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The aim of the study is to assess the availability of this animal model for preclinical testing of implantable cardiovascular devices
by studying numerical anatomical and functional characteristics of the ovine heart and to establish their differences from those of the
human heart.

Materials and Methods. The study was performed on 17 healthy crossbred Romanov sheep weighing 20-29 kg in group 1 (n=7)
and 3043 kg in group 2 (n=10). All animals underwent echocardiography examination on the Philips CX-50 apparatus (revision 3.1.2;
Philips, Netherlands) with a sector-phased S5-1 sensor from the right parasternal projection (long and short axis) to determine the heart
rate, right ventricular wall thickness in diastole, right and left ventricular end-diastolic dimensions (RV EDD and LV EDD), left ventricular
end-systolic dimension (LV ESD), interventricular septum (IVS) thickness in systole and diastole, left ventricular posterior wall thickness
in systole and diastole.

Functional parameters of the left ventricle (left ventricle end-systolic and end-diastolic volumes (LV ESV and LV EDV), ejection
fraction and shortening fraction) were calculated using the modified Simpson method built into the echocardiography software. The
diameter of the mitral annulus and the characteristics of the aortic root were also measured: the diameters of the aortic valve, Valsalva
sinuses, and sinotubular junction, as well as the height of the aortic root from the fibrous ring to the line of the sinotubular junction. Direct
measurements of the ascending aorta and pulmonary artery diameters, intercommissural distances, and the height of the aortic valve
leaflets were performed after autopsy.

Results. A number of anatomical and functional parameters of the sheep heart such as ejection fraction, myocardium thickness,
LV EDD and LV ESD, aorta, and pulmonary artery diameters, have been established to be close to those of the human heart. At the
same time, LV EDV and LV ESV of the sheep are significantly lower than in humans, even in relation to the body surface area,
and the average mitral valve diameter is larger. Despite the same diameters of the aortic valve, Valsalva sinuses, and sinotubular
junction, the structures of the ovine and human aortic roots are different: the sheep root features a smaller height and intercommissural
distances of the cusps. In addition, some differences were found in the arrangement of the cusps in relation to the valve axis: the
intercommissural distance of the right coronary leaflet was almost 2 times greater than the similar indicator of the left coronary leaflet.

Most anatomical and functional parameters have not shown any correlation with the animals’ body weight. Only in group 2, a
significant positive correlation between body weight and the height of the aortic valve leaflets was found.

Conclusion. The anatomical and functional characteristics of the sheep heart are close but not identical to human hearts. The
sheep is a valid experimental model for preclinical testing of implantable cardiovascular devices, but a successful experiment requires
careful screening of animals with echocardiographic assessment of the target zone parameters and selection of the appropriate
device size.
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Introduction

The problem of developing new implantable devices
for surgical treatment of acquired heart valvular diseases
remains urgent due to the growth of life longevity and,
respectively, increase of the population at the age over
60-70 years and older. To correct degenerative defects
in elderly patients, transcatheter devices are widely
used. Technical innovations and steady progress in
the development of cardiosurgery also stimulate new
developments of minimally invasive devices for the
pediatric group of patients [1, 2].

The development of implantable medical devices in
endovascular and cardiovascular surgery requires a
mandatory stage of preclinical trials on large animals
with orthotopic implantation of the tested device.
Usually, calves [3], pigs [4], and sheep [5] are used for
this purpose. The experiments with sheep are not rare
in studying the technical aspects of new cardiovascular
device implantation and assessing their function and
long-term structural transformations [6, 7]. Primate
models would be considered optimal [8] but their
use would require greater financial expenses and
overcoming some ethical aspects of the experiment.

When choosing the animal model and planning
the experiment, it is necessary to make sure that the
targeted zone of the cardiovascular system of the
animal matches the implanted device in anatomical
and functional parameters. Significant mismatches in
sizes and characteristics will result in transplantation
failure, obtaining unreliable results, or their absence.
For example, obstruction of the coronary blood
flow is a known problem in orthotopic transcatheter
implantation of some models of self-opening aortic
valves to pigs [9]. Such complications as migration of
the mitral transcatheter prosthesis and/or paraprosthesis
regurgitation due to noncongruence of devices
developed for humans are also possible [10, 11].

Knowledge of morphometric characteristics of the
intervention zone is needed in planning the trials of
medical devices to diminish the risk of laboratory animal
lethality and obtain valid results of the experiment.
Non-effective invasive intervention and especially
unnecessary death of animals are unacceptable from
the bioethical point of view.

Unfortunately, we have not found today a unified
protocol for studying anatomical and functional
parameters of the ovine hearts in the available literature
sources. As a rule, publications contained a general
description of the sheep aortic root and data on the
dependence of the heart size and its separate structures
on the breed, gender, body mass, and age and also
individual topographic features of some animals [12, 13].

The aim of our study is to determine numerical
anatomical and functional characteristics of the ovine
heart, establish their differences from the human heart,
and assess the suitability of this animal model for
preclinical testing of implantable cardiovascular devices.
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Materials and Methods

The study was performed on 17 healthy crossbred
Romanov sheep frequently encountered in the
Novosibirsk region. These animals are commonly used
at the Meshalkin National Medical Research Center
for preclinical testing of implantable medical devices.
The sheep included in this investigation were divided
into 2 groups: group 1 (n=7) consisted of animals with
20-29 kg body mass; group 2 (n=10) were the animals
with 30-43 kg body mass. All sheep underwent
preliminary veterinarian examination and were found to
be healthy.

The study was approved by the Bioethical Committee
of the Meshalkin National Medical Research Center
(protocol No.3 of August 25, 2023). Housing conditions
and animal handling complied with the requirements of
the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific
Purposes (Strasbourg, 2006).

Preclinical testing was carried out within the
framework of the project on the development of
transcatheter mitral bioprosthesis. The aortic valve
was left intact, which made it possible to perform direct
morphometry in all animals that died after euthanasia
in the acute experiment or in the early (not exceeding
10 days) postoperative period.

EchoCG examination was done without sedation,
therefore animals were brought in pairs and had time for
adaptation before the examination in order to reduce the
stress (Figure 1).

On the day of echoCG, the animals were weighed
using VSP4-150 JSO scales (GK “Nevskiye vesy’,
Russia), accuracy class Ill, GOST OIML R76-1-2011.

The right side of the chest in the region of the
cardiac impulse (4-5" intercostal space, the lower
third) was cleared from wool using Max45 clipper
(Moser, Germany). The sheep was placed on the table
in the right lateral decubitus position with the thoracic
limbs pulled forward holding them by the hands. The
examination took about 10 min.

Philips CX-50 US system (revision 3.1.2; Philips,
the Netherlands) was used for echoCG with the sector-
phased S5-1 sensor in compliance with the methods
previously described for animals [14—-16]. Acugel of
medium viscosity was applied as a contact medium to
the animal skin in the area of the cardiac echo window.
Images were acquired from the right parasternal
projection (long and short axis). Long axis view allowed
us to obtain 4-chamber and 5-chamber images.

The following parameters were registered: heart rate,
right ventricular wall thickness in diastole, right and left
ventricular end-diastolic dimensions (RV EDD and LV
EDD), interventricular septum (IVS) thickness in systole
and diastole, left ventricular posterior wall thickness
in systole and diastole, left ventricular end-systolic
dimension (LV ESD).

The functional parameters of the left ventricle (left
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Figure 1. EchoCG examination of the sheep:
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(a) animals were brought in pairs to reduce the stress; (b) the procedure was performed in the right lateral decubitus
position on the table with special cutouts for better US sensor positioning

Figure 2. EchoCG imaging of the main ovine heart structures:
(a) aorta (A), aortic fibrous ring (AFR); (b) Valsalva sinus (VS), sinotubular junction (StJ); (c) aortic
root height (ARH); (d) 4-chamber position, long axis (LV — left ventricle, RV — right ventricle,

RA — right atrium, LA — left atrium)

ventricle end-systolic and end-diastolic volumes (LV ESV
and LV EDV), ejection fraction, and shortening fraction)
were calculated using the modified Simpson method
built into the echocardiography software. The diameter

Functional Anatomy of the Sheep Heart

of the fibrous aortic ring was fixed during systole at the
moment of its maximal size; the cursor was placed from
the inner edge to the inner edge at the point of leaflet
attachments. Valsalva sinuses and the sinotubular
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junction were measured during diastole from the outer
contour to the outer contour, the height of the aortic
root — from the fibrous ring to the line of the sinotubular
junction (Figure 2).

The rotation of the sensor around its axis enabled
us to obtain a short axis image of the animal heart.
From this position, the pulmonary artery diameter was
assessed at the valve level (Figure 3). The diameter of
the mitral valve was estimated in the long- and short-axis
views (Figure 4).

To make direct measurements of cardiac structures,
the hearts were removed at autopsy in compliance
with standard procedures (Figure 5). Using Hegar’s
dilators (Figure 6), the diameter of the ascending aorta
and pulmonary artery were assessed. Then, the aortic
root was dissected along the commissure between the
leaflets.

Measurements of linear dimensions were performed
with compasses with the accuracy of 1.0 mm and
the method of precise modeling of the thread across

Figure 3. EchCG image of the pulmonary
artery; right parasternal projection, short-
axis view

A — aorta, PA — pulmonary artery

Figure 4. EchoCG image of the mitral valve; right parasternal projection:
(a) short-axis view; (b) long-axis view; MVD — mitral valve diameter, IVS — interventricular

septum, LV — left ventricle
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Figure 5. Ovine heart after
explantation:
(a) view from the front surface;

(b) top view after the removal of
atrial auricles. RV — right ventricle,
LV — left ventricle, AIVS — anterior
interventricular sulcus, LA — left
atrium, RA — right atrium, PA —
pulmonary artery, A— aorta
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Figure 6. Measurement of aortic and pulmonary artery diameters using Hegar’s dilator:
(a) measurement of aorta (A); (b) measurement of pulmonary artery (PA)

A
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Figure 7. Measurement of linear parameters:
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(a) ovine gross heart specimen, view of opened left ventricle; (b) aortic root specimen;
(c) measurement of the leaflet height (7) and intercommissural distance (2)

the heart structure configuration with subsequent
measurement of its length with a ruler (Figure 7).
Intercommissural distance was determined between the
commissural tops with subsequent measurements of the
length along the convex sinus wall, and a leaflet height
was measured from the middle of the free leaflet margin
length to the middle of the length of leaflet attachment to
the fibrous ring.

Presence of any damage or abnormal structures was
the criterion for exclusion from the study.

The relation of the mass to the body surface area
in sheep was calculated by the formula commonly
accepted in veterinary medicine [17]:

Functional Anatomy of the Sheep Heart

BSA=K-(m/2.3)-10,

where BSA is body surface area (m?); m — body
mass (g); K — coefficient for various animal species (it is
equal to 10.1 in the present study).

Statistical data processing. Data were statistically
processed using Statistica 8.0 software (StatSoft Inc.,
USA). The Shapiro-Wilk test was used to determine
normality of distribution. Since the distribution differed
from normal, methods of non-parametric statistics were
employed. Data were presented as the median (Me)
and interquartile interval [Q1; Q3]. The Mann-Whitney
U-test was used to assess statistical significance of
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differences, while the Spearman’s method was applied
to calculate the correlation coefficient of qualitative
variables. Differences were considered statistically
significant at p<0.05.

Results and Discussion

Unfortunately, it is impossible to completely exclude
the stress in animals subject to examination without
sedation, therefore we observed increase of the average

Table 1

heart rate to 97-98 bpm, which is normally 60-80 bpm.

In all cases, investigations from the right parasternal
approach in the 4-5" intercostal space resulted in
obtaining high-quality images, which, in turn, allowed
us to make accurate measurements with the results
presented in Table 1.

The data obtained by direct measurement of the
aorta and pulmonary artery diameters (see Figure 6)
agreed with those acquired by the echoCG examination
(Table 2). Thus, when planning experimental operation,

Results of echoCG examination of locally crossbred Romanov sheep, Me [Q1; Q3]

Indicator

Body mass (kg)

Body surface area (m?)

Heart rate (beats/min)

Right ventricular wall thickness in diastole (mm)
Right ventricular end-diastolic dimension (mm)
Interventricular septum thickness in diastole (mm)
Left ventricular end-diastolic dimension (mm)

Left ventricular posterior wall thickness in diastole (mm)
Left ventricular end-diastolic volume (ml)
Interventricular septum thickness in systole (mm)
Left ventricular end-systolic dimension (mm)

Left ventricular posterior wall thickness in systole (mm)
Left ventricular end-systolic volume (ml)

Ejection fraction (%)

Shortening fraction (%)

Diameter of aortic valve fibrous ring (mm)
Diameter of Valsalva sinuses (mm)

Sinotubular junction diameter (mm)

Height of the Valsalva sinuses (mm)

Ascending aorta diameter (mm)

Pulmonary artery diameter (mm)

Mitral valve diameter (mm)

Group 1 (n=7),

Group 2 (n=10),

20-29 kg 30-43 kg P*
240[230:250]  335(300,300] 00006
0.840 [0817; 0.864] 1.039 [0.975;1.142  0.0006
9B0[940; 1160]  97.0[96.0: 1020]  0.7697
74[60; 102] 87068,96] 08073
180[127:330]  158[138:17.9] 05259
09193264  92[86:103 02123
B5042:500]  299[254:382 04349
8683 9.3 9900.0:114] 00652
63[206:458) 438232628 07630
M284124] 119108 137] 03289
268[159:305]  198[186,235 05914
136[102 157  155[142;159] 03291
740,266 132[12192 0713
602(562:796]  643[580,707] 04159
3B4[286,468]  339[294:305 04159
182[167:229]  217[200;238  0.1858
2020268306 3211295333  0.1037
240[235:249  247[220,210] 06714
176[166,262  176[149;185] 04989
23.4 [22.6; 24.2) 24.2 [22.9; 24.7] 0.3579
26[169:250]  205[173;236]  0.8708
300303357  BIBI2IEG 04477

* statistical significance of value differences between the indicators of group 1 and 2.

Table 2

Diameters of the ascending aorta and pulmonary artery according to the echoCG data

and direct measurement, Me [Q1; Q3]

Group 1 (n=7), 20-29 kg

Indicator
EchoCG

Ascending aorta diameter (mm)

Pulmonary artery diameter (mm)

23.4[22.6: 24.2]
21.6[16.9; 25.0]

Direct
measurement

24.0[23.0; 24.0]
21.5[17.0: 25.0]

Group 2 (n=10), 30-43 kg

EchoCG

Direct

measurement

24.2[22.9; 24.7]
205[17.3; 23.6]

24.0[23.0: 25.0]
20.5[17.0: 24.0]
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dimensions of the implanted device may be chosen
with high accuracy based on the results of the echoCG
examination.

The results obtained in the present study have
demonstrated a high individual variability of anatomical
and functional parameters of ovine hearts. Moreover,
none of the parameters given in Table 1 showed a
correlation with the animal body mass (the correlation
for all indicators was assessed as weak at p<0.4). In
animals from group 2, only statistically insignificant
tendency to the increase of some measured structures
was noted: ventricular wall thickness, intraventricular
septum, ventricle sizes, aorta from the fibrous ring to its
ascending part, and the mitral valve.

Notable that some anatomical and functional
indicators of the ovine heart are very similar to the
human heart. So, ejection fraction in sheep is 58-79%,
which is close to the human reference values (53—
77%) [18, 19]. The posterior wall thickness of the left
ventricle in humans is 8-11 mm, in sheep, it is 8.6—
9.9 mm, the TVS in diastole is 9-12 and 9.2-9.9 mm,
respectively [20].

Despite the fact that LV ESD and LV EDD in sheep is
smaller on average than in human (human ESD is equal
to 21.6-39.8 mm, EDD — 37.8-58.4 mm [18]), one can
easily find animals in group 1 and 2, whose indicators
are within the reference values for healthy people.
The LV ESD and LV EDD in sheep are highly variable,

Table 3

ADVANCED RESEARCHES

especially in animals of group 1, and are in the range of
15.9-30.5 and 24.4-59.0 mm, respectively.

At the same time, the volume values of the ovine left
ventricle are much lower than the human ones even in
relation to the body surface area (Table 3).

The diameter of the mitral valve is a bit greater than
in humans (31-34 mm): the average dimensions are
29 mm in men and 26 mm in women [21]. The diameters
of the ascending aorta and pulmonary artery (see
Table 1 and 2) in sheep approximate to those of human
(19-35 and 16—29 mm, respectively) [22].

Of great interest for the in vivo testing of the aortic
valve prostheses is the geometry of the ovine aortic
root, the compliance of its dimensions with the human
ones. The fibrous ring diameter of the aortic valve in
men is known to be in the range of 16-23 mm [19]. In
the sheep of our study, these values were 16.7 mm in
group 1 up to 23.8 mm in group 2 (see Table 1). The
diameters of Valsalva sinuses and sinotubular junction
in sheep are quite comparable with similar human
indicators, but their variability is somewhat less. Thus,
the diameter of Valsalva sinuses in sheep is 26.8—
33.3 mm, while in men it is 22-35 mm, the sinotubular
junction diameter is 23.5-27.0 and 18-30 mm,
respectively [19].

The results of direct measurements have shown that
the leaflet height of the aortic valve is about 10-12 mm
regardless of the animal mass (Figure 8). It is about

Values of left ventricular end-systolic volume (LV ESV)
and left ventricular end-diastolic volume (LV EDV) in humans and sheep, Me [Q1; Q3]

. Sheep Women,
Indicator
Group 1 (n=7),20-29kg  Group 2 (n=10), 30-43kg  20-80 years old [18]

LV EDV (ml) 36.3 [20.6; 45.8] 43.8 [23.3; 62.8] 86-178

LV EDV/BSA (ml/m?) 43.2 [25.2; 53.0] 42.2 [22.3; 55.0] 56-96

LV ESV (ml) 7.47.0; 26.6] 13.2[11.2;19.2] 22-66

LV ESV/BSA (ml/m?) 8.8 [8.6; 30.8] 12.7[11.5; 16.8] 14-34

Note. BSAis body surface area.

20 —

. . . 18 J_
Figure 8. Results of measuring aortic
valve leaflets in sheep weighing 20- 16
29 kg (green color) and 30-43 kg 5 14 ‘I‘
(vellow color) £ 12 — l
LC-H — left coronary leaflet height, g T T —
RC-H — right coronary leaflet T LA e[ ] ]
height, NC-H — non-coronary leaflet T 8
height; LC-ICD — intercommissural 6
distance of the left coronary leaflet, 4
RC-ICD — intercommissural distance
of the right coronary leaflet, NC-ICD — 2
intercommissural distance of the non- 0
coronary leaflet LC-H RC-H NC-H LC-ICD RC-ICD NC-ICD

Functional Anatomy of the Sheep Heart
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twice as much in humans and is equal to 19-24 mm
[23]. Still greater differences have been found in the
location of leaflet commissures relative to the valve axis.
The distance between the leaflet commissures of the
human aortic valve is rather uniform and is 24-33 mm
[23], whereas those measured by us in sheep amounted
to 11-13 mm for the left coronary leaflet and 11-15 mm
for the non-coronary leaflet.

In sheep of group 2, the intercommissural distances
were 1-2 mm larger (see Figure 8) than in sheep
of group 1, although these differences were not
statistically significant (p>0.1). The inercommissural
distance of the right coronary leaflet was 18-20 mm
in both groups. A positive Spearman correlation
has been found between the body mass and this
commissural distance (p=0.82 at p<0.05) in animals
of group 1. In animals of group 2, a positive Spearman
correlation was detected between the body mass and
intercommissural distance of the left coronary leaflet
(p=0.82 at p<0.05), between the body mass and the
height of the left coronary leaflet (p=0.72 at p<0.05),
body mass and the height of the right coronary leaflet
(p=0.85 at p<0.05), body mass and the height of the
non-coronary leaflet (p=0.83 at p<0.05).

The conducted investigations made us come
to the conclusion that anatomical and functional
characteristics of the ovine heart are close but not
identical to the human ones. These characteristics
in men are directly connected with the body mass,
age, height, body surface area, and so on [24, 25].
However, there are no such correlations for the ovine
hearts, therefore, the choice of animals for a specific
experiment should not be based on their mass. For
example, the aortic valve with 23 mm in diameter or a
mitral valve with a diameter of 35 mm may be equally
often encountered in the group with an average mass
of 24 kg and in the animals weighing 10 kg more.
At the same time, it should be noted that we have
not found any significant correlations between the
diameters of these valves and indicators of linear and
volumetric dimensions of the heart. But correlations
have been found between the animal mass and aortic
root structure, which should be taken into account in
selecting the object of the experiment.

Smaller volumetric dimensions of ovine cardiac
cavities relative to the human heart also should be taken
into consideration. It is especially important for testing
transcatheter prostheses of the mitral valve, which are
designed for patients with ischemic mitral regurgitation
and, consequently, a “large” left ventricle.

We consider preliminary modeling in silico to be
an optimal approach to planning the experiment:
successive echoCG screening of animals, 3D modeling
of the targeted zone with subsequent virtual implantation
of the tested device, selection of the animal with optimal
anatomo-functional characteristics and the size of the
implanted device — and only after this a direct surgical
experiment may be fulfilled.

20 CTM /2025 vol. 17[No.2

The results of our study allowed us to outline several
practical aspects, which should be considered when you
analyze the characteristics of the targeted zone.

First, echoCG examination in sheep without sedation
is complicated by sensitivity of these animals to stress
with the development of tachypnea and tachycardia.
However, sedation requires preparation of animals
(at least food deprivation for 12 h), and also provokes
the decrease of systolic and diastolic function during
anesthesia. Besides, general anesthesia in sheep
reduces heart contractility [26]. We consider non-
medicamentous measures of stress reduction to be
more useful: extremely careful handling, examination in
pairs, manual recording, treating the sheep with mineral
salt lick during the procedure.

Second, difficulties of acquiring high quality images
caused by the keeled chest, narrow intercostal spaces,
and presence of gas in the sheep rumen should be
regarded as well [3]. We also ran into this problem but
succeeded in obtaining the necessary data since all
echoCG examination procedures were performed from
the right lateral decubitus position using parasternal
long-axis and short-axis views.

Preparing for the experiment on aortic valve
implantation, one should consider two factors discovered
by us in the process of our investigation. The first one
consists in the direct correlation between the animal
body mass and leaflet height and also between the mass
and commissural distance. The second factor refers to
great differences in commissural distances. The human
aortic valve is more axisymmetric and demonstrates
significant correlations between the key leaflet
parameters [27]. These factors should be taken into
account since some models of implanted valves may
cause coronary obstruction if anatomical parameters of
the targeted zone are underestimated.

Thus, the results obtained have shown the necessity
of mandatory echocardiographic examination of the
targeted zone prior to the execution of the surgical
experiment.

Conclusion

The presented numerical anatomical and functional
characteristics of healthy crossbred Romanov sheep
hearts have demonstrated their differences from the
human heart parameters, which does not prevent from
recognizing these sheep a valid model for preclinical
trials of implanted cardiovascular devices.

The obtained data will be useful for cardiologists,
surgeons, and engineers engaged in the development
of devices for surgery of mitral, aortic, pulmonary artery
valves and their preclinical testing on animals.
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