar carpal bone (CU) to the proximal palmarolateral surface of the third carpal bone (C3) and also, with a few fibers, to
the palmaromedial surface of the fourth carpal bone (C4). The MPIL (2a-c) ranges from the distolateral surface of the radial carpal bone (CR) to the
proximal palmaromedial surface of the third carpal bone (C3) and the proximal palmarolateral aspect of the second carpal bone (C2) (37).

However, in terms of clinical relevance, this observation can probably
be neglected, since the pathological changes in the articular structures
tend to occur in the more proximal areas with more mobility and
movement-induced stress (5-7).

4.6 Impact of evaluation

In this study, an adapted scoring system was used to compare
CBCT and MDCT images with each other and among the different
observers. It is about a subjective assessment as there is no objective
data for comparison. In evaluation of MDCT images, Hounsfield units
(HU) are used to identify structural changes and even only slight
differences. A comparable parameter in CBCT is shown by gray scale
(voxel value), but even if there is a strong correlation between HU in
MDCT and gray levels in CBCT, it is not possible to directly convert
HU in gray levels of CBCT due to the high influence of artefacts in
CBCT (41). In addition, different reconstruction algorithms make a
direct objective comparison impossible. This is due to technical
differences between the two modalities.

For the anatomical structures in which a percent agreement of one
and therefore no variance in the scores could be achieved, no r, could
be calculated, which does not mean that the r, is equal to zero or one,
but that the agreement is 100% and the r, could not be calculated due
to a lack of variance of the scores [all zero (for example category joint
native CBCT as well as MDCT) or all three (for example category
osseous structures native and contrast, CBCT as well as MDCT)]. This
has to be taken into account when interpreting the results.
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4.7 Selection of statistical parameters

In order to compare the results as best as possible, both between
CBCT and MDCT as well as in native and contrast enhanced scan,
we decided to perform a descriptive evaluation of the exact scores
from the different recordings and also to calculate Spearman’s rank
correlation coefficient (r,) and percent agreement (PA) (Table 2).

PA refers to the proportion of times that two sets of data agree, so in
this case how often two observers give the same score for an anatomical
structure in one setting and is therefore calculated based on the raw data
values for a direct comparison. For the PA a value close to 1 defines a good
agreement between the different observers. The advantages of the PA are
that it shows an exact match and can be calculated for all structures, even
if there is no variance in the data due to a complete match. One
disadvantage that cannot be ignored, however, is that the possibility that
some agreements could occur purely by chance cannot be taken into
account. For this reason we also calculated the r,, which portrays the
strength and direction of association between two variables from the
different devices. A correlation coefficient of 7, > 0.4 represents acceptable
agreement and 75 > 0.7 represents good agreement. In this case for
example it indicates if the direction of scoring is the same, even if two
observers scored an anatomical structure with different scores. This
parameter is calculated based on the ranks of the data rather than the raw
data values. Advantages are that r; is robust to outliers and non-linear
relationships, but one important disadvantage is that r, cannot
be calculated if there is not enough variance in the present data. This is an
important fact in our study, as for some structures we were unable to
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calculate r, due to complete agreement and therefore lack of variance of
the data. However, a complete agreement is still a valuable statement for
us, as it allows us to say that certain anatomical structures can
be represented equally well or poorly in both modalities. That's why
we chose these two parameters, as they each have their advantages and
compensate for or take into account the disadvantages of the other
parameter in the best possible way.

4.8 Limitations

Image acquisition was carried out on fresh cadaveric
specimens within 24 h of death, which is why the examinations
are comparable to those conducted in recumbent horses under
general anesthesia rather than in standing sedated horses. Some
disadvantages such as motion artefacts, which are named as
major sources for repetition of examinations (13, ), are
therefore excluded from critical assessment. Furthermore, the
effect of weight bearing and tension in the tissues on different
anatomical structures such as outpouchings and the contribution
of contrast medium could not be considered in this study. When
comparing these results to findings under clinical conditions, the

10.3389/fvets.2024.1431777

different properties of injection media must be considered as
well. Local anesthetics for example are described to have a lower
molecular weight than the here-used contrast medium, which
may have influence on the distribution pattern in the tissue (37).

CBCT imaging represents a valid alternative to conventional
MDCT imaging for the three-dimensional assessment of osseous
structures of the equine carpal region. Regarding the evaluation
of osseous tissues, both modalities yield practically equivalent
diagnostic information, while avoiding limitations caused by
superimposition. Therefore, and particularly when taking
potential advantages regarding the practicability and technical
features of CBCT imaging into account, it represents a cost-
effective and practical option for diagnostic imaging for issues
relating to osseous structures of the equine carpal joint. In cases
that require visualization of cartilage, contrast enhancement is
unavoidable, and the visualization of these structures is better in
MDCT than in CBCT imaging. Soft tissue structure visualization
is rather poor, regardless of modality tested here, except for the

FIGURE 5

connection to the lobes of the OSL

Equine carpal region in sagittal section (a,c). Presence of positive contrast medium (asterisks) in the lateral and medial lobe of the proximal suspensory
ligament (borders of the OSL are defined by black arrows) in transversal section (b,d) after injection of a mixture of contrast medium in the ACJ and
MCJ. The lateral and medial palmarodistal outpouchings of the CMCJ are apparently filled with contrast medium too and it appears to exist a
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intraarticular ligaments, which are well visualized after contrast
enhancement. As there is too much uncertainty, CBCT can not
be recommended for visualization of cartilage and soft tissues in
the equine carpal region. On the basis of the present study,
further investigations are intended regarding the visualization of
pathologies of the carpal region using standing CBCT in patients.
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Canine medial retropharyngeal
lymph node measurements on T2
spin-echo sequences at 3T

Emily B. DuPont and Elizabeth Boudreau*

School of Veterinary Medicine and Biomedical Sciences, Department of Small Animal Clinical
Sciences, Texas A&M University, College Station, TX, United States

Introduction: The objective of this study is to estimate reference values for
medial retropharyngeal lymph nodes (MRLNs) measured in high-field (3T) MRI
studies of the canine head/brain using transverse T2 spin-echo images and to
determine if dogs with structural brain disease exhibit medial retropharyngeal
lymph nodes that are larger than expected from estimated reference values.

Methods: The study population comprises 142 MRLNs from 71 dogs with no
evidence of structural brain disease and normal CSF evaluation and 116 MRLNs from
58 dogs with structural brain disease confirmed by histopathology as of infectious or
neoplastic origin, or to represent meningoencephalitis of unknown etiology.

Results: Based on this sample, MRLNs are expected to measure 2.9-124
mm in maximum short-axis transverse diameter. Interobserver measurement
differences are ~1 mm in 95% of the sampled subjects. Lymph node size is
correlated with body weight (R = 0.47-0.52) and age (R = -0.39 — -0.47).

Discussion: No difference was found between the lymph node size of dogs with
structural brain disease of any type, or overall, compared to that of dogs without
structural brain disease.

KEYWORDS

cervical, MUO, glymphatic, magnetic resonance imaging, dog

1 Introduction

The idea of lymphatic vessels contributing to the drainage of cerebrospinal fluid (CSF)
from the central nervous system has been a topic of ongoing investigation over the past few
decades. It has been demonstrated that across numerous mammalian species, CSF exits the
central nervous system to enter the lymphatics present in the nasal submucosa (Figure 1) (1,
2). This pattern remained constant among the species studied, suggesting it could be a feature
in all mammals. In the dog, the tissues of the head, including the nasal cavity, drain in part via
lymphatic vessels to the retropharyngeal lymph center (3). It has been shown experimentally
that fluid injection into the subarachnoid space of a dog results in increased cervical lymphatic
drainage (4).

The retropharyngeal lymph center in the dog is most consistently represented by the
medial retropharyngeal lymph node (MRLN), which also serves as the collective terminal for
drainage from midline structures of the head, including the nasal cavity.

Given the evidence of drainage of the CSF from the central nervous system to the nasal
lymphatics and the known pathway from the nasal lymphatics to the retropharyngeal lymph
center, it can be suspected that there may be a connection between the CSF and the
retropharyngeal lymph center. There has been speculation that disease of the central nervous
system may impact the size or appearance of the MRLNSs due to this supposed connection.
Although previous studies have investigated the size of MRLNs in dogs using the modalities
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Schematic representation of the lymphatic drainage pathway via the cribriform plate into the nasal lymphatics. Lymphatic vessels surround olfactory nerve
cell axons as they penetrate the cribriform plate, then merge with lymphatic vessels in the submucosa of the caudal nasal cavity. Modified from (1); licensed

Medial retropharyngeal
lymph node (MRLN)

of ultrasound, CT, and MRI, as well as their characteristics in various
head and neck diseases, their appearance and size in the context of
central nervous system diseases have not been extensively studied.

The medial retropharyngeal lymph node can be imaged during MRI
studies of the brain and cranial cervical spine; however, they are not
routinely or intentionally included, and there have been few studies
investigating the appearance or size of the medial retropharyngeal lymph
node using MRI in dogs. To the authors’ knowledge, there have been no
studies directly comparing the MRI appearance of medial retropharyngeal
lymph nodes of neurologically normal dogs to dogs with structural brain
disease. In a study looking at the appearance of inflammatory vs.
neoplastic medial retropharyngeal lymph nodes in dogs and cats,
neoplastic lymph nodes were found to often be bigger in size than those
with inflammatory disease (5). The possibility of using the size of the
medial retropharyngeal lymph nodes as an aid in suspecting potential
etiologies for structural brain disease remains a topic in need of
further investigation.

This study aimed to first summarize the size of the medial
retropharyngeal lymph nodes in normal dogs without evidence of
structural brain disease and second to determine if their size was
increased in dogs with structural brain disease. The hypothesis was
that there could be enlargement of the medial retropharyngeal lymph
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nodes with neoplastic, infectious, or immune-mediated diseases of the
central nervous system, likely due to reactivity from drainage of
the CSE.

2 Materials and methods
2.1 Case selection

This was a single-institution retrospective study evaluating canine
brain MRIs performed on a single 3T MRI" over 12 years (2011-2023).
Identified subjects were required to have transverse T2-weighted spin-
echo images without fat suppression (TR: 3500-8,000 ms; TE:
85-96 ms; slice thickness 2.5-3.0 mm) that included both left and
right MRLN at their maximal transverse diameter.

Control subjects were defined as dogs with finalized MRI
interpretations that did not identify any structural abnormalities of
the imaged region and a normal cerebrospinal fluid analysis, defined

1 MAGNETOM Verio, Siemens Medical Solutions USA, Inc., Malvern, PA.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1506670
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/deed.en

DuPont and Boudreau 10.3389/fvets.2024.1506670

Affected (NEO) Age and size matched control

Oetipital cdadyl
Me’dial retgépharyngeal [elf o] ¢c] c\ye
lymph péde (MRLN), / p

; :
Mandibula

FIGURE 2

Representative T2 spin-echo slices are selected by both observers independently to represent the M_SATD of the right medial retropharyngeal lymph
node in two different dogs. (A) A dog with intracranial neoplasia (affected subgroup NEO). (B) A dog of similar size and age from the control group.
Anatomical landmarks for identification of the MRLN are labeled in panel A. In each panel, the solid white line between perpendicular shorter white
lines illustrates the selected short-axis transverse diameter of the lymph node for the represented slice.
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all control cases (n = 142). The red dotted lines indicate the 2.5 and 97.5% quantiles of differences between the measurements of the two observers.
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FIGURE 4

Histogram of mean M_SATD for each control lymph node (in mm; n = 142). Blue bars indicate left medial retropharyngeal lymph nodes and red bars

indicate right medial retropharyngeal lymph nodes.
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as <5 nucleated cells/uL, <30ug/dL protein, and hemodilution <
500 RBC/uL.

Affected subjects were required to have necropsy or biopsy-
confirmed diagnoses and were categorized into one of the three
etiological groups: infectious (INF), meningoencephalitis of unknown
etiology (MUO), or primary CNS neoplasia (NEO).

2.2 Lymph node measurement

MRLNSs were identified by their location medial to the mandibular
salivary gland and lateral to the common carotid artery near the level
of the atlanto-occipital joint (Figure 2) (6). Two observers blinded to
all clinical information viewed only the T2 transverse spin-echo series
and identified slices representing the maximum short-axis transverse
diameter (M_SATD) of the left and right MRLNs independently. In
cases where more than one MRLN was identified on a side, only the
larger one was recorded. For both the left and right sides, each
observer used a caliper to estimate the M_SATD in millimeters (7).

2.3 Statistical analysis

Descriptive statistics, histograms, correlation coefficients, and
Bland-Altman plots were generated using MATLAB. A

2 MATLAB R2022a Update 2, maci64, MathWorks, Natick, MA.
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Shapiro-Wilk test was used to evaluate normality. A 95% confidence
interval for the difference in observer measurements is reported as
quantiles. Intra-class correlation coefficients and 95% confidence
intervals were calculated using MedCalc.’ For the estimation of
reference intervals, the Clinical & Laboratory Standards Institute
(CLSI) guidelines (8) were followed as instantiated in MedCalc (see
text footnote 3). The averages of the two observers’ measurements
were Box-Cox transformed with lambda estimated from each data
set. A Shapiro-Wilk test was used again to evaluate normality, and
Tukey’s test was used to identify outliers. The robust method with
10,000 Boostrap iterations was used to calculate the 90% CI for the
upper and lower limits of the reference intervals. General mixed-
effects linear regression was performed on log-transformed control
measurements in MATLAB (see text footnote 2) using the Statistics
and Machine Learning Toolbox function fitglme, with age and weight
as fixed effects variables and side (left or right), observer, and subject
as random effects variables. The residuals were visually inspected for
outliers, and the model was refit after their removal.

A Kruskal-Wallis test, as instantiated in MATLAB (see text
footnote 2), was used to evaluate for differences in age and weight
between affected subgroups. Repeated-measures ANOVA, as
instantiated in MATLAB (see text footnote 2), on rank-transformed
data, was used to evaluate the effect of the etiological group (INF,
MUO, or NEO) on the difference between measured lymph node size

3 MedCalc Statistical Software version 22.023, MedCalc Software, Ltd., Ostend,
Belgium.
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FIGURE 5

Lymph node size (average of the measurements of the two observers). (A) As a function of body weight (in kg), and (B) as a function of age (in years)
for control subjects (n = 142). Blue circles indicate left medial retropharyngeal lymph nodes, and red circles indicate right medial retropharyngeal
lymph nodes.
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TABLE 1 Reference ranges with 90% CI of the lower and upper bound for left and right MRLN in control subjects (n = 71 for left and n = 71 for right).

Reference ranges for left and right medial retropharyngeal lymph node M_SATD in control subjects (mm)

Lower bound 90% CI Upper bound 90% CI
Left 35 32-38 11 9.9-12.4
Right 32 29-3.6 10.1 9.3-10.9
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FIGURE 6
Measured MRLN size vs. that predicted by the generalized linear mixed-effects model. The dotted line represents y = x. Each circle is a single
measurement for a single MRLN (left or right) for a single observer (n = 284).

AND the size predicted by the linear regression model established
from the control data. A p-value of <0.05 was used to reject null
hypotheses (Figures 1, 2).

3 Results
3.1 Control subjects

In total, 71 control subjects were identified. The median age of the
control subjects was 6 years (1-13), and the median weight was 22 kg
(2.1-72.6). A Bland-Altman plot was used to qualitatively assess inter-
observer agreement for the measurement of M_SATD (Figure 3). The
95% CI for the difference in measurements between the two observers
was [—1.0-1.2 mm)]. The intraclass coefficient for the two observers
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was 0.92 (95% CI: 0.89-0.94). The distribution of the average of the
two observers’ measurements for the control sample is shown in
Figure 4.

The average of the two observers’ measurements was modestly
correlated with weight (Figure 5A; Ri = 0.47 and R, = 0.52) and
anti-correlated with age (Figure 5B; Ry = —0.47 and Ry, = —0.39).
Based on these average measurements, reference intervals were created
for left and right MRLN as described above (Table 1). Transformed
data were normally distributed, and no outliers were identified.

To further evaluate the relationship of body weight and age to
lymph node size, we created a general linear mixed-effects regression
model for lymph node size based on subject age and weight using
control data, as described above. The initial model was refit after the
removal of outliers (9/284 values). In the final model, residuals were
normally distributed, and R? = 0.90. Figure 6 shows the relationship
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Absolute value of the difference between left and right MRLN measurements (mm). Measurements for observer 1 are shown as gray bars, and
measurements for observer 2 are shown as black outlined bars. (A) Control subjects (n = 142), and (B) affected subjects (n = 116).

TABLE 2 Diagnoses for affected subjects in each subcategory (MUO, INF, and NEO), total n = 58.

Specific diagnoses for affected subjects

Diagnosis

Counts

MUO (n=21) Necrotizing meningoencephalitis 5
Granulomatous meningoencephalitis 7
Undefined meningoencephalitis 9
INF (n=10) Fungal 6
Protozoal 2
Viral 1
Bacterial (abscess) 1
NEO (n=27) Meningioma 11
Glioma 13
Choroid plexus papilloma 2
Malignant peripheral nerve sheath tumor 1

between measured lymph node size and that predicted by the final
model. The largest lymph node sizes are not well-predicted by the
model, with a bias toward underestimation.

Left-right asymmetry for the MRLNs was generally small
(Figure 7A). The median difference between left and right MRLNs was
0.68 mm (range 0.05-4.9) based on average measurements for the
control subjects.
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3.2 Affect subjects

In total, 58 affected subjects were identified. These comprised
10 subjects with infectious disease (INF), 21 subjects with
meningoencephalitis of unknown origin (MUO), and 27 subjects
with primary nervous system neoplasia (NEO) (Table 2). The
median age of the affected subjects was 6 years (1-13), and the
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TABLE 3 Median and range for lymph node size (average measurements of the two observers) for affected subgroups (MUO, INF, and NEO) and
predictions of same based on a linear regression model created from control subject data.

Measured and predicted M_SATD in affected subjects (mm)

Median Min Max
Measured Predicted Measured Predicted Measured Predicted
MUO Left 6 55 46 4.1 9.1 8.9
(n=21) Right 6.1 57 45 41 9.1 8.6
INF (1 = 10) Left 8 75 49 55 10.8 8.9
Right 8 7.7 52 47 10.8 8.6
NEO (n =27) Left 6.1 6.1 32 41 10.4 8.9
Right 6 59 33 4.1 9.6 8.6

median weight was 22 kg (2.1-54.5). For the subgroups, the median
age of INF was 3.5 years (1-11), and the median weight was 26.8 kg
(9.2-39.5). The median age of MUO was 5 years (1-12), and the
median weight was 9.2 kg (2.1-33.6). The median age of NEO was
8 years (3-13), and the median weight was 29.1 kg (4.2-54.5). Dogs
with infectious brain disease or MUO, were younger than those
with primary CNS neoplasia (p = 0.02). Dogs with MUO were
smaller than those with infectious brain disease or CNS neoplasia
(p<107).

Lymph node measurements are again reported as the average of
the measurements of two observers. The median and range of lymph
node size for each affected subgroup are shown in Table 3. Asymmetry
between left and right MRLN was similar between affected subjects
and control subjects (Figure 7B, as compared to Figure 7A). The
median difference between left and right MRLNs was 0.23 mm (range
0-1.26) based on average measurements for the affected subjects.

3.3 Comparison of affected subjects to
expected lymph node size based on control
subjects

For each affected subject, the average M_SATD of the left and
right MRLNS, as measured by the two observers, was compared to
the reference ranges established for the control data set. No lymph
nodes were larger than the upper 90% CI of the estimated
reference range.

We then predicted the expected size of the left and right MRLNs
in affected subjects, using the age and weight of the affected subjects
as input to the linear regression model created using control subject
data. The median predicted measurement and range are shown
alongside the measured values for each affected subgroup in Table 3.
Figure 8 shows the relationship between measured and predicted
lymph node size, separated by affected subgroup. The median value of
the difference between measured and predicted lymph node size was
not different from zero for any subgroup.

4 Discussion

The measured maximum short-axis diameter of the MRLNSs in
dogs using T2 spin-echo transverse images acquired on 3T MRI had
similar minimum values but higher maximum values than those
previously reported for CT (7). In contrast, the range of measured
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values was slightly narrower than those reported sonographically (9).
These
independent observers.

measurements  were similar between the two

For dogs with structurally normal brains, body weight and age had
a modest relationship to MRLN size, consistent with previous reports
using ultrasound (9). The relationship between age, weight, and lymph
node size was generally well-represented by a generalized mixed-effects
linear regression model for all but the largest lymph nodes, which were
associated with the largest and youngest dogs. This discrepancy may
be due to the small number of control subjects within this demographic
in our sample or could indicate a more complex interplay between body
weight and the maturation of MRLNS.

Compared to a reference range based on dogs with normal
head/brain MRI and normal CSF tap, dogs with a diagnosis of
infectious brain disease, MUO, or primary CNS neoplasia had
similar MRLN size. This is likely due to the wide reference range
of lymph node sizes for control subjects. There were age- and
weight-related differences among the subjects in the affected
subgroups, consistent with previously reported demographic
characteristics associated with disease risk. When a linear model
designed to account for age- and weight-related variability in
lymph node size was used to predict MRLN size in dogs with
structural brain disease, small systematic differences were seen
between predicted and measured sizes, though these did not reach
significance. Specifically, the model tended to underestimate lymph
node size for dogs with infectious brain disease. However, these
dogs were also significantly younger (and slightly larger) than the
control subject sample, and the model is demonstrated to
underestimate lymph node size in such cases, regardless of disease
state. Therefore, we conclude that MRLN size is not consistently
larger in dogs with structural infectious brain disease than in
control subjects.

Limitations of this study include its retrospective nature and
small sample size. Due to variations in dog head size and shape,
medial retropharyngeal lymph nodes are not routinely included
in the evaluation of the canine brain, so few available studies met
our inclusion criteria. Given the correlation, though modest,
between lymph node size and subject body weight and age, more
accurate reference ranges for normal canine medial
retropharyngeal lymph node size could be generated from data
stratified by these variables. However, our control sample is too
small to allow for useful estimation of normal population
parameters in subgroups; furthermore, the between-subject

variability in lymph node size is relatively large compared to the
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effects attributable to age and body weight, so reference ranges are
expected to remain relatively broad even if these factors can
be accounted for. An additional concern is that the control sample
may not accurately reflect a truly normal population of dogs,
given that these dogs underwent brain MRI due to clinical
findings consistent with neurological disease.

Within the limits of this study, MRLN size in dogs, measured as
M_SATD on transverse T2 spin-echo 3T MR, is similarly estimated
by independent observers, depends mildly on body weight and age,
and cannot be used to prioritize differentials for structural brain
disease. Despite the failure of this study to reject the null hypothesis,
we believe there are several avenues available for future investigation
of the relationship between intracranial disease lymphatics of the
head and neck. Size is just one parameter that may indicate
lymphadenopathy; evaluation of additional imaging parameters
(such as the pattern of contrast enhancement post-gadolinium),
though potentially more difficult to standardize between observers,
may be more sensitive markers of lymph node disease. Given high
inter-individual variability, a within-subject comparison design, such
as the evaluation of lymph node size in the same individuals in
diseased (pre-treatment) vs. healthy (post-treatment) states, may also
be better suited to detect small changes in lymph node size. Finally,
direct sampling of the medial retropharyngeal lymph nodes, either
premortem (such as under ultrasound guidance) or on postmortem
histology, may provide a complementary method to detect changes
in the cellular makeup of these tissues in association with different
intracranial disease states.
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Morphologic study of patent
ductus arteriosus based on
computed tomography data in
25 dogs
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Hyeajeong Hong?, Nanju Lee?, Isong Kim?, Junghee Yoon?,
Jihye Choi?, Kichang Lee?®, Hakyoung Yoon?® and Min Su Kim!*

!Department of Veterinary Clinical Science, College of Veterinary Medicine and Research Institute for
Veterinary Science, Seoul National University, Seoul, Republic of Korea, 2Korea Animal Medical Center,
Cheongju-si, Chungcheongbuk-do, Republic of Korea, *College of Veterinary Medicine, Jeonbuk
National University, Jeonju, Republic of Korea

Introduction: The objective of this study is to analyze the morphology and
measurement dimensions of patent ductus arteriosus (PDA) based on computed
tomography images.

Methods: The present study retrospectively evaluated computed tomography
angiography data from 25 client-owned dogs diagnosed with PDA. PDA was
reconstructed based on the central axis and the minimum diameter, ampulla
diameter, angle, ampulla cross-section area, and length values were measured
at specific measurement sites. Additionally, the minimum diameter ratio,
ampulla diameter ratio, ampulla cross-section diameter, and ampulla cross-
section diameter/ampulla diameter ratio values were calculated based on direct
measurement values.

Results and discussion: The morphology of PDA was distributed as follows: 48%
Type IIA, 20% Type 1IB, and 32% Type lll. A significant correlation was observed
between the minimal diameter sagittal and transverse and the ampulla diameter
sagittal and transverse, body weight, and angle (descending aorta to PDA). A
significant association was observed between ampulla diameter (in both the
sagittal and transverse planes) and body weight. The minimal diameter ratio did not
demonstrate a significant correlation with the ampulla diameter, body weight, angle
and length. However, the ampulla diameter ratio exhibited a significant correlation
with the length of the PDA and the angle (descending aorta to PDA). The minimal
diameter ratio displayed results that were more closely approximated by a circle,
whereas the ampulla diameter ratio showed results that were relatively oval. The
ampulla cross-section diameter values differed by an average of 14% from the
previously used reference length, ampulla diameter sagittal.

Conclusion: The computed tomography image demonstrated the distinctive
cross-sectional configuration of the PDA, which could potentially facilitate
advanced pre-procedural planning or the creation of novel occluding devices
in the future.

KEYWORDS

patent ductus arteriosus, intervention, computed tomography, morphology,
dimension
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1 Introduction

Patent ductus arteriosus (PDA) is common cause of canine
congenital heart disease (1). The mortality rate of PDA is reported to
be 64% within one year without proper closure and is 16.9 times
higher than in patients who undergo closure. Therefore, PDA ductal
closure is recommended as soon as possible when left-to-right PDA
is diagnosed (2-4). In veterinary medicine, mechanical closure, such
as open surgical ligation or minimally invasive techniques, is the
mainstay of treatment to close PDAs (4, 5). Recent studies have
demonstrated that minimally invasive techniques can be a good
alternative for patients with PDA when surgical ligation is not suitable,
showing good results with fewer complications and comparable
survival rates to surgical ligation (6, 7). However, the placement of
inappropriately sized occlusion devices can lead to several sizing
complications (8), including device embolization, mild to severe
residual flow, and deformation or protrusion of the device (8-16).
Although not all of these sizing complications are fatal, severe
ischemia, hemolysis and death secondary to embolization has been
reported in human (17). Furthermore, embolization-related death has
been reported in a dog (18). Therefore, accurate measurement of PDA
dimensions and morphology classification (such as minimal duct
diameter, ampulla duct diameter, and morphology type) are essential
for selecting optimal size of occlusion device (19-22).

Recently in veterinary medicine, trans-arterial angiography
transthoracic

with  fluoroscopy, echocardiography (TTE),

transesophageal echocardiography (TEE), and computed
tomography (CT) have been used for measuring PDA dimensions
(22-28). Angiography with fluoroscopy is commonly used tool and
serves as a standard for new measurement methods (20, 25, 28).
Fluoroscopy can be used pre-, during, and post-the procedure and
can be used to measure dimensions, morphology, and is useful after
the procedure to assess proper closure. However, it has limitations
of underestimation due to assessing only the sagittal mono plane
(22). TTE has the advantages of non-invasive nature, assessment of
hemodynamic status, and pre-, intra-, and post-procedural
evaluation. However, limitations have been reported, including a
tendency for overestimation and limited visualization because of
lung interference (20). Transesophageal echocardiography offers
and TTE,

independence, usability throughout the procedure, and minimal

advantages over fluoroscopy including lung
measurement deviation. However, it has limitations such as high
probe costs, the need for skilled operators, and risks of displacing
structures or obstructing PDA and aortic flow (26, 28). The idea of
using CT for measurement was proposed to overcome the above
limitations. (1) Less prone to overestimation and underestimation
that can occur with angiography with fluoroscopy and TTE, (2)
visualization of extra cardiac structures is clear because imaging is
not limited by lungs (27). In addition, (3) the CT does not cause
displacement of structures, which is limitation of TEE, and in
human medicine, (4) CT provide more accurate measurements of
PDA compared to transthoracic echocardiography. However, CT
also has limitations such as radiation hazard, contrast
hypersensitivity and repeated anesthesia (29). However, only a few
case reports or studies with small numbers of patients have been
reported on the measurement of PDA by CT in veterinary medicine.
The aim of this study is to present the dimensional features of PDA

identified on CT in dogs.
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2 Materials and methods
2.1 Computed tomography data

A retrospective analysis was conducted based on data from client-
owned dogs diagnosed with PDA at three different animal hospitals
(Seoul National University, Jeonbuk National University, and Chengju
Korea Animal Medical Center) from 2016 to 2024. All included dogs
underwent thoracic CT scans and angiography as part of the treatment
planning process. 25 dogs with well-defined PDA structures were
included in this study, whereas 4 dogs with indistinct boundaries with
surrounding structures were excluded. The patients underwent CT
(Aquillion 64 ™, Toshiba Medical Systems, Tochigi, Japan /ALEXION
16 ™, Toshiba Medical Systems, Tochigi, Japan/Somatom Scope
16 ™, Siemens AG Medical Solutions, Forchheim, Germany) imaging
in a head first prone position under endotracheal intubation and
general anesthesia. Iodinated contrast agent (Omnipaque ™ 300, GE
Healthcare, Oslo, Norway) was administered for angiography. CT data
were collected to visualize the PDA, with respiration controlled during
the imaging process to minimize movement of the thoracic cavity and
internal organs. Measurements of the PDA were taken using the
multiplanar reconstruction mode within Radiant DICOM Viewer
(64-bit, version 2024.1; Medixant, Poznan, Poland). The measurements
were obtained using the length, angle, and closed polygon measuring
tools available within the multiplanar reconstruction mode.

2.2 PDA reconstruction

For PDA measurement in CT images, the central axis (30) was
defined as follows: The axis along which the centroid of the pulmonary
ostium, the distal point of the PDA on the dorsal plane of the CT
image, and the centroid of the descending aorta ventral, the proximal
point of the PDA, are connected. To measure the vertical cross-section
along the central axis, a reconstruction was performed in which the
anatomical longitudinal and central axis of the PDA were aligned.
After reconstruction, the adequacy of the reconstruction was
determined by checking whether the centroids coincided on ventral
to dorsal scroll without movement of the crossing cursor on the CT
dorsal plane (Figure 1).

2.3 PDA morphology classification and
dimension measurement

The specific measurement site was set as the location where the
reference position of fluoroscopy angiography (23) corresponded to
the sagittal plane of the reconstructed PDA CT (Figure 2). First,
we measured length of PDA from the pulmonary ostium to the
junction of the descending aorta and PDA along the cranial border.
The minimal duct diameter measurement site was defined as the area
with the smallest diameter in the vertical cross-section along the
central axis if a clear constriction was identified at the level of the
pulmonary ostium, or the area with the smallest diameter in the
vertical cross-section along the central axis if no clear constriction was
identified at the level of the pulmonary ostium. The ampulla duct
diameter measurement site was defined as the midpoint of the length
range (Figure 2) and the maximal ampulla diameter measurement site
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FIGURE 1

Reconstructed patent ductus arteriosus based on central axis.

(A) Proximal point centroid (white arrow). (B) Mid point centroid
(white arrow). (C) Distal point centroid (white arrow). The centroids
[(A—C) - white arrow] coincided on ventral to dorsal scroll without
movement of the crossing cursor.

was defined as the proximal connection point between PDA and
descending aorta. Diameter measurements were defined as the length
of the transverse and sagittal cursors crossing the contrasting
structures in cross-section identified in the dorsal plane at specific
measurement sites (minimal duct site, ampulla duct site) of the PDA
structures as transverse diameter and sagittal diameter, respectively
( ). To measure the angle, we defined the axis connecting the
point where the central axis of the PDA intersects the dorsal wall of
the descending aorta and the centroid of the segment 10 mm posterior
to that point as the aorta axis, and evaluated the degree between the
central axis of PDA and the aorta axis as the angle. The morphology
classification of PDA was established using angiographic morphology
type classification criteria (degree of ductal tapering, and the presence,
) and
), matching the

absence, or location of abrupt ductal narrowing) in dogs (
updated morphology type refined through TEE (
mid-sagittal plane morphology on CT scans. The degree of ductal
tapering was based on the calculation of the ratio between the
minimum diameter and the ampulla diameter or the maximum
ampulla diameter if either the sagittal or transverse diameter met
the criteria.
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2.4 Calculation value

A recent study evaluating the PDA based on TEE (
that the vertical cross-section of the PDA is not perfectly circular. In

) reported

addition, a human study confirmed that the PDA is a flexible structure
that can be deformed by the deployed device, rather than a fixed
structure (31). Considering these studies, we quantified the degree of
non-circularity in cross-sections at different measurement sites and
evaluated calculation values to establish the size relationship between
the non-circular PDA cross-sections and the circular occluder device.
Based on the directly measured values, Minimal duct diameter ratio
(MDR) and Ampulla diameter ratio (ADR) were calculated by
calculating the ratio between sagittal diameter and transverse diameter
to quantify the degree of non-circularity of the structure. Ampulla
cross section diameter (ACD), which calculates the diameter value
when the value of ampulla cross section area (Aarea), which is a
non-circular structure, is converted to a circle with the same width,
was calculated as follow (ACD = 2* |Aarea ). To compare the ACD
Vs

value to the Ampulla diameter sagittal (ADS) value that we had
previously used to define the Ampulla diameter on the monoplane,
we calculated the ACD/ADS ratio which is the ratio of the difference
value ADS to the ACD value.

2.5 Statistical analysis

Statistical evaluation was performed using SPSS for windows
29.0.1.0 (IBM) and GraphPad Prism 8 (Dotmatics). Normality was
assessed using Shapiro-Wilk test. For comparability with subsequent
studies, regardless of normality, we report mean * SD, median, and
range values in . Pearson correlation coefficient was used to
evaluate the correlation between ampulla diameter sagittal (ADS) and
ampulla diameter ratio (ADR) and other data that follow normality,
and Spearman correlation coeflicient was used to evaluate the
correlation between minimal diameter sagittal (MDS), minimal
diameter transverse (MDT), minimal diameter ratio (MDR), ampulla
diameter transverse (ADT), length of PDA, angle (descending aorta
to PDA), body weight (BW) and age that do not follow normality.
Angle of PDA, length and ADR displayed as linear regression. A p
value <0.05 was considered to be statistically significant.

A total 25 dogs were included in study. The breed distribution of
the dogs was as follows: Maltese 32% (8/25), Pomeranian 20% (5/25),
mixed breed 12% (3/25), Poodle 8% (2/25), Bichon 8% (2/25),
Bedlington terrier 4% (1/25), Cocker spaniel 4% (1/25), Miniature
pincher 4% (1/25), Spitz 4% (1/25), Welsh corgis 4% (1/25). The
gender distribution consists of females 67% (15, Intact 7, neutered 8)
and males 33% (10, Intact 5, neutered 5). The median Age of dogs at
the time of CT scan was 12 months (range 2 to 113 months) in 25
dogs. The median Body weight was 3.22 kg (range 0.93 to 9.5 kg) in
22 of the 25 dogs, excluding 3 dogs for which data was lost. In all
patients, the course of the PDA is such that the proximal part starts
from the ventral part of the aorta and the distal part travels in a
cranio-lateral direction before reaching the dorsal part near the
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FIGURE 2
Specific measurement site. (A) Minimal duct site (arrow head), ampulla duct site (arrow), length. (B) Measuring site of angle between central axis and
aorta axis (blue arrow).

bifurcation of the main pulmonary artery. Based on morphology
evaluation, the distribution of PDA types was as follows: Type IIA
(n=12,48%), Type IIB (n = 5, 20%), and Type III (n = 8, 32%), while
Type I, Type IV and Type V were not identified in this study. The
ductal measurements of PDA and calculation values are presented in
Table 1. Minimal diameter sagittal (MDS) was significantly correlated
with ADS (Pearson, r = 0.839, p < 0.001), ADT (Spearman, r = 0.542,
p =0.005), BW (Spearman, r = 0. 546, p = 0.009), angle (Spearman,
r=—0.552, p=0.004), and MDT was significantly correlated with
ADS (Pearson, r=0.808, p<0.001), ADT (Spearman, r=0.542,
p=0.005), BW (Spearman, r=0. 546, p=0.009), and angle
(Spearman, r=-0.482, p=0.015). MDS and MDT were not
significantly correlated with other variables such as length of PDA
and age.

Ampulla diameter sagittal (ADS) was significantly correlated
with MDS, MDT, and BW (Pearson, r = 0.636, p = 0.001), but not
with other such as length of PDA, angle, or age. Similarly,
Ampulla diameter transverse (ADT) was significantly correlated
with MDS, MDT, and BW (Spearman, r = 0.522, p = 0.013), but
not with other length of PDA, angle, or age. Length of PDA was
significantly associated with length (Spearman, r=0.550
p =0.004). Angle was significantly associated with MDS, MDT
and length of PDA.
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MDR did not show a significant correlation with other variables.
On the other hands ADR showed significantly correlated with length
(Pearson, r=—0.467, p=0.019) and angle (Pearson, r=—0.677,
p <0.001) (Figure 4). The ACD/ADS ratio was significantly correlated
with the length (Pearson, r=0.507, p = 0.01) and angle (Pearson,
r=0.684, p<0.001). No correlations were found with any
other variables.

4 Discussion

The accurate measurement for device selection during a PDA
intervention is of great importance in order to minimize the
occurrence of side effects and to ensure the successful closure of the
PDA. In order to achieve accurate measurement, this study presented
the measurement criteria using CT scan and characterized the
measurement dimension. The fact that PDA structure may not be a
perfect circle (4), where differences in sagittal and transverse values
may exist for minimal diameters, was identified in previous studies

28) and also confirmed in this study. In this regard, the distribution
of the shape at the minimum diameter in the population identified in
the previous study (28) was found to be oval (17/24, 70.8%) and
circular (7/24, 29.2%). However, in this study, the distribution of the
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FIGURE 3
Diameter measuring criteria at specific measurement site. (A) Sagittal diameter (red arrow head) and transverse diameter (blue arrow) at ampulla duct
site. (B) Sagittal diameter (red arrow head) and transverse diameter (blue arrow) at minimal duct site.

shape at the same shape criterion was found to be somewhat different:
oval (5/25, 25%) and circular (20/25, 75%). A possible reason for this
difference is the difference in the criteria axis used. In this study, the
pulmonary ostium or minimal duct was measured at the smallest
diameter part of the central axis or the area where the axis connects to
the pulmonary artery in previous studies based on dimensional
measurements, whereas in studies based on 3D-TEE, a cross section
across the pulmonary ostium was first established and then axis
perpendicular to it (28). This difference in the slope of the
representative axis is considered to be a factor that may have caused
the difference in proportions.

) in that
the cross section of the ampulla has an oval shape rather than a

Ampulla diameter ratio is similar to the previous study (

circular shape, and in this study, it was found to be close to an oval
shape with a length difference between ADS and ADT. The difference
in the proportion was identified in a previous study (28) as oval shape
(19/24, 79%) and circular shape (5/21, 21%), and this study showed a
similar distribution of proportions as oval shape (19/25, 82%) and
circular shape (6/25, 18%) when evaluated using the same criteria (28)
)
we found that the ratio of MDR to ADR is not always a consistent

as the previous study. Furthermore, similar to previous study (

structure with the same circular and oval shapes. In addition, the
significant negative correlation between ADR and length of PDA and
angle suggests that PDA with angle and length larger than the
representative values are likely to have a more oval shaped cross-
sectional area. We consider that this may reduce the possibility of
error in device size selection due to overlooking the transverse
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diameter due to interpretation based on mono-plane evaluation in the
conventional sagittal plane diameter. Based on the results of this study
and previous studies (28), it can be seen that the measurement plane
should be considered when measuring structures that are considered
to be non-perfectly circular ( ), as the difference in the
measurement value may be due to the characteristics of the structure
rather than the difference in the tool. It is therefore necessary to
further refine the measurement diameter in order to align it with the
measurable dimension structure of the tools, which can be classified
into the following categories: Sagittal diameter tool (Trans-arterial
angiography, TEE-2D), Transverse diameter tool (TTE-R and TTE-L),
Sagittal + transverse diameter tool (TEE-3D, CT) plane.

Compared to the mean angle of PDA 148.8 + 7.6 degrees (range
117 to 164, median 150) in a previous trans-arterial angiography study
(27) that presented the angle between the descending aorta and PDA,
we showed that the mean angle of PDA 134.2 + 13.63 degrees (range
103 to 156, median 137.7) was smaller in this study. In three
dimensions, the PDA is mostly traveling in the cranio-ventral
direction, and in this regard, we confirmed that there may be some
differences in the angle between the data evaluated in the mono-plane
). In the future, it is considered that the
newly considered angle may be helpful for the development of

and the multiplane (

catheters aimed at trans-arterial access.

The ACD/ADS ratio, one of the calculations values, was
investigated to determine the correlation between the circularly
designed occlusion device and the PDA ampulla, which is identified
as oval. Currently, most size criteria for occlusion devices are based on
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TABLE 1 Patient and patent ductus arteriosus measurement data.

10.3389/fvets.2024.1496944

Mean Median SD Range Normality
BW (kg) 3.09 3.23 2.18 0.93-9.5 No
Age (month) 16.61 12.00 32.66 2-113 No
MDS (mm) 3.26 3.16 1.87 1.54-8.45 No
MDT (mm) 3.51 3.16 2.14 1.49-9.18 No
MDR 0.93 0.97 0.10 0.69-1.06 No
ADS (mm) 4.78 4.89 1.65 2.24-947 Yes
ADT (mm) 6.08 5.62 2.44 3.06-13.40 No
ADR 0.79 0.74 0.16 0.57-1.16 Yes
Aarea (cm?) 0.23 0.22 0.22 0.06-1.00 No
ACD (cm) 0.54 0.53 0.20 0.27-1.13 No
ACD/ADS ratio 1.14 1.19 0.13 0.88-1.42 Yes
Length (mm) 6.81 7.16 2.80 3.42-15.8 No
Angle (degree) 134.21 137.70 13.36 103.00-156.00 No

Aarea, ampulla cross section area; ACD, ampulla cross section dimeter; ADR, ampulla diameter ratio; ADS, ampulla diameter sagittal; ADT, ampulla diameter transverse; BW, body weight;
MDR, minimal diameter ratio; MDS, minimal diameter sagittal; MDT, minimal diameter transverse; PDA, patent ductus arteriosus.

FIGURE 4

(B) ampulla duct (line) and (C) minimal duct (dash line).

PDA 3D model and cross section appearance at specific measurement site, Patent ductus arteriosus (PDA) and surrounding vasculature displayed as
(A) a three-dimensional model and specific measurement site (a) ampulla diameter (line), (b) minimal diameter (dash line). Cross section appearance of

a single diameter measured on a mono-plane, and there is no literature
that considers the property of non-circular structures that can have
multiple diameters depending on the criteria. In addition, as it has
been reported in the literature that PDA structures can be flexibly
stretched rather than fixed (31). We checked the ratio of the difference
between the diameter of the non-circular cross section (ACD) and the
ADS, a mono-plane measurement that has been used as the basis for
setting the size of the occlusion device. The ACD/ADS ratio was found
to be mean 1.14 + 0.13 (range 0.88 to 1.42, median 1.19) indicating
that the ADS value was measured as much as 14% smaller than the
ACD value. Considering these differences, we propose to consider
replacing the traditional device selection criteria, ADS, with an ACD
that is tailored to the cross-sectional width of each patient. As opposed
to the previous, it has been confirmed in both human and veterinary
studies that deformation of the device may occur due to excessively
oversized devices or the structure of the PDA (17, 32). In this regard,
it is considered that future research: (1) the shape of PDA that flexibly
deforms due to device expansion and (2) the maximum expansion
level relative to the new reference diameter that does not cause device

Frontiers in Veterinary Science

deformation may be a good idea to solve the current
sizing complication.

This study has several limitations. First, it is unclear whether the
minimal duct diameter site set relative to the central axis is the same
site as the conventional measurement, which is a direct measurement
of the structure across the pulmonary ostium. This is due to the fact
that the minimal duct site is a smaller structure and more tortuous
structure compared to other measurement dimensions. Second, the
statistical reliability is reduced due to the small number of patients.
Third, the comparison with fluoroscopy (angle between PDA and
descending aorta) was based on statistical data of previous studies, not
within the same individual, making it difficult to confirm statistical
significance. Fourth, it is a retrospective study and the interpretation
is based on CT scans taken under different conditions, which makes
the data inconsistent across conditions. Nevertheless, it is valuable to
present a measure of PDA based on CT, which can serve as a
comparison and measurement standard for future studies. As a further
study, it is considered necessary to present a representative value of
PDA patients based on CT data from a larger study, and to establish
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FIGURE 5

Linear association of PDA length (mm), angle (degree) and ADR. The solid line represents the line of best fit, the inner larger dotted lines represents the
95% confidence intervals for the best fit and the outer dotted lines represents the 95% prediction interval for the observation.

the substitutability and role of tools based on the comparison of
multiple tools in the same patient for future intervention procedures.

In conclusion, computed tomography (CT) images are capable of
assessing morphology and dimensions in a conventional tool. The
distinctive cross-sectional shape, which can only be observed in three-
dimensional structures, represents the primary distinction between this
approach and conventional measuring tools. It is anticipated that CT will
contribute to a reduction in sizing complications in future interventional
procedures through the implementation of sophisticated pre-planning
techniques or the development of new devices.
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Introduction: This study aims to quantify the shear wave speed (SWS) and
stiffness of the uterine cervix (close to the internal cervical ostium (I0OC)
which is the cranial portion of cervix and close to the external cervical ostium
(EOC) which is the caudal portion of cervix), caruncular areas, and vulvar labia
during the postpartum period in healthy Kivircik ewes by using shear-wave
elastography. Power Doppler ultrasonography was performed to evaluate the
color pixel percentage (CPP) of the caruncles.

Methods: The study included 13 healthy pregnant Kivircik ewes, which were
randomly selected. A total of 12 measurements were taken from the uterine
cervix and vulva from the postpartum first day to PP42 (daily for the first week
and weekly from PP14 to PP42). However, only eight measurements were
obtained from the caruncles because they could not be visible after day 14.

Results: The time-dependent differences in the widest cross-sectional diameter
of the caruncles were statistically significant (p < 0.001) both in ewes giving
birth to singletons and twins. As a result of power Doppler ultrasonography
examination, the time-dependent differences in the CPP of the caruncles were
statistically significant (p < 0.01) in ewes giving birth to both singletons and twins.
The diameter of the cervix at PP3 was significantly higher than the ones at PP14,
PP21, PP28 (p < 0.05). The SWS and stiffness in the IOC for all ewes at PP35 were
significantly higher than the ones at PP1, PP4, PP7, and PP14 (p < 0.05 and p <
0.01; respectively). However, the time-dependent differences in SWS and stiffness
in the EOC were not statistically significant (p > 0.05). The time-dependent
differences in the SWS and stiffness in the vulva were statistically significant (p <
0.001) in ewes giving birth to both singletons and twins.

Discussion: In conclusion, it is possible to describe the changes throughout
the postpartum period and evaluate the involution of the uterine cervix,
caruncles, and vulvar labia and tissue stiffness with significant results by B mode
ultrasonography, power Doppler and shear wave elastography. We provided
valuable information to elucidate the differences in the involution process of the
uterine cervix, caruncles, and vulva concerning the number of offspring during
the postpartum period in Kivircik ewes.
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Introduction

The puerperal and postpartum periods are characterized by many
physiological changes in the genital organs after delivery in ewes (1).
Uterine involution is defined as the return of the uterus to its
non-pregnant status and physiological function after parturition (2).
Involution of the uterus is remarkably high in the first week of the
postpartum period but is influenced by breed, management, season,
dystocia, and suckling (3, 4). The completion period of uterine
involution was shorter for ewes that lambed at the end of winter than
for those lambing at the onset of summer (5). Also, the parity affected
uterine involution, completed earlier in primiparous than in
pluriparous ewes (6). The rate of uterine involution in ewes with
singleton parturition was higher than that with triplet parturition.
Thus, different litter sizes significantly affected postpartum uterine
horn recovery more than the caruncles (2). Complete uterine
involution occurs between 17-40 days of postpartum (7), and is
determined by the size of the uterus and the restoration of the
endometrium (8). Uterine involution in ewes involves the remodeling
of both caruncular and intercaruncular areas of the uterine wall and
the termination of differentiated uterine gland functions characteristic
of pregnancy (9). After the expulsion of the placenta, the caruncles
assume a concave shape, and their morphological appearance changes
from concave to convex in the regression phase (7). Complete
involution of caruncles takes 28 days, while complete regeneration
takes more than 4 weeks after parturition (10, 11). It involves necrosis
and separation of septa from underlying stroma and regrowth of
epithelium from the caruncular edges (10). Due to the similar
echotexture of the caruncles and the endometrium, it can
be challenging to differentiate caruncles from endometrium foldings
using ultrasonography around days 5-8 (7). The contour of the
caruncle may be visible as round or oval from days 3 to 10 postpartum,
and its diameter is undetectable after day 10 (2).

Diagnostic ultrasound has become an essential tool in veterinary
medicine and provides an inexpensive, non-invasive method for
further examination of the reproductive tract in male and female farm
sheep (12, 13). Doppler ultrasonography provides information about
blood flow and vascular perfusion. There are various reports on
changes in uterine blood flow during the postpartum period in
Kivircik sheep (14, 15). Ultrasonographic elastography enables the
assessment of tissue elasticity and stiffness, and qualitative and
quantitative applications of elastography are widely used in various
reproductive organs in ewes (1, 16, 17). Maternal and fetal tissue
elasticity in pregnant ewes was quantified by elastographic analysis,
and the shear wave velocity of placentoma remained constant
throughout gestation (17). Peralta et al. (16) quantify cervical stiffness
using shear wave elastography in preterm birth and induced labor in
pregnant sheep. Mariano et al. (1) evaluated the stiffness of the uterine
wall (endometrium/myometrium) during the involution in healthy
Santa Inés ewes by using Acoustic Radiation Force Impulse (ARFI)
elastography.

This study aims to quantify the shear wave speed (SWS) and
stiffness of the uterine cervix (close to the internal cervical ostium
(IOC) which is the cranial portion of cervix and close to the external
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cervical ostium (EOC) which is the caudal portion of cervix),
caruncular areas, and vulvar labia during the postpartum period in
healthy Kivircik ewes by using shear-wave elastography. Also, power
Doppler ultrasonography was performed to evaluate the color pixel
percentage (CPP) of the caruncles.

Materials and methods

This study was approved by the Unit Ethics Committee of Istanbul
University-Cerrahpasa, Faculty of Veterinary Medicine, Istanbul,
Tiirkiye (Approval No. 2023/22).

Animals and study design

The study was conducted at the Istanbul University-Cerrahpaga
Faculty of Veterinary Medicine Sheep Farm located at
40°59'19.3"N, 28°43’36.1”E during the parturition season (March
to May). Thirteen healthy pregnant Kivircik ewes were randomly
selected [body weight: 55-60 kg, body condition score (BCS):
3.5/5]. A semi-intensive feeding program was implemented on
ewes between the ages of 2-4years. The ultrasonography
measurements began to be obtained 24 h after the delivery. The first
measurement taken 24 h after birth was called postpartum 1 (PP1).
Ultrasound measurements were taken daily for a week (PP1 to
PP7) and weekly from the first week until the 42nd postpartum day
(PP14, PP21, PP28, PP35, PP42). All measurements were
performed by the same operator and at the same period of the day
(9:00-11:00 a.m.).

Ultrasound examinations
All ultrasound measurements (B-mod, power Doppler

ultrasound,  shear-wave elastography)  were  performed
transabdominally by using Resona i9 (Mindray, China) with linear
transducer (L20-5 s). All ewes were laid on their right side (Figure 1A).
The uterine caruncles were evaluated transabdominally. Also, the
uterine cervix was visualized in the proximal lateral side of the
mammary lobes in a longitudinal view (Figure 1B). For evaluation of
the vulva, the transducer was positioned vertically on both vulvar

labia (Figure 1C).

B-mod ultrasonography

The widest cross-sectional diameters of uterine caruncles and
uterine cervix were measured by B-mode ultrasonography.
Additionally, the mean thickness of both vulvar labia was recorded.
The settings of the B-mod ultrasound examinations in the caruncles,
cervix, and vulva were as follows: the frequency (harmonic) (FH) was
18, gain (G) was 55, iBeam was +2, iclear was +3, dynamic rate (DR)
was 130, SSI was 1,540.
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FIGURE 1

Posture of the sheep and positioning of the transducer during an ultrasound examination. (A) Evaluation of the uterine caruncles, transabdominally.
(B) Visualisation of the cervix in the proximal lateral side of the mammary lobes. (C) Evaluation of the vulva with vertically positioned transducer.

Power Doppler ultrasonography

Power Doppler images were quantified by measuring the color
pixel percentage (CPP). The calculations were performed
automatically by the ultrasound device. The vascularization in
caruncles was evaluated in this study. The settings of the power
Doppler ultrasonography were frequency (F) 11, G 60, pulse repetition
frequency (PRF) 1.5k, and Wall filter (WF) 215 Hz. Before
elastography examinations, power Doppler was performed to visualize

the blood vessels in the caruncles and cervix.

Shear wave elastography

All measurements were performed in avascular areas of the
relevant tissues (uterine caruncles, cervix, and vulva). The settings
during elastography examination were HQE off, quality penetration
Estory frequency (Q Pen), Map E2, and opacity (OP) was 4, iLay was
off, and filter was 1 for all evaluated tissues. Stiffness (EkPa) and SWS
(Cs, m/sn) were measured in the caruncle, cervix, and vulva.
Qualitative and quantitative image analyses were activated. During
elastography measurements, the motion stability index (M-STB index)
was defined as green with >4 stars, and the reliability index (RI) was
>85%. For quantification of the elasticity, the region of interest (ROI)
was circular and kept constant at 2 mm in diameter for each tissue.
The mean value of 4 ROI measurements was taken to determine the
elasticity of the caruncles and vulva.

A total of 4 ROI areas which 2 ROIs close to the internal cervical
ostium (IOC) where is the cranial portion of cervix and 2 ROIs close
to the external cervical ostium (EOC) where is the caudal portion of
cervix, were taken to evaluate the elasticity of the uterine cervix in a
longitudinal view.

Statistical analysis

Statistical analysis was performed by using the SPSS 23.0
program. The normal distribution of the data was checked with the
Shapiro-Wilk test. The homogenicity of variance was analyzed
using Levene’s test. The differences between ewes that gave birth to
single offspring and those that gave birth to twins were evaluated
using the t-test. The time-dependent differences in caruncles,
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cervix, and vulva were assessed using the General Linear Model
and Repeated Measures of Anova. Tukey test was performed to
evaluate the differences in the parameters between the examination
days. Associations of the evaluated parameters (thickness/
diameter, CPP%, SWS-m/sn, stiffness-EkPA) in related tissues were
assessed with Pearson’s correlation test. Results were expressed as
the means and standard errors. Significance was accepted as
p <0.05.

Results

All ewes expulsed their placenta within 9 h after the delivery. Four
of the 13 ewes had twin offsprings, while the rest of the nine ewes had
singleton offsprings. A total of 12 measurements were taken on day
PP1 to PP7-PP14-PP21-PP28-PP35-PP42 from the uterine cervix and
vulva. Only eight measurements were obtained from uterine caruncles
because they could not be visible after the day PP14.

Uterine caruncles

The time-dependent differences in the broadest cross-sectional
diameter of the caruncles were statistically significant in ewes giving
birth to both singletons (p < 0.001) and twins (p < 0.01) (Table 1). A
decrease in the diameter of the caruncles was determined from PP1
to PP14. While the caruncular diameter of all ewes at PP1 was not
different from at PP2, it was significantly higher than the rest of the
examination days (p < 0.05). Additionally, at PP1 and PP2, the widest
cross-sectional diameter of caruncles in ewes giving birth to twins was
significantly higher than in ewes giving birth to singletons (p < 0.05).
However, at PP3 and PP4, the widest cross-sectional diameter of
caruncles in ewes giving birth to twins tended to be higher than in
ewes giving birth to singletons (p = 0.05). In B-mod ultrasonography,
the caruncles had an exact shape at PP1 but blurred and dispersed at
PP7 and PP14 (Figure 2).

As a result of the power Doppler examination, CPP% were
measured in uterine caruncles (Figure 3). The time-dependent
differences in the CPP% were statistically significant (p <0.01,
respectively) in ewes giving birth to both singletons and twins
(Table 1). Values of CPP at PP1 were significantly higher than at PP7
and PP14 (p < 0.05).
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TABLE 1 The time-dependent differences in the evaluated parameters of the caruncles in ewes giving birth to both singletons and twins.

PP1 PP2 PP3 PP4
Diameter
Singleton 1.67 + 0.09 1.50 +0.08 1.43 +0.07 1.34 +0.05
(n=9)
Twin (n =4) 2.09 £ 1.66 1.95+0.16 1.81+£0.22 1.65+0.19
P <0.05 <0.05 =0.05 =0.05
CPP%
Singleton 2.78 £ 1.05 2.67 £ 1.05 1.36 + 0.51 1.20 £ 0.73
(n=9)
Twin (n = 4) 7.43 +4.83 1.92 + 1.00 2.73+1.98 1.15+0.49
P ns ns ns ns
Cs (m/sn)
Singleton 2.29+0.10 226 +£0.11 2.55+0.18 2.33+0.18
(n=9)
Twin (n = 4) 2.28+0.14 2.52+0.12 2.27+0.15 2.61 £0.31
P ns ns ns ns
EKPA
Singleton 16.71 £ 1.62 17.79 +£2.23 19.74 £2.73 18.87 +3.77
(n=9)
Twin (n = 4) 15.81 £2.29 19.32 +2.07 18.01 £ 1.91 21.19 +5.46
P ns ns ns ns

P: Significance, ns: P < 0.05.

PP5 PP6 PP7 PP14 P
1.42 £0.07 1.36 + 0.07 1.28 £0.10 1.05+0.11 <0.001
1.51+0.14 1.44 +0.14 1.25 +0.09 0.95+0.14 <0.01
ns ns ns ns ns
2.12+1.30 2.01 +0.82 0.48 +0.23 0.35+0.20 <0.01
4.26 +1.82 1.96 + 1.45 0.45 +0.29 0.33 +0.23 <0.01
ns ns ns ns ns
2.06 +0.10 1.97 +0.15 2.04+0.19 1.41 +0.12 <0.05
2.31+0.13 2.58 +0.04 249+0.21 1.89 +0.10 <0.05
ns ns ns ns ns
14.37 £ 0.95 14.09 + 2.86 13.82 +2.54 9.29 +1.38 <0.05
1491 £ 2.62 20.76 + 0.88 20.58 +£3.18 13.24 £ 0.35 <0.05
ns ns ns ns ns

FIGURE 2

appearance at PP7. (C) Dispersed caruncular area at PP14.

B-mod ultrasonographic evaluation of uterine caruncles. (A) Spherical shape of a caruncle at PP1. (B) Caruncular area with an inconsistent and blurred

The time-dependent differences in SWS (m/sn) and stiffness
(EKPA) in the caruncles were statistically significant (p < 0.05) in ewes
giving birth to both singletons and twins (Table 1). The caruncular
SWS (m/sn) and stiffness (EkPa) of all ewes at PP14 were significantly
lower than at PP1 and PP2 (p < 0.05) (Figure 4).

The association between the widest cross-sectional diameter,
CPP%, SWS, and the stiffness of uterine caruncles was evaluated. The

Frontiers in Veterinary Science

widest cross-sectional diameter of caruncles was not significantly
associated with the SWS and stiffness of the caruncles (p > 0.05). At
PP2 and PP5, the stiffness of the caruncles was inversely correlated
with CPP% (p < 0.01, p < 0.05, respectively). The median, percentiles,
maximal and minimal values of diameter, stiffness and CPP% belong
to the caruncles of all ewes on the examination days are given in

Figure 5.
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Cervix uteri

The examination of the uterine cervix included the widest
diameter, SWS (Cs, m/sn), and stiffness (EkPA). The SWS and stiffness
values of IOC and EOC were taken in a longitudinal view of cervix
( ). The time-dependent differences in the diameter of the
cervix were statistically significant (p < 0.01) in ewes giving birth to
). At PP3, the widest cross-sectional
diameter of the cervix in ewes giving birth to twins was significantly

both singletons and twins (

CPP(Trace) CPP(Trace) 047% .5

B

FIGURE 3

Power Doppler ultrasonographic evaluation and quantification of the
vascularization on the uterine caruncles. (A) Quantification of
colored pixels and moderate vascularization on a caruncle at PP6.
(B) Low vascularization on a caruncle and decrease in CPP at PP14.

10.3389/fvets.2024.1484189

higher than in ewes giving birth to singletons (p < 0.05). However, at
PP35, the widest cross-sectional diameter of the cervix in ewes giving
birth to twins tended to be higher than in ewes giving birth to
singletons (p = 0.07). The diameter of the cervix uteri of all ewes at
PP3 was significantly higher than PP14, PP21, and PP28 (p < 0.05).
The time-dependent differences in the SWS (m/sn) and stiffness
(EKPA) at the IOC were statistically significant (p < 0.01 and p = 0.001)
in ewes giving birth to both singletons and twins ( ). The SWS
at the IOC for all ewes at PP35 was significantly higher than at PP1,
PP4, PP7, and PP14 (p < 0.05). Also, at PP35, SWS and stiffness at the
IOC were significantly higher in ewes giving birth to twins compared
to the ewes giving birth to singletons (p < 0.001). The stiffness at the
IOC at PP35 for all ewes was significantly high from at PP1, PP4, PP7,
and PP14 (p < 0.01), while it tended to be high from at PP2, PP5, and
PP6 (p = 0.07). However, the time-dependent differences in the SWS
and stiffness at the EOC were not statistically significant (p > 0.05). At
PP3, SWS and stiffness at the EOC in ewes giving birth to singletons
were significantly higher compared to the ewes giving birth to twins
(p < 0.01). At PP21, the mean stiffness at the EOC in ewes giving birth
to singletons was significantly higher compared to the ewes giving
birth to twins (p < 0.05), however, SWS at the EOC in ewes giving
birth to singletons tended to be higher than in ewes giving birth to
twins (p = 0.08). At PP35, the stiffness at the EOC in ewes giving birth
to singletons tended to be higher compared to the ewes giving birth
to twins (p = 0.07).

The association between the widest diameter, SWS, and
stiffness of the uterine cervix was evaluated. At PP6 and PP21,
SWS at the IOC was inversely associated with the diameter of the
cervix (p < 0.01 and p < 0.05, respectively). However, at PP2 and
PP4, SWS at the IOC tended to be inversely associated with the
diameter of the cervix (p = 0.05 and p = 0.06, respectively). At

FIGURE 4

Shear wave elastography of caruncles. (A) Caruncule in a square ROl with a concave shape at PP1. (B,C) Qualitative map of shear wave elastography
and quantitative evaluation of a caruncle with total 4 ROI at PP1. (D) An image of shear waves with 99% RLB index. (E,F) Qualitative map of shear wave
elastography and quantitative evaluation of a caruncle with inconsistent and blurred appearance and total 4 ROl at PP14
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FIGURE 5
Uterine caruncle values. The point represents the median, the margins represent the percentiles (25 and 75), and the extensions of the bars represent
the maximal and minimal values

AP 93.33% MI1.3TIS0.6 AP 93.33% MI1.3TIS 0.6

E 200 kPa M-STB Index: # % %

#RLB Index = 86%

C

AP 93.33% MI1.3TIS0.6 AP 93.33% MI1.3TIS0.6

E 200 kPa M-STB Index: #  H % 7|

No.2: Elas. Diam: 2mm
EﬂkPa): A
Ortalama: 38.90
Maks: 90.20
Min: 16.00
SD: 19.20

FIGURE 6

Shear wave elastography at the IOC and EOC at PP1 belonging to an ewe giving birth to twin offspring. (A) Shear wave image at the IOC with 86% RLB
index. (B) Quantitative evaluation of the IOC with 2 ROI. M-STB index: 4 stars. (C) Qualitative map of shear wave elastography at the I0OC. (D) Shear
wave image at the EOC with 85% RLB index. (E) Quantitative evaluation at the EOC with 2 ROI. M-STB index: 4 stars. (F) Qualitative map of shear wave
elastography at EOC.

PP4 and PP6, the stiffness at the IOC was inversely associated  significantly associated with both SWS and stiffness at the EOC
with the diameter of the cervix (p <0.01 and p=0.01, in all examination times (p > 0.05). The median, percentiles,
respectively). The widest diameter of the cervix was not maximal and minimal values of diameter and elastography
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FIGURE 7

shear wave elastography at the EOC.

No.1: Elas. Diam: 2mm

Shear wave elastography at the IOC and EOC at PP42 belonging to an ewe giving birth to singleton offspring. (A) Shear wave image at the IOC with
100% RLB index. (B) Quantitative evaluation at IOC with 2 ROI. M-STB index: 4 stars. (C) Qualitative map of shear wave elastography at the IOC.
(D) Shear wave image at the EOC with 99% RLB index. (E) Quantitative evaluation at the EOC with 2 ROI. M-STB index: 4 stars. (F) Qualitative map of
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measurements of the cervix (IOC, EOC) of all ewes on the
examination days are given in

Vulva

Examining the vulva, the mean thickness of both vulvar lips,
SWS (Cs, m/sn), and stiffness (EKPA) (
The time-dependent differences in the mean thickness of both

) were evaluated.

vulvar lips were statistically significant (p < 0.001) in ewes giving
). At PP42, the mean
thickness of both vulvar lips in ewes giving birth to twins was

birth to both singletons and twins (

significantly higher than in ewes giving birth to singletons
(p < 0.05). The thickness of the vulva for all ewes at PP1 was
significantly high from at PP2, PP3 (p < 0.01) and from the other
examination days (p < 0.001).

Frontiers in

The time-dependent differences in the SWS (m/sn) and stiffness
(EKPA) in the vulva were statistically significant (p < 0.001) in ewes
). At PP6, the SWS
in ewes giving birth to singletons was significantly higher than in ewes
giving birth to twins (p < 0.05). While the vulvar SWS of all ewes at
PP1 tended to be low from at PP2, PP3, PP5, and PP7 (p = 0.07), it was
significantly low from the rest of the examination days (p < 0.01). The

giving birth to both singletons and twins (

vulvar stiffness of all ewes at PP1 was significantly low from at PP4,
PP5 and PP14 (p < 0.05) and at PP21, PP28, PP35, PP42 (p < 0.01).
The association between the thickness, SWS, and stiffness of the
vulva were evaluated. At PP35, the thickness of the vulva was
significantly associated with the SWS (p < 0.05), while the thickness
of the vulva tended to be related to the SWS at PP5 (p = 0.06). The
stiffness of the vulva was not significantly correlated with the thickness
of the vulva for all examination times (p > 0.05). The median,
percentiles, maximal and minimal values of thickness and elastography
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TABLE 2 The time-dependent differences in the evaluated parameters of the cervix uteri in ewes giving birth to both singletons and twins.

PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP14 PP21 PP28 PP35 PP42 P
Diameter
Singleton 0.65 % 0.03 0.64 % 0.03 0.60 £ 0.02 0.58 +0.03 0.64 + 0.04 0.55 +0.04 0.56  0.03 0.51%0.03 0.52 + 0.04 0.52 + 0.04 0.50 +0.03 0.50 +0.03 <0.01
(n=9)
Twin 0.62 +0.09 0.71£0.10 0.79 £ 0.09 0.66 % 0.05 0.64 +0.06 0.67 +0.06 0.65 +0.03 0.55+0.07 0.55 +0.07 0.55 +0.08 0.67 +0.11 0.59 +0.08 <0.01
(n=4)
P ns ns <0.05 ns ns ns ns ns ns ns 0.07 ns ns
Internal Cs (m/sn)
Singleton 2.96 £0.31 2.78 £0.26 3.62+0.5 2.7+0.12 3.05+0.36 3.51+£0.46 344 +0.32 293+0.24 3.87 £0.62 3.67 £0.41 3.51+0.24 4.00 £0.38 <0.01
(n=9)
Twin 3.44%0.68 3471073 35103 2.71+0.61 34802 2.89 +0.48 3.05 £0.05 3.59+0.23 3.53+0.83 3.10 £0.27 6.27 £0.50 3.98 +0.51 <0.01
(n=4)
P ns ns ns ns ns ns ns ns ns ns <0.001 ns <0.05
Internal EKPA
Singleton = 30.46+6.75 | 2611%516 | 51.92+1575 2327 £2.19 3257889 | 47.20+11.83 4120 + 8.58 2828 +4.56 | 59.45+2321  4749+10.30  39.86 £ 5.62 58.65+9.75 | =0.001
(n=9)
Twin 40.41 £17.21 42.07 £18.12 39.94 £ 6.6 29.74 £ 15.66 38.20 £ 4.42 29.75£9.06 29.21 £0.67 39.98 £ 5.06 4591 £21.47 3091 +5.46 138.41 +28.79 54.04 +13.7 =0.001
(n=4)
P ns ns ns ns ns ns ns ns ns ns <0.001 ns <0.01
External Cs (m/sn)
Singleton 3.49 +0.51 3714027 4.57 0.4 3.53+0.32 535+ 1.01 4.29+0.63 4.93+£0.63 6.13 +£0.96 4234035 4.56 £ 0.34 5.22+0.65 535+ 0.80 ns
(n=9)
Twin 3.83+0.36 2.99+0.25 3.18£0.10 4.79 £2.10 2.99 £0.44 3.40 +0.56 6.04 £3.01 4.13 £0.41 3.17£0.22 3.52+0.45 3.47+0.26 3.62+0.52 ns
(n=4)
P ns ns <0.01 ns ns ns ns ns =0.08 ns ns ns <0.05
External EKPA
Singleton | 49.47+18.47 = 4577+6.60 | 7521%16.59 41.76 £ 8.02 118.40 £ 4451 | 71.15+24.46  88.67+23.41 | 14620+44.32 | 61751220  69.13+8.82  103.93+29.40 = 119.07 +34.23 ns
(n=9)
Twin 47521114 | 29.64+3.28 | 3155+238 11864+ 10159 | 29.77+8.56 | 39.94+1357 19850 +163.54 = 5564+1149 | 31.83+4.02  4075+9.97 38204523  45.08+12.15 ns
(n=4)
P ns ns <0.01 ns ns ns ns ns <0.05 ns =0.07 ns ns

P: Significance, ns: P < 0.05.
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FIGURE 9

quantitative evaluation of a vulvar labium. M-STB index: 4 stars
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Shear wave elastography of vulva at PP6. (A) An image of shear waves with 100% RLB index. (B) Qualitative map of shear wave elastography and

measurements of the vulva of all ewes on the examination days are
given in

The genital tract returns to the pregravid state after many
progressive changes in the postpartum period. Non-invasive imaging
techniques such as B-mode ultrasonography, Doppler ultrasonography;,

Frontiers in

and elastography were preferred to evaluate the genital system during
the postpartum period in ewes (1, 15, 18). Although there are many
studies on the evaluation of uterine involution by using B-mod (6) and
Doppler ultrasonography (14, 15), there are limited elastography
studies on the postpartum term in ewes (1). In this study, the changes
in caruncles, cervix uteri, and vulva were investigated by using
non-invasive imaging techniques (B-mod ultrasonography, power
Doppler ultrasonography, and shear wave elastography). To our

knowledge, this is the first study to evaluate the elasticity of the
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TABLE 3 The time-dependent differences in the evaluated parameters of the vulva in ewes giving birth to both singletons and twins.

Thickness

PP1

PP2

PP3

PP4

PP5

PP6

PP7

PP14

PP21

PP28

PP35

PP42

p

Singleton
(n=9)

0.51£0.01

0.41 +£0.01

0.46 £ 0.01

0.44 +0.01

0.433 +£0.01

0.422 £ 0.01

0.388 £ 0.01

0.382 £ 0.01

0.383 £ 0.01

0.373 £0.01

0.377 £0.01

0.344 +0.01

<0.001

Twin

(n=4)

0.52 +0.02

0.47 +£0.01

0.43 +0.02

0.41 +£0.02

0.438 +0.01

0.436 + 0.02

0.429 +0.02

0.421 +0.02

0.409 + 0.02

0.405 + 0.02

0.386 + 0.006

0.410 +0.01

<0.001

P

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

<0.05

ns

Cs (m/sn)

Singleton

(n=9)

291+0.14

3.10+0.14

3.24+0.17

3.14+0.13

3.09+0.14

3.06 £ 0.07

3+0.09

3.07 £0.08

3.32+0.11

3.28 £0.09

3.35+0.13

3.56 £ 0.15

<0.001

Twin

(n=4)

2.39 £0.20

2.64+0.10

2.89 £0.01

3.29+£0.16

2.87 £0.05

2.79 £0.04

2.90+0.11

2.86 +0.14

3.05+0.07

3.15+0.15

3.28+£0.16

3.54+0.09

<0.001

P

ns

ns

ns

ns

ns

<0.05

ns

ns

ns

ns

ns

ns

ns

EKPA

Singleton

(n=9)

27.22 +£2.88

29.84 +£2.93

31.06 +£2.78

30.15+ 1.85

27.76 £ 1.38

30.52 +2.09

29.7£2.15

29.3+1.87

32.84+1.74

352+3

34.82 + 2.66

44.14 + 3.56

<0.001

Twin

(n=4)

18.53 £3.12

21.7 £ 1.67

27.03+2.11

33.82 £3.52

29.73 £2.95

24.74£0.51

25.87 £2.06

25.25+2.47

28.2+£2.07

30.11 £4.21

32.39 £ 3.63

38.23 £4.95

<0.001

P

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

P: Significance, ns: P < 0.05.

101

e 39 ewdn

68TY8YT 7202 S¥1PN/68¢5 0T


https://doi.org/10.3389/fvets.2024.1484189
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Ugmak et al. 10.3389/fvets.2024.1484189
+ ] ;
. | . 0t
1 . -
¥ v ; 1 I v 1 i : i +
: . - tiid ' g
T 4 § i . I B S
t * 11 I ! . t i
. { : D | { ! Pl
| . i
{
B EEEEEEEEE. B EEEEEEEEEE E fFEEEREGOFERE
EKPA Cs Thickness
FIGURE 10
Vulva values. The point represents the median, the margins represent the percentiles (25 and 75), and the extensions of the bars represent the maximal
and minimal values.

caruncles, cervix uteri, and vulva during the postpartum period
in ewes.

The size of the caruncles had a progressive, significant
reduction afterward in the degeneration and necrosis on their
surface, especially during the first week after lambing (7, 18).
During the regression process, caruncles change their appearance
from concave to convex imaged the caruncles with inconsistent
and blurred structures at the longitudinal section taken on the
fourth day postpartum during a transcutaneous examination at the
inguinal area (18). In line with Ioannidi et al. (18), caruncles were
concave until the fourth day of the postpartum period. Most
authors have reported that imaging of caruncles by using B-mod
ultrasonography after the 10th day postpartum was not possible
and rare (7, 19). Differentiating the caruncles from uterine
endometrial folds is usually tricky (7). Kdhn (20, 21) mentioned
that caruncles were visible during the second week after lambing
despite their decreased size. Ababneh and Degefa (19) imaged the
caruncles subsequently to the 13th day postpartum. Similar to the
previous reports (19-21), there was a reduction in the size of the
caruncles during the first 14 days of postpartum in both ewes
giving birth to singleton offspring and twin offspring in the present
study. Also, the shape of the caruncles was inconsistent, and their
appearance was blurred on days PP7 and PP14 in this study. In line
with the researchers (7, 19), caruncles were not visible after the
evaluation point at PP14. Fernandes et al. (22) reported that the
sex of newborns and single or twin partitions did not affect the
placental expulsion time and cotyledons diameter (p > 0.05).
Similarly, placental expulsion was completed within 9 h after
delivery in all ewes in this study. Enginler et al. (23) indicated that
Saanen’s gestation type (single and twin) and parity (primiparous
and pluriparous) had no significant effect on caruncular diameter
in the involution period except on day 13. However in this study,
caruncular diameters of the ewes with twin parturition were
significantly higher in the first 2 days of postpartum compared to
the singleton parturitions.

O’Shea and Wright (11) evaluated the involution and
regeneration of the endometrium following parturition in the ewes
by light-and electron microscopy. Eight days after parturition,
degeneration of the tissues of the placentomas was more marked,
and caruncles appeared weakly vascularized. Fifteen days after
parturition, the dead placental tissue had separated from the
caruncles (11). Fernandes et al. (22) reported that necrotic plaques
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are released in caruncular involution in the second week of the
postpartum period in ewes, and re-epithelialization of the
caruncular region occurs during the third or fourth postpartum
week. Henao-Gonzalez et al. (24) investigated the ultrasonographic
screening of dairy cows with normal uterine involution, and they
stated that caruncular vascular supply decreases throughout the
involution process. In harmony with the previous reports, the
caruncular diameter and vascularization (CPP%) of the caruncles
were reduced from PP1 to PP14, regardless of the number of
offspring in this study (p <0.001 and p < 0.01, respectively).
During the involution, CPP was not different between the single or
twin parturition (p > 0.05). It was thought that the reduction of the
caruncular vascularization on the postpartum period occurred due
to the degeneration of the caruncular tissues in ewes.
Elastography is a non-invasive imaging technique used to
evaluate tissue stiffness. Alan et al. (25) assessed the placental
stiffness in pregnant women with fetal anomalies using ARFI
elastography. They indicated that placental stiffness was
significantly higher in pregnancies with fetal anomalies compared
to healthy individuals. In addition, Alan et al. (25) did not observe
a correlation between placental thickness and elasticity parameters.
Da Silva et al. (17) assessed the maternal and fetal structures in
pregnant ewes by using ARFI elastography. They indicated that the
shear wave velocity of the placentomes remained constant through
gestation in ewes. Although in this study the evaluation term was
different from the previous reports, the caruncular SWS (m/sn)
and stiffness (EkPa) of all ewes at PP14 were significantly lower
than from at PP1 and PP2 (p < 0.05). The higher SWS and stiffness
values of the caruncles obtained on day PP1 and PP2 could
be related to the caruncular necrosis while the lower values
obtained on day PP14 could be related with the release of the
necrotic tissues and the onset of the re-epithelialization process
(necrotic tissue; stiffer, re-epithelialization tissue; softer). In line
with Alan et al. (25), the broadest cross-sectional diameter of the
caruncles was not related to the elastography parameters (p > 0.05).
To the authors’ knowledge, this is the first study that evaluates the
caruncular stiffness in the postpartum involution process in ewes.
The cervix is composed of layers of collagen and smooth
muscles. The structure of the cervix is associated with collagen
hyaluronan, matricellular proteins, and proteoglycans, and they
cause the cervix to mature. Following birth, the cervix rapidly
recovers (26). The process of involution in cows was assessed by
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the reduced diameter of the cervix at postpartum (27). Harkness
and Harkness (28) stated that the circumference of the cervix in
rats falls in 8 h to about one-third of that at parturition.
Subsequently, there is a slower fall until the eighth day, when the
value is about an eighth of that at parturition (28). The diameter of
the cervix in cows is accepted as a valuable indicator of the
involution process (29). They reported that involution of the cervix
in cows was affected by parity and type of postpartum discharge.
The diameter of the cervix during 2 to 6 weeks postpartum
regressed both in multiparous and primiparous cows with normal
or abnormal discharge (29). Usmani et al. (30) observed slower
involution of the cervix and uterus in buffaloes with subclinical
bacterial uterus infection. Although the cervix’s involution rate is
affected by the disease, it has been reported that the diameter of
the cervix decreases by half when involution is completed in both
healthy buffalos and those with uterine infections (30). Miettinen
(31) indicated that the time duration for the involution of the
cervix (approximately 30 days) was quite similar in primiparous
and multiparous (3. parity) cows, and the cervix diameter looked
alike at 3 weeks after parturition in primiparous and multiparous
(3. parity) cows. Unlike the researchers (29, 30) in the present
study, uterine infection was absent during the postpartum period
in ewes, which were all multiparous. In this study, the diameter of
the cervix uteri of all ewes at PP3 was significantly higher than
PP14, PP21, and PP28 (p < 0.05). Only at PP3, the diameter of
cervix in twin parturitions was higher than the ewes giving birth
to singleton offspring.

The usefulness of elastography is not only valuable in obstetrics
but may also play a significant role in gynecological conditions. In
humans, SWS at the cervix was evaluated in healthy pregnant
women (32), hysterectomy specimens of premenopausal women
(33), pregnant women with pathological cervix (34) and
differentiation of the benign from the malignant cervical lesions
(35). In rats, the elastic and viscous behavior of the cervix was
evaluated by a hydroxyproline assay, which measures collagen
content (36). Mariano et al. (1) assessed the stiffness of the uterine
wall parenchyma in healthy ewes during postpartum 30 days. They
found that the mean shear velocity values of the uterine wall in
quantitative elastography did not differ. Peralta et al. (16)
investigated cervical stiffness by using shear wave elastography in
pregnant ewes, which are induced with dexamethasone for cervical
ripening. They observed a significant decrease in SWS in the first
4-8 h after dexamethasone compared to controls, which was
thought to be associated with cervical ripening induced by
dexamethasone. Studies have described elastography with
significant results in veterinary research, but this is the first study
to evaluate cervical stiffness during postpartum 42 days in Kivircik
ewes. This study evaluated SWS and stiffness in a longitudinal view
of the cervical canal on the IOC and EOC during the postpartum
period. Regardless of the offspring number, the SWS and stiffness
at the IOC were significantly higher at PP35 compared to the
evaluation points at PP1-PP4-PP7-PP14. Liu et al. (2) reported that
uterine involution was completed by day 30 postpartum in ewes
with singleton parturitions, by day 35 postpartum with twin
parturitions, and by day 40 postpartum with triplet parturitions.
Tanaka et al. (37) measured the shear wave velocity before,
immediately after, and 1 and 2 h after placental delivery to
determine the cervical stiffness in women with vaginal delivery.
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They did not observe a significant alteration in the stiffness of the
cervix over time. This may be due to the fact that the study (37) was
conducted in a limited time that did not fully cover the involution
period of the uterus. Although the evaluation time scale in the
present study differs from the report by Tanaka et al. (37), time-
dependent differences in the elasticity parameters belonging to the
EOC were nonsignificant while they were significant at the
IOC. The lower SWS and stiffness values at the IOC obtained on
PP1, PP4, PP7 and PP14 compared to PP35 could be related to the
involution process of the cervix and the change in the composition
of it (ripened; soft, involuted; stiff). Although the broadest cross-
sectional diameter of the cervix was significantly related to the
SWS value of the IOC at PP6 and PP21, there was no relation
between the diameter of the cervix and elasticity parameters of the
EOC for all evaluated times. In this study, the lack of time-
dependent change in SWS and stiffness values in EOC may be due
to the fact that the changes in the compositions and involutions of
EOC and IOC are different and these changes are more dramatic
in IOC. We believe this study provides important and novel
information about the objective quantification of cervical stiffness
(I0C and EOC) during the postpartum period.

The vulva is the external genital organ in females, ranging from
10 cm to 12 cm in cows, while for does and ewes, it is a quarter of
the length (38). During parturition, the cervix, vagina, and vulva
are the physical and anatomic barriers (39). At the parturition,
some externally visible changes occur in animals. The most
important external changes of approaching parturition are seen in
the udder, vulva, and pelvic ligaments and, to some extent, in the
behavior (40). The vulva becomes progressively edematous, flaccid,
and enlarged (2 to 5 times the average size) as parturition
approaches in most domestic animals (41). Saut et al. (42)
investigated vulvar edema in dairy cows for 43 postpartum days.
The severity of vulvar edema disappeared after the 3rd postpartum
day, and a significant decrease in vulvar edema was observed until
the 43rd postpartum day (42). The thickness of the vulva for all
ewes at PP1 was significantly high from at PP2, PP3 (p < 0.01) and
from the other examination days (p < 0.001). The decrease in the
thickness of the vulva is due to the reduction of vulvar edema in
the postpartum period. The SWS and stiffness values of the vulvar
lips at PP1 were significantly lower compared to at PP14, PP21,
PP28, PP35, and PP42. This may be due to the softness of the
vulvar lips as a result of the edema at PP1. To the best of our
knowledge, this is the first study in ewes to evaluate the elasticity
of the vulva in the postpartum period.

Conclusion

Recent studies have reported ultrasonography (B-mode and
Doppler) as a valuable tool for evaluating the involution process in
ewes. In our research, it was possible to describe the changes
throughout the postpartum period and assess the involution of uterine
cervix, caruncles, and vulvar labia and tissue stiffness during
postpartum involution by B mode ultrasonography, power Doppler
ultrasonography, and shear wave elastography with significant results.
We provided valuable information to elucidate the differences in the
involution process concerning the offspring number during the
postpartum period in Kivircik ewes. Shear wave elastography may be a
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valuable method for objectively quantifying the stiffness of the
gynecological tissue and organs.
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Feline sacroiliac luxation:
comparison of
fluoroscopy-controlled freehand
vs. computer-navigated drilling in
the sacrum—a cadaveric study

Lukas Kleiner!*, Nicole Wolf?, Christina Precht?,
Kati Haenssgen*, Franck Forterre®? and Pia Dlver?

!Divison of Small Animal Surgery, Department of Clinical Veterinary Medicine, Tierklinik Marigin,
Feusisberg, Switzerland, ?Divison of Small Animal Surgery, Department of Clinical Veterinary Medicine,
Vetsuisse-Faculty, University of Bern, Bern, Switzerland, *Divison of Clinical Radiology, Department of
Clinical Veterinary Medicine, Vetsuisse-Faculty, University of Bern, Bern, Switzerland, “Divison of
Veterinary Anatomy, Department of Clinical Research and Veterinary Public Health, Vetsuisse-Faculty,
University of Bern, Bern, Switzerland

Introduction: Sacroiliac luxation is a common traumatic feline injury, with
the small size of the sacral body being a challenge for surgical stabilization.
This study compared an innovative computer-guided drilling method with the
conventional fluoroscopy-controlled freehand technique. Neuronavigation,
using CT-based planning and real-time tracking, was evaluated against the
freehand method for accuracy and time efficiency.

Materials and methods: Bilateral sacroiliac luxation was induced in 20 feline
cadavers. One side of the sacral body was drilled using fluoroscopy, and the
other with neuronavigation (Stealth Station S8). A reference frame was affixed to
the sacral spinous process for tracking. Ten cats were operated on by an ECVS
diplomate and 10 by a resident. Postoperative cone beam CT images were used
to assess both techniques, comparing the accuracy of the planned corridor
vs. the actual drill hole in the sacrum. A learning curve for both methods was
estimated by measuring procedure time.

Results: CT scan assessments showed all 40 drill holes achieved “surgically
satisfactory” results. The computer-navigated technique demonstrated an
average deviation of 1.9 mm (SD 1.0 mm) at the entry point and 1.6 mm (SD
0.8 mm) at the exit point. The pins of 3/20 reference frames penetrated
the vertebral canal, creating a risk for potential clinical complications. The
neuronavigation-guided procedures took an average of 23 min and 37 s (SD
8 min 34 s), significantly longer than the freehand technique, which averaged
9 min and 47s (SD 3 min 265s). A steep learning curve was observed with
neuronavigation.

Discussion: The neuronavigation-guided technique achieved accuracy is
comparable to the fluoroscopy-controlled method, is offering real-time
feedback and has potential for highly precise surgeries near critical anatomical
structures. However, significant attention must be given to the placement of the
reference frame, as it is placed blindly and presents a potential risk for errors and
complications. Despite its longer duration, the neuronavigation method shows
promise for improving precision in complex surgical scenarios.
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1 Introduction

One of the most common fracture sites after trauma in cats is the
pelvic region (1). Up to 60% of cases of pelvic fractures involve the
sacroiliac joint. Sacroiliac fracture luxations are injuries most
commonly observed following falls from height or after motor vehicle
trauma and usually occur in combination with other pelvic fractures
or soft tissue injuries. In cats, sacroiliac dislocations are bilateral in
approximately 15% of cases (1).

Based on the radiologically assessed grade of displacement and
the clinical symptoms, either conservative management or surgical
treatment may be considered. Surgical stabilization is indicated in
cases of severe pain, neurologic deficits, pelvic canal stenosis, and/or
when rapid return to weight-bearing activity is desired (2-4). The
most common surgical method is the placement of a lag screw
through the iliac wing into the sacrum, either through an open or
minimally invasive approach. Both methods are usually performed
under fluoroscopic control, but can also be performed without
fluoroscopy (5-7). There are also reports of successful stabilization
using single transiliosacral pin (8), transiliosacral toggle suture (9),
transileal pin/bolt/screw (10), ventral screw placement (11) and
tension band technique (12). Placement of the lag screw within the
sacral body is the most critical part of the procedure, as the safe
corridor is small and there are several important structures which
should not be damaged during the surgery (termination of the spinal
cord and nerve roots dorsally, intervertebral disc cranially and
important nerves and vascular structures ventrally). The optimal entry
point and angle of the screw were analyzed in several studies (13-15).
For sufficient bone purchase, the screw should penetrate 60% of the
sacral diameter (16).

Previous studies evaluated open and minimally invasive
placement of lag screws under fluoroscopic control. Malpositioning of
the screw was seen in 7.5-12.5% of cases, which directly led to revision
surgery or had an increased risk of postoperative implant loosening
(5,7, 10, 16).

In human medicine, computer technology has been used in the
operating room for years to improve the accuracy and safety of various
procedures. Especially for brain and spine surgery, neuronavigation
enables accurate implant placement by visualizing the corridor being
drilled and any deviations of the planned corridor in real-time (17-
19). The technique is considered safe and effective in humans for
sacroiliac joint surgery (20-22).

In veterinary medicine the use of neuronavigation is described for
placing toggle constructs across the coxofemoral joint and fracture
treatment in horses (23-25), minimally invasive spinal stabilization in
dogs (26), vertebral pin placement in dogs (27), craniectomies in dogs
with osteochondrosarcoma (28) and brain biopsies in dogs and cats
(29). In horses this technique is used in clinical cases to place implants
in the proximal phalanx, the third metatarsal bone, the ulna or the
medial femoral condyle (24).

To date, the author is not aware of any studies on the application
of neuronavigation for the surgical treatment of feline sacroiliac
luxation. The purpose of this study was to evaluate the accuracy and
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safety of this technology for treatment of feline sacroiliac luxation.
We hypothesized that drilling a hole in the sacrum using computer-
navigated drilling through neuronavigation would be at least as
accurate as conventional freehand drilling under fluoroscopic control.
Additionally, we expect a steep learning curve, particularly for
computer-navigated drilling, due to improvement in workflow
execution and the application of the new technique. This is expected
to affect the overall surgery duration.

2 Materials and methods

Bilateral sacroiliac luxations were created in 20 feline cadavers and
a drill hole was placed into the sacral body on each side. One side was
operated on using conventional fluoroscopy-controlled freehand
technique and one side was operated on using the new
neuronavigation technique.

2.1 Cadavers

Twenty cadavers of skeletally mature cats were included in the
study. All cats died or were euthanized due to medical conditions
unrelated to this study at the clinics of the authors. Cats had to be free
of pelvic and sacral pathologies, which was confirmed by an initial
cone beam computed tomography (CBCT; O-arm, Medtronic,
Louisville, Colorado) scan. Thus, exclusion criteria were pelvic
fractures, sacroiliac luxation, lumbosacral (sub)luxation, sacral
fractures and neoplasia.

All cadavers were prepared in an identical manner. A ventral
approach to the pelvic symphysis (30) was performed in dorsal
recumbency. The pelvic symphysis was then separated using an
oscillating saw (Colibri II; DePuy Synthes, West Chester, PA) to
simulate the instability occurring in clinical cases due to additional
pelvic fractures. Finally, a standard dorsolateral open approach to the
wing of the ilium and dorsal aspect of the sacrum (30) was performed
in lateral recumbency to manually separate the sacrum from the ilium
with a raspatorium. This was done bilaterally resulting in a total of 40
sacroiliac luxations.

2.2 Order of procedures

All procedures were performed by either an ECVS Diplomate
or a second year ECVS resident. The planning for the computer-
navigated technique was performed by another ECVS resident, and
had no prior experience with the navigation software before. The
decision as to which of the two surgeons would begin with the first
cadaver was randomly assigned. The two surgeons then took turns
to conduct the surgery to ensure that the learning curve of the
person doing the planning was distributed as evenly as possible.
Both techniques [computer-navigated (CN group) vs. fluoroscopy-
controlled freehand (FC group)] were performed on each cadaver.
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The decision as to which side of each cadaver was used for
fluoroscopy-controlled and which was used for computer-
navigated surgery, as well as which side was started with,
was randomized.

As a result, each surgeon performed 10 procedures of
each technique.

2.3 Technical equipment

For intraoperative imaging a mobile CBCT unit (O-arm) was
used, which was connected to the surgical navigation system
StealthStation S8 (Medtronic) and provided two-dimensional and 3D
images. The StealthStation S8 (SS) allows tracking of the surgical
instruments relative to the patient’s anatomy on a screen.

The unit was used either for fluoroscopy (FC group) or to perform
a CBCT and neuronavigation (CN group).

2.4 Surgical procedure

All animals were placed in lateral recumbency for both
procedures, controlled by fluoroscopy with the O-arm. Correct
positioning (was achieved with towels) was evaluated by
superimposition of the transverse processes of the seventh lumbar
vertebra. The approach to the wing of the ilium and the dorsal
of the
cadaver preparation.

aspect sacrum was already performed during
The goal of both techniques was to position the drill hole centrally
within the first sacral body, with its end at 50% of the
mid-transversal width.
After completion of each procedure, a control CBCT was

performed to evaluate the drill hole within the sacrum.

2.4.1 Computer-navigated drilling

The neuronavigation system from Medtronic consists of two
parts: the O-arm for performing fluoroscopy and CBCT scans and
the SS, a surgical navigation system that allows the surgeon to
follow the position of instruments live on the screen during
surgery. The position of the patient and the instruments is
determined by optical tracking via an infrared camera. For this
purpose, a reference frame with 4 reflecting spheres needs to

10.3389/fvets.2024.1510253

be attached to the bone, into which the navigated hole will
be drilled, while the drill used must be equipped with a tracker
(sure track 2, Medtronic).

With this system, the surgeon can plan a corridor on the 3D
reconstruction on the screen and track the instruments in different
planes in real time during surgery.

The placement of the reference frame in the spinous process of the
feline sacrum is performed without direct visualization. An anatomical
study assessed the optimal position of the pin from the reference
to minimize the risk of critical

frame compromising

anatomical structures.

2.4.1.1 Anatomical landmarks for reference frame
placement

The skin and dorsal musculature over the sacrum, medially to the
bilateral dorsolateral approach, were dissected and reflected caudally.
The fascial layer and fatty tissue were subsequently removed. The
dorsal sacrococcygeal muscle was then detached from the sacrum to
expose the dorsal sacral foramina. With the dorsal sacral foramina
exposed, the dorsal rami were carefully dissected and visualized
(Figure 1A).

To achieve adequate stabilization of a smooth pin in the small
feline sacrum, two fixation points are required: one at the spinous
process of the first or second sacral vertebra and another at the
sacral roof (Figure 1B). Ensuring a secure hold in the spinous
process necessitates precise placement of the pin. Inserting the pin
too dorsally in the spinous process may not provide sufficient
stability, while inserting it too ventrally risks penetrating the
vertebral canal. Therefore, the optimal insertion point is at the
transition from the middle to the dorsal third of the spinous
process. This strategic placement minimizes the risk of vertebral
canal penetration while maximizing the anchoring strength
necessary for effective stabilization. The pin should be placed at an
angle of 30-45 degree angle (Figure 1C) to avoid entering the
vertebral canal medially and the dorsal sacral foramina laterally.
Especially when targeting the second spinous process, a steep
enough angle needs to be chosen to avoid the dorsal sacral
foramen where the dorsal branch of the second sacral nerve
The
interconnected and innervate the lateral and medial dorsal

emerges. dorsal branches of the sacral nerves are

sacrococcygeal muscles, as well as the overlying skin areas. In the
event of nerve irritation or injury, the likelihood of significant

FIGURE 1

Landmarks for reference frame placement. (A) Dorsal view on dissected feline sacrum with visualization of the dorsal sacral foramina. (B) Position of
accurately placed pins in the spinous processes of S1 and S2, making contact to the sacral roof medial to the dorsal sacral foramina. (C) Transverse
CBCT-Image of S1 showing the safe angle for placing the reference frame pin, starting at the mid-height of the spinous process (*).
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complications remains low due to the limited functional
significance of the affected structures (31).

2.4.1.2 Reference frame placement

The cadavers were placed in the lateral position on the table and
a blunt dissection was performed down to the spinous process of the
first or second sacral vertebra through the existing incision from the
former approach.

A 3D-printed reference frame (Figure 2A) was used. The material
(Tough 1,500 Resind, Formlabs Inc., Somerville, United States) is
light weighted and was printed with six central holes. A smooth
1.4 mm pin was drilled through one of these holes using press fit
fixation. The pin with the pre-positioned reference frame was then
placed using a surgical drill (Colibri II), according to the anatomical
study, starting in the middle third to dorsal third of the height of the
spinous process and at a 30 to 45-degree angle from ipsilateral
through the spinous process of the first or second sacral vertebra in
contralateral direction to anchor in the roof of the sacrum. The choice
which of the two spinous processes to use was made individually, and
in cases of malpositioning or fracture, the alternate spinous process
was utilized.

The pin was then bent dorsally toward the table to prevent the
reference frame from interfering with the drilling device and to ensure
that the spheres on the reference frame could be detected by the
infrared camera at all times.

The position of the reference frame pin was evaluated on the
postoperative CBCT images.

2.4.1.3 Computer-navigated drilling

The camera of the SS was positioned so that it was able to detect
both the reference frame with at least three of the four reflecting
spheres and the reflecting reference points on the O-arm
simultaneously (Figure 2C).

10.3389/fvets.2024.1510253

The CBCT images are uploaded directly to the SS. The corridor is
planned by defining the entry and target points on the
3D reconstruction.

Before the planned corridor could be drilled, the required
instruments (sure track 2 (Figure 2B) and passive planar sharp,
Medtronic) had to be registered and calibrated with the tracking
device of the SS. Verification of correct registration is essential during
computer-navigated surgery to ensure that the position of the
instrument on the patient reflects the position of the instrument on
the same anatomical structure on the screen. To confirm correct
calibration, the tip of the drill bit was positioned adjacent to the entry
point of the pin of the reference frame on the spinous process and it
was accepted only if the position could be verified in all three planes
on the screen. If the images on the screen showed an identical position
as the drill bit on the patient, drilling into the sacral body along the
planned corridor could be started. The drill hole is then drilled using
the guidance on the screen (Figure 3). In the initial two cases, a
1.8 mm drill was utilized. Due to the presence of a slightly inclined
joint surface, which increased the risk of drill slipping, the initial drill
size was changed in the following cases to 1.1 mm. The 1.1 mm drill
hole was over drilled with a 1.8 mm drill bit.

2.4.2 Fluoroscopy-controlled drilling

The iliac wing is retracted by an assistant, to allow visualization of
the sacral wing. The surgeon placed a 0.8 mm Kirschner wire in the
sacral wing using a surgical drill and aimed for the described position
for a drill hole in the sacral body of cats (14, 16). The position of the
wire was controlled under fluoroscopy and corrected if necessary.
Targeting was focused on the center of the first sacral body. Depending
on the surgeon’s preference a 0.8 mm Kirschner wire was used for all
attempts or the size was changed to a 1.25 mm Kirschner wire.
Fluoroscopic control was performed after each repositioning.
Afterwards the hole within the sacral wing and body was drilled with

FIGURE 2

and the infrared camera for optical tracking (o).

(A) 3D-printed reference frame with pre-positioned 1.4 mm smooth pin. (B) Surgical drill (Colibri Il) with sure track 2 allows the surgeon to follow the
position of the drill tip live on the screen. (C) Set-up for the computer-navigated drilling: O-arm with screen (*), Stealth Station S8 with two screens (+)
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Target Alignment Error: 0.2 mm
FIGURE 3
Screen view during computer-navigated drilling: The blue cylinder represents the drill bit, with its tip positioned at the entry point (*) of the planned
corridor.

a surgical drill bit. Depending on surgeons’ preference the determined
position was first drilled with a smaller drill bit (1.1 mm, 1.5 mm) and
then finalized with a 1.8 mm drill bit or no predrilling was performed.

2.5 Evaluation of the accuracy of the
computer-navigated procedure

To assess the accuracy of the computer-navigated technique, entry
and target points for the drilled holes were defined on postoperative
CT images using SS software (Medtronic), analogous to the initial
plan. Pre- and postoperative CT images were manually superimposed
using the SS software. This allowed a direct comparison between the
initial planned corridor and the actual drill hole. To objectify the
assessment, the coordinates of the respective entry and target points
were described by the following distance formula (26):

Deviation [mm] =(X2 = X1> +(Y2- Y1)* +(22-71)®

2.6 Radiologic evaluation and comparison
of the two techniques

The postoperative CBCT images were evaluated by a Diplomate
of the European College of Veterinary Diagnostic Imaging
(DipECVDI). The assessment focused on the positioning of the drill
holes in all 40 cases and the positioning of the reference frame pins in
the 20 cases of the SN group.

Drill holes were classified using a grading scale (Table 1) into
Grades 1 to 3. Grade 1 indicated optimal placement within the

Frontiers in Veterinary Science

vertebral body, Grade 2 denoted drill holes in contact with or eroding
the cortex, and Grade 3 signified cortex violation. Grade 1 and 2 can
be considered satisfactory operation results. Grade 3 is regarded as
unsatisfactory surgical result because violation of surrounding
structures may occur. For Grades 2 and 3, the direction of the deviation
was further described using letters a-d, describing the direction of
deviation (a = deviation in dorsal direction; b = deviation in ventral
direction; c =deviation in cranial direction; d = deviation in
caudal direction).

Grades 1 and 2 were categorized as “surgically satisfactory” results
since adequate stability is ensured despite cortical erosion.
Additionally, this classification is supported by the fact that no
significant anatomical structures are compromised or injured.

The position of the reference frame pins was evaluated using a
modified grading scale (Table 2). Grade 1 indicated optimal placement
through the spinous process into the sacral wing, while Grade 3a
represented penetration into the spinal canal, and Grade 3b indicated
penetration of the ventral cortex.

2.7 Evaluation of surgical time

Time was recorded for all procedures. As the approach to
luxate the sacroiliac joint, was already performed in all cases “Time
total” started with manipulation of the luxated sacroiliac joint by
the surgeon/assistant to place the first Kirschner wire in the
FC-group and with placing the reference frame in the CN-group.
It ended in both groups with finishing the 1.8 mm drill hole within
the sacral body. The “time total” was divided into “time on patient”
and “time off patient” “Time on patient” was defined as time
needed for the surgical procedures itself (manipulation to visualize
the sacral body, placement of reference frame or Kirschner wires

frontiersin.org
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TABLE 1 Safety drilling coridors.

Safety Safety = Description
grade name
1 Well IN Trajectory within the vertebra, intact cortex of the
vertebral canal floor and the ventral aspect of the
sacrum
2a Just, IN Trajectory within the vertebra, in contact or eroding
the cortex of the vertebral canal floor
3a Too Far, IN | Trajectory violating the cortex of the vertebral canal
floor or within the vertebra canal
2b Just, Out Trajectory within the vertebra, in contact or eroding
the ventral aspect of the sacrum
3b Too Far, Trajectory violating the ventral cortex of the sacrum
Out or ventrally outside of the sacrum
2c Just, Trajectory within the vertebra, in contact or eroding
CRAN the cranial endplate of S1
3¢ Too Far, Trajectory violating the cranial endplate of SI or
CRAN within the IVDS L7/S1
2d Just, Trajectory within the vertebra, in contact or eroding
CAUD the caudal endplate of S1
3d Too Far, Trajectory violating the caudal endplate of SI or
CAUD within S2

Classification scheme to assess safety. The drilling corridor is assessed in the 60% ipsilateral
part of the vertebral body and wings of S1.

TABLE 2 Safety patient tracker.

Safety Safety Description

grade name

1 IN Trajectory within the dorsal spinous process of
S1 or S2 and unilaterally in the sacral wing of S1
or S2

3a Too Far, IN Trajectory within vertebral canal

3b Too Far, OUT Trajectory in soft tissues ventrally to the sacrum

Modified classification scheme to assess safety of the patient tracker.

and the drilling process itself). “Time off patient” was defined as
the time required for all the imaging procedures (both groups) and
planning of the drill hole (CN-group).

2.8 Statistical analysis

To assess the effect of the surgery technique on the total surgery
time and the two partial times “time off patient” and “time on patient,”
a Wilcoxon signed-rank test was used after demonstrating the
violation of the normality distribution using the Shapiro-Wilk test of
normality. Additionally, visual inspection showed a right-skewed
distribution of the data and a nonlinear distribution of the residues in
the quantile-quantile plot. As the two surgeries were performed on
each side of the same cadaver, the surgeries were considered as paired
samples to account for an eventual effect of the cadaver on the
outcome. To compare the effect of the two surgeons an unpaired
sample Wilcoxon was used instead. A post-hoc power calculation was
performed and confirmed that the sample size n =20 for each
technique was sufficient to reach a power of 96%.
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To understand the learning effect, the first 10 surgeries (first five
of each surgeon) were grouped and compared to the last 10 using the
unpaired sample Wilcoxon signed-rank test. The data splitting in two
groups reduced the previously described skewness of the data
distribution. However, as the sample size for each group was also
reduced to n = 10 we decided to use a non-parametric test, as a normal
distribution is difficult to prove with a small sample size.

To compare the frequencies of the gradings assigned to the drill
holes for the radiologic evaluation, the Fisher’s exact test was chosen
as for some of the grades there were less than five observations.

The accuracy of the guided procedure deviation to the target at the
“entry” and “target” position was compared between the two surgeons
using the t-test, as the data points suggested normal distribution in the
Q-Q plot visualization, and this impression was confirmed with a
Shapiro-Wilk normality test (# = 10 in each group).

The statistical analysis was performed using the statistical software
R (version 4.3.1) in RStudio (Posit Software, version 2023.09.1.494).

3 Results
3.1 Study population

The cadavers of 20 skeletally mature cats (16 domestic shorthair,
one domestic longhair, one Birman, one Persian, one Siamese) were
included, of which 13 were males and seven were females with weights
ranging from 1.78 to 5.49 kg (mean 3.45 kg).

3.2 Evaluation of the accuracy of the
computer-navigated procedure

3.2.1 Neuronavigation

Across all 20 cases, the average deviation was 1.9 mm at the
entry point (standard deviation (SD) 1.0 mm), and 1.6 mm at the
target point (SD 0.8 mm). The experienced surgeon demonstrated
a mean deviation of 1.9 mm at the entry point (SD 0.5 mm) and
1.8 mm at the target point (SD 0.9 mm). In contrast, the
inexperienced surgeon demonstrated a mean deviation of 2.0 mm
at the entry point (SD 1.4 mm) and 1.5 mm at the target point (SD
0.6 mm).

There was no statistically significant difference in drill hole accuracy
between the two surgeons. When comparing the first four cases to the
last four cases no statistically significant difference was observed.

3.3 CT scan evaluation of the drill holes

3.3.1 Neuronavigation

In the CN group, 11/20 cases were judged as Grade 1 (Figure 4A),
with 2 /20 cases classified as Grade 2a and 7/20 cases as Grade 2b
(Figure 4B). The experienced surgeon achieved Grade 1 in 5/10 cases,
Grade 2ain 1/10 cases, and Grade 2b in 4/10 cases. The inexperienced
surgeon achieved Grade 1 in 6/10 cases, Grade 2a in 1/10 cases, and
Grade 2b in 3/10 cases.

All 20 cases achieved “surgically satisfactory” results.

No statistically significant difference concerning the grading was
found between the surgeons.
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FIGURE 4
Postoperative CBCT-images showing a drill hole judged as grade 1
"Well IN" (A) and another one as grade 2b "Just OUT" (B).

3.3.2 Fluoroscopy

In the FC group, 15/20 cases were classified as Grade 1, and 5/20
were Grade 2b. With the experienced surgeon achieving 8/10 Grade 1
and 2/10 Grade 2b, while the inexperienced surgeon reached 7/10
Grade 1 and 3/10 Grade 2b.

All 20 cases achieved “surgically satisfactory” results.

3.3.3 Comparison of the two techniques

All drill holes from both groups were either centrally located
within the vertebral body (Grade 1) or in contact with the vertebral
cortex (Grade 2). None of the drill holes breached the cortex (Grade
3), indicating satisfactory surgical outcomes for all cases.

Furthermore, neither in the FC-group nor in the CN-group, did
any of the drill holes extended into the proximity of the cranial
vertebral endplate or caudal vertebral border. No statistically
significant difference was found between the two techniques
concerning the radiological evaluation of safe drill corridors in the
sacral body.

3.4 CT scan evaluation of the reference
frame

3.4.1 Neuronavigation

In 16 out of 20 cases, the pin was satisfactorily anchored in the Ist
or 2nd spinous process and sacral wing. In one case (case 1) from the
experienced surgeon, the pin extended through the sacral wing into
the soft tissue ventrolateral to the sacral wing. In 3 cases (cases 2, 3,
10), one from the experienced surgeon and two from the inexperienced
surgeon, the pin extended into the spinal canal.

In 6 out of 20 cases, the reference frame had to be placed twice: in
three cases (cases 2, 13, 14) due to spinous process fracture, in one
case (case 3) due to a blunt pin, in one case (case 18) due to poor
recognition by the camera, and in one case (case 17) due to insufficient
pin anchoring resulting in unstable fixation.

3.5 Surgery time

3.5.1 Neuronavigation

For all 20 cases, the average duration was 23 min 37 s (SD 8 min
34 s). The average “time off patient” was 12 min 17 s (SD 5 min 11 s),
while the average “time on patient” was 11 min 19 s (SD 6 min 17 s).
60% of the time reduction was achieved during the ‘time off patient’
phase, while the remaining 40% was saved during the ‘time on
patient’ phase.
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The surgery time was significantly reduced after a few cases
(p < 0.001). While the first 10 cases took an average of 28 min 55 s (SD
8 min 29 s), the time was reduced to 18 min 19 s (SD 4 min 33 s) for
the second 10 cases (Figure 5).

The experienced surgeon took an average of 5 min less than the
inexperienced surgeon for both the first and second 10 cases; however,
no statistically significant difference between the surgeons was found.

3.5.2 Fluoroscopy

For all 20 cases a mean duration of 9 min 47 s (SD 3 min 26 s) was
noted. The “time off patient” took 3 min 54 s in average (SD 1 min
42 s), while the “time on patient” lasted 5 min 52 s (SD 2 min 26 s).

An improvement in time was also observed in the fluoroscopically
controlled cases. While the first 10 cases took an average 11 min 54 s
(SD 3 min 16 s), this time was reduced to 7 min 39 s (SD 2 min 3 s)
for the second 10 cases (Figure 5).

A non-statistically significant difference of approximately 1 min
was noted in the mean “time total” between the experienced and the
inexperienced surgeon.

3.5.3 Comparison of the two techniques

The CN group exhibited a markedly longer procedural duration
compared to the FC group, with this difference being statistically
significant (p < 0.001).

4 Discussion

Our initial hypothesis regarding the safety of neuronavigation is
partially supported, given that there was no statistically significant
difference observed between the computer-navigated and fluoroscopy-
controlled freehand surgical techniques in terms of sacral drilling.
However, the placement of the reference pin in the spinous process
posed an increased risk of penetrating critical structures. Furthermore,
we can accept our second hypothesis as surgery time decreases
significantly with experience.

All drilled holes in both techniques resulted in surgically
satisfactory outcomes. Both methods demonstrated a good
performance compared to a previous study on lag screw stabilization
of cadaveric feline sacroiliac luxation, with an error rate of 8% and
clinical studies including dogs and cats with complication rates up to
12.5% (5,7, 16).

The high accuracy of neuronavigation is reflected in the small
deviation between the planned and drilled entry and target points,
with 1.9 mm (SD 1.0 mm) and 1.6 mm (SD 0.8 mm). A comparable
study evaluated the accuracy of minimally invasive drilling screw
corridors in the thoracolumbar spine and found slightly larger
discrepancies between the planned and actual drill hole positions,
with a significant difference between an experienced (mean deviation
for the entry point of 2.2 mm and for the target point of 3.0 mm) and
a novice surgeon (mean deviation for the entry point of 3.7 mm and
for the target point of 5.0 mm) (26). It should be noted that this
involved a different anatomical location, was conducted using a
minimally invasive approach and drilling was performed by a 2.5 mm
drill bit, which limits the direct comparability of the results.

During the present study it was noticed that accurate drilling with
neuronavigation was simplified by predrilling with a smaller drill bit
(1.1 mm). It reduces the risk of slippage on the slightly oblique surface
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FIGURE 5
Development of the time required for neuronavigation and fluoroscopy during the study, comparing the experienced and inexperienced surgeons.

of the sacral wing during the initial rotation of the drill bit. As well the
drill bit is shorter and therefore less prone to bending, what was found
to introduce discrepancies between the actual position of the drill tip
and the calculated position based on the sensor within the handpiece.
In human medicine, longer drill bits are associated with increased
inaccuracies, particularly when used with small diameter drill bits. To
address this issue, specialized alignment devices have been developed
to enhance accuracy and mitigate potential errors during drilling
procedures (32). The weight of the Colibri handpiece was another
factor found to make accurate drilling more difficult in the present
study. A pencil-shaped drill device could potentially simplify the
drilling process at this anatomical location.

Regarding safety, it is noteworthy that the challenges encountered
in positioning the reference frame, particularly at the beginning of the
study, somewhat diminish the perceived safety of neuronavigation.
Placing the reference frame emerges as the most critical step of the
computer-navigated drilling. Ensuring the correct and stable
placement of the reference frame is crucial for the successful execution
of a computer-navigated procedure. Any displacement of the reference
frame could lead to navigation inaccuracies and compromise the
surgical outcome. Therefore, meticulous attention to the positioning
and stability of the reference frame is essential to ensure accurate
navigation during the procedure. In two cases in this study, movement
of the reference frame resulted in a discrepancy between CBCT
images and patient positioning. This was noticed during preoperative
checks, and the reference frame was repositioned, allowing the surgery
to proceed without complications. This highlights the importance of
preoperative verification of the correlation between the position of the
instruments displayed on the screen and their actual position in the
surgical field.

Spinous process fracture occurred in four cases, attributed to
excessively dorsal pin placement, as the tip of the process lacks
adequate stability due to very thin bone. Even no clinical relevance is
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expected from minor fracture at the tip of the spinous process, correct
positioning is essential to reduce possible complications.

In four cases the positioning of the reference frame pin was
incorrect. One pin traversed from the sacral wing slightly into the
ventrolateral soft tissue, which is not expected to cause any clinical
complications. Three pins penetrated the cortex of the vertebral canal.
The termination point of the spinal cord in cats remains controversial
in the literature, with reports varying between the caudal end of L7
and S3. This variability may be influenced by factors such as age and
breed-specific differences, though these remain under discussion (4,
31, 33). The clinical significance of penetrating the vertebral canal at
this level remains uncertain, therefore it should be avoided to prevent
potential complications. With practice, the risk of penetrating the
spinal canal might be reduced, as can be seen from the fact that the
experienced surgeon no longer had any complications with the pin
after the third case.

To reduce the risk of penetrating vital structures while
positioning the pin of the reference frame, various techniques could
be further evaluated. An alternative to smooth pins would be the
utilization of threaded pins, which are proven to result in more
stable constructs (34) and therefore could be anchored into the
spinous process only, avoiding the risk of penetrating the spinal
canal. In several studies from human and veterinary medicine
fixation of the reference frame on the spinous process with a clamp
is described (19, 26). In the authors opinion this technique is not
feasible in the cat due to the small size of the sacral spinous
processes. In a different study from human medicine with unilateral
affected sacroiliac joint, anchoring the reference frame into the
ilium on the non-affected site is described (20). Another described
technique connects the reference frame to the operating table or a
device fixated to the patient, respectively, the bone of interest (19,
24). However, the bone must be rigidly fixed, as even the slightest
movement may jeopardize the success of the procedure. In the
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authors opinion stable fixation of the small and light weighted feline
sacrum is difficult but could be investigated in further studies.

Safety extends beyond the drilling process itself and heavily relies
on the experience of the surgical team, especially in procedures
involving neuronavigation. Proper operation of equipment and the
effective use of software require coordinated efforts and familiarity
among team members. Ensuring that each member is well-versed in
their specific role can significantly enhance the efficiency and accuracy
of the procedure. Thus, training and practice are essential to optimize
outcomes and reduce time when using advanced navigation techniques.

Time is a crucial factor in surgery, as prolonged anesthesia not
only places additional stress on the patient but also increases the risk
of complications (35). Despite a significant time-reduction noted over
20 cases in the CN-group, the average duration for procedures using
neuronavigation remained longer compared to the fluoroscopy-
controlled freehand procedures. Especially, the “time off patient,” was
found to be longer for the CN-group. These findings suggest that
although neuronavigation enables accurate surgical planning and
procedures, its implementation requires additional time for
preoperative planning compared to fluoroscopy. To minimize the
duration as effectively as possible, it is crucial that the staff are well-
versed in the software to enable highly efficient planning. The
alignment of the reference frame, the marking of the Colibri, and the
SS8 camera setup should be planned and tested before the surgery to
prevent any interference during tracking and to avoid timeloss during
surgery. Additional time can be saved by practicing the placement of
the reference frame to avoid unstable placement, as this may
necessitate restarting the process from the beginning. In general,
neuronavigation should be repeatedly tested and practiced on
cadavers before being applied to clinical cases.

The time for preoperative positioning was not measured; however,
it was noted that the FC group required more complex positioning, as
correct lateral positioning is crucial for the success of the procedure.
Computer-navigated drilling can be performed with an oblique
positioning as well, but lateral positioning facilitates planning of the
drill corridor in the authors opinion.

The main limitation of this study is certainly its cadaveric nature
with induced sacroiliac luxation and without the typically concurrent
soft tissue injuries. The normally concomitant pelvic fractures were
simulated by osteotomy of the pubic symphysis. Additionally, both
sacroiliac joints were luxated prior to the study, necessitating bilateral
surgical approaches, to standardize conditions for all procedures. This
resulted in a highly unstable environment conducive to easy
mobilization but not representative of the clinical scenario in live
animals, where manipulation of the sacral wing can be quite different,
especially in cases where the trauma happened several days before
surgery and muscular contraction is evident. Furthermore, the study
focused solely on the isolated step of drilling into the sacral body,
while the subsequent procedural steps were initially disregarded.
Although we have attempted to mimic concurrent injuries, the
complexity of surrounding soft tissue changes and additional fractures
cannot be fully replicated in a live patient. Live animal studies are
required to evaluate neuronavigation in clinical conditions. Ideally, a
clinical study on cats with unilateral sacroiliac luxation would assess
the safety of this technique in vivo. In cases of unilateral sacroiliac
luxation, additional options for securing the reference frame are
available, such as fixation on the non-luxated iliac wing, and the risk
of penetrating the spinal canal could be eliminated.
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In addition, preoperative and postoperative CBCT images were
manually superimposed for accuracy assessment using SS software to
compare the final drilling hole to the planned hole. Even as this
method allows for direct comparison, it is important to note that
manual superimposition can introduce sources of error. The automatic
superimposition tool in the SS software proved unreliable due to
discrepancies in the bony structures between preoperative and
postoperative CT images. These variations were caused by
manipulation of the iliac wing during surgery.

A significant drawback for clinical application of neuronavigation
is the substantial financial investment required to implement this
technology. In addition to the Stealth Station, a compatible CBCT unit
(O-arm) is necessary. The more clinical indications are evaluated and
described for the use of neuronavigation, the more economically
viable such an investment becomes.

5 Conclusion

Neuronavigation can be effectively implemented after several
practice cases, allowing surgical fixation of sacroiliac luxation in cats.
Placement of the reference frame pin must be practiced beforehand to
ensure proper positioning. With proper training, it provides real-time
feedback and allows performing complex procedures with high
accuracy. The new technique shows great potential, and its successful
application in clinical cases is conceivable, but must be evaluated in
further studies. The required equipment represents a significant
financial investment and necessitates a well-coordinated team for
successful implementation.
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“Divison of Small Animal Neurology, Department of Clinical Veterinary Medicine, Anicura Tierklinik
Thun, Thun, Switzerland, ®Swiss Institute of Equine Medicine (ISME), Department of Clinical Veterinary
Medicine, Vetsuisse-Faculty, University of Bern, Bern, Switzerland

Introduction: The delicate anatomy of the feline sacrum presents challenges for
surgeons to perform a safe and accurate surgery without risking to damage vital
neurovascular structures. In this context computer-assisted surgery represents
an attractive minimally invasive surgical solution to increase the accuracy and
safety of the intervention. This cadaveric study evaluates the feasibility and
safety of a minimally invasive approach by a novice surgeon using computer
navigation compared to traditional fluoroscopy as well as a new method for
patient reference array positioning.

Material and methods: Eleven cats’ cadavers were used to simulate sacroiliac
joint luxation whereas one had to be excluded due to a sacral fracture. Sides
were randomly assigned to two groups: (1) minimally invasive computer-assisted
drilling group (MICA group); (2) fluoroscopy-controlled group (FC group). All
surgeries were performed by a first-year ECVS resident. After positioning of
the reference array, cone beam computer tomography scans were conducted
for planning of the temporary and final fixation of the sacroiliac luxation. Final
fixation was achieved through a minimally invasive approach via computer-
assisted drilling of the iliac wing and the sacral body for the placement of
a positional screw (2.4mm). The other side was operated on via an open
dorsal, fluoroscopy-controlled approach. Comparison between the two groups
for surgical time, accuracy of screw placement, radiologic safety and the
learning curve was recorded. Statistical analysis consisted of Fisher's exact test to
compare the assigned radiological safety grades and the Wilcoxon signed-rank
test for total surgery time and accuracy.

Results: Mean total time for MICA and FC groups were 44 min and 45s and
19min and 54s, respectively. The mean total time for the first five cases was
53 min and 30s in the MICA group and 20min and 15s in the FC group and
improved to a mean total time of 36 min and 15 s in the MICA group and to 18 min
and 40s in the FC group in the second five cadavers. Accuracy aberration of
surgery in the MICA group improved from a mean deviation on the target point,
the end of the drill tract, from 4.2 mm in the first five to 0.9 mm in the second
five cats. This criterion was only applicable in the MICA group. Evaluation for
radiologic safety was assessed with three radiologic categories (I-1ll) and four
subcategories (a-d). Additionally, the surgery was classified into radiographically
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safe implant placement (yes/no). The first five cats of the MICA as well as the FC
group received a lower safety grade compared to the second five cats. The novel
method for placement of the patient reference array was categorized as grade |
without violating any vital structures in all 10 cats.

Discussion: The computer-assisted surgery for minimal invasive surgical fixation
of sacroiliac luxation seems to be a safe procedure with a steep learning curve.
Compared to previous study using the same technical set-up, the safety of the
computer-assisted surgical procedure was improved by changing the smooth to
the negative threaded pin to have better bone purchase for sufficient anchoring
in the spinous process alone and therefore minimizing the risk for violation of
the spinal canal.

KEYWORDS

minimally invasive, computer-assisted orthopedic surgery (CAOS), sacroiliac luxation,
feline, Stealth Station S8, cadaveric study

1 Introduction

Sacroiliac luxation is a common injury in cats, especially after
high velocity trauma like road traffic accident or high-rise trauma.
Sacroiliac luxation occurred in 59.2% of cats with pelvic injuries
and accounted for 27% of all pelvic fractures. Sacroiliac separation
was the second most common injury after pelvic floor fractures
(1, 2). Treatment options are either conservative or surgical. If
displacement is minimal or the luxation is unilateral with no
concurrent pelvic fractures it might be treated conservatively with
analgesics, cage rest and monitoring of urination and defecation
(3). Surgical stabilization of sacroiliac luxation is indicated if there
are signs of severe pain, inability to ambulate, neurologic deficits
attributable to the luxation, severe instability or displacement
(>50%) of one or both hemipelvises, pelvic outlet obstruction
and/or concurrent orthopedic injuries (1, 4, 5).

The method of choice for surgical fixation is a cortical
screw in lag fashion, or alternatively in a positional fashion
(1, 2). Furthermore, a single transiliosacral pin in cats or a
transiliosacral rod in dogs as well as transiliosacral toggle sutures,
transileac pin/bolt/screw and tension band technique are described
for successful stabilization (6-10). The fixation can be achieved
through an open, dorsal or ventral, or closed, minimally invasive,
approach with or without the help of fluoroscopy (3, 4, 11-16).

Since the sacral body of cats is very small, penetrating vital
structures like the spinal canal dorsally, the intervertebral disc
cranially and important nervous and vascular structures ventrally
while placing the lag screw into the sacral body is a feared
complication. Therefore, accurate positioning is essential, best at
the first attempt (17, 18).

The correct position of the screw can be secured either
through fluoroscopic control or as shown by the study of
Kleiner et al. with computer-assisted surgery using an optical
tracking system, the StealthStation (12, 16, 19, 20). However,
this study showed, that placement of the patient tracker pin
could increase the risk of complications by penetrating the spinal
canal to achieve enough stability of the patient tracker. Open
reduction techniques are invasive and correct screw placement can
be challenging.
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Previous studies showed that closed reduction and stabilization
provided more accurate and consistent screw placement along
safe corridors and optimal sacral purchase with minimal tissue
dissection (12, 16, 20-24). Further documented benefits in
human surgery are reduced blood loss, shorter surgical and
hospitalization times, improved pain scores, faster weight bearing,
lower complication rates and lower costs (25-32).

To the authors knowledge there is no study demonstrating the
feasibility and safetiness of a minimal invasive approach for the
fixation of the sacroiliac joint by computer-assisted drilling with
any surgical navigation system. The hypothesis of this study is
that minimal invasive computer-assisted surgery is more accurate
than fluoroscopy-controlled drilling for the repair of sacroiliac
joint luxation and that the procedure might be conducted by an
unexperienced surgeon.

2 Material and methods

2.1 Preparation of cadavers

The study considered cadavers of 11 skeletally mature cats
with an intact pelvic region that died or were euthanized for
reasons unrelated to this study. Exclusion criteria were all pelvic
or sacral pathologies like pelvic fractures, sacroiliac luxation,
lumbosacral (sub) luxation and sacral fractures. Therefore, all
cadavers underwent examination with a cone beam computed
tomography (CBCT) scan beforehand. One cat had to be excluded
due to an accidentally induced sacral fracture while manually
luxating the sacroiliac joint during preparation which resulted in
10 cats included in the study.

The cat cadavers were donated to our institution by the owners
who gave consent to use them for research purposes.

All images (Fluoroscopic and CBCT) were generated remotely
without exposing personnel to radiation.

The first side was operated with the new computer-assisted
technique through a minimal invasive approach (minimal invasive
computer-assisted surgery, MICA). The second side of each cat was
operated using an open dorsal, fluoroscopy controlled, approach
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(fluoroscopy-controlled surgery, FC). As a result, a total of 20
surgeries were carried out. The sides with which to start with (right
or left sacroiliac joint) were randomized.

All joints of all cats were luxated manually with a Freer
periosteal elevator through a ventral abdominal approach as
described by Borer et al. (3, 11) and Montavon et al. (39).

For comparable stability during the surgeries, the first sacroiliac
joint was luxated and surgically stabilized with the positional screw
before the second side was luxated and fixated. Using a ventral
abdominal approach, the pelvic symphysis was separated by an
oscillating saw to imitate additional pelvic fractures (Colibri II;
DePuy Synthes, West Chester, PA). Following this, only one side
was luxated during each surgery.

2.2 Technical equipment, orthopedic
equipment, implants

Images for the minimally invasive computer-assisted surgical
repair of sacroiliac luxation were acquired with a mobile cone beam
computed tomography unit (CBCT; O-Arm; Medtronic, Louisville,
Colorado), which was coupled to a surgical navigation system
equipped with an optical tracking system, the StealthStation S8
(Medtronic). Specific instrumentation for the navigated procedure
included a patient reference array, a navigated pointer (Passive
Planar Marker, Medtronic) and an instrument tracker (SureTrak
II clamps and tracker, Medtronic) mounted on a battery-powered
surgical drill (Colibri II, DePuy Synthes, West Chester, PA)
(Figure 1). Every instrument and tracker that had to be detected
by the localizer camera of the optical tracking system was mounted
with infrared reflecting spheres, also called fiducials. Furthermore,
a radiolucent carbon fiber table (Opera Swing; General Medicale
Merate SPA, Seriate, Italy) was used.

A lighter, custom-made copy of the original patient reference
array was 3D printed to avoid excessive lever arm on the small
feline sacral bone. The patient reference array was a modification
of the version used by Papacella-Beugger et al. (33), printed out of
Formlabs Tough 1500 and weighted 9 g. The array was equipped
with six holes through the middle segment to press fit a 1.4 mm
negative threaded stainless-steel pin for the fixation into the sacral
spinous process.

Further surgical instruments included a Backhaus clamp and a
kern bone holding forceps, a 1-0 Kirschner (K)-wire, tap sleeves of
the according size, 1.1 and 1.8 mm drill bit, a 2.4 mm self-tapping
cortical screw, a screwdriver and a pin cutter.

2.3 Surgical procedure

All surgeries were performed by a first year European College of
Veterinary Surgery (ECVS) resident without significant experience
in orthopedic surgical procedures. For both procedures (i.e., the
computer-assisted and the fluoroscopic guided drilling) the cats
were placed in lateral recumbency on the carbon fiber table
whereas the correct positioning with superimposition of the
transverse processus of the seventh lumbar vertebra was evaluated
through fluoroscopy.
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2.3.1 Image acquisition, surgical planning, patient
registration, and instrument calibration

One latero-lateral fluoroscopic projection was performed to
confirm the correct positioning of the sacroiliac region of the
cadaveric specimen in the isocenter of the gantry of the O-arm.
A navigated 3D CBCT-scan (high resolution scan of 192 images
during one tube rotation with an exposure of 120 kV and 20 mA
and a voxel size of 0.4 x 0.4 x 0.8 mm?) was then acquired.
During the scan acquisition, the camera of the StealthStation S8
had to detect simultaneously the tracker of the O-arm gantry
and the patient reference array. The acquired CBCT data set was
automatically transferred to the navigation system.

Preoperative surgical planning of the drill corridor was
performed using the planning function of the Stealth Station S8.
The entry point was set on the lateral aspect of the ilial wing
whereas the target point marked the end of the drill hole at 50%
of the depth in the sacral body. The planning of the drill corridor
was done on the axial and coronal view and verified with probe’s
eye view.

The O-arm was then moved away from the surgical area
to provide unrestricted access to the surgical site. To start
the navigated surgical procedure, patient registration (32) was
performed by touching the divot of the patient reference array
with the tip of the navigated pointer. Instrument calibration
was performed by following consecutive steps instructed by the
StealthStation S8 for the identification of the plane, tip and long axis
of the instrument. Calibration was repeated whenever a drill bit of
different length was used, in order to display the correct length on
the screen of the navigation system. For intraoperative, real-time
orientation, the “navigation” mode was selected, and the trajectory
1 and 2 as well as the guidance function were displayed on the
screen (Figure 2).

2.3.2 Minimally invasive computer-assisted
drilling

The location of the spinous process of the first and second sacral
vertebra was determined by percutaneous palpation. Decision to
use S1 or S2 was made individually depending on the size of S1 or
S2 on each cadaver, whereas the larger spinous process was selected
for patient reference array placement.

A stab incision to the cortex of the spinous process was
performed using a #11 scalpel blade. A negative threaded 1.4 mm
pin with the pre-positioned reference array and its fiducials was
drilled at a 45-degree angle from ipsilateral through the spinous
process and, in contrast to the study of Kleiner et al., not anchored
into the roof of the sacrum (19). The reference array was moved
away from the surgical site by bending the anchoring pin to
prevent spatial interference with the navigated instruments and
ensure continuous detection by the localizer camera throughout
the procedure.

The first CBCT scan was conducted to plan the location in
the caudal part of sacrum for the temporary fixation pin to hold
the reduction in place. Reduction of the sacroiliac luxation was
achieved with the help of a Backhaus clamp in the ischial tuberosity
to facilitate movement of the bone while manually pushing the
wing of the ilium in its desired place. Assessment of reduction was
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FIGURE 1
(A) 3D printed patient reference array with its reflecting spheres and pre-positioned 1.4 mm negative threaded pin. (B) Specific instrumentation for
the navigated procedure: (b1) Navigated Pointer (Passive Planar Marker); (b2) Instrument tracker on a battery-powered drill (SureTrakll clamps and
tracker on Colibri I1). (C) Set-up for the computer-navigated drilling: O-arm with screen (*), Stealth Station S8 with its two screens (+), infrared

camera for optical tracking (#).

estimated with the symmetrical palpation of the iliac wings in its
cranial and dorsal plane.

The navigated pointer was used to determine the location of the
entry point according to the predefined plan on the StealthStation
8. A stab incision was then performed with a #11 scalpel blade onto
the near cortex of the ilium in the correct location as seen on the
screen for temporary fixation pin placement. A 1.1 mm tap sleeve
was placed and the location and direction of the pin placement was
verified again with the help of the navigated pointer and the 1-0 K-
wire was drilled through the tap sleeve in the desired direction to
temporarily keep the ilium to the sacrum.

Another CBCT scan was made to assess the reduction and
create the plan for the computer-assisted drilling of a hole through
the ilium and sacrum for correct screw placement in the center
of the sacral body, as described by Burger et al. (17). If the
reduction was not accurate, the previously described procedure had
to be repeated.

After planning and calibration of the instruments, the hole
in the ilium and sacrum was drilled under surgical navigation
guidance. Stability of the patient reference array and thus accuracy
of the navigation system was verified before each drilling by
touching the entry point of the patient reference array pin with
the navigated pointer and by simultaneously assessing the virtual
images displayed on the screen of the navigation system.

The first three cats were directly drilled with a 1.8 mm drill
bit of 100 mm in length. As slippage of the drill bit on the iliac
wing as well as bending of the drill was evident, the following

Frontiersin Veterinary Science

seven cats were predrilled with a smaller 1.1 mm drill bit of 37 mm
in length and the use of a 2.0 mm tap sleeve to protect the soft
tissues. The first hole was enlarged with a 1.8 mm drill bit. A
2.4 mm self-tapping positional cortical screw of appropriate length
was placed.

The conducted drill holes aimed to reach only 50% of the
width of the sacral body to not interfere with the subsequent
contralateral procedure.

2.3.3 Fluoroscopy controlled drilling

A conventional open dorsal approach to the sacroiliac joint
was chosen. To allow good visualization of the sacral wing the
iliac wing was retracted caudoventrally by an assistant. A surgical
power drill (Colibri II) was used to place a 0.8 mm K-wire in
the sacral wing to facilitate the correct screw placement through
the sacral body according to Burger et al. (17) via fluoroscopic
control. The K-wire placement was targeted at the center of the
first sacral body. Fluoroscopic control was performed after every
new pin positioning. Once the correct positioning of the pin was
achieved, the pin was removed and the hole within the sacral
body was sequentially overdrilled with a 1.1 mm and a 1.8 mm drill
bit. Reduction of the luxation was carried out under visualization
and held in place by the assistant until the equivalent hole in
the wing of the ilium was drilled with a 1.8 mm drill bit and the
2.4 mm self-tapping positional cortical screw of appropriate length
was placed.
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= Medtronic

FIGURE 2

the planned drill corridor (light blue line).

Screen view during computer-assisted drilling in trajectory 1 and 2 as well as guidance view. The dark blue cylinder represents the drill bit following

Navigation

2.4 Time

For all procedures “total time” was noted and split into “time
Total time” started with the
placement of the patient reference array (MICA group) or the

» o«

on patient” and “time off patient”.

manipulation of the previously luxated sacroiliac joint (FC group).
It ended in both groups after the placement of the 2.4 mm positional
screw. “Time on patient” was defined as time needed for the surgical
procedures which includes surgical approach, placement of the
reference array, reduction and temporary fixation of the luxation,
the drilling process itself and placement of the screw. “Time off
patient” was defined as time needed for the imaging procedures
in both groups (CBCT scans and fluoroscopy) and the planning of
temporary fixation and the drill hole in the MICA group.

The additional control CBCT scans taken only for radiologic
evaluation were not included in any of the time measurements.

2.5 Accuracy
The accuracy of the drilling was evaluated for the MICA group

where the initial plan and the actual drill hole could be compared
via CBCT images (Figure 3). Entry and target points for the
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conducted drill hole were defined on postoperative CBCT images
using Stealth Navigation software (Medtronic). To compare the
initial plan and the actual drill hole, pre- and postoperative CBCT
images had to be manually merged to achieve superimposition of
the images so that 3D coordinates could be extracted. To calculate
the deviation in millimeters between the initial plan and the actual
drill hole, the coordinates of the entry and target points were
described by the Euclidean distance formula

\/ (X2—X1)2+(Y2—Y1)2+(Z2—-Z1)?

to calculate the deviation in millimeters to compare the initial plan
and the actual drill hole (33, 34).

2.6 Radiologic evaluation

To ensure an optimal radiologic evaluation, five additional
CBCT scans were conducted after drilling the hole in the sacral
body. These included: one scan after completing the computer-
assisted drill hole, one scan with the screw placed on the first side,
one scan following the fluoroscopy guided freehand drill hole with
the first screw still in place, one scan with the first and second screw
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FIGURE 3

Merged CBCT images where you can see the planned drill corridor (red) and the actual drill corridor (blue) in Cat 10.

in place, and the final scan without any implants, showing only the
two drill holes.

The postoperative CBCT images were evaluated by a Diplomate
of the European College of Veterinary Diagnostic Imaging
(DECVDI), C.P. The primary focus was the course of the drill hole
in the 20 surgical procedures and the positioning of the patient
reference array in the 10 cats in the MICA-group. Radiologic safety
was assessed using three categories (I-III) and four directional
subcategories (a-d) (Table 1). Additionally, surgeries were classified
based on radiographic safety of implant placement (yes/no).
Category I represented a drill hole entirely within the vertebral
body, category II was assigned if the screw was in contact or
eroding the sacral cortex, and category III indicated a violation of
the cortex. Categories I and II were considered radiographically
safe, whereas category III was classified as radiographically unsafe.
The subcategory described the direction of deviation: a = dorsally,
b = ventrally, ¢ = cranially, d = caudally. As the drill holes
only penetrated 50% of the sacral body to avoid contralateral
interference, radiologic evaluation extended to 60% of bone
purchase, as recommended for fixation of sacroiliac luxation.

The safety of the patient reference array was categorized into
grade I, ITIa, or IIIb. Grade I was assigned if the patient reference
array was located within the dorsal spinous process of S1 or S2.
Grade IIT indicated sacral cortex penetration, with Illa specifying
intrusion into the vertebral canal and IIIb indicating direction
toward the soft tissues ventral to the sacrum.

2.7 Statistical analysis
The learning curve was analyzed by comparing the first five

to the last five surgeries. Wilcoxon signed-rank test was used to
compare the two groups concerning the total surgery time. More
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TABLE 1 Safety grade drilling corridor.

Safety  Safety Description

grade name

1 Well IN Trajectory within the vertebra, intact cortex

(optimal of the vertebral canal floor and the ventral
placement) aspect of the sacrum

Ila Just, IN Trajectory within the vertebra, in contact or
eroding the cortex of the vertebral canal floor

IITa Too far, IN Trajectory violating the cortex of the
vertebral canal floor or within the vertebral
canal

1Ib Just, OUT Trajectory within the vertebra, in contact or
eroding the ventral aspect of the sacrum

1IIb Too far, OUT Trajectory violating the ventral cortex of the
sacrum or ventrally outside of the sacrum

IIc Just, CRAN Trajectory within the vertebra, in contact or
eroding the cranial endplate of S1

IIIc Too far, CRAN | Trajectory violating the cranial endplate of SI
or within the IVDS L7/S1

11d Just, CAUD Trajectory within the vertebra, in contact or
eroding the caudal endplate of S1

111d Too far, CAUD | Trajectory violating the caudal endplate of SI
or within S2

insight was gained by dividing the total time between the time spent
on the cadaver and the time spent planning the surgery. The same
method was used to compare the deviation from the target for the
screw entry and target sites. Fisher’s exact test was performed to
compare the frequency of the assigned radiological safety grades.
The analysis was performed using the statistical software R (version
4.3.1) in Rstudio (Posit Software, version 2023.09.1.494).
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FIGURE 4

Final CBCT scans for radiologic evaluation without implants. (A) Drill corridor graded as lllb where it ended ventrally outside of the sacrum and was
categorized as radiographically unsafe (Cat 2, MICA procedure). (B) Drill corridor graded as | where it runs within the vertebrae and was categorized
as radiographically safe (Cat 9, MICA procedure on the left side of the image and FC procedure on the right side of the image).

3 Results

The cadavers of 10 mature domestic shorthair cats were
included in the study, seven males and three females with a median
weight of 3.88 kg (range 2.1-6.3 kg).

Comparison of the first five procedures to the second five
showed an improvement in total time, accuracy and safety,
especially in the MICA group.

Inadequate reduction of the sacroiliac luxation was detected on
preprocedural CBCT scan and had to be corrected in two cases (Cat
1 and Cat 3). Reduction was adequate in the remaining 8 cats.

3.1 Time

The MICA group showed a significantly slower “total time” (p
= 0.002) with a mean of 44 min 45 s £ 11 min 53 s compared to the
mean “total time” of 19 min 54 s & 6 min 58 s in the FC group.

For the MICA group the mean “time on patient” was 23 min
50s + 8 min 55 s and the “time off patient” was 20 min 40 s + 5 min
43 s. For the FC group, both, time on-and off-patient were shorter,
with the “time on patient” being 14 min 40 s £ 4 min 42 s and “time
off patient” of 4 min 40 s + 3 min 40 s.

In the MICA group, although not statistically significant (p =
0.056), the mean “total time” decreased from 53 min 30s &= 8 min
20s to 36min 15s & 8min 40s in the first vs. the second five
procedures. A less pronounced improvement was seen in the FC
group from the first five cases with a mean “total time” of 20 min
30s & 3min 45s to 18 min 50 s £ 9min 20s in the second five
procedures, this was also not statistically significant (p = 0.31).

When comparing “time on patient” between the first five and
the second five procedures, neither the MICA group (p = 0.222)
nor the FC group (p = 0.69) resulted in a statistically significant
difference. The “time on patient” decreased in the MICA group
from 28 min 20's &= 10 min 30 s to 19 min 36 s == 6 min 10 s whereas
the FC group showed a minimal improvement in “time on patient”
from 15min 15s & 4 min to 14min 16 s & 5min 43 s.

The reduction from the mean “time off-patient” of 24 min 55
+ 3min 40s in the first five procedures to a mean “time off-
patient” of 16 min 30 s = 3 min 35s in the second five procedures
in the MICA group was statistically significant (p = 0.032).
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This comparison in the FC group did not show a significant
improvement (p = 0.222) with a mean “time off-patient” of 5 min
10s & 7 min 42 s in the first five compared to the “time off-patient”
of 4min 34 s + 4 min 40 s in the second five cases.

3.2 Accuracy

This criterion was only measurable in the MICA group.

The 10 cases in the MICA group showed a mean deviation of
2mm at the entry point and a mean deviation of 2.5mm at the
target point. Although not statistically significant (p = 0.063), there
was an improvement in the accuracy aberration when comparing
the first five to the second five procedures.

The mean deviation on the entry point decreased from 2.4 to
1.6 mm and on the target point from 4.2 to 0.9 mm in the first five
compared to the second five procedures.

3.3 Radiologic evaluation

In all cats, the safety grade for placement of the patient reference
array was categorized as I, with a trajectory running correctly
within the dorsal spinous process of S1 or S2.

Inferior safety grade for the screw placement was assigned to
the first three cadavers of both groups with a IIIb in the MICA
and IIb in the FC group compared to grade I in the remaining
seven cadavers.

The safety grade in the MICA group was worse in the first
five trials compared to the last five ones. Three cadavers (3/10)
were categorized a IIIb, whereas the trajectory was violating the
ventral cortex of the sacrum or was even ventrally outside of the
sacrum and therefore rated as radiographically unsafe implant
placement. The following seven cadavers (7/10) were classified
in category I and fulfilled the criterion for radiographically safe
implant placement (Figures 4A, B).

In the FC group the first and third cat were categorized as IIb
with the trajectory being in contact or eroding the ventral cortex
of the sacrum (2/10). All the other were evaluated as category I
(8/10), which means the procedures on all 10 cadavers achieved
radiographically safe implant placement.
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The radiologic grading wasn’t statistically significant when
performing the Fisher’s exact test due to a small sample size (count
range 2-7 for the different grades).

4 Discussion

Computer-assisted surgery for minimally invasive surgical
fixation of feline sacroiliac luxation seems to be a safe procedure
with a steep learning curve for a novice surgeon. Several cadaver
surgeries were needed to get comfortable with the handling
of the technical instruments and the navigation software. In
our experimental set-up, the reduction and surgical fixation of
sacroiliac luxation via an open dorsal, fluoroscopy-controlled
approach also resulted in safe implant placement in most of the
cadaveric specimens. Although the minimally invasive procedure
was associated with a significantly longer surgical time, it avoids the
creation of a large surgical approach and improves intraoperative
control of implant placement.

Compared to the study of Kleiner et al. (19) the safety of the
computer-assisted surgery was improved by changing the smooth
to the negative threaded pin to have better bone purchase for
sufficient anchoring in the spinous process alone and therefore
minimizing the risk of violation of the spinal canal.

The technical equipment used from Medtronic is very user-
friendly. The only downside was the recognition of the custom-
made 3D printed patient reference array by the Stealth Station
Navigation system in some trials. In one case (Cat 6) it took 15 min
and several adjustments in position of the infrared camera for
the Stealth Station to recognize the patient reference array and to
conduct a computer navigated scan. In other trials, one of the four
reflecting spheres had to be removed for the infrared camera to
recognize the patient reference array. These challenges did prolong
the “time off patient” but did not interfere with the accuracy. As
previously described, the patient reference array was a modification
to the version used by Papacella-Beugger et al. (33) Our patient
reference array was out of Formlabs Tough 1500 and weighted
9 g whereas the one from Papacella-Beugger is out of polyactide
with a weight of 12g compared to the original patient reference
array by Medtronic with 59 g. Modification included the fixation
with a press fit negative-threaded pin going through the patient
reference array compared to a pre-printed fixation method with
variable adapters by Papacella-Beugger. Challenges in recognition
of the custom-made patient reference array by the Stealth Station
Navigation system were not described in their study and we assume
it to be due to a slight deviation in the geometry of the arms of the
patient reference array resulting from 3D printing.

The positioning of the patient reference array is a critical point
in computer-assisted surgery. An accurate correlation between the
CBCT images and therefore the plan and the anatomical structures
in the surgical field are only given, if the patient reference array
is securely anchored to the target bone throughout the whole
procedure, in an angle-stable manner. If any alteration of the spatial
relationship between the array and the target bone occurs, the
CBCT scans must be redone and a new plan according to the new
reference has to be made. In the study of Kleiner et al. the reference
array was fixated with a smooth pin which was drilled through
the spinous process of S1 or S2 and anchored in the roof of the
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sacrum (19). As in some of the first cases the pin penetrated the
spinal canal, the fixation of the reference array was changed for our
study. We used a negative threaded pin to improve stability and
eliminating the need for a second anchoring point into the roof of
the sacrum due to better bone purchase of the threaded version. As
a result, positioning in the spinous process was sufficiently stable
and the safety of the procedure was increased. None of the pins in
the present study violated any important structures. Furthermore,
by placing the patient reference array in the same bony structure
as the target bone (Spinous process of S1 or S2 for surgeries on the
sacral body), a potential error in surgical accuracy aberration was
minimized. As described in other studies (35, 36), applying pressure
on the bone during surgical manipulation can alter its imaged
position if the patient reference array is fixed to a different structure
than the target structure. If the patient reference array is fixed
to the same structure where the surgery takes places, movement
of it correlates with the image due to a similar movement of the
reference array. Nevertheless, movement and manipulation of the
imaged position should be minimized.

As demonstrated in previous studies, a minimally invasive
approach for the repair of sacroiliac joint luxation led to more
accurate screw placement and less soft tissue damage and therefore
a reduction of patient morbidity might be anticipated (12, 16, 20,
23, 24). The control for screw placement was usually done by
fluoroscopy. The safety of screw placement in sacroiliac luxation
with the help of computer navigation was proven in a study by
Kleiner et al. (19), which lead to a combination of a minimally
invasive approach with the guidance of computer navigation.
The basics of the minimal invasive computer-assisted surgical
procedure are similar to the minimal invasive approach described
by Tomlinson et al. (12). The advantage of this new technique is
the control of reduction via CBCT before fixation and the precise
planning of the drill corridor through the ilium and sacral body
while sparing the soft tissue. However, for cases with a longer
duration from trauma to surgical repair, the surgeon should be
prepared to convert to an open approach if a closed approach is
not amenable for adequate reduction screw placement.

Due to the CBCT scans, planning process and set up of the
technical equipment of the surgical navigation, the total time is
doubled in the MICA group compared to the FC group, but
with training a clear reduction in time is anticipated as seen
when comparing the first five to the second five trials. Thus,
training and practice are essential to optimize time when using
computer navigation. Similar results were seen in the study of
Kleiner et al. (19) with a mean duration of 23 min and 37 s for the
computer navigated group and 9 min and 47 s in the FC group with
improvement of time in both groups with training. However, a team
approach should be considered when applying this technique in
clinical cases to optimize the workflow of the navigated procedure
in order to shorten the overall surgery time and minimize the
associated complications (37).

The observed surgical accuracy aberration from the planned
to the actual drilled corridor of 2mm at the entry point and
2.5mm at the target point were similar to the results with an open
approach computer-assisted surgery shown by Kleiner et al. with
a deviation of 2 mm at the entry point and 1.6 mm at the target
point in the same anatomical location (19). Comparable results
were achieved using the same CBCT-based computer-assisted
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drilling procedure in other anatomical locations (33, 34). Papacella-
Beugger had a median entry point deviation of 1.8 mm (range:
0.3-3.7mm) and median exit point deviation of 1.6 mm (range:
0.6-5mm) in lumbar plate fixation (33). In the study by Guevar
et al. for minimally invasive stabilization in the thoracolumbar
spine the overall mean deviations for the entry points were
2.2mm for the experienced surgeon and 3.7mm for the novice
surgeon. For the exit points, deviations were 3.0 and 5.0 mm,
respectively. Significant difference was found in accuracy between
the experienced and novice surgeon for the deviations overall
(34). An accuracy aberration of 2 and 2.5 mm in entry and target
point matches the accuracy expectations when applying an optical
tracking system (like the Stealth Station) for a computer-assisted
orthopedic surgical procedure (38). Overall, a deviation in the close
range of 2mm meets the high standards in precision required
when working on a bony structure as small as a feline sacrum.
Comparison of drill hole accuracy between an experienced surgeon
vs. a lesser experienced surgeon in this anatomical location was
performed by Kleiner et al. and did not show a significant difference
(19). Therefore, this study was carried out by novice first year ECVS
resident surgeon only.

The first three cadavers with the highest deviation on entry as
well as target point and the poorest radiology safety grade (IIIb in
MICA Group/IIb in FC Group) were drilled with a 1.8 mm drill
bit. As slippage of the drill bit on the iliac wing was evident, the
following 7 cats where predrilled with a smaller 1.1 mm drill bit
and showed less deviation from the initial plan and scored a better
radiological safety grade. The 1.1 mm drill bit was shorter than the
1.8 mm drill bit (35 vs. 100 mm). It was found that longer drill
bits tend to bend more easily and therefore the actual position of
the drill tip does not match with the fiducials on the handpiece
and the drilling is not accurate to the planned procedure on the
screen. Similar observations with bending of the drill were made
in equine computer-assisted surgeries, whereas recommendation to
use a shorter drill bit was expressed (35). Nevertheless, the lack of
surgical experience in drilling uneven, slippery surface on the iliac
wing as well as first using a longer drill bit is hypothesized to have
influenced the results more than the lack of experience with the
navigation system as demonstrated by improvement of accuracy
with the transition to a shorter drill bit and more training.

To facilitate radiologic evaluation, account for possible artifacts
due to the metal implants and avoid interference between the
bilateral drill holes, additional CBCT scans were performed after
the surgical procedures with the implants in place and after
removal. In a clinical setting, only one CBCT scan would typically
be required for temporary fixation without computer navigation, or
two scans if computer navigation is used, as opposed to the seven
CBCT scans performed in this study. Since time measurement
was paused for the additional CBCT scans, total time could only
be reduced by omitting the scan for the temporary fixation pin
planning. Since there are no critical structures located directly
ventral to the vertebra, a previous study by Shales et al. (18, 21) did
not consider screws penetrating the ventral cortex as mispositioned.
Nevertheless, we did categorize our first three cadavers as a
radiographically unsafe implant placement because there was not
enough bone purchase before violating the ventral cortex and
stability of the fixation could not be ensured as well as neurologic
deficits could not be excluded in this ex vivo study. We did consider
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Category I and II as radiographically safe implant placement where
the cortex was not violated, and a good surgical outcome would be
expected. Due to possible neurological deficits and screw loosening
and therefore unsatisfactory surgical outcome, category III was
classified as radiographically unsafe implant placement. Depending
on the direction of deviation (a = dorsally, b = ventrally, ¢ =
cranially, d = caudally) in category III a revision would be needed
or even a fatal outcome could be anticipated.

4.1 Limitations

One of the main limitations of the study is its cadaveric nature
with artificially induced unilateral sacroiliac luxation which does
not provide an accurate imitation of a clinical case as muscle trauma
and additional pelvic fractures are not identical. The feasibility has
to be tested for the closed reduction of the sacroiliac luxation in an
in vivo study where muscle contracture is present or if a bilateral
luxation, and therefore change in known landmarks, complicates
the surgery. Furthermore, both sides of each cat were used for this
study, this could cause a bias in anatomical landmarks when doing
the second procedure. Cautious extrapolation of the results of this
experimental study to clinical cases is warranted, and the potential
for screw loosening and neurological deficits should be assessed in
an in vivo study, particularly in cats that were categorized in group
ITIb where the trajectory violated the ventral cortex.

Different surgical approaches (minimally invasive vs. open
approach) were used for the two different groups and therefore
limited an exact comparison concerning time and visualization
of anatomical structures. As all surgeries were performed by a
first-year surgery resident without major orthopedic experience,
some initial problems were evident, like slippage of the drill bit on
the bony surface. On the other hand, a steep learning curve was
observed. Results could differ if a more experienced surgeon had
performed the surgeries.

To allow direct comparison of the plan and the actual drillhole
the pre- and postoperative CT images were manually merged
using Stealth Station software and could therefore lead to an error
in accuracy.

The effect of increased exposure to radiation of patients treated
by MICA in comparison to those of the FC group should also be
taken in consideration but was not estimated in the present study.
This has yet to be tested.

5 Conclusion

Computer-assisted surgery for minimally invasive sacroiliac
luxation in cats can be considered as a safe alternative procedure
with a high accuracy for correct screw positioning. The time
needed for surgery is increased compared to fluoroscopy controlled
freehand surgery but a steep learning curve positively affecting
accuracy and duration of the procedure was observed, leading to
the assumption that with more experience the observed results
might be further improved and further emphasize the advantages
of not performing a large open approach, especially regarding intra-
and postoperative morbidity.
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in stifle joints
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Magnetic resonance imaging (MRI) is widely used in human medicine, offering
multiple contrast mechanisms to visualise different tissue types. It is also gaining
importance in veterinary medicine, including diagnosing joint disorders. The menisci
of the stifle joint play a crucial role in the development of osteoarthritis (OA), and
multi-parameter MRI of the menisci may aid in early OA diagnosis, potentially
improving therapeutic outcomes. In a previous ex vivo study, we measured
T2 relaxation times in menisci of elderly dogs with mild histological signs of
degeneration but no clinical symptoms of lameness. As no significant changes in
T2 relaxation times were observed in relation to histological scores, the present
study extends this investigation by exploring more advanced MR parameters—
including T1 relaxation time, T2* relaxation time, magnetisation transfer ratio
(MTR), and magnetisation transfer saturation (MTsat)—to assess their potential
for detecting early microstructural changes in the menisci. While T2* relaxation
times and MTR showed no significant variation across histological scores, MTsat
values increased with higher proteoglycan staining. In contrast, the apparent T1
relaxation time (T1lapp) was lower in menisci with elevated proteoglycan scores
and increased with higher cellularity scores. The correlation between MTsat and
proteoglycan content suggests that MTsat, along with Tlapp, could be a promising
parameter for characterising the extracellular matrix. However, further research
is needed to validate these findings.

KEYWORDS

multi-parameter MRI, T2* mapping, T1 mapping, magnetisation transfer, canine
menisci, osteoarthritis, stifle joint, proteoglycans

1 Introduction

Osteoarthritis (OA) of the canine stifle joint is a predominantly degenerative joint disease,
especially common in older dogs. OA frequently develops in the context of cranial cruciate
ligament disease (1) and is closely associated with damage or degeneration of the menisci.
These fibrocartilaginous structures play a critical role in absorbing compressive loads and
maintaining joint stability, which helps to protect the articular cartilage from excessive wear
(2-4). As OA progresses, it leads to structural changes in all joint components, including the
medial and lateral menisci, making meniscal degeneration a key factor in OA onset
and progression.
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Magnetic resonance imaging (MRI) is the gold standard for
diagnosing knee disorders in humans, offering high-resolution,
non-invasive imaging of soft tissues and bone structures. It is routinely
employed to detect meniscal tears, ligament injuries, and cartilage
degeneration (5-12). In veterinary medicine, although traditionally
less common, the use of MRI is steadily increasing (13, 14). In addition
to identifying macroscopic injuries (10, 11, 15), MRI is gaining
importance in characterising tissue microstructures. Recent advances
in quantitative and semi-quantitative techniques have proven
particularly useful for assessing microscopic changes in humans (9,
16-18) and animals (1, 19-21).

The menisci are composed of fibrochondrocytes embedded in an
extracellular matrix primarily consisting of water, collagen, and
proteoglycans (22-25). The collagen fibres, primarily type I with
smaller amounts of type II and III, are arranged in radial and
circumferential patterns, allowing the menisci to resist multidirectional
stresses. Proteoglycans, mainly aggrecan, make up 1-2% of the
meniscal dry weight and contain glycosaminoglycan (GAG) chains
such as chondroitin sulphate and keratan sulphate (22).

In osteoarthritic menisci, alterations in the extracellular matrix
commonly lead to increased water content and mobility, which in turn
influences the T2 relaxation time. Elevated T2 relaxation times have
been documented in human meniscus degeneration (9, 10). In a
previous ex vivo study, we measured T2 relaxation times in menisci
from elderly dogs with mild histological degeneration but without
clinical signs of lameness. The results showed no significant changes
in T2 relaxation times with higher histological scores, suggesting that
these early degenerative changes did not markedly affect the T2 values
(26). We have now expanded our investigation to include T1 and T2*
relaxation times, as well as magnetisation transfer (MT) techniques
and the derived parameters, including magnetisation transfer ratio
(MTR) and magnetisation transfer saturation (MTsat).

These advanced MR parameters are not yet part of routine clinical
diagnostics in human or veterinary medicine, partly due to longer
acquisition times and the complexity of data interpretation (27, 28).
However, these techniques are gaining significance in medical imaging
(27), and post mortem studies may help to identify promising
candidates for future clinical applications. In the following, we will
briefly address the potential advantages and added value of these
techniques for the microtissue characterization of the menisci.

Given the observed increase in water content during meniscal
degeneration, T2* relaxation times may behave similarly to T2
relaxation times. Nebelung et al. reported higher T2* relaxation values
correlating with increasing histological scores in humans, though
primarily at the extreme ends of the spectrum (29). Furthermore, Lee
et al. found a positive correlation between contact strain and T2*
relaxation times in the articular cartilage of cattle (6). Although T2
and T2* are related, T2* is more sensitive to magnetic field
inhomogeneities, potentially providing additional insights into subtle
tissue changes such as variation in fiber density and orientation.
However, this heightened sensitivity poses challenges for data
acquisition and interpretation, limiting its current clinical use.

T1 relaxation time, another parameter sensitive to water content,
is valuable for assessing cartilage and soft tissues (8, 18, 30, 31), but its
application to the meniscus remains largely in the research phase.

MT techniques have been widely applied to indirectly assess
macromolecular content in various biological tissues (32-36). These
methods exploit the interaction between free water protons and
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protons bound to macromolecules. By selectively saturating the bound
protons, magnetisation is transferred to the free water protons,
resulting in a reduction in signal intensity. The MTR quantifies the
degree of this signal loss by comparing it to a data set acquired without
the saturating radiofrequency pulse. Higher MTR values typically
indicate denser macromolecular structures (12). Several studies have
measured MTR in articular cartilage and menisci, reporting lower
MTR values in tissues with reduced collagen and proteoglycan content
(12, 30, 32).

A limitation of MTR is its lack of specificity. Various factors, such
as inflammation and oedema, can influence the results. Additionally,
MTR is susceptible to BO (main magnetic field) and Bl
(radiofrequency) field inhomogeneities and highly sensitive to
acquisition parameters, such as the choice of saturation pulse, which
can lead to inconsistent values and makes standardisation across
different studies or clinical environments challenging. To address
these limitations, quantitative magnetisation transfer (QMT) methods
have been developed. These techniques provide more specific and
reproducible macromolecular parameters, such as the macromolecular
pool size fraction and the exchange rate between free and bound
protons. However, the advantages of gMT come at the cost of longer
acquisition times and more complex data processing, limiting its
availability in clinical practice.

Helms et al. (37) introduced a technique called MTsat that
bridges the gap between the simplicity of MTR and the complexity of
full gMT imaging. MTsat incorporates corrections for Bl
inhomogeneities and T1 relaxation times, providing more accurate
data but with shorter acquisition times compared to full gMT. MTsat
is increasingly used in research settings, particularly for studying
neurological disorders (38-41). To our knowledge, this technique has
not yet been applied to examine musculoskeletal structures.
We hypothesize that MTsat may be suitable for quantifying the
macromolecular content of the meniscus, thereby offering more
detailed insights into the remodeling processes of menisci
during degeneration.

In this study, we determined the T1 and T2* relaxation times,
along with MTR and MTsat, in menisci from elderly dogs as previously
described. Our goal was to evaluate the sensitivity of these MR
parameters in detecting relatively mild degenerative tissue changes in
mostly normally aged menisci and to determine whether and how
these parameters can identify specific types of tissue alterations. If
successful, these early markers could enhance the understanding of
osteoarthritis pathogenesis and pave the way for more effective
treatment strategies.

2 Materials and methods
2.1 Study samples

The stifle joints used in this study have been described previously
(26). One joint had to be excluded from the original cohort of 16 joints
from 8 dogs due to image artefacts. In total, 30 menisci from 15 joints
(15 medial, 15 lateral) were included. Only elderly dogs, aged between
10 and 17 years, were selected for the study. None of the dogs had a
history of hindlimb lameness or stifle instability. The reasons for the
required euthanasia were unrelated to this study. Additional patient
information can be found in Bunzendahl et al. (26).
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Based on the results of X-ray scoring using the modified Kellgren-
Lawrence scale (42, 43), 29% of the joints showed no radiographic
evidence of osteoarthritis (score 0). The remaining 71% exhibited mild
signs of osteoarthritis, corresponding to a score of 1.

Histological scoring was based on a system adapted from Sun
et al. (44) and Pauli et al. (45), which includes individual scores for
meniscus cellularity (0 to 3), collagen content (0 to 2), collagen
organisation (0 to 3), and proteoglycan content (0 to 2). Additionally,
a total score was calculated by summing up all the individual scores,
resulting in a maximum possible total score of 10. Among the 30
menisci, one was classified with a total score of 0, while the highest
total score observed was 6 (n = 2).

2.2 MR imaging

Before MR, the stifle joints were dissected from the surrounding
tissue and fixed in 10% neutral-buffered formaldehyde. The joints,
submerged in the formaldehyde solution were positioned in a flexible
16-channel receive-coil (Variety, NORAS MRI products GmbH,
Hochberg, Germany). All MR measurements were performed using a
3 Tesla whole-body MR system (MAGNETOM Prisma, Siemens
Healthineers, Erlangen, Germany).

Maps of T2*-relaxation time were estimated from 3D multi-echo
gradient echo (GRE) images acquired with the following parameters:
TR =75 ms, TE = 5-64.5 ms in 8.5 ms increments (8 echos), flip angle
a = 25°, and an isotropic resolution of 300 um. The total acquisition
time was 1 h and 14 min. The T2*-maps were calculated using an
in-house pixel-wise mono-exponential fitting routine (MATLAB
R2021a, Math Works, Natick, MA, United States).

To estimate MTR and MTsat, 3D single-echo GRE images
(TR=27ms, TE=4ms and 300 pm isotropic resolution) with
varying weightings were acquired. Weightings were achieved by
applying an off-resonance saturation pulse (MT-weighted: MT flip
angle = 500° and MT offset = 1,500 Hz) or by modifying the flip angle
a (proton density (PD)-weighted: o = 7°; T1-weighted: o = 20°). The
total acquisition time was 27 min per acquisition. MTsat and T1
relaxation time were calculated as described in Helms et al. (37). Since
the measured T1 relaxation time reflects both intrinsic tissue
properties and the effects of the imaging technique, it is referred to as
the apparent T1 relaxation time (T1app). Tlapp, T2*-relaxation time,
MTR and MTsat were extracted from manually defined regions of
interest (ROIs) that segmented the medial and lateral menisci. All
segmentations were consistently performed by the same experienced
observer on T2-weighted images using the software program
ITK-SNAP! The segmentation process utilized sagittal, transverse, and
coronal planes as previously described (26). An example of the
segmentation is shown in Supplementary Figure 1.

2.3 Statistical analysis

Statistical analyses were conducted using the Python libraries
statsmodels (version 0.14.1, www.statsmodels.org), scipy (version

1 www.itksnap.org
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1.10.1, www.scipy.org), and scikit-learn (version 1.3.0, http://scikit-
learn.org). To assess differences in MR parameters across the three
values (0, 1, 2) of each histological score, a one-way ANOVA was
performed using statsmodels.stats.anova. Given the limited sample
size and deviations from normality assumptions for some
parameters (scipy.stats.shapiro), the ANOVA results should
be interpreted with caution and are presented here primarily for
orientation purposes. To ensure transparency, individual data
points are displayed in the corresponding figure, enabling readers
to assess the data distribution and variability within and
across groups.

Additionally, a linear regression analysis was conducted using
sklearn.linear_model, and the Pearson correlation coefficient was
calculated with scipy.pearsonr. The normality of the residuals from the
regression analysis was evaluated using scipy.stats.shapiro.

A paired t-test was applied to compare findings between the
medial and lateral menisci using scipy.ttest_rel. A p-value of less than
0.05 was considered statistically significant.

3 Results

3.1 Delineation of menisci on differently
weighted images and their derived maps

Figures 1-3 illustrate the achieved image quality, all derived from
the same joint. The T2*-weighted images (Figure 1, GRE) clearly
separate bone from softer tissues, including muscles and cartilage. As
the echo time increases, the fibrous cartilage of the menisci (red
arrow) becomes progressively better delineated from the hyaline
articular cartilage (blue arrow), although the signal-to-noise ratio
decreases. In the post mortem specimen, the best contrast was
observed at TE =22 ms. The improved delineation at longer TE is
attributed to the shorter T2* relaxation time of fibrous cartilage
compared to hyaline articular cartilage, as further confirmed by the
calculated T2* relaxation time map (Figure 1, right).

Interestingly, the macromolecule-based contrast of magnetisation
transfer-weighted imaging also clearly delineates fibrous and hyaline
cartilage, whereas proton density-weighted (PDw-GRE) and
T1-weighted (T1w-GRE) images show very little difference (Figure 2).
The higher MT in fibrous cartilage is particularly evident on the
calculated maps of MTR and MTsat (Figure 3). Notably, the
T1-corrected MTsat map provides even better results than MTR,
offering enhanced contrast and more precise tissue delineation.

3.2 Relationship between histological
scores and MR parameters

The menisci included in this study exhibited histological scores
for cellularity, proteoglycan content, collagen content, and collagen
organisation ranging from 0 to 2. To assess whether these mild
histological alterations were reflected in the MR parameters, the
measured values were initially categorised according to the
corresponding histological scores for each staining (Figure 4). A
one-way ANOVA was performed primarily as an exploratory tool to
provide an initial overview of potential differences in the MR
parameters across the three scores. Additionally, the Pearson
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FIGURE 1

time of the menisci compared to the articular cartilage.

GRE (TE = 22 ms)

Orthogonal slices acquired with a 3D multi-gradient echo (GRE) sequence show the best contrast between the fibrous cartilage of the menisci (red
arrow) and the hyaline articular cartilage (blue arrow) at an echo time (TE) of 22 ms. The corresponding T2* maps confirm the shorter T2* relaxation

correlation coefficient was calculated to assess the relationship
between each histological score and the corresponding
MR parameter.

While most MR parameters did not show significant differences
across individual scores, Tlapp decreased with increasing
proteoglycan staining (ANOVA: p < 0.003; Pearson correlation:
r=—0.54, r<0.003) and increased with higher cellularity scores
(ANOVA, p < 0.05, 7 = 0.37, p < 0.05). In contrast, MTsat values were
higher in menisci with elevated proteoglycan scores (ANOVA,
P <0.0003, Pearson correlation: r = 0.63, p < 0.0003).

Interestingly, collagen and proteoglycan content appeared to have
opposite effects on MTsat. To explore this further, we calculated the
ratio of the collagen and proteoglycan scores, adjusting all values by
adding one to avoid division by zero. The results are shown in Figure 5,
where MTsat significantly decreased with a higher collagen-to-
proteoglycan ratio (r = —0.56, p < 0.002).

To investigate a potential correlation between the severity of
changes and the MRI parameters, we summarised, as previously
described (26), all individual histological scores into a total score and
performed a correlation analysis between the total score and the MRI
parameters. When analysing the lateral and medial menisci together,
none of the parameters showed a significant correlation with the total
score. A separate analysis of the lateral and medial menisci indicated
a potential mild negative correlation between MTR and the total score
in the medial menisci, though this trend did not reach statistical

significance (r = —0.48, p = 0.08, Supplementary Figure 2).
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3.3 Comparison of lateral and medial
menisci

Due to their restricted mobility, medial menisci are more prone
to injury and may be more susceptible to degenerative changes over
time (46). The histological analysis of the menisci included in this
study revealed no statistically significant difference between the
medial and lateral menisci (Supplementary Table 1), except for the
proteoglycan score. On average, the medial menisci exhibited more
intense proteoglycan staining (higher score), with greater variability
between samples (paired t-test, p=0.006) (Figure 6, left). To
determine whether these histological differences are reflected in any
of the MR parameters, the values for T2%, T1, MTR, and MTsat were
analysed separately for lateral and medial menisci. None of the
investigated parameters showed a significant difference, although
MTR displayed a trend toward lower levels in the medial menisci
(paired t-test, p = 0.059), as shown in Figure 6. The mean and standard
deviation for each MR parameter, separated by lateral and medial
menisci, are summarised in Table 1.

4 Discussion

In this ex vivo study, we evaluated the detectability of mild,
histologically confirmed degeneration in the menisci of elderly dogs
with no history of hindlimb lameness using MRI. None of the
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FIGURE 2

PDw-GRE

Comeparison of images acquired with a 3D multi-gradient echo (GRE) proton-density weighted (PD) sequence with (MTw-GRE) and without (PDw-
GRE) magnetisation transfer preparation, as well as the corresponding T1 weighted images (T1w-GRE). The macromolecule-based contrast of MTw-
GRE provided the clearest delineation of fibrous and hyaline cartilage across all three orthogonal slices.

T1w-GRE

included dogs showed signs of meniscal tears or other
macroscopically visible injuries. Therefore, the samples can
be considered representative of canine menisci from essentially
normally aged dogs. Building on our previous study, which primarily
investigated T2 relaxation times (26), we broadened our analysis to
include T2* and T1 relaxation times, MTR, and MTsat. Our aim was
to explore the suitability of these MR parameters for identifying mild
changes in tissue microstructure associated with age-related
degradation. Previous MRI studies on dog stifles have mainly
concentrated on T2 and T2* weighted images or the corresponding
relaxation time maps (1, 20, 21). To our knowledge, this is the first
study on canine menisci that has additionally incorporated
magnetisation transfer techniques.

Compared to hyaline cartilage, MRI of the menisci can be more
challenging. Their lower water content, dense collagen network, and
restricted proton mobility lead to rapid signal attenuation due to their
short T2 and T2* relaxation times (29, 47). This also applies to post
mortem imaging, as demonstrated in this study. Increasing the echo
time of a gradient echo sequence, thereby enhancing T2* weighting,
improved the delineation between hyaline cartilage and the menisci.
However, excessively long echo times resulted in insufficient signal
intensity. Furthermore, the MTR and MTsat values of the menisci
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were higher than those of hyaline cartilage, likely due to their dense
collagen structure, offering a promising contrast mechanism for
improved delineation.

The menisci analysed in this study exhibited relatively mild
degenerative changes. The highest score observed in any histological
staining did not exceed 2, and the highest total score was 6 (in 2 out
of 30 menisci), with 10 being the maximum possible score. Our goal
was to determine whether any of the tested MR parameters could
reflect these subtle structural alterations. In summary, T2* relaxation
times and MTR showed no significant differences across histological
scores, while Tlapp and MTsat correlated with certain scores. These
findings will be discussed in more detail below.

T2* relaxation time has been reported to increase following
meniscal tears and other injuries. For instance, Koff et al. (48)
observed prolonged T2* and T2 values in menisci after surgical repair
in an ovine model. However, in the case of milder alterations, the
results are less clear.

Nebelung et al. (29), for example, found no significant
correlation between T2* values and histological degeneration in
human menisci using the Williams grading system, which considers
properties such as cellularity, matrix organisation and matrix
staining intensity—a finding that aligns with our observations. A
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FIGURE 3

map offering enhanced contrast.

Maps of the magnetisation transfer ratio (MTR), apparent T1 relaxation time and magnetisation transfer saturation (MT saturation) calculated from the
data sets shown in Figure 2. Both magnetisation transfer maps reveal differences between fibrous and hyaline cartilage, with the T1-corrected MTsat

MT Saturation (a.u.)

relatively mild increase in extracellular water, as opposed to the
pronounced changes seen in acute injuries, combined with almost
preserved fiber density and orientation, may render T2* less sensitive
to detecting mild, age-related alterations. Furthermore, T2*
relaxation is highly susceptible to magnetic field inhomogeneities.
For example, differences in tissue fixation post mortem may overlay
the effects of mild degeneration, contributing to increased
standard deviation.

Interestingly, Pownder et al. (47) reported longer T2* values in the
caudal horn of the medial, histologically normal menisci of healthy
beagles. We did not observe any significant differences between lateral
and medial menisci, although we did not analyse the horns separately.
A possible reason for these differing observations could be the MR
sequences used. The ultrashort echo time (UTE) imaging employed
by Pownder et al. is more prone to the magic angle effect. This effect
occurs when collagen fibres are orientated at approximately 55 degrees
to the main magnetic field (BO), resulting in an artificially increased
signal due to the decreased dipolar interaction of protons in collagen-
rich tissues. The longer echo times used in our study may have
minimised this effect.

Degeneration of the menisci is often accompanied by changes in
collagen content and collagen organisation, making MT techniques a
promising candidate for early detection. Zhang et al. reported
significantly decreased MTR values in menisci from human patients
with severe osteoarthritis. However, quantitative MT techniques
appear to be more effective in detecting milder alterations (12). MTR
can be affected by several confounding factors, including Bl
inhomogeneity and T1 relaxation. It reflects both the exchange rate
between free and bound protons and the recovery of longitudinal
magnetisation of saturated spins. Consequently, when T1 relaxation

Frontiers in Veterinary Science

times are shorter, the MT effect—and thus the apparent
macromolecular content—may be underestimated, and vice versa (49).

The absence of significant changes in MTR in our study may
be due to the relatively mild alterations in tissue properties.
Additionally, the observed changes in T1 relaxation time could
counterbalance the MT effect, potentially masking any detectable
variations. Quantitative MT techniques aim to separate the effects of
T1 relaxation from the MT effect, enabling parameters that more
accurately reflect macromolecular content, such as the macromolecular
fraction (MMF) or bound proton fraction (BPF).

Interestingly, Li et al. reported an increase in BPF associated with
higher GAG levels in engineered cartilage (32), which aligns with our
findings. The toluidine blue, which we used in this study to assess the
amount of proteoglycans semi-quantitively, binds to the acidic GAGs
within the proteoglycans. We found that menisci with increased
proteoglycan staining showed higher MTsat values, a marker for
magnetisation transfer that is corrected for T1 relaxation (37).

The role of GAGs in the pathobiology of meniscal tissue remains
debated, especially in dogs, with limited data available. Inflammatory
processes may increase enzymes like matrix metalloproteinases
(MMPs) and aggrecanase, leading to a reduction in proteoglycan
content. Conversely, there may be an initial rise in proteoglycan
synthesis as the tissue attempts to repair, accompanied by the
inhibition of degrading enzymes to support recovery (50, 51).

Notably, T1 relaxation time decreased with more intense
proteoglycan staining and increased with higher cellularity scores,
suggesting its potential for distinguishing between degenerative
(reduced proteoglycan content, fibroblast-like cells) and regenerative
processes (increased cellular activity and proteoglycan production) in
the meniscus. Another promising diagnostic parameter may be the
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collagen-to-proteoglycan ratio, as a decrease in this ratio was linked
to lower MTsat values. However, further studies involving menisci
with a broader range of pathological lesions are needed to validate
these findings. Future research should also compare M Tsat and T1app
directly with T1p in relation to the collagen-to-proteoglycan ratio,
given T'1p’s sensitivity to proteoglycan loss.

Besides the limitation of including only menisci with relatively
mild changes and not having either healthy or severely affected
menisci involved, the applied histological scoring system may also
limit the correlation between MRI and histological findings. More
quantitative, continuous readouts would be preferable. Further studies
aim to address these limitations by including a broader range of
pathological changes, a larger sample size, additional histological
methods and separate analyses of the meniscal body and horns.
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Another limitation of this study is that all measurements were
conducted post mortem on formalin-fixed tissue. Formalin affects the
tissue’s hydration state and thereby influences relaxation times (26,
29, 52). Additionally, measurements were performed at room
temperature, which is lower than body temperature and impacts
several MRI-relevant properties, such as exchange rate, diffusivity,
and T1 relaxation time (53). On the other hand, post mortem MRI
studies offer the advantage of longer measurement times, allowing for
higher spatial resolution and the simultaneous use of multiple
contrast mechanisms. So, this approach can be used to test a wide
range of MR contrasts, with the most promising ones then applied
and validated in vivo.

Finally, it should be noted that MR parameters are influenced
by various factors, leading to limited overall specificity when
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FIGURE 5

MTsat (magnetisation transfer saturation) values in relation to collagen and proteoglycan content. Collagen and proteoglycan scores appear to have
opposite effects on MTsat. Specifically, MTsat tends to decrease with lower collagen content (r = —0.16, p = 0.43), while it increases with increased
proteoglycan staining (r = 0.62, p < 0.0003). This relationship is further reflected in lower MTsat values associated with a reduced collagen-to-
proteoglycan ratio (left, r = —0.56, p < 0.002).
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FIGURE 6

Comparison of lateral and medial menisci. The medial menisci exhibited more intense proteoglycan staining (higher score) and greater variability
between the analysed samples. Among the quantitative MRI parameters, only the magnetisation transfer ratio (MTR) indicated a potential difference,
showing a trend toward lower values in the medial menisci. Tlapp — apparent T1 relaxation time, MTsat — magnetisation transfer saturation.

TABLE 1 Mean values and standard deviations (SD) of the respective magnetic resonance (MR) parameters (MTR — magnetisation transfer ratio, Tlapp —
apparent T1 relaxation time, MTsat — magnetisation transfer saturation) in the medial and lateral menisci.

MR parameter Medial menisci (mean + SD) Lateral menisci (mean + SD) p-value
MTR 46.3 + 1.7 ms 47.4+ 1.5 ms 0.06
Tlapp 517 + 121 ms 536 + 88 ms 0.56
MTsat 0.08 £ 0.02 ms 0.08 £ 0.02 ms 0.24
T2 21.8 + 3.4 ms 20.9 +0.7 ms 0.27

A paired t-test was applied to assess significant differences, and the corresponding p-values are provided.

detecting subtle or complex tissue changes. To achieve a more  meniscal alterations, extending beyond age-related changes in
comprehensive characterization of meniscal degeneration—an  canine menisci.

essential factor in guiding therapeutic decisions—future studies

should not only assess multiple MR parameters but also investigate

their combined use. This integration could significantly enhance 5 Conclusion

diagnostic specificity and precision. Based on our results, MTsat and

Tlapp emerge as particularly promising parameters for future In summary, none of the investigated contrast mechanisms
in vivo studies, which should encompass a broad spectrum of  showed high sensitivity or specificity for detecting mild changes in the
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tissue microstructure of canine menisci, as assessed by histological
analyses using the modified scoring systems of Pauli (45) and Sun
(44). However, the observed correlation between MTsat and
proteoglycan content may be a promising candidate for characterising
the extracellular matrix, though further studies are needed to validate
this effect.
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Introduction: Spectral detector Computed Tomography (SDCT) enables
generation of virtual non-contrast (VNC) images derived from a post-contrast
scan, as previously investigated in healthy dogs. This technique is especially
promising for awake scanned rabbits where motion between the pre- and
the post-contrast scans makes comparison challenging. This study aimed to
determine the reliability of VNC images for assessing abdominal organs in 20
rabbits by evaluating their qualitative and quantitative parameters compared to
true unenhanced (TUE) images. Our hypothesis were that the VNC series would
be comparable to TUE series and that the quality of the VNC images would
be equal to or even superior to the native images.

Methods: Attenuation values of VNC and TUE series were assessed using a two
one-sided t-test (TOST) and the signal-to-noise ratio was calculated for each
ROI in the different series. Additionally, a qualitative assessment of the VNC
images relative to TUE images was performed in consensus by a board-certified
radiologist and a second year diagnostic imaging resident by evaluating the
iodine subtraction, image quality and noise of VNC images based on a 5-point
Likert scale.

Results: A total of 219 regions of interest (ROls) where drawn in abdominal
organs. 72.1% of the ROIs displayed differences of less than 15 Hounsfield
Units (HU) between TUE and VNC images. The differences in attenuation
values of TUE and VNC were statistically significant (p < 0.05) for < 5 HU in
the spleen, for < 10 HU and < 15 HU additionally in the liver, musculature and
renal cortices. These findings support the equivalence between VNC and TUE
images. An average score of 4.4 was achieved for iodine subtraction across
all patients, which encompasses all organ values, with no individual patient
scoring below 4.0.

Discussion: VNC images present a promising alternative to TUE images for
abdominal organs without pathology in rabbits with the benefit of eliminating
motion between the compared series and reducing examination time and
radiation exposure by replacing pre-contrast scans. Further research is necessary
to demonstrate the applicability of the technique to morphologically diseased
organs.

KEYWORDS

virtual non-contrast (VNC), computed tomography, rabbits, detector-based spectral
CT, true unenhanced images
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1 Introduction

In recent years, a significant increase in the number of pet rabbits
in European households has been noted (1). In the United Kingdom,
rabbits constitute approximately 2% of the total pet population,
including dogs, cats, rabbits and other species (2). Correspondingly,
there has been a noted rise in the frequency of veterinary visits and
the amount of diagnostic procedures performed (3). The use of
computed tomography (CT) of various diseases for these patients is
becoming the standard of care due to the ability to produce
multiplanar reconstructions, to evaluate structures without
superimposition and due to the high spatial resolution (1, 3-9). The
scans can be performed while the patient is conscious which is
especially interesting for rabbits as their anesthetic risk is higher
compared to our canine patients (10). However, due to the low soft
tissue contrast of true unenhanced images (TUE), iodinated contrast
medium is frequently administered and offers a higher diagnostic
value (11, 12). The use of intravenous iodinated contrast medium is
well-tolerated and safe in rabbits (13). Potential movement during the
scans can lead to streak artefacts but movement between the pre- and
post-contrast scans often poses an additional challenge, potentially
limiting the comparability of the scans (14). Dual-energy CT (DECT)
has the ability to differentiate materials of different effective atomic
numbers with comparable Hounsfield units (HUs) in conventional CT
studies by a separate assessment of low and high-energy attenuation
profiles (11, 15). Technically, this concept can be achieved in different
ways. In the case of detector-based spectral DECT technology, two
different layers of scintillator detectors are employed. The upper layer
of the detector exhibits absorptive properties regarding low-energy
photons while exhibiting permeability to high-energy photons, which
are absorbed by the lower layer. This results in the generation of low-
and high-energy images, and through weighted summation, full-
spectrum images are calculated. The spectral data are automatically
generated with each scan without the need to modify the scan
parameters (16). With the aid of post-processing algorithms, iodine-
containing voxels can be identified to create virtual non-contrast
(VNC) images. In case the quality of VNC images proves to
be sufficient in the future, pre-contrast scans could potentially
be omitted (12, 15). The limitations caused by motion artefacts
between the pre and post-contrast scan could thus be eliminated and
the radiation dose and examination time for patients could be reduced
by 50% due to the absence of the pre-contrast scan. Various studies in
human medicine (11, 12, 16-18), as well as one veterinary study (19),
have demonstrated good to excellent comparability between VNC and
TUE images. These studies employed various comparison methods,
including subjective assessments of the series and objective analyses
of spectral detector computed tomography (SDCT) quality parameters
such as signal-to-noise ratio (SNR), contrast-to-noise ratio, edge
sharpness, and equivalence of Hounsfield Units (HUs) of identical
regions of interest (ROIs) in congruent image material. The authors
are not aware of any studies that have applied this technique to rabbits.

The objective of this study therefore was to assess the
comparability of TUE and VNC images based on measurements in
various abdominal organs and to assess the reliability of VNC
images. We hypothesized that (a) the calculated VNC series would
not significantly differ from the TUE series, and (b) that the quality
of the VNC images would be equal or superior to that of the
TUE images.
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2 Materials and methods

This was a retrospective, single-institutional study. Institutional
and medical image archives were searched from March 2023 to April
2024 for rabbits that had undergone a full body or at least abdominal
CT study at the Clinic for Small Animals of the University of
Veterinary Medicine Hannover, Germany, using a spectral dual-
energy CT scanner (Philips IQon Spectral CT, Philips Healthcare
Germany). Rabbits were included in the study if (a) a standardized
SDCT protocol with complete pre-and post-contrast scans of the
patients were obtained, (b) the CT study was of diagnostic quality and
(c) a complete signalment including age, sex, neuter status, body
weight, and reason for presentation was available. All patients were
scanned consciously and placed into a device designed to minimize
movement. Patients with incomplete abdominal CT scans, lacking
post-contrast studies or severe motion artefacts were excluded.
Additionally, patients with pathological imaging findings in the liver,
spleen, kidneys, paraspinal musculature, aorta, caudal vena cava,
abdominal fat, or within the urinary bladder were excluded. Patients
were also excluded if a corresponding region of interest (ROI) with a
minimum size of five square millimetres could not be drawn. All cases
were collected by a second-year resident of diagnostic imaging (M.M.)
and confirmed in consensus with a board-certified veterinary
radiologist (K.M.).

2.1 SDCT protocol

All examinations included an initial true unenhanced (TUE)
series, followed by a venous phase with the conscious patient
positioned head first in prone recumbency. SDCT scans were acquired
using an automated adapted tube current, a tube potential of
120-140 kV;, a pitch of 0.4, a gantry rotation time of 1s, a slice
thickness of 0.9 mm, and a 512 x 512 image matrix. The volume
computed tomography dose index (CTDI,,) of the scans ranged
between 36.6 and 51.9 mGy, while the scan size of the rabbits varied
from 11.2 to 26.4 cm. Scans were performed following a standardized
abdominal protocol, employing both soft tissue (HB) and bone kernels
(YC) with appropriate bone window settings (window length: 800;
window width: 2000) and soft tissue window settings (window length:
60; window width: 350). Post-contrast CT scans were obtained
approximately 60 s after the manual intravenous administration of
non-ionic contrast media into the auricular vein. Each patient received
700 mg iopamidol/kg bodyweight [2.3 mL/kg of Solutrast®300,
Bracco Imaging Deutschland GmbH, Konstanz, Germany].

2.2 Quantitative image analysis

All images were analyzed by a second-year diagnostic imaging
resident (M.M.) on a computer workstation equipped with system-
associated software (IntelliSpace Portal Version 11.x/Philips
Healthcare) and a calibrated flat-panel Retina display monitor (HP
Deutschland GmbH, Boeblingen, Germany) certified for image
analysis. In the first step, VNC images were reconstructed from the
provided spectral data using system-specific software. The image
series of conventional TUE, conventional post-contrast and VNC
images of the abdomen were then linked and synchronized to allow
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for an exact comparison of the sections. In cases where
synchronization of the series failed due to patient movement between
scans, manual adjustment of the image pairing was performed. The
images were examined exclusively in a soft tissue window (window
level: 60; window width: 350). Adjustments to the windowing were
permitted for the reviewer. In the subsequent phase of the process,
multiple circular regions of interest were drawn in the TUE images
in seven different organs. Wherever feasible, ROIs were sized at
100 mm* + 2 mm?®. If this size was not applicable to an organ to avoid
including extraneous structures (such as in the spleen, aorta and
renal cortex), the largest possible circular ROI was selected. The ROIs
needed to have a minimum of five square millimetres. The ROIs were
then transferred to the paired post-contrast and VNC images using
copy/paste, ensuring that both the location and size of the ROIs were
identical ( ). The following locations were selected
for analysis:

Liver (2 ROIs, avoiding larger vessels: in right and left
liver lobes).

2 Spleen (2 ROIs).

3 Renal cortex bilaterally (1 ROI each).

4 Abdominal aorta (1 ROI) at the level of the diaphragm.

5 Paravertebral muscles (1 ROI each right and left, at the level of
the transition between the 13th thoracic and first
lumbar vertebrae).

6 Intra-abdominal fat (1 ROI).

7 Urinary bladder (1 ROI).

The different average HUs were documented for each paired ROI
measurement in the VNC and TUE images, whereby the HUs of the
ROIs were automatically averaged. Based on a categorization derived
from medical studies ( ) and a preceding study by the authors

> >

(19), the data were classified into four distinct groups.

1 Difference between VNCy, and TUE,y =< 5 HU

2 Difference between VNCyyy and TUE,; =< 10 HU
3 Difference between VNC,yy and TUE,,; =< 15 HU
4 Difference between VNCyyy and TUE, => 15 HU

10.3389/fvets.2025.1521986

2.3 Qualitative image analysis

The qualitative analysis included the assessment of image quality
and noise, as well as the efficiency of iodine subtraction. The analysis
was performed in consensus by a board-certified veterinary radiologist
(K.M.) and a second-year diagnostic imaging resident (M.M.). Image
quality was assessed by comparing the overall appearance of the
gastrointestinal tract, hepatic and splenic parenchyma, kidneys,
paraspinal musculature, urinary bladder and major vessels (aorta and
caudal vena cava) in paired TUE and VNC images using a 5-point
Likert scale ( ).

The efficiency of iodine subtraction in VNC images was evaluated
by direct comparison with the paired conventional pre- and post-

)

contrast images using a modified 5-point Likert scale (

2.4 Statistical methods

Dedicated software was used for statistical data evaluation and
visualization (Microsoft® Excel, GraphPad Prism 10). VNC and TUE
images of each organ or tissue were grouped and compared by
subtracting the HU of every ROI in VNC from the corresponding ROI
in the TUE images. If multiple ROIs per organ were used, the
differences between values in VNC and TUE images were averaged.
The equivalence between the VNC and TUE series was tested using a
two-one-sided t-test (TOST) with an opposing null hypothesis. This
null hypothesis assumed a difference between VNC and TUE images,
with deviation limits of <5, <10, or < 15 HUs. If this hypothesis was
significantly rejected (p < 0.05), equivalence between both techniques
within the specific deviation limit was assumed, thereby confirming the
original study hypothesis. The distribution of animals with HU
differences within the corresponding limits was also calculated for each
organ system or tissue as a percentage. Additionally, a qualitative
analysis of the VNC and TUE data was conducted by documenting the
mean values for each patient and individual organs by two observers
(M.M. and K.M.) in consensus, as described in the section of qualitative
analysis. To investigate relationships between the weight of animals and
the differences between TUE and VNC values, Pearson correlations

pre-constrast (TUE)

FIGURE 1

Comparative presentation of synchronized pre-contrast (TUE), post-contrast, and virtual non-contrast (VNC) images in the transverse plane. If it was
not possible to draw a ROl of 100mm?, the ROI size was chosen to be “as large as possible.” Note the HU differences of <15 HU in the liver and <10 HU

in the musculature between TUE and VNC images

post-constrast

virtual non-constrast (VNC)
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TABLE 1 Modified five-point-likert-scale for assessment of image noise
and quality in VNC compared to TUE images.

Image noise and quality: VNC vs. TUE images

1 VNC markedly worse than TUE images
2 VNC mildly worse than TUE images

3 VNC equivalent to TUE images

4 VNC mildly better than TUE images

5 VNC markedly better than TUE images

TABLE 2 Modified five-point-Likert-scale for assessing the iodine
subtraction from VNC images in comparison with TUE images.

lodine subtraction in VNC images

1 Insufficient subtraction of iodine

2 Partly sufficient subtraction of iodine with larger, incomplete areas

in the parenchyma

3 Moderately sufficient subtraction of iodine with incomplete areas in

parts of the parenchyma

4 Almost complete subtraction of iodine

5 Complete subtraction of iodine

were applied for each organ system or tissue. Tests were two-sided and
a p-value of <0.05 was considered significant. To investigate the normal
distribution of the dara, a Shapiro-Wilk test was performed.

3 Results
3.1 Study population

A total of 20 CT scans met the inclusion criteria, based on a total of
87 abdominal or full-body CT scans from client-owned rabbits which
were identified and reviewed during the study period from February
2023 to April 2024. As post-contrast scans were traditionally not
performed as a standard procedure in our institution by the time the
data was collected, 66 studies had to be excluded. One additional study
was excluded due to excessive motion artefacts, which made a
comparison of the pre- and post-contrast scans impossible. The
presenting complaint of the patients included one or more of the
following symptoms: inappetence, apathy, chronic or acute weight loss,
respiratory distress, hypothermia, polyuria, stanguria, trauma, ocular
discharge, previously by ultrasound diagnosed nephrolithiasis, precardial
mass, liver cysts or cardiomyopathy. The most commonly reported
clinical complaint was weight loss despite normal food intake. The study
population included 10 female and 10 male rabbits, with 9 (45%)
neutered males, 1 (5%) sexually intact male, 6 (30%) female neutered
and 4 (20%) sexually intact females. The average age was 5.8 years, with
arange from 1 to 11 years (SD: % 2.56). The rabbits ranged from 1.27 kg
to 6.48 kg in body weight (mean and SD: 2.81 £ 1.61).

3.2 Quantitative analysis
A total of 219 ROIs were drawn. In one patient, the right kidney was

absent due to a prior nephrectomy, so only the cortex of the left kidney
could be measured in this case. The difference between TUE and VNC
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attenuation values was < 15 HU in 72.1%, < 10 HU in 60% and < 5 HU
in 30.7% of all compared ROIs. All measured ROIs of each organ or
tissue were found to be normally distributed and averaged ROIs showed
a Gaussian distribution according to the Shapiro-Wilk test.

The differences in attenuation values of TUE and VNC were
statistically significant (p < 0.05) for <5 HU in the spleen, for< 10 HU
and < 15 HU additionally in the liver, musculature and renal cortices.
No statistically significant differences in attenuation values < 15 HU
were detected in the aorta, urinary bladder and intraabdominal fat.
Table 3 summarizes the TOST results.

The smallest differences in HUs between TUE and VNC images
were observed in the liver, spleen, and paraspinal musculature. In these
cases, 80, 75, and 95% of the measurements, respectively, fell within the
threshold of <10 HU difference. The most notable discrepancy in the
HUs between VNC and TUE was observed in the assessments of intra-
abdominal fat and the aorta. Consequently, only 35 and 55% of the
measurements were within the acceptable range of < 15 HU. It is
important to note that these results are not statistically significant as
shown in Table 3. As shown in Table 3, it is also evident that for liver,
spleen, and muscle measurements, only 6, 4, and none of the 40
measured ROIs, respectively, exceeded the threshold of 15 HUs. In
contrast, 10 out of 40 ROIs in the renal cortex, 7 out of 20 in the urinary
bladder, 9 out of 20 in the aorta, and even more than half of the
measurements (13) in intra-abdominal fat were above this threshold.

The average HU value difference between TUE and VNC was <10
HU in the majority of measurements in the liver, muscle, and spleen,
and <15 HU in the renal cortex. For all regions, the values are
summarized and displayed with the range of the standard deviation
using a box-and-whisker plot in Figure 2.

Correlations between the weight of animals and the distances of
the difference between VNC and TUE images to 0 were negative in
each organ system or tissue except for the bladder. A significant
correlation (r = —0.6723; p = 0.0012) with a moderate fit (R*=0.5)
was found only for the kidneys.

3.3 Qualitative analysis

An average score of 4.4 was achieved for iodine subtraction across
all patients, which encompasses all organ values, with no individual
patient scoring below 4.0. This indicates that there has been a nearly
complete subtraction of iodine on average. However, smaller
intraparenchymal vessels were in general not sufficiently suppressed
and therefore not included in the assessment. Scores of at least 4.6
were achieved for the liver, spleen, caudal vena cava, aorta, and
musculature. Iodine subtraction values for the bladder, gastrointestinal
tract, and renal cortices were at least 3.8, 3.9, and 3.5, respectively. The
detailed values from this evaluation are presented in Table 4.

The mean image quality score was 4.2 on the 5-point Likert scale.
A single patient was assigned a rating of “3” on the five-point Likert
scale, which represents the lowest rating in the study.

4 Discussion

The calculated VNC values for the liver, spleen, renal cortices, and
musculature were equivalent to the measurements in the TUE series
which confirmed our first hypothesis.
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TABLE 3 Two one-sided t-test (TOST) for assessment of equivalence between VNC and TUE images (p-values).

Region of interest (ROI)

Liver (mean out of two measurements); n = 40

<5HU

0.1212 (n = 20)

<10 HU

0.0006 (1 = 32)

10.3389/fvets.2025.1521986

<15HU

<0.0001 (1 = 34)

Spleen (mean out of two measurements); n = 40

0.038 (n = 20)

0.0001 (1 = 30)

<0.0001 (1 = 36)

Musculature (mean out of two measurements - left and right); n = 40

0.1029 (n = 14)

<0.0001 (1 = 38)

<0.0001 (n = 40)

Renal cortex (mean out of two measurements — left and right); n = 39 0.7005 (n = 8) 0.0498 (n = 24) 0.0004 (n = 30)
Aorta; n =20 0.9979 (n=6) 0.9367 (n=9) 0.4765 (n=11)
Urinary Bladder; n = 20 0.9931 (n=6) 0.9953 (n=9) 0.802 (n=13)
Intraabdominal Fat; n = 20 1(n=0) 0.9998 (n =4) 0.9757 (n=7)

A p-value < 0.05 shows equivalence within the specified HU-delta (tolerance limits < 5,<10,<15 HU difference of VNC towards TUE). Significant values are marked in bold. 7 = number of

ROIs.

80

60 -

40

HU VNC-TUE

FIGURE 2

The mean difference between VNC and TUE for all ROls is illustrated.
The threshold of 10 HU difference, which is considered “negligible,”
is indicated by the grey shaded area, while the threshold of 15 HU
difference, which is considered “acceptable,” is represented by the
green dashed line. The lower and upper margins of each box
represent the 25th and 75th percentiles, respectively. The median is
marked by a black line within the plots.

Under favourable conditions, human observers can distinguish
between 700 and 900 shades of grey displayed simultaneously across
the available brightness range of the medical display. The human eye
is capable of detecting only a 6% change in grayscale (20). In practical
terms, this means that in a reconstructed soft tissue window with a
greyscale range of 290 Hounsfield Units, a discrimination of a
difference of about 17 HUs is possible for the human eye.

Based on this, previous studies have established a negligible
threshold of < 10 HU between VNC and TUE images. Additionally,
an acceptable threshold of < 15 HUs has been established (16, 17).

The highest discrepancies in HU values were observed in the
aorta, urinary bladder and intra-abdominal fat. This finding is
consistent with those of previous studies. It should be noted that, in
contrast to the liver, musculature, spleen, and renal cortex, which
exhibited averaged ROI values, these organs displayed only a single
ROI, which could have increased the measurement bias. Sauter et al.
(16) sought to elucidate this phenomenon by postulating that the
exceedingly high iodine concentrations within the aorta might lead to
disproportionately elevated iodine subtraction rates through the
algorithm. Another study attributed the incomplete subtraction of
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motion artefacts of the aorta, which resulted in a minimal spatial
difference between the two tubes and, consequently, an impact on the
output of the VNC algorithm (21).

Rabbits are distinctive in their calcium utilization, exhibiting a
markedly elevated absorption rate from the digestive tract. This
hyperabsorption of dietary calcium can result in excessive calcium
excretion in the urine, leading to the formation of a typical sludge in
the bladder (22). The distinction between contrast medium and
calcium or calcified tissue depends on the CT density of the tissues
and is limited when the CT attenuation is low (23). Suppression of
iodine-like attenuation might interfere with calcium-like attenuation
(24) which may result in normal calcium or calcium sludge within the
bladder and renal parenchyma being subtracted, thereby limiting the
comparability of TUE and VNC images in this region (Figure 3). This
observation was also partially noted in the renal cortices, where
smaller mineralizations were sometimes removed by the VNC
algorithm during the study. If this pitfall poses a source of relevant
errors in clinical interpretation in diseased patients needs to
be evaluated in future studies.

In addition, the calculation of the VNC images is based on the
measurement of water and iodine, which are in turn based on the
photoelectric effect and Compton scattering. In contrast to the
parenchymal organs, the intraabdominal fat is not situated on the
water line as a reference point, but rather beneath it (19). This may
explain the reduced accuracy of the algorithm in adipose tissue. If this
weak point of the algorithm has a clinically relevant impact on certain
pathologies like for example the fatty infiltration of the liver, needs to
be evaluated in further studies.

The second hypothesis regarding the superior image quality of
VNC images compared to the conventional TUE images was also
confirmed. Similar improvements in image quality with VNC images
have been demonstrated in both human medical studies (16, 17) and
a veterinary study (19). In 72.1% of the measured ROIs, a discrepancy
of <15 HUs between VNC and TUE images was observed. A
difference of <15 HUs was deemed acceptable given that the human
eye is only capable of discerning differences of approximately 17 HUs
within a specified soft tissue window with a grayscale range of
approximately 290 HUs (20). This result is in accordance with the
findings of previous studies. Lietz et al. addressed the same question
in a cohort of clinically healthy Beagle dogs, and their findings
indicated that 91.61% of the measured ROIs exhibited a difference of
less than or equal to 15 HUs. In human medicine studies, values of
72% (12),98% (17), and over 90% (16) have been reported. Similarly,
Laukamp et al. achieved good results in their study comparing TUE
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TABLE 4 lodine subtraction score for 20 rabbits.

Location

Liver 5 5 4 5 5 3 5 5 4 5
Spleen 5 5 5 5 5 5 5 5 5 5
Kidneys 4 4 3 5 4 3 4 3 3 4
GIT 3 4 3 5 4 4 4 3 3 5
CVC 4 5 5 5 5 5 4 4 5 5
Aorta 5 5 5 5 5 5 5 5 5 5

Urinary bladder 5 4 4 4 4 2 5 4 5 3

Musculature 5 5 5 5 5 5 5 5 5 5
Average score 45 46 43 49 46 40 46 43 44 46
patient

Rabbits

10.3389/fvets.2025.1521986

Average
score
location

3 4 5 5 5 5 4.6

5 5 5 5 5 5 5 5 5 5 5.0
4 4 3 3 3 3 4 4 3 2 3.5
5 4 4 4 3 4 4 4 4 4 3.9
5 5 5 5 5 5 5 4 4 5 4.8
5 5 5 5 5 5 4 5 4 5 49
5 4 4 2 3 3 3 4 5 2 3.8
5 5 5 5 5 5 5 5 5 5 5.0
49 46 44 43 40 43 44 45 44 4.1 4.4

Note the complete iodine subtraction in spleen and musculature and almost complete subtraction in aorta, caudal vena cava (CVC) and liver. The iodine subtraction score for the

gastrointestinal tract (GIT), urinary bladder and kidneys is still > 3.5. 1: insufficient subtraction of iodine, 2: Partly sufficient subtraction of iodine with larger, incomplete areas in the

parenchyma, 3: Moderately sufficient subtraction of iodine with incomplete areas in parts of the parenchyma, 4: almost complete subtraction of iodine, 5: complete subtraction of iodine.

pre-contrast (TUE)

FIGURE 3

virtual non-contrast (VNC)

Comparative presentation of synchronized pre-contrast (TUE) and virtual non-contrast (VNC) images in the transverse plane. Note the partly
subtraction of iodine in the region of the renal pevis and the almost complete subtraction of mineral-attenuating structures within the intestinal tract.

and VNC images of the liver (25). In this study, the difference
between VNC and true unenhanced images was below 10 HUs in
92.3% of the comparative liver measurements. Several factors,
including patient size, voxel size, beam hardening artefacts and high
iodine concentrations, have been suggested as potential influences on
the accuracy of iodine subtraction (17). Given that the patients
included in this study were exclusively rabbits, the impact of body
size is of particular interest. However, a correlation between weight
and ROIs was only observed in renal measurements (r = —0.6723;
p =0.0012), with a moderate fit (R* =
this error might be the generally small size of patients included in
the study.

Our study had several limitations. Firstly, due to the small

0.5). A possible explanation for

number of animals in this study, the power of our statistical
analysis was limited. A second limitation was the retrospective
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nature and the resulting selection of patients. As the patients were
selected based on specific criteria from the CT studies, the study
did not only include clinically healthy animals. Although the
described measurements were performed in radiologically normal
organs, this does not exclude pathology. We could not prove our
findings by pathology or histopathology as our study included
clinical patients. Further studies with histopathologically or
cytologically confirmed diseased organs could confirm the
reliability of the VNC algorithm and test its constraints. Another
limitation was that the rabbits were scanned consciously. This
occasionally resulted in movement between the native and post-
contrast scans, which in turn might have led to inaccuracies in the
alignment of the images for the simultaneous ROI placements,
necessitating exclusion in case of significant movement or manual
adjustments when minor movement was present. However, the
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movement was primarily affecting the head, and therefore the
impact on the region of interest was minimal. Furthermore,
scanning the rabbits consciously represents the normal clinical
routine. In this study, the administration of contrast medium was
performed manually, as the utilisation of our contrast injector was
not compatible with rabbits due to the high injection pressure.
Consequently, minor discrepancies were observed in the timing of
the post-contrast scans, which, given the physiological
characteristics of the rabbits, could have resulted in different
contrast phases. Further research could investigate the influence of

the contrast phase on the comparability of VNC and TUE images.

5 Conclusion

In conclusion, the VNC images demonstrated an acceptable
discrepancy from the TUE images in 76% of the ROIs when a minimal
cutoff of <10 HU was applied, and in 61% of the ROIs when a minimal
cutoff of <10 HUs was utilized. The most favourable outcomes were
observed in the spleen, liver, paraspinal musculature, and renal cortex.
Further research is required to ascertain whether VNC algorithms can
be employed in the analysis of pathologically affected organs and
whether the resulting images are comparable to those obtained using
TUE data. This technique has significant potential, particularly for
patients undergoing conscious scans, as it substantially reduces the
radiation exposure, possible motion artifacts in between the scans and
the stress associated with the scan by halving the scan time.
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