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Abstract

Background. The right ventricular outflow tract (RVOT) is located above the supraventricular crest and
reaches the level of the pulmonary valve. Detailed knowledge of the RVOT spatial structure and its morphology
is extremely important for cardiac invasive therapeutic procedures.

Objectives. To examine the spatial structure of the RVOT using virtual models of the right ventricle (RV)
interior obtained post mortem.

Materials and methods. The study was carried out using 40 adult hearts from both sexes fixed in formalin.
Donors had a negative history of cardiovascular diseases. Silicone models of the interior of the RV were made
and then subjected to a digital modelling procedure using the photogrammetry technique. For each 3D model
of the RV, the RVOT was extracted and measurements were performed.

Results. Statistical analysis demonstrated that the dimensions of the transverse (p < 0.001) and sagittal
(p=10.002) axis at the level of the upper and lower border of the RVOT differed significantly. There was also
a significant difference between the right and left height of the RVOT (p = 0.009). A clear correlation was
found between the volume of the RVOT and the volume of the entire RV (r=0.718, p < 0.001).

Conclusions. The obtained 3D models of the RVOT can help standardize the data related to RVOT archi-
tecture. Furthermore, they can extend knowledge about the RVOT in the field of cardiology and improve
the procedures in cardiac surgery.
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Background

The right ventricle (RV) and structures located in its
area are gradually gaining more interest among research-
ers. The relationship between anatomical components
of the RV and various heart diseases is being increasingly
recognized. There are reports in the scientific litera-
ture related to the analysis of the structure and function
of the RV, both for healthy hearts and those with patho-
logical changes.> There are also many papers that present
the spatial architecture of the RV and its components. One
notable study is that by Ho and Nihoyannopoulos, who
comprehensively described the RV and its internal struc-
tures in terms of echocardiography.! Unfortunately, much
of the available data about the context of the nomenclature
of the structures within the RV are still ambiguous.

One component of the RV sparking serious controver-
sies is the right ventricular outflow tract (RVOT), which
is the outflow path of the blood flowing through the RV
during the cardiac cycle. The RVOT area is located be-
tween the pulmonary valve and the level of the upper part
of the supraventricular crest.!

Due to its clinical significance, the RVOT is an important
region for morphological studies. It has been shown that
the knowledge of the shape of this area is of great importance
in the context of the implantation of cardiac stimulating
systems.? Furthermore, the source of idiopathic ventricular
arrhythmias is often located within the RVOT.* Therefore,
thorough knowledge of this area and the structures located
in its cavity is the basis for optimizing ablation procedures
for arrhythmogenic foci presented by Pytkowski et al.”

From a practical perspective, the spatial structure
of the RVOT seems to be particularly important. Infor-
mation obtained from 3D modelling can serve as a source
of valuable and abundant data, especially in clinical as-
pects. Due to modern developments in imaging techniques,
cardiac visualization is becoming an essential component
of the diagnostic and therapeutic process in cardiology
and cardiac surgery.

Photogrammetry, which has been used in medicine for
many years, is a technique that enables imaging of anatom-
ical structures post mortem. In the context of the heart,
photogrammetric methods are primarily aimed at under-
standing the shape and size of this organ. Due to the ability
to make silicone models of the heart cavities, it has also be-
come possible to analyze these spaces. An additional applica-
tion and major advantage of photogrammetric techniques
is the ability to obtain a durable 3D model that can be pro-
cessed and analyzed many times. Photogrammetry is most
often associated with the use of the visible electromagnetic
radiation range (which was used for the purpose of image
registration in this study), although other ranges of radiation
are also used, e.g. x-rays, near and mid-infrared radiation, etc.

The importance of photogrammetry in medicine has sig-
nificantly increased and it is now associated with the comput-
erization and digitization of many medical analysis processes.
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For example, it can be used to model the requirements for 3D
printing of missing or replacement structures® or for the col-
lection of objective data about the dimensions and shapes
of given organs (as in the present study). A dataset collected
using photogrammetry can be used for many years.

Objectives

The aim of this study was to perform manual measure-
ments of RVOT dimensions and volumes based on virtual
models of the RV interior obtained post mortem in order
to analyze RVOT morphology.

Materials and methods
Model preparation

Observations were carried out for 40 hearts from adults
aged 18-85 years (average age: 44 years) of both sexes
(13 women, 27 men). All donors had a negative history
of cardiovascular diseases. The hearts were fixed in for-
malin solution. In order to obtain the RVOT model, 40 sili-
cone internal models of the RV were first made according
to the procedure described in Kaczyrniska et al.” (Fig. 1).

This study was approved by the Independent Bioethics
Committee for Scientific Research at Medical University
of Gdansk, Poland (approval No. 407/2015 granted on Sep-
tember 15, 2015).

Digital modelling

The obtained models were subjected to a digital model-
ling procedure using photogrammetry techniques. This
method uses serial photos of the physical model to trans-
form it into a virtual model. For this purpose, a Sony Alpha
DSLR-A300 (Sony Corp., Tokyo, Japan) camera was used
with a Sony 3.5-5.6/18-70 lens (Sony Corp.), and 50 con-
tinuous photos were taken of each model. Next, the photos
were imported into Autodesk ReCap Photo (Autodesk Inc.,
San Rafael, USA), transformed into a virtual model, and
then scaled. In addition, digital processing and manual
RVOT measurements were made (Fig. 2).

Right ventricular outflow tract
boundary determination

Before manual processing of the 3D models, macroscopic
analyses of the obtained silicone models and specimens
of the interior of the RV were carried out to determine
the characteristic points that would be used to evaluate
the RVOT boundaries. During the process of extracting
the RVOT from the 3D model of the entire RV, a virtual verti-
cal cut was first made, starting from the location of the su-
praventricular crest — the largest indentation on the model
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Fig. 1. Silicone model of the interior

RA - right atrium; TV — tricuspid valve; RVA - right ventricle apex;
RVOT - right ventricle outflow tract; PT - pulmonary trunk;
PV - pulmonary valve.

— to the apex of the RV. Next, from the first of these points,
another cut was made to the left edge of the RV, where
the free wall meets the septal wall. On this edge, the loca-
tion of the first characteristic indentation on the model (from
the pulmonary valve to the apex of the RV) was determined,
which defines the lower border of the RVOT. Hearts were
grouped according to the presence of indentation or no vis-
ible indentation. The upper border of the RVOT was defined
as the ring connecting the attachment points (commissural
points) of the pulmonary valve cusps (Fig. 3A).

Manual measurements

For the obtained 40 models of the RVOT, the following
measurements of the spatial structures were performed:
the largest dimension in the transverse axis, at the level
of the upper (a) and lower (a’) border of the RVOT; the larg-
est dimension in the sagittal axis, at the level of the upper
(b) and lower (b’) border of the RVOT and the right (c)
and left (¢) height of the RVOT, connecting the furthest
points at the upper and lower border of the RVOT (Fig. 4).
The RVOT volume and the volume of the entire RV were
also measured prior to extracting the RVOT.
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Fig. 2. Digitized silicone model

RA - right atrium; TV - tricuspid valve; RVA - right ventricle apex;
RVOT - right ventricle outflow tract; PT — pulmonary trunk;
PV - pulmonary valve.

Statistical analysis

Statistical analysis was performed using Statistica
Software v. 13.1 for Windows (StatSoft Inc., Tulsa, USA).
The D’Agostino’s and Pearson’s tests were used to check
the normality of the distribution. The data had a normal
distribution. Student’s t-test for independent samples was
used to compare the RVOT measurements. This test was
chosen because of the small sample size (40 hearts) and
for comparing 2 groups. Pearson’s correlation analysis was
performed to assess the relationship between the entire RV
volume and the RVOT volume. Results with p < 0.05 were
considered statistically significant.

Results
Macroscopic analysis

The RVOT was extracted from each of the forty 3D
models of the RV. During the determination of the RVOT
boundaries, 2 characteristic indentations were ob-
served on the virtual models. The 1%t indentation was
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Fig. 3. A. Setting the upper border of the right ventricle outflow tract (RVOT). The yellow asterisk indicates the attachments of the pulmonary valve

cusps to the internal surface of the vessel. The line marks are the assumed upper border of the RVOT; B and C. The view of the RVOT from the perspective

of the free wall. The yellow asterisk indicates the extension of the supraventricular crest that causes characteristic indentation on the 3D model. The red line
marks the supraventricular crest that separates the inflow from outflow tract in the right ventricle (RV)

TV — tricuspid valve; PV — pulmonary valve.

Fig. 4. Scheme of the measurements performed for the right ventricle
outflow tract (RVOT)

a - dimension in the transverse axis at the level of the upper border

of the RVOT; a’ — dimension in the transverse axis at the level of the lower
border of the RVOT; b — dimension in the sagittal axis at the level

of the upper border of the RVOT; b’ — dimension in the sagittal axis

at the level of the lower border of the RVOT; ¢ - right border of RVOT;

¢’ - left border of RVOT.

the equivalent of the supraventricular crest that separated
the RVOT on the model from the right atrioventricular
orifice. The lowest point lying on this indentation was
used to determine the virtual cut towards the apex and
left margin of the RV. The 2" indentation was on the left
margin of the RV and was located as the highest point to-
wards the pulmonary valve. It was used to set the 2" point
in order to determine the lower border of the RVOT (Fig. 5).

A characteristic indentation was not present only on
4 RVOT models or it was not possible to identify it (Fig. 5A).
The rest 36 RVOT models had a noticeable indentation
(Fig. 5B,C). After indentation analysis of the 3D models,
macroscopic assessment of this structure was carried
out on the specimens fixed in formalin. It was found that
the structure that created the characteristic indentation
on the 3D model during the process of silicone modelling
is a muscular element, that connects the septal wall with

the free wall of the RV (Fig. 3B). This structure emerges
below the pulmonary valve cusps, at the level of the supra-
ventricular crest, and then goes downwards overlapping
the free wall of the RV. Above this element, the trabecula-
tion is less intense compared to the RV architecture below
this structure. The macroscopic examination also revealed
that the protruding element does not reach the point where
the septal wall connects directly with the free wall of the RV.
The structure appeared as a free bundle of muscles connect-
ing both walls. Deriving a line along the supraventricular
crest and the examined structure, it was found that the line
along the examined element is an extension of the supra-
ventricular crest, and both marked lines form an arch that
curves below the pulmonary valve (Fig. 3C).

Right ventricular outflow tract
dimensions and volume

The mean dimension in the transverse axis of the RVOT
at the level of the upper border (a) was 23.51 mm (stan-
dard deviation (SD) = 4.81 mm); the same mean dimen-
sion at the level of the lower border (a’) was 28.18 mm
(SD = 6.36 mm). Statistical analysis showed that the di-
mension in the transverse axis differed significantly
at the level of the upper and lower RVOT (Student’s t-test,
p < 0.001; Fig. 6).

The obtained data indicated that this dimension, starting
from the lower border to the upper one, became smaller.
The mean dimension in the sagittal axis at the level
of the upper border of the structure (b) was 18.24 mm
(SD = 4.85 mm), while that at the level of the lower border
(b’) was 14.95 mm (SD = 4.56 mm). This difference was sta-
tistically significant (Student’s t-test, p = 0.002), indicating
that the anteroposterior dimension of the RVOT becomes
larger towards the pulmonary valve (Fig. 7).
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Fig. 5. A view of the 3D model of the right ventricle (RV). A. No visible indentation; B and C. Visible indentation (marked with an arrow)

TV —tricuspid valve; RVA - right ventricle apex; RVOT - right ventricle outflow tract; PV — pulmonary valve.

Fig. 6. Comparison of the dimension in the transverse axis at the level
of the upper (a) and lower (a') border of the right ventricle outflow tract
(RVOT). The values are given in millimeters [mm]

a—M = 23.51, standard deviation (SD) = 4.81;a' — M = 28.18, SD = 6.36.

The obtained data also allowed us to assess the right (c)
and left (') mean height of the RVOT structure, which was
35.96 mm (SD = 6.02 mm) and 39.45 mm (SD = 5.63 mm),
respectively. The difference between these measurements
was statistically significant (Student’s t-test, p = 0.009)
(Fig. 8). The left height (c’) of the RVOT was significantly
greater than the right height (c).

The mean volume of the RVOT was 11.98 mL, which
comprised 24% of the volume of the entire RV. There
was a strong positive correlation between the vol-
ume of the RVOT and the volume of the entire RV
(r = 0.718, p < 0.001). The obtained data clearly show that

Fig. 7. Comparison of the dimension in the sagittal axis at the level
of the upper (b) and lower (b') border of the right ventricle outflow tract
(RVOT). The values are given in millimeters [mm]

b — M =18.24, standard deviation (SD) = 4.85; b’ = M = 14.95, SD = 4.56.

as the volume of the entire RV increases, the RVOT volume
also increases (Fig. 9).

Discussion

At present, the interior of the RV is divided into 3 parts:
inflow tract, trabeculated apex and outflow tract. How-
ever, the existing data lack the definition of the exact
border between the RVOT and the trabeculated apex
of the RV. Due to conflicting data, knowledge about this
area is inconsistent.
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Fig. 8. Comparison of the right (c) and left (c') border of the right ventricle
outflow tract (RVOT). The values are given in millimeters [mm]

c - M= 3596, standard deviation (SD) = 6.02; ¢’ = M = 3945, SD = 5.63.

The supraventricular crest, which separates the inflow
tract from outflow tract of the RV, forms a noticeable
boundary structure between the 2 components of the RV.
This structure penetrates the interventricular septum be-
tween the anterior and posterior limb of the septomarginal
trabecula.

The pulmonary infundibulum, which is part of
the RVOT, has the form of a smooth and muscular sleeve.
Along that structure extends the anterior limb of the sep-
tomarginal trabecula, which supports the cusps of the pul-
monary valve by lifting the entire valve apparatus above
the base of the heart. This is possible because the frag-
ments of the infundibulum are built into the 3 pulmonary
sinuses. The locations of the attachments of the pulmo-
nary valve cusps determine the sinotubular junction, while
the anatomical border between the RV and the pulmonary
trunk is defined as the line to which the infundibular mus-
culature reaches within the base of the cusps sinuses.!"®?
Despite large variation in length, size and angle of the cur-
vature of the pulmonary infundibulum, its dimensions do
not depend on the dimensions of the RV itself.!

In the present study, the place of attachment of the pul-
monary valve cusps to the inner surface of the vessel wall
was assumed to be the upper border of the RVOT. The con-
nected attachment points of the pulmonary valve formed
a ring that was easy to locate on the 3D models of the RV.
Determining the lower RVOT border was unfortunately
not as easy, due to the lack of a clear border between
the trabecular apex and the infundibulum.®!1-13

Based on our observations, the structure most suitable
for determining the lower border seems to be the ele-
ment of the RV that causes the characteristic indentation
on the 3D model in the area of contact between the free
and septal wall. This indentation occurred in up to 90%
of the examined hearts, and may thus serve as a deter-
minant of the lower border of the RVOT. Macroscopic
analysis of the specimens revealed that the indentation

A. Kaczyniska et al. Clinical anatomy of the RVOT
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Fig. 9. Correlation between the volume of the entire right ventricle (V RV)

and the volume of the right ventricle outflow tract (V RVOT). The values
are given in milliliters [mL]

is caused by a muscle structure that passes from the sep-
tal wall to the free wall, directly from the pulmonary
trunk to the apex of the RV (Fig. 9). Notably, this element
is the last protrusion towards the infundibulum that has
a smooth wall. Moreover, this structure appears as a free
muscle bundle that attaches to the septal wall. Due
to its connection with the free and septal walls, it can
be determined that this element is not a typical part
of the septoparietal trabeculation that lies on the internal
surface of the walls of the RV. This structure is also not
a free part of the septomarginal trabecula, as evidenced
by its too high location in the ventricular space. Based
on macroscopic analysis of this structure, it seems to be
an extension of the supraventricular crest on the free wall
of the RV. In a study by Kosinski et al., the trabecular
element was described as a component of the RV.* It was
an extension of the ventricular septal muscle bundle and
was indicated as the lower part of the supraventricular
crest. Reaching the base of the heart, this element sepa-
rated the inflow tract from the RVOT, which was visible
in our macroscopic analysis of the specimens. It seems
that the macroscopic characteristics of the structure that
causes the protrusion on the 3D models corresponds
to the extended part of the supraventricular crest.

Assuming that this structure is a part of the supraven-
tricular crest, it seems justified to use it as a determinant
of the lower border of RVOT, because it occurs in the vast
majority of cases. Importantly, its location within the RV
is permanent, compared to the variable trabeculation.
In addition, the supraventricular crest has an analogous
embryological origin to the RVOT.!>16

Previous scientific reports have attempted to establish
the lower border of RVOT, which was typically determined
in the context of the implantation of cardiac pacing or ab-
lation of arrhythmogenic foci. In a study by Mond et al.,”
the trabecular part was included in the RVOT area and
the lower border of the RVOT was designated as the line
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from the highest point of the tricuspid valve towards
the left edge of the heart. Based on its different electro-
physiological properties, the RVOT was divided into 4 wall
segments: anterior, posterior, free wall part, and ventricu-
lar septum.

In order to define the optimal pacing sites in the RVOT,
Lieberman et al. similarly marked the lower border of this
area.’ The placement of an electrode in a specific segment
of the RVOT is characterized by a different morphology
of the QRS complex in electrocardiography. Thus, unify-
ing the definition of the RVOT anatomical boundaries
is crucial for various cardiac procedures.

In contrast to the findings of Saremi et al.® that the size
of the infundibulum, which is an element of the RVOT,
is not dependent on the size of the entire RV, our re-
sults showed that the volume of the RVOT is dependent
on the volume of the entire RV. Thus, it can be concluded
that as the RV volume of the examined hearts increases,
the RVOT volume also increases. However, the specific
dimensions, angles and spatial structures of the RVOT
and RV may differ significantly and they require further
research.

In a study by Izumo et al. using 3D transesophageal
echocardiography (3D TEE), it was shown that the RVOT
cross-sectional geometry is more oval than round, as previ-
ously thought.!® The fact that we set the lines connecting
the points placed furthest apart from each other in the sag-
ittal and transverse axis, at the level of the upper and
lower RVOT border, also supports this view. In addition,
we showed that the transverse dimension becomes smaller
towards the upper border of the RVOT while the sagittal
dimension increases. The different values of these dimen-
sions certainly reflect the change in the shape of the RVOT
cross section. For this reason, it is necessary to carefully
examine these dimensions at different levels of the RVOT
sections. In addition, differences in the left and right height
of the RVOT structure indicate a change in the position
of its subsequent sections and their certain displacement,
which may be associated with RVOT rotation.

A study by Bobkowska et al. reported that differences
in measurements between physical and virtual models
are negligible.’® The developed modelling procedure
is characterized by intuitiveness, ease of implementation
by people less experienced in photogrammetry, and good
quality results. The experiments carried out by the authors
indicate the possibility of obtaining better quality mod-
els than those obtained using optical scanners.!* Manual
photo recording allows any orientation and adjustment
of the camera distance to the object. The significant advan-
tages of this method justified its choice to digitize silicone
models of the RV interior in the present study.

Clinical implications

Extension of knowledge about the anatomy of the RVOT
using imaging and modelling techniques may contribute
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to the optimization of pacemaker implantation procedures,
resulting in more effective cardiac stimulation, better fixa-
tion of the stimulating lead, and less frequent mechanical
interaction of the device with the valvular apparatus. In pa-
tients with arrhythmias within the RVOT area, better un-
derstanding of RVOT morphology may help to more accu-
rately localize the arrhythmogenic foci, thereby increasing
the effectiveness of ablation treatment. Moreover, it may be
helpful in avoiding ablation-related damage to structures
located in close proximity to the RVOT.

Limitations

This research, however, is subject to several limitations.
First, the study was carried out on relatively small number
of hearts and thus the RVOTs, which is related to the avail-
ability of specimens.

Another limitation is the disproportion between
the number of hearts of both sexes, with male hearts be-
ing the majority.

Additionally, the density of the silicone used in the mod-
els preparation may be insufficient for modeling the small-
est structures inside RV.

Conclusions

Post mortem 3D modelling of the RV interior allows for
a comprehensive analysis of RVOT anatomy. We demon-
strated that the RVOT diameter narrows towards the pul-
monary trunk; RVOT height is not symmetrical, which
may be associated with RVOT rotation; and RVOT volume
is proportionate to total RV volume.

Further studies are needed to collect more data on mor-
phological variants of the RVOT, especially studies based
on the analysis of cross sections.
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