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1 | INTRODUCTION

Abstract

Echocardiographic evaluation is a diagnostic tool for the in vivo diagnosis of heart
diseases. Specific and unique anatomical characteristics of the ophidian heart such as
the single ventricular cavity, a tubular sinus venosus opening into the right atrium, the
presence of three arterial trunks and extreme mobility in the coelomic cavity during
the cardiac cycle directly affect echocardiographic examination. Twenty-one awake,
healthy ball pythons (Python regius) were analysed based on guidelines for perform-
ing echocardiographic examinations. Imaging in the sagittal plane demonstrated the
caudal vena cava, sinus venosus valve (SVV) and right atrium and the various portions
of the ventricle, horizontal septum, left aortic arch and pulmonary artery. Transverse
imaging depicted the spatial relationship of the left and right aortic arches, the pul-
monary artery and the horizontal septum. Basic knowledge of cardiac blood flow in
reptiles is necessary to understand the echocardiographic anatomy. The flow of the
arterial trunks and SVV was analysed using pulsed-wave Doppler based on the ap-
proach used for humans and companion mammals. The walls and diameters of the
cavum arteriosum, cavum venosum and cavum pulmonale were also evaluated. This
study should improve the veterinarian's knowledge of ophidian heart basal physiol-

ogy and contribute to the development of cardiology in reptiles.
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in small animal practice. Specifically, echocardiography is an inte-

gral part of the cardiac evaluation of humans and domestic animals,

In the last few decades, the popularity of snakes (ball pythons in par-
ticular) as pets has increased worldwide. From being the prerogative
of a few reptile enthusiasts, snakes have come to be considered by
many as members of the family, such as with dogs and cats. This has
led to a higher demand for high-quality veterinary care for snakes. It

is the duty of the reptile specialist to provide it and to bridge this gap

but its use is still rarely reported in reptiles, and little emphasis has
been placed on ultrasonographic examination of the reptilian heart
(Snyder et al., 1999).

Compared with mammals and other reptiles, the ophidian heart
exhibits specific and unique anatomical and physiological charac-

teristics. However, ophidians can experience the same diseases,
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such as endocarditis, myocarditis, infarction, pericarditis, cardio-
myopathy, parasitic infestation and tumours (Barten & Frye, 1981;
Frye, 1991, 1994; Hruban et al., 1992; Jacobson et al., 1991;
Rishniw & Carmel, 1999; Schilliger et al., 2003). Unfortunately, in
most cases, the diagnosis of cardiac disease is obtained by post-
mortem examination. Cardiovascular diseases in snakes, as well as
the match between the anatomy of the heart and two-dimensional
ultrasound cross-sectional images, were studied by Sklansky
et al. (2001) and Snyder et al. (1999). However, analysis and
measurement of the intracardiac and truncal flows with spectral
Doppler have never been done. Because of its non-invasive and
easily reproducible characteristics, ultrasound examination could
be a good option for establishing an in vivo diagnosis of heart dis-
ease in reptiles.

The aims of this study were to determine the optimal and repro-
ducible echocardiographic scanning windows with which to measure
the cardiac section; to evaluate the intracardiac and truncal flows
using the Doppler technique; and to test the intra-operator repeat-
ability of the echocardiographic and Doppler measurements in order
to obtain reference values from healthy subjects that can form the
basis for the echocardiographic evaluation of cardiac diseases in the

ball python (Python regius).

1.1 | Reptilian circulation

Blood flow in Pythonidae significantly differs from that of mam-
mals. Variations in blood flow and intracardiac shunts exist in many
families of snakes and are also related to environmental conditions
(Lillywhite & Donald, 1989; Lillywhite & Gallagher, 1985). Although
the snake is described as having a single anatomical ventricle, the
ventricle is subdivided into three functional caves. Deoxygenated
blood from systemic venous circulation empties into the sinus veno-
sus, then enters the right atrium via a bicuspid sinus venosus valve
(SVV) (Figure 1). Blood is directed from the right atrium through the
right atrioventricular (AV) valve into the cavum venosum.

During diastole, the cavum venosum acts primarily as a channel
directing blood into the cavum pulmonale (also called the ventral
cavum). During systole, the movement of the horizontal septum al-

lows the blood to flow directly from the cavum pulmonale towards the
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FIGURE 1 Detail of the sinus venosus valve (SVV). (a) The medial
sagittal section at this level allows an optimal visualization of the
SVV (closed in the image). (b) The application of colour Doppler
allows the identification of the blood flow (red) from the sinus
venosus to the right atrium (RA) through that SVV

WILEY-—%

pulmonary trunk (Figure 2). A smaller, less developed and incomplete
vertical septum subdivides the dorsal cavum into the cavum arteri-
osum and cavum venosum. Oxygenated blood from the pulmonary
veins enters the left atrium and then flows into the cavum arteriosum.
During systole, due to the plastic activity of the vertical septum, the
oxygenated blood is directed from the cavum arteriosum through the
aortic arches (right and left) passing through the cavum venosum.
The AV valves of ophidians are composed of a fibrous medial cusp
(Figure 3), and the laterals are absent or rudimentary. The AV valves
project into the lumen of the ventricle; in some species, during dias-
tole, they approach the underlying vertical septum. This allows the
separation between the cavum arteriosum and the cavum venosum
(Bogan, 2017; Jensen et al., 2010, 2014; Starck, 2009; White, 1968;
Wyneken, 2010). During diastole, when the AV valves are open, this
morphology helps to direct blood from the atria into the specific
ventricular cavities, i.e. from the right atrium to the cavum pulmo-
nale and from the left atrium to the cavum arteriosum. Consequently,
the degree of mixing of oxygenated and deoxygenated blood is quite
small (Van Mierop & Kutsche, 1981; Webb et al., 1971). The muscu-
lar ridge and the bulbuslamelle fuse at the cranial end of the cavum
pulmonale and cavum venosum and connect with the aorticopulmo-
nary septum (dividing the pulmonary artery from the two aortas)

(Goodrich, 1919; Jensen et al., 2014). The structural specialization

FIGURE 2 Trans-ventricular short-axis section, showing the
ventricular cava and the movements of the horizontal septum
(yellow arrow). 1: cavum arteriosum; 2: cavum pulmonale; 3: cavum
venosum. (a) during systole the horizontal septum contracts,
allowing the separation between the cavum venosum and the cavum
pulmonale. (b) during diastole the horizontal septum is relaxed, and
the two cava communicate. In both phases of the cardiac cycle, it

is evident how the vertical septum (red arrow) contributes to the
separation of the cava
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FIGURE 3 Detail of the atrioventricular valve (AVV). (a) Medial
sagittal section of the ventricle optimized to observe the AVV
(yellow arrow) while open during diastole; RA: right atrium. (b) From
the previous scan (a), rotating the probe by 90°, it is possible to
obtain the visualization of the AVV in the short axis. In this section,
the RAis located dorsally at the AVV towards the observer
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of the ventricle ensures a complete separation of flows and pres-
sures between the systemic and pulmonary circles; this system
is called the “double pressure pump” (Jensen et al., 2014; Jensen &
Nyengaard, 2010; Wang et al., 2003). In these species (Pythonidae),
the left heart, formed in systole by the cavum arteriosum and cavum
venosum, acts as a high-pressure chamber and constitutes, with its
thick muscular wall, approximately 75% of the heart mass, while the
cavum pulmonale acts as a low-pressure chamber and constitutes the
remaining 25% (Jensen et al., 2014; Jensen & Nyengaard, 2010).

Due to this peculiar ventricular anatomy, the right-left and left-
right shunts may appear under certain physiological conditions as
well as a consequence of alterations in systemic and pulmonary
pressures.

The small shunts, which are also physiologically present in this
species, depend less on peripheral resistance in the two circles.
They depend more on the volume of the cavum venosum and less
on the volume from the cavum arteriosum. For this reason, shunts
are not particularly frequent in pythons as compared with other
snake and reptilian species and are mainly of the left-to-right variety
(“washout shunts”) (Bogan, 2017; Jensen et al., 2010, 2014; Jensen
& Nyengaard, 2010). The few shunts evidenced in pythons, how-
ever, reveal a certain efficiency in keeping systemic and pulmonary
flows separate even in diastole. This has been put in relation with
the downward opening movement of the AV valves towards the
vertical septum (Bogan, 2017; Jensen et al., 2010, 2014; Jensen &
Nyengaard, 2010).

2 | MATERIALS AND METHODS

The study was conducted on privately owned P. regius pro-
spectively recruited at the Exotic Animal Medicine Unit of
the University Veterinary Hospital (Department of Veterinary
Medicine, University of Milan-Lodi) between December 2018 and
June 2019. Informed consent was signed by the owners, according
to the University of Milan Ethics Committee Statement Number
2/2016.

To ensure the standardization of the physiological parameters,
the snakes were individually housed in 120 x 80 x 60 cm glass cages
with water ad libitum and shelter for 7 days at a standard tempera-
ture (26-30°C) and humidity (50%-70%). Their diet consisted of
thawed or freshly killed prey (mice and rats) provided once a month.
The snakes had been fasting for at least 1 month prior to measure-
ment to assure that they were in a post-absorptive condition.

For each snake, we collected clinical data (reporting and history)
and carried out a general clinical examination, chest radiography
examination and full echocardiographic examination. The P. regius
subjects selected were clinically healthy, in good physical condition
and had no external or internal parasites and no injuries. Owing to
these characteristics and to the absence of clinical symptoms re-
lated to cardiovascular problems, we classified these subjects as
normal, despite the lack of a post-mortem examination to confirm it.

Subjects that displayed any alteration during physical examination,

active ecdysis or that had been fed in the previous 15 days were not
included in the study.

Direct digital radiographies of the coelomic cavity at the car-
diac projection area were performed using standard latero-lateral
and dorso-ventral projections at 60 kV and 13 mA (Divers &
Mader, 2006). Echocardiographic examination (2-D, M-mode, spec-
tral and colour-flow Doppler) was performed using a MyLab50 Gold
cardiovascular ultrasound machine equipped with a multi-frequency
phased array probe (7.5-10 MHz). Each snake was examined while
manually restrained in a dorsally recumbent position and under the
standard environmental conditions proposed by the literature, i.e.
a temperature of 23-28°C and a humidity of 50%-70% (Barten &
Frye, 1981; Schilliger et al., 2006; Snyder et al., 1999). Ultrasound
gel was applied for coupling the scanner head to the ventral scales
of the snakes. The probe was set to 10 MHz with a pulse repetition
frequency of 32 frames/s and 40% gain. High-quality video clips
were acquired and stored using echo machine software for off-line
measurements.

The examination and two-dimensional Doppler measurements
were carried out by a single operator (MB). All measurements of
interest were repeated on three consecutive cardiac cycles and on
three different days. The obtained data were subjected to statistical
analysis as reported by Conceicdo et al. (2014). The two-dimensional
echocardiographic projections used to obtain the measurements are
shown in Figure 4. The thickness of the septa and the walls of the
cava, as well as their diameters, were measured using the leading-
edge to leading-edge method (Mattoon & Nyland, 2015).

The echocardiographic windows used to execute the colour and
spectral continuous-wave (CW) and pulsed-wave (PW) Doppler
evaluation were the trans-arterial long-axis view, obtained at the
base of the heart. They were optimized to measure the blood flow
throughout the cavum pulmonale into the pulmonary artery and from
the cavum venosum into the two aortas through the respective semi-
lunar valves (Starck, 2009). The velocities and gradients of the AV
flows were not evaluated because it is not possible to obtain the
correct alignment of the blood flow through the AV valves and the
ultrasound beam. Ultrasound software was used to calculate the av-
erage, peak velocity and gradients of the detected flows. The heart

rate of each animal was calculated from PW Doppler images.

2.1 | Study design and statistical analysis

Statistical analysis was performed using SPSS™ 25.0 (IBM, SPSS).
Each measurement was repeated three times on different days. The
normal distribution was assessed using the Shapiro-Wilk test. The
analysed variables are normally distributed, and data are reported as
the mean and standard deviation.

Descriptive analysis provided the physical and echocardio-
graphic parameters of the population. Correlations between each
flow measure and the physical characteristics of the animals were
analysed. The Pearson's correlation index tested the simple lin-

ear correlation between two variables. The Pearson's coefficient
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FIGURE 4 Two-dimensional echocardiographic projections used to obtain the short axis, long axis and Doppler measurements. (a)

Apical diastolic short-axis section, showing a transversal view of the ventricular apex enabling the observation of the spongy nature of the
ventricular myocardium. (b, c) Trans-ventricular short-axis section, showing the ventricular cava and the movements of the horizontal septum
(yellow arrow) and vertical septum (red arrow) in systole and diastole. 1: cavum arteriosum; 2: cavum pulmonale; 3: cavum venosum. (d) Trans-
arterial short-axis section in diastole. This section shows the emergence of the three arterial trunks and makes possible the measurement of
their diameters. 1: pulmonary artery; 2: left aorta; 3: right aorta. (e, f) Median longitudinal ventricular section at the level of atrio-ventricular
valve (AVV) in diastole and systole, respectively. The application of colour Doppler makes possible the visualization of the blood flow and
heart structures during the different phases of the cardiac cycle. (e) Late-phase diastole. The image shows the complete filling of the cavum
arteriosum in diastole, while it is not possible to highlight the flow from the cavum venosum through the cavum pulmonale. (f) Ventricular
systole. Colour Doppler shows the blood flowing from the cavum pulmonale, at the top of the image, to the pulmonary trunk and from the
cavum venosum to the two aortas. (g) Medial cranial sagittal section at the sinus venosus valve (SVV) level. This section shows, in ventral
position, the caudal vena cava contributing to the formation of the sinus venosus (white arrow) that opens in the right atrium through the SVV.
Dorsal in the image, the emergence of the pulmonary trunk, dorsally to the right atrium, is evident. (h) The trans-arterial long-axis section for
the evaluation of the pulmonary blood flow. The use of PW Doppler in this section, pointing the marker on the pulmonary trunk, permits the
evaluation of the blood flow through the semilunar pulmonary valve in systole. (i) Trans-arterial long-axis section and evaluation of the aortic
blood flow. The use of PW Doppler in this section, pointing the marker on the aortic bifurcation, permits the evaluation of the blood flow
passing through the two semilunar valves towards the aortas in systole. (j) Medial sagittal section of the SVV. The use of PW Doppler on this
section permits the evaluation of the blood flow through the SVV

(R-coefficient) is interpreted as follows: 0.3 = weak correlation, >0.3
and <0.7 = moderate correlation and >0.7 = strong correlation. The
repeatability of echocardiographic measurements was determined
using the Friedman test. A parameter was considered repeatable if
it had a significance value >5%. The 95% confidence interval was
considered, and differences were defined as statistically significant
atp < 0.05.

3 | RESULTS

Twenty-four animals were visited, of which 21 met the inclusion
criteria and were included in the study. The ages were between 2
and 20 years (average 6.5), weight ranged from 0.475 to 2.015 kg

(mean + SD 1.39 + 0.46 kg) and length ranged from 76 to 131 cm
(mean + SD 110.78 + 14.36; nose-to-cloaca). The population was
36.8% female and 63.2% male and included subjects of any morph,
in particular: 42.1% ancestral, 15.8% albino, 10.5% yellow belly and

other morphs represented in lower percentages.

3.1 | Radiographic examination

Radiographic examination of the cardiac projection proved to be
very difficult due to the absence of air around the heart itself, which
is located inside the coelomic cavity and placed cranially in rela-
tion to the lungs, making the normal contrast evidenced in mam-

mals infeasible in the case of pythons. No animals were subjected
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FIGURE 5 Trans-arterial short-axis section. This scan makes
possible the observation of the two atria. 1: pulmonary artery; 2:
left aorta; 3: right aorta; 4: left atrium; 5: right atrium

to pharmacological restriction. Therefore, in some cases, perfect
positioning in the latero-lateral and dorso-ventral decubitus was re-
markably difficult.

3.2 | Two-dimensional echocardiography

For all subjects, it was possible to obtain images of acceptable
quality. The docile nature of these animals allowed us to carry out
all echocardiographic examinations without difficulty. Even in the
smallest subjects, it was possible to evaluate all the investigated
cardiac structures. A ventral approach with transverse orientation
of the probe allowed us to obtain cross-sectional images of the ven-
tricle, the atria (Figure 5) and the major vessels (Figure 4d). From
the apex of the heart to the root of the major vessels, the extension
and position of the chambers and the septa (horizontal septum and
muscular ridge) were viewed (Figure 4a-c). The dimensions of the
cava were measured at the same distance from the apex to the out-
flow tract of each cava. The cavum venosum occupied the ventro-
cranial part of the ventricle and was partially continuous with the
interventricular canal. The cavum arteriosum was separated from
the two other caves by the horizontal septum (also called the in-
terventricular septum). The cavum pulmonale and cavum venosum
were partially separated by the muscular ridge (Figure 6). This was
a prominent structure better visualized in cross section, close to
the base of the ventricle. Moving the probe cranial to the muscu-
lar ridge, the root of the major vessels can be visualized. The left
and right aortas originate next to each other from the cavum veno-
sum in a ventral-right position and have approximately the same
cross-sectional diameter. The truncus pulmonalis originates from
the cavum pulmonale in a ventral-left position and is well separated
from both aortas. The cross-sectional diameter of the truncus pul-
monalis is larger than the diameter of the aortas. In the cranial posi-
tion, pulmonary trunk separation into the left and right pulmonary

arteries was observed.

FIGURE 6

Median sagittal section of the ventricle during
diastole. This scan allows for the visualization of the cavum
pulmonale and cava arteriosum in long axis, the walls of the
ventricle, the movement and the thickness of the vertical and
horizontal septa and the opening-closing movements of the atrio-
ventricular valve (AVV). 1: cavum pulmonale; 2: muscular ridge; 3:
cavum arteriosum

The mean, standard deviation and minimum and maximum values
of each two-dimensional echocardiographic parameter were calcu-
lated and are summarized in Tables 1 and 2. Even if the R-coefficients
are not very high, the p-values were <0.05. All positive and negative
correlations are reported in Supplementary Information 1 and 2.

Intra-operator repeatability of the short-axis measurements
was evaluated: all measurements were repeatable and no statisti-
cally significant differences were evidenced (p > 0.05) except for
the systolic and diastolic diameters of the vertical septum (2% and
4.5%, respectively), the diastolic thickness of the cavum arteriosum
(1.3%), the systolic diameter of the cavum pulmonale (0.7%) and the
systolic thickness of the free wall of the cavum arteriosum (4.3%).
Furthermore, the long-axis measurements that were not reliable (i.e.
not repeatable) were the diastolic diameter of the cavum pulmonale
(1.1%), the thickness of the horizontal septum in diastole (3.3%),
the systolic diameter of the cavum arteriosum (3.9%) and the thick-
ness of the free wall of the cavum arteriosum (2.2%; Supplementary
Information 3 and 4).

3.3 | Doppler echocardiography

Cranially to the pulmonary trunk, the aortas bend dorsally: first the
left and then the right vessels. Starting from the right aorta, the
brachiocephalic artery branches just before it bends dorsally. The
best visualization of the bending of the aortas was obtained with the
probe in longitudinal position and the transducer oriented in order to
adjust the differences in the topography of the vessels. As the two
aortas curve dorsally, it was easier to orient the ultrasound beam
parallel to the blood flow and therefore perform the Doppler meas-
urements. Orienting the probe longitudinally and laterally, both the
pulmonary and aortic flows were identified (Figure 4h,l). The right

atrium, the cavum arteriosum, the cavum venosum, the AV valves
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TABLE 3 Descriptive statistics of Doppler echocardiographic parameters considered in the study
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(m/s) (mmHg)

(mmHg) (m/s) (mmHg)

(m/s)

(m/s) (mmHg) (mmHg) (m)

(mmHg)

(mmHg)

(m/s)

Doppler

0.37
0.14
0.10
0.70

0.72
0.29
0.30
1.30

0.42
0.09
0.25
0.58

2.13
1.36
0.20
6.40

0.83
0.69
0.24
3.70

1.22
0.99
0.10
5.10

0.48
0.18
0.15
1.08

0.14
0.07

1.11
0.45

0.16
0.07
0.10
0.30

0.38
0.15
0.20
0.80

0.30
0.06
0.20
0.44

0.19
0.08

2.65

-0.78

0.77
0.36
0.30
1.60

-0.36

0.23
0.08

0.16

Median
SD

1.298
0.90
6.00

0.21
-1.23
-0.20

0.08
-0.53
-0.21

0.46 0.04

2.01

0.07

Minimal

0.42

0.39

0.50

Maximum

Abbreviations: Dur. SVV, duration of the flow through the sinus venosus valve; FVI |Ao, velocity integral of the flow through the left aorta; FVI PA, velocity integral of the flow through the pulmonary

artery; FVI rAo, velocity integral of the flow through the right aorta; FVI SVV, velocity integral of the flow through the sinus venosus valve; mG |Ao, mean gradient of the flow through the left aorta; mG

PA, mean gradient of the flow through the pulmonary artery; mG rAo, mean gradient of the flow through the right aorta; mG SVV, mean gradient of the flow through the sinus venosus valve; mV IAo, mean
velocity of the flow through the left aorta; mV PA, mean velocity of the flow through the pulmonary artery; pG IAo, peak gradient of the flow through the left aorta; pG PA, peak gradient of the flow

through the pulmonary artery; pG rAo, peak gradient of the flow through the right aorta; pG SVV, peak gradient of the flow through the sinus venosus valve; pV 1Ao, peak velocity of the flow through the

left aorta; pV PA, peak velocity of the flow through the pulmonary artery; pV rAo, peak velocity of the flow through the right aorta; pV SVV, peak velocity of the flow through the sinus venosus valve; SD,

standard deviation.

and the interventricular canal were also observed. Moreover, this
echocardiographic window allowed the analysis of the blood flows
through the ventricle in systole as well as the AV valves, but not the
movement of the muscular ridge (Figure 4e,f). Flows through the AV
valves were analysed using colour Doppler, which highlighted a lami-
nar pattern. The impossibility of parallel alignment to these flows
prevented their correct evaluation with pulsed Doppler. Despite the
wide cranio-caudal movement of the heart in the coelomic cavity
during the cardiac cycle, the velocity and ejection time in the left
aorta were reliable and easily repeatable. The evaluation of the flow
in the right aorta resulted in an overestimation of ejection time due
to the persistence in time of the Doppler sample volume within the
vessel secondary to the caudal cranial movement of the heart associ-
ated with a low heart rate. It is necessary to underline that a certain
degree of interindividual variability in the anatomy of the major ves-
sels existed.

The mean, standard deviation and minimum and maximum values
of the PW Doppler parameters were analysed and are summarized
in Table 3. Mean FVI (flow velocity integral) of the pulmonary ar-
tery, both aortas and the SVV was low, i.e. between 0.14 and 0.23 m.
Echocardiographically, all Doppler blood flows were laminar with
low velocity. Compared with the pulmonary artery and both aortas,
SVV flow had the longest duration (1.11 + 0.45 s, ranging from 0.46
to 2.01 s). CW Doppler was not useful for echocardiographic exam-
ination given the low physiological flow rate of this species.

Pearson's analysis and the correlation among the Doppler
variables are shown in Supplementary Information 5. Pulmonary
mean velocity was slightly negatively correlated with body weight
(r* = -0.263), whereas the peak velocity of the left aorta was posi-
tively correlated with body weight (r? = 0.274). Peak velocity of the
SVV was moderately correlated with body length (r* =0.312). Many
other significant positive correlations were identified (R-coefficient
>0.7) between Doppler measurements. Intra-operator repeatability
was evaluated by repeated Doppler measurements. No statistical

differences were observed (p > 0.05; Supplementary Information 6).

4 | DISCUSSION

The ball python is one of the most studied snake species in terms
of cardiac anatomy and physiology (Jacobson et al., 1991; Schilliger
etal., 2003; Snyder et al., 1999). Despite the presence of reports refer-
ring to congenital or acquired heart disease evidenced in the context of
autopsy, (Schilliger et al., 2003, 2010) scientific literature regarding in
vivo identification of heart disease in reptiles by echocardiographic ex-
amination is still poor (Schilliger et al., 2010; Young & Saunders, 1999).
In fact, very few studies employ Doppler techniques to visualize and
quantify blood flows throughout the AV valves and, to our knowledge,
no investigations on the morphology and measurement of the veloc-
ity of outflow tracts have been performed using spectral Doppler
(Hochscheid et al., 2002; Starck, 2009; Starck & Wimmer, 2005;
Young & Saunders, 1999). Moreover, a reference interval has yet to be

described for the Doppler measurement of outflow tracts.
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Despite the small size of the subjects of this species, which some-
times did not allow excellent quality images to be obtained, our study
demonstrates the feasibility of the ultrasonographic technique as
a non-invasive tool to study the functional anatomy of the python
heart. The reproducibility of the echocardiographic-obtained images
and the repeatability of the linear measurements as well as of the
intracardiac flows were significantly high. The standard echocardi-
ography images obtained from the transverse plane at the level of
the interventricular canal, and from the horizontal longitudinal plane
including the atria, the cavum arteriosum, the cavum venosum and the
AV valves were useful to evidence the majority of structures (Snyder
et al., 1999). Moreover, the additional oblique plane applied in our
study provided a better visualization of the left atrium, the cranial
vena cava and the septa. The proposed oblique orientation of the
transducer, orienting the probe longitudinally and laterally on the left
side of the snake, allowed the correct alignment of the ultrasound
beam and the blood flow in the pulmonary trunk and the two aortas.

The longitudinal imaging plane showed that the filling of the pul-
monary artery precedes the filling of the aortas. Furthermore, the
timing of the action of the AV valves and the muscular ridge is the
key feature that allows for the shunting of blood between systemic
and pulmonary circulation. The dual-pressure system reported for
the circulation in P. regius can be explained by the cranio-caudal mo-
tion of the muscular ridge, and the consequence is the different tim-
ing of the pulmonary and both aortic outflows (Wang et al., 2002,
2003). The Doppler method showed that the muscular ridge sepa-
rates blood flows in the cavum pulmonale and the cavum venosum,
and the closure between the cavum venosum and the cavum pulmo-
nale is so tight that the pulmonary and systemic circulations run at
different pressures (the double-pressure pump).

Some limitations emerged during this study. Contrary to what
has been reported previously, (Divers & Mader, 2006). X-ray radio-
graphic examination of the cardiac projection area was of little use in
the identification of reference parameters in healthy subjects. This
is because, with the animal being conscious, the correct positioning
was difficult to obtain, and the highlighting of the cardiac structures
was not particularly accurate due to the obliquity of the obtained
radiographic scans.

Regarding the ultrasound, the disproportions between the size
of the snakes and the tip of the transducer meant that we did not
always obtain high-quality images. Furthermore, the frame rate of
the ultrasound machine (Esaote MyLab50 Gold Cardiovascular) used
in this study did not provide the appropriate temporal resolution to
identify the opening of the interventricular canal and the closing of
the muscular ridge at the same frame. The extremely trabecular na-
ture of the ventricle, the wide motion of the septa and the cranio-
caudal movement of the heart into the coelomic cavity make the
M-mode technique unreliable in snakes.

A lack of repeatability was observed for the long-axis diastolic di-
ameter of the cavum arteriosum and the long-axis systolic diameter
of the cavum pulmonale. Both obtained values were lower than the
significance threshold (<5%). Objectively, in our opinion, the difficult

evaluation of the above-mentioned structures may be related to the
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spongy nature of the ventricular myocardium. The non-spongy nature
of the right atrium, pulmonary artery and left aorta walls makes them
fixed structures and therefore they are always very easy to identify.
Consequently, it is easier to assess their diastolic diameter, which
would make it possible to evaluate a possible enlargement of the right
atrium and arterial trunks in cases of congenital or acquired diseases.

Regarding the Doppler measurements, the obtained repeatability
was excellent, with good image quality. The lack of reference values
for this species in the literature makes it impossible that they can be
compared. Certainly, the obtained values are consistent with those
observed for other species of reptiles, (Rishniw & Carmel, 1999;
Schilliger et al., 2003). given the laminar flows at low speed, and
mammals. At AV levels, only laminar flows were observed, which al-
lowed us to exclude acquired heart diseases (Schilliger et al., 2003).

In conclusion, echocardiography is a useful, non-invasive diag-
nostic tool to evaluate the anatomy of the ophidian heart and can
contribute to the development of cardiology in reptiles in general.
Understanding the normal anatomy and flow is mandatory to im-
prove the ultrasonographer's ability to identify cardiac abnormalities
such as congenital heart defects, endocarditis, cardiac neoplasia,
thrombi and cardiomyopathy. Once clinicians become familiar with
using echocardiography in reptiles, the use of this diagnostic modality
will increase in clinical practice and improve the opportunity to obtain
diagnoses other than by necropsy, as well as with the evaluation of
intracardiac flow, morphology and velocity. The description of a ref-
erence range in this study and the certainty of being able to repeat
the measurements on all subjects with a certain ease allows us to lay
the foundations for the echocardiographic evaluation of this species.
Indeed, once a physiological range is obtained, the clinician can thus
be able to make in vivo diagnosis with more certainty and therefore
propose the most appropriate treatment for the individual subject.
Lastly, Doppler echocardiography could be used to assist research-
ers studying the blood flow patterns of snakes, but it can be a very
important clinical indication in subjects who have congenital malfor-
mations and who may have changes in the blood flows and shunts.
This study is certainly only the beginning of a larger study involving
the evaluation of a greater number of subjects and different species.
We can affirm that the repeatability obtained in the measurements

allows us to propose our data as reference values for P. regius.
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