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'SYSTEM AND METHOD FOR THE MORPHO-FUNCTIONAL ASSESSMENT OF
THE THORACIC VASCULAR DISTRICT"

DESCRIPTION

TECHNICAL FIELD OF THE INVENTION

The present invention relates to a system and related method for the morpho-
functional evaluation of the thoracic vascular district which, starting from volumetric
images (e.g. CT or MRI) of said district, allows to obtain a plurality of geometric
parameters relating to the thoracic aorta and to the pulmonary artery and usable
mainly, though not exclusively, for transcatheter aortic valve replacement (TAVR)

and/or for transcatheter pulmonary valve replacement (TVPR).

STATE OF THE ART

Percutaneous cardiovascular procedures, such as TAVR and TPVR, involve the
transcatheter insertion of prosthetic valves. These devices consist of biomorphic
artificial valves placed inside a stent; the stent and prosthetic valve leaflets inside it are
crimped into a catheter that is used to carry the device from distal access to the
intracardiac implantation site. Once the implant site is reached, the catheter is retracted
and the device stent is expanded into the site. In order for the device to function
properly, it must first be correctly positioned in relation to the adjacent anatomical
structures. For example, in the case of TAVR, the device is implanted at the native
aortic valve, but must not occlude the coronary ostia that lie immediately downstream
of the latter, otherwise myocardial ischaemia is induced. This requires the correct
positioning of the device along the axial development of the aorta and in particular the
aortic bulb. In addition, for the implant to be stable, the stent of the device must expand
until it completely adheres to the wall of the implant site, generating a thrust against
it and thus mechanical interference. This is the only way to prevent the device from
migrating after its insertion, and to prevent the so-called 'paravalvular leakage', i.e. the

backflow of blood between the prosthetic device and the wall when the prosthetic
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valve is closed. More specifically, mechanical interference is such that implant stability
is ensured when the device is positioned 'on axis' with the implant site, its nominal
size is slightly oversized in relation to the size of the implant site, and the wall of the
implant site is not too yielding.

It is also important that the thrust exerted by the stent on the wall of the implant site
is not excessive, i.e. that it is not such as to dilate the implant site and induce
undesirable interactions with important adjacent structures. For example, in the case
of TAVR, compression of the His bundle running close to the implantation site must
be avoided in order to avoid generating electrical signal conduction problems in the
myocardium; in the case of TPVR, on the other hand, the device must not dilate the
pulmonary artery to the point where it compresses the left coronary artery running
close to the implantation site in order to avoid inducing ischaemia. Finally, it is
necessary that downstream of the expansion, the stent section should have as circular
a configuration as possible. The presence of calcific deposits or the elliptical geometry
of the implant site may, in fact, distort the geometry of the expanded device to an
appreciable extent, and this may lead to an incorrect movement of the prosthetic flaps
and, therefore, to their incorrect coaptation when the valve is closed and, ultimately,
to a reduction in their fatigue life.

In contrast to open-chest surgery, transcatheter TAVR and TPVR procedures do not
allow direct visual access to the operating field, which during the procedure can only
be investigated indirectly, i.e. through two-dimensional (2D) fluoroscopy projections.
For this reason, pre-operative planning is crucial in these procedures, during which
the feasibility of implantation is assessed and the most appropriate valve device type
and size are selected on the basis of three-dimensional (3D) X-ray images, e.g.,
computed tomography (CT). Currently, the planning of TAVR and TPVR procedures
consists of identifying an appropriate implantation zone, i.e. one with characteristics
that guarantee the stability and proper function of the prosthetic device once it is
implanted. The characteristics of the implant zone are patient-specific; therefore, they

are measured for each implant candidate from clinical imaging, which commonly



10

15

20

25

WO 2024/241193 PCT/1B2024/054887

consists of CT images. In the case of TAVR, there are established guidelines ([Blanke P,
Weir-McCall JR, Achenbach S, Delgado V, Hausleiter |, Jilathawi H, Marwan M, Norgaard
BL, Piazza N, Schoenhagen P, Leipsic JA. Computed tomography imaging in the context of
transcatheter aortic valve implantation (TAVI) / transcatheter aortic valve replacement
(TAVR): An expert consensus document of the Society of Cardiovascular Computed
Tomography. | Cardiovasc Comput Tomogr 2019;13(1):1-20); [ Vahanian A, Beyersdorf F, Praz
F, Milojevic M, Baldus S, Bauersachs |, Capodanno D, Conradi L, De Bonis M, De Paulis R,
Delgado V, Freemantle N, Gilard M, Haugaa KH, Jeppsson A, [iini P, Pierard L, Prendergast
BD, Sadaba R, Tribouilloy C, Wojakowski W. 2021 ESC/EACTS Guidelines for the
management of valvular heart disease. Eur Heart | 2022,43(7):561-632], [Perry TE, George
SA, Lee B, Wahr ], Randle D, Sigurdsson G. A guide for pre-procedural imaging for
transcatheter aortic valve replacement patients. Perioperative Medicine 2020;9(1):36],
according to which the measured characteristics are: maximum and minimum
diameter, cross-sectional area and perimeter at the aortic valve plateau, the aortic bulb
(sinuses of Valsalva) and the sino-tubular junction that distally borders the aortic bulb;
distance between the coronary ostia and the aortic valve plateau; and, finally, calcium
score, i.e., the total volume of calcium deposits that may be present at the implantation
site. In the case of TPVR, there are no established guidelines like those available for
TAVR and planning is therefore less standardised ([Curran L, Agrawal H, Kallianos K,
Kheiwa A, Lin S, Ordovas K, Mahadevan VS. Computed tomography guided sizing for
transcatheter pulmonary valve replacement. IJC Heart & Vasculature 2020; 29:100523];
[Canan A, Ocazionez-Trujillo D, Vargas D, Foley TA, Cabalka AK, Rajiah PS. Pre- and
Postprocedure Imaging of Transcatheter Pulmonary Valve Implantation. RadioGraphics
2022;42(4):991-1011]). The dimensions that are, however, measured are the maximum
and minimum diameter, area and perimeter of the cross-sectional area at the native
valvular plane of the pulmonary artery. Any other measurements are performed in
different ways, in the various centers, according to their specific practices.

However, the various measurements described above have certain limitations, of

which the three described below are of particular relevance.
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The measurements described are partial, i.e. they focus only on the tract of the vessel
that constitutes the implant site without considering the immediately adjacent
anatomy. This leads to neglecting the effect of the latter on the actual possibility of
positioning the device correctly.

The measurements listed above are mainly obtained through manual procedures,
which are therefore highly operator-dependent and not very repeatable. This prevents
the standardization of intervention planning on a large scale.

The measurements described are static, i.e. taken at a single instant in the cardiac cycle,
because there are no instruments to effectively and systematically assess the evolution
of the parameters of interest during the cardiac cycle. However, the size of the
implantation site may change during the cardiac cycle due to the pulsatility of blood
flow within deformable structures such as arteries. In aortic valves or pulmonary
conduits with very severe calcific stenosis, this size variation may have an almost
negligible impact on device sizing. Conversely, in both TAVR candidates with less
severe calcific stenosis and TPVR candidates with an insufficient right ventricular
outflow tract (RVOT) but no calcific deposits, the variation in shape and size of the
implantation zone can be significant. Neglecting it can lead to underestimating the size
of the implant site by measuring it at a time that is not its maximum expansion and
does not allow quantifying the compliance of the implant site wall, which is relevant

to implant site stability.

OBJECTS AND SUMMARY OF THE INVENTION

An object of the present invention is, therefore, to provide a system and related method
for the morpho-functional assessment of the thoracic vascular district that allows
morphological indices to be obtained that take into account not only the geometry of
the implant site but also the geometry of the immediately adjacent area.

To this end, the system of the present invention provides for the identification of the
implantation section and the section delimiting proximally and, more or less distally,

the tract of the vessel affected by the device when it is expanded, followed by the
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calculation of the tangent vectors to the central line of the vessel of interest at the

identified sections, as well as the angles between these two vectors.

More specifically, it is an object of the present invention to provide a system for the

morpho-functional assessment of the thoracic vascular district, said system

comprising an arithmetic device configured to execute:

processing of importing volumetric radiological images of the vascular
district at a time instant of interest;

segmenting the images into volumes of interest, at least one of said
volumes representing at least one half-lunar heart valve and at least one
tract of a blood vessel extending from said valve;

processing of reconstructing at least one central line for each vessel
represented by at least one volume of interest;

processing of identifying a base section and a proximal section, the base
section being a valve section of said at least one volume of interest and
the proximal section being a section having a distance from the base
section, less than or equal to 40 mm;

calculating a first vector, the first vector intersecting the base section and
being tangent to at least the central line;

calculating a second vector, the second vector intersecting the proximal
section and being tangent to at least one central line; and

calculating a proximal angle, the proximal angle being between the first

vector and the second vector.

The above-mentioned object is, moreover, achieved by the system and method of the

present invention as described, in more detail, in the attached set of claims.

A second object of the present invention is to provide a system and related method for

the morpho-functional assessment of the thoracic vascular district that allows a set of

morphological indices to be obtained in a repeatable and standardized procedure, thus

avoiding errors due to highly operator-dependent procedures.
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This object is achieved thanks to the use of automatic segmentation methods (e.g. by
means of a 'deep convolutional network') of the thoracic aorta and the pulmonary
artery, and thanks to the fact that the identification of the vessel's central line and the
quantification of the anatomy, as reconstructed, are the result of fully automatic
calculations. This eliminates the arbitrariness of the operator in selecting the sections
on which to take measurements and, in identifying, on the selected sections, the repere
points to be used for the calculation of the parameters of interest.

A further aim of the present invention is, finally, to provide a system and method for
the morpho-functional assessment of the thoracic vascular district that allows for a
dynamic type of assessment, i.e. it allows the evolution of the parameters of interest
during the cardiac cycle to be measured effectively and systematically.

To this end, the system of the present invention comprises an arithmetic device
configured to execute, not only all of the operations listed above, but also an analysis
over time for morphological or dimensional assessment of a vessel section or region,
at multiple stages of the cardiac cycle, as described in more detail below with regard
to the sixth embodiment of the present invention.

These and further features of the present invention will be made clearer by reading the
following detailed description, relating to some preferred embodiments of the present
invention, to be considered by way of a non-limiting example of the more general

concepts claimed.

BRIEF DESCRIPTION OF THE DDRAWINGS

The following description refers to the attached drawings, wherein:
- Figure 1a is a representation of the thoracic aorta with its central line and its
base, proximal and distal sections together with vectors perpendicular to them;
- Figure 1b is a representation of the central line of the thoracic aorta with the
vectors perpendicular to the sections shown in Figure 1la, as well as a

representation of the angles formed reciprocally by said vectors;
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Figure 2a is a representation of the thoracic aorta and pulmonary artery with
the central line of the thoracic aorta alone and its base, proximal, intermediate
and distal sections together with vectors perpendicular to them;

Figure 2b is a representation of the central line of the thoracic aorta with the
vectors perpendicular to the sections shown in Figure 2a, as well as a
representation of the angles formed reciprocally by said vectors;

Figure 3a is a representation of the pulmonary artery with its central line and
its base and proximal sections together with vectors perpendicular to them;
Figure 3bis a representation of the central line of the pulmonary artery with the
vectors perpendicular to the sections shown in Figure 3a, as well as the angles
formed reciprocally by said vectors;

Figure 4a is a representation of the pulmonary artery with its central line, as
well as a representation of the vectors of the pulmonary bifurcation;

Figure 4b is a representation of the central line of the pulmonary artery, the
vectors shown in Figure 4a, and the angles formed reciprocally by said vectors;
Figure 5a is a representation of the thoracic aorta and the three branches of the
aortic arch with their central lines together with the ends of said central lines;
Figure 5b is a representation of the central line of the thoracic aorta and the
central lines of the three branches of the aortic arch together with the ends of
said central lines;

Figure 6a is a representation of the pulmonary trunk, the right pulmonary
artery and the left pulmonary artery, with their central lines together with the
ends of said central lines;

Figure 6b is a representation of the central lines of the pulmonary trunk, right
pulmonary artery and left pulmonary artery together with the ends of said
central lines; and

Figure 7 is a schematic representation of the sixth embodiment of the system of

the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

With reference to Figures 1a, 1b, 2a and 2b, a first embodiment of a system (100)

according to the present invention comprises an arithmetical device configured to

execute:

processing of importing (1) volumetric radiological images (2) of the
thoracic vascular district at a time instant of interest;

segmenting the images (2) into volumes of interest (4), at least one of said
volumes (4) representing the aortic valve and thoracic aorta;

processing of reconstructing a central line (6) of the thoracic aorta
represented by the volume of interest (4); and

processing of identifying a base section (8) and a proximal section (7), the
base section (8) being a section of the aortic valve and the proximal
section (7) being a section with a distance from the base section (8) of less
than or equal to 40 mm;

calculating a first vector (10) intersecting the base section (8) and being
tangent to the central line (6);

calculating a second vector (12) intersecting the proximal section (7) and
being tangent to the central line (6); and

calculating a proximal angle (a), the proximal angle («) being between

the first vector (10) and the second vector (12).

The processing of identifying the base section (8) comprises:

- processing of importing an atlas depicting three insertion lines, each of

said lines being a line of intersection of one of the three valve leaflets of

the aortic valve and each of said insertion lines having a nadir;

- registering an atlas on the images (2), so as to obtain registered images

on which each nadir is represented;
processing of identifying the base section (8) as a section of the volume
of interest (4) lying on a plane passing through all the nadirs represented

in the recorded images.
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The processing of identifying the proximal section, comprises:

- processing of importing an atlas depicting three insertion lines, each of

said lines being an intersecting line of one of the three valve leaflets of
the aortic valve and each of said insertion lines having a commissure;
registering the atlas on the images (2), so as to obtain recorded images on
which each commissure is represented;

processing of identifying the proximal section (7) as a section of the
volume of interest (4) lying on a plane passing through all the

commissures represented in the recorded images.

The processing of reconstructing the central line (6) comprises:

processing of identifying two ends (19, 20) of the volume of interest (4);
calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (4) and such that there is no
other sphere inscribed in the volume of interest (4) and having the same
center as said maximal sphere, which contains said maximal sphere;
calculating the center of each sphere of said plurality of maximum
spheres, resulting in a plurality of centers; and

calculating the central line (6) as a line (6) passing through the two ends

(19, 20) and on which said centers lie.

With reference to Figures 5a and 5b, the processing of identifying the two ends (19, 20)

comprises:

an elaboration of a discretization of the surface of at least one volume of
interest representing the thoracic aorta (4), with a triangular grid;
calculating the Laplace Beltrami operator of the triangulated surface;
calculating the maximum and minimum of an eigenvector of the Laplace
Beltrami operator; and

processing of identifying a first (19) and a second (20) ends as points of
the volume of interest (4) at which the eigenvector of the Laplace

Beltrami operator assumes said maximum and minimum values,
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respectively.
With reference to Figures 1a, 1b, 2a and 2b, a second embodiment of a system (100)
according to the present invention comprises an arithmetical device configured to

execute:
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processing of importing (1) volumetric radiological images (2) of the
thoracic vascular district at a time instant of interest;

segmenting the images (2) into volumes of interest (4), at least one of said
volumes representing the aortic valve, the thoracic aorta and its first
three branches: brachiocephalic trunk, left common carotid artery and
left subclavian artery;

processing of reconstructing a first central line (6) and a second central
line (6', 6"); and

processing of identifying a base section (8) and a proximal section (7), the
base section (8) being a section of the aortic valve and the proximal
section (7) being a section with a distance from the base section (8) of less
than or equal to 40 mm;

processing of identifying at least one distal section (13) of the volume of
interest (4);

calculating a first vector (10), the first vector (10) intersecting the base
section (8) and being tangent to the first central line (6) of the volume of
interest (4), i.e. the central line (6) of the thoracic aorta;

calculating a second vector (12), the second vector (12) intersecting the
proximal section (7) and being tangent to the first central line (6) of the
thoracic aorta;

calculating a third vector (14), the third vector (14) intersecting the at
least one distal section (13) being tangent to the second central line (6') of
the volume of interest (4), i.e. the central line (6') of the brachiocephalic
trunk;

calculating a proximal angle (a), the proximal angle («) being between

-10-
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the first vector (10) and the second vector (12);

- calculating a first distal angle (y), the first distal angle (y) being between
the first vector (10) and the third vector (14); and

- calculating a second distal angle (5), the second distal angle (§) being
between the second vector (12) and the third vector (14).

The processing of identifying the base section (8) comprises:

- processing of importing an atlas depicting three insertion lines, each of
said lines being a line of intersection of one of the three valve leaflets of
the aortic valve and each of said insertion lines having a nadir;

- registering an atlas on the images (2), so as to obtain registered images
on which each nadir is represented;

- processing the identifying the base section (8) as a section of the volume
of interest (4) lying on a plane passing through all the nadirs represented
in the recorded images.

The processing of identifying the proximal section (7), comprises:

- processing of importing an atlas depicting three insertion lines, each of
said lines being a line of intersection of one of the three valve leaflets of
the aortic valve and each of said insertion lines having a commissure;

- registering the atlas on the images (2), so as to obtain recorded images on
which each commissure is represented;

- processing of identifying the proximal section (7) as a section of the
volume of interest (4) lying on a plane passing through all the
commissures represented in the recorded images.

With reference to Figures 5a and 5b, the processing of reconstructing the first central
line (6) of the thoracic aorta comprises:

- processing of identifying a first ends (19) and a second ends (20) of the
volume of interest (4);

- a calculation of a plurality of maximal spheres, each maximal sphere

being a sphere inscribed in the volume of interest (4) and such that there

-11-
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is no other sphere inscribed in the volume of interest (4) and having the
same center as said maximal sphere, which contains said maximal
sphere;

calculating the center of each sphere of said plurality of maximum
spheres, obtaining a plurality of centers; and

calculating the first central line (6) as a line (6) passing through the first

end (19) and the second end (20) and on which lie said centers.

The processing of identifying the two ends (19, 20) of the first central line (6) comprises:

an elaboration of a discretization of the surface of at least one volume of
interest (4), with a triangular grid, thus obtaining a triangulated surface;
calculating the Laplace Beltrami operator of the triangulated surface;
calculating the maximum and minimum of an eigenvector of the Laplace
Beltrami operator; and

processing of identifying a first (19) and a second (20) ends as points of
the volume of interest (4) at which the eigenvector of the Laplace
Beltrami operator assumes said maximum and minimum values,

respectively.

Also the processing of reconstructing the second central line (6') of the brachiocephalic

trunk comprises:

processing of identifying a first end (19) and a second end (18, 18' 18") of
the volume of interest (4);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (4) and such that there is no
other sphere inscribed in the volume of interest (4) and having the same
center as said maximal sphere, which contains said maximal sphere;
calculating the center of each sphere of said plurality of maximum
spheres, resulting in a plurality of centers; and

calculating the second central line (6') as a line (6') passing through the

first (19) and second end (18) and on which lie said centers.

-12-
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The first end (19) of the second central line (6') coincides with the first end (19) of the
first central line (6).

The processing of identifying the second end (18) of the second central line (6')
comprises:

- calculating the Heat Kernel Signature descriptor for each point on the
triangulated surface, said calculating consisting of solving a heat
equation using the Laplace Beltrami operator;

- a recursive selection of points having a 'Heat Kernel Signature' greater
than a threshold, this threshold being incremented with each recursion,
and the recursive selection terminating when the number of connected
regions of points having a 'Heat Kernel Signature' greater than the
threshold is three;

- calculating a maximum value of the Heat Kernel Signature descriptor for
at least one of the connected regions identified by the recursive selection,
resulting in up to three maximum values; and

- processing of identifying the second end (18) as the point in at least one
of the identified connected regions at which the Heat Kernel Signature
descriptor takes on its maximum value.

The processing of identifying a distal section (13) of the at least one volume of interest
(4) comprises:

- calculating an intersection point (17') between the first central line (6) and
a second central line (6'); and

- processing of identifying at least one distal section (13) as a section
perpendicular to the first central line (6) and the second central line (6'),
and passing through the point of intersection.

Obviously, it is possible to repeat the procedure described above to also identify a
second and a third distal section using the points of intersection between the central
line (6) of the thoracic aorta and the central line (6") of the left common carotid artery

and between the central line (6) of the thoracic aorta and the central line (6") of the left

-13-
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subclavian artery. The first ends of the central line (6") of the left common carotid

artery and the central line (6") of the left subclavian artery will also coincide with the

first end (19) of the central line of the thoracic aorta (6), while both the second end (18')

of the central line (6") of the left common carotid artery and the second end (18") of the

central line (6") of the left subclavian artery can be calculated using the same

procedures as described for the second end (18) of the central line (6") of the

brachiocephalic trunk.

With reference to figures 3a, 3b, 4a and 4b, a third embodiment of a system (100)

according to the present invention comprises an arithmetical device configured to

execute:

processing of importing (1) volumetric radiological images (2) of the
vascular district at a time instant of interest;

segmenting the images (2) into volumes of interest (5), at least one of said
volumes representing the pulmonary valve and the pulmonary artery;
processing of reconstructing a first central line (106) and a second central
line (106'); and

processing of identifying a base section (11) and a proximal section (12),
the base section (11) being a section of the pulmonary valve and the
proximal section (7') being a section with a distance from the base section
(11) of less than or equal to 40 mm;

calculating a first vector (10') intersecting the base section (11) and being
tangent to a first central line (106);

calculating a second vector (12') intersecting the proximal section (7') and
being tangent to the first central line (106); and

calculating a proximal angle (a') the proximal angle (a') being between

the first vector (10') and the second vector (12').

The processing of identifying the base section (11) comprises:

- processing of importing an atlas depicting three insertion lines, each of

said lines being a line of intersection of one of the three valve leaflets of
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the pulmonary valve and each of said insertion lines having a nadir;
registering an atlas on the images (2), so as to obtain registered images
on which each nadir is represented;

processing of identifying the base section (11) as a section of the volume
of interest (5) lying in a plane passing through all the nadirs represented

in the recorded images.

The processing of identifying the proximal section (7'), comprises:

processing of importing an atlas depicting three insertion lines, each of
said lines being a line of intersection of one of the three valve leaflets of
the pulmonary valve and each of said insertion lines having a
commissure;

registering the atlas on the images (2), so as to obtain recorded images on
which each commissure is represented;

processing of identifying the proximal section (7') as a section of the
volume of interest (5) lying on a plane passing through all the

commissures represented in the recorded images.

With reference to Figures 6a and 6b, the processing of reconstructing the first central

line (106) comprises:

processing of identifying a first end (21) and a second end (22) of the
volume of interest (5);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (5) and such that there is no
other sphere inscribed in the volume of interest (5) and having the same
center as said maximal sphere, which contains said maximal sphere;
calculating the center of each sphere of said plurality of maximum
spheres, and obtaining a plurality of centers; and

calculating the first central line (106) as a line (106) passing through the
first end (21) and the second end (22) on which said centers lie.

Similarly, processing of reconstructing the second central line (106') comprises:
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- processing of identifying a first end (21) and a third end (23) of the
volume of interest (5);

- calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (5) and such that there is no
other sphere inscribed in the volume of interest (5) and having the same
center as said maximal sphere, which contains said maximal sphere;

- calculating the center of each sphere of said plurality of maximum
spheres, resulting in a plurality of centers; and

- calculating the second central line (106') as a line (106) passing through
the first end (21) and the third end (23) on which said centers lie.

The processing of identifying the three ends (21, 22, 23) comprises:

- processing of importing a reference image, three reference ends of the
volume of interest being represented in the reference images (5);

- registering the reference images on the images (2) so as to obtain
recorded images on which each of the three reference ends is
represented; and

- processing of identifying the first (21), the second (22) and the third end
(23) as the three reference ends represented on the recorded images.

The arithmetic device of the third embodiment (100) of the system of the present
invention is further configured to execute:

- calculating a point of intersection (17) between the first central line (106)
and the second central line (106'), as a point common to the first (106) and
the second central line (106') and having a maximum distance from the
first end (21), the first central line (106) being a central line (106', 106')
passing through the first (21) and the second end (22) and the second
central line (106') being a central line (106') passing through the first (21)
and the third end (23);

- processing of subdividing the first central line (106) into a first segment

between the first end (21) and the point of intersection (17), said first
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segment being common to the second central line (106') and a second
segment between the point of intersection (17) and the second end (22);

- processing of subdividing the second central line (106') into a third
segment coinciding with the first segment and a fourth segment between
the point of intersection (17) and the third end (23);

- calculating a third vector (44), the third vector (44) being a vector
approximating in the least-squares sense a segment of the first segment,
said segment of the first segment being through the point of intersection
(17) and having a length between 0.5 cm and 1.5 cm;

- calculating a fourth vector (44'), the fourth vector (44') being a vector
approximating in the least-squares sense a segment of the second
segment, said segment of the second segment being through the point of
intersection (17) and having a length between 0.5 cm and 1.5 cm;

- calculating a fifth vector (44"), the fifth vector (44") being a vector
approximating in the least-squares sense a tract of the fourth segment,
said tract of the fourth segment being through the point of intersection
(17) and having a length between 0.5 cm and 1.5 cm;

- calculating a first angle (1), the first angle (1) being between the fourth
vector (44') and the fifth vector (44");

- calculating a second angle (6;,), the second angle (6s,) being between the
third vector (44) and the fourth vector (44'); and

- calculating a third angle (64,), the third angle (6,;,) being between the
third vector (44) and the fifth vector (44').

With reference to Figures 1a, 1b, 2a, 2b, 3a, 3b, 4a and 4b, a fourth embodiment of a
system (100) according to the present invention comprises an arithmetic device
configured to execute:

- processing of importing (1) volumetric radiological images (2) of the
vascular district at a time instant of interest;

- segmenting the images (2) into a first volume of interest (4), representing
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the aortic valve, a tract of the thoracic aorta extending from the aortic
valve, as well as the three branches of the aortic arch: brachiocephalic
trunk, left common carotid artery and left subclavian artery, and into a
second volume of interest (5) representing the pulmonary valve and a
tract of the pulmonary artery extending from the pulmonary valve;
processing of reconstructing a first central line (6) and at least a second
central line (6', 6") for the first volume of interest (4) and a first central
line (106) and a second central line (106') for the second volume of
interest (5);

processing of identifying a first base section (8), a second base section
(11), a first proximal section (7) and a second proximal section (7'), the
first base section (8) being a tract of the aortic valve i.e. the valve of the
first volume of interest (4) the first proximal section (7) being a section
having a distance from the first base section (8, 11) of less than or equal
to 40 mm, the second base section (11) being a tract of the pulmonary
valve i.e. the valve of the second volume of interest (5) and the second
proximal section (7') being a section having a distance from the first base
section (11) of less than or equal to 40 mm;

processing of identifying at least one distal section (13) of the first volume
of interest (4);

processing of identifying an intermediate section (15) of the first volume
of interest (4), the intermediate section (15) being located between the
first proximal section (7) and the at least one distal section (13);
calculating a first vector (10) intersecting the first base section (8) and
being tangent to the first central line (6) of the first volume of interest (4);
calculating a second vector (12) intersecting the first proximal section (7)
and being tangent to the first central line (6) of the first volume of interest
@),

calculating a third vector (14) intersecting the at least one distal section
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(13) being tangent to the second central line (6, 6") of the first volume of
interest (4);

- calculating a fourth vector (16) intersecting the at least one intermediate
section (15) and tangent to the first central line (6) of the volume of
interest (4);

- calculating a fifth vector (10') intersecting the second base section (11)
and being tangent to the first central line (106) of the second volume of
interest;

- calculating a sixth vector (12') intersecting the second proximal section
(7") and being tangent to the first central line (106) of the second volume
of interest (5);

- calculating a first proximal angle (a), the first proximal angle («) being
between the first vector (10) and the second vector (12);

- calculating a second proximal angle (a'), the proximal angle (a') being
between the fifth vector (10') and the sixth vector (12');

- calculating a first distal angle (y), the first distal angle (y) being between
the first vector (10) and the third vector (14);

- calculating a second distal angle (5), the second distal angle (&) being
between the second vector (12) and the third vector (14);

- calculating a third distal angle (¢), the third distal angle (¢) being
between the third vector (14) and the fourth vector (16); and

- calculating an intermediate angle (), the intermediate angle being
between the first vector (10) and the fourth vector (16).

With reference to Figures 5a and 5b, 6a and 6b, processing of reconstructing the first
central line (6) of the first volume of interest (4), as well as the first (106) and second
central line (106) of the first volume of interest (5) comprises:

- processing of identifying a first (19) and a second (20) end of the first
volume of interest (4), a first (21), a second (22) and a third (23) end of the

second volume of interest (5);
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calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the first volume of interest (4), in the second volume
of interest (5) and such that there is no other sphere inscribed in the first
volume of interest (4), or in the second volume of interest (5) and having
the same center as said maximal sphere, which contains said maximal
sphere;

calculating the center of each sphere of said plurality of maximum
spheres, thus obtaining a plurality of centers; and

calculating the first central line (6) of the first volume of interest as a line
(6) passing through the first end (19) and the second end (20) of the first
volume of interest (4), and on which lie said centers;

calculating the first central line (106) of the second volume of interest (5)
as a line (106) passing through the first end (21) and the second end (22)
of the second volume of interest (5), and on which lie said centers; and
calculating the second central line (106') of the second volume of interest
(5) as a line (106') passing through the first end (21) and the third end (23)

of the second volume of interest (5), and on which lie said centers.

The processing of reconstructing the second central line (6') of the first volume of

interest (4) also comprises:

processing of identifying a first end (19) and a second end (18) of the
volume of interest (4);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the first volume of interest (4) and such that there is
no other sphere inscribed in the first volume of interest (4) and having
the same center as said maximal sphere, which contains said maximal
sphere;

calculating the center of each sphere of said plurality of maximum
spheres, thus obtaining a plurality of centers; and

calculating the second central line (6') as a line (6') passing through the

-20-



10

15

20

25

WO 2024/241193 PCT/1B2024/054887

first (19) and second end (18) and on which lie said centers.

The processing of identifying the two ends (19, 20) of the first central line (6) of the first

volume of interest (4) comprises:

an elaboration of a discretization of the surface of the first volume of
interest (4), with a triangular grid;

calculating the Laplace Beltrami operator of the triangulated surface;
calculating the maximum and minimum of an eigenvector of the Laplace
Beltrami operator; and

processing of identifying the first (19) and second (20) end of the first
volume of interest (4) as points of the first volume of interest (4) at which
the eigenvector of the Laplace Beltrami operator assumes said maximum

and minimum values, respectively.

The first end (19) of the second central line (6') of the first volume of interest (4)

coincides with the first end (19) of the first central line (6) of the first volume of interest

().

The processing of identifying the second end (18) of the second central line (6') of the

first volume of interest (4) comprises:

calculating the Heat Kernel Signature descriptor for each point on the
triangulated surface, said calculating consisting of solving a heat
equation using the Laplace Beltrami operator;

a recursive selection of points having a 'Heat Kernel Signature' greater
than a threshold, this threshold being incremented with each recursion,
and the recursive selection terminating when the number of connected
regions of points having a 'Heat Kernel Signature' greater than the
threshold is three;

calculating a maximum value of the Heat Kernel Signature descriptor for
at least one of the connected regions identified by the recursive selection,
resulting in up to three maximum values; and

processing of identifying the second end (18) of the second central line
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(6") of the first volume of interest (4), as the point of at least one of the
identified connected regions at which the Heat Kernel Signature
descriptor takes on its maximum value.
The processing of identifying the three ends (21, 22, 23) of the first central line (106) of
the second volume of interest (5) and the second central line (106') of the second
volume of interest (5) comprises:
- processing of importing a reference image, three reference ends of the
second volume of interest being represented in the reference images (5);
- registering the reference images on the images (2) so as to obtain
recorded images on which each of the three reference ends is
represented; and
- processing of identifying the first (21), second (22) and third (23) ends of
the second volume of interest (5) as the three reference ends represented
on the recorded images.
The processing of identifying at least one distal section (13) of the first volume of
interest (4) comprises:
- calculating a point of intersection (17') between the first central line (6)
and the second central line (6') of the first volume of interest (4); and
- processing of identifying the at least one distal section (13) as a section
perpendicular to the first central line (6) and second central line (6') of
the first volume of interest (4), and passing through the point of
intersection (17') between the first central line (6) and a second central
line (6') of the first volume of interest (4).
The processing of identifying the middle section (15) of the first volume of interest (5)
comprises:
- calculating a point of intersection (17) between the first central line (106)
and the second central line (106') of the second volume of interest (5) as
a point common to the first (106) and second central line (106') and

having a maximum distance from the first end (21) of the first central line
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(106), or of the second central line (106'), of the second volume of interest
(5); and

processing of identifying the intermediate section (15) of the first volume
of interest (4) as a section perpendicular to the first central line (106) of
the second volume of interest (5) and passing through the point of
intersection (17) between the first central line (106) and the second central

line (106') of the second volume of interest (5).

Finally, the arithmetic device of the fourth embodiment of the system (100) of the

present invention is further configured to execute:

processing of subdividing the first central line (106) of the second volume
of interest (5) into a first segment between the first end (21) of the first
central line (106) of the second volume of interest (5) and the point of
intersection (17) between the first central line (106) and the second central
line (106') of the second volume of interest (5) said first segment being
common to the second central line (106') of the second volume of interest
(6) and a second segment between the point of intersection (17) between
the first central line (106) and the second central line (106') of the second
volume of interest (5) and the second end (22) of the first central line (106)
of the second volume of interest (5);

processing of subdividing the second central line (106') of the second
volume of interest (5) into a third segment coinciding with the first
segment and a fourth segment between the point of intersection (17)
between the first central line (106') and the second central line (106') of
the second volume of interest (5) and the third end (23) of the second
central line (106') of the second volume of interest (5);

calculating a seventh vector (44), the seventh vector (44) being a vector
approximating in the sense of least squares a tract of the first segment,
said tract of the first segment being passing through the point of
intersection (17) between the first central line (106) and the second central

-23-



10

15

20

25

WO 2024/241193 PCT/1B2024/054887

line (106") of the second volume of interest (5), and having a length
between 0.5 cm and 1.5 cm;

- calculating an eighth vector (44'), the eighth vector (44') being a vector
approximating in the sense of least squares a tract of the second segment,
said tract of the second segment being passing through the point of
intersection (17) between the first central line (106) and the second central
line (106') of the second volume of interest (5), and having a length
between 0.5 cm and 1.5 cm;

- calculating a ninth vector (44"), the ninth vector (44") being a vector
approximating in the least-squares sense a tract of the fourth segment,
said tract of the fourth segment being passing through the point of
intersection (17) between the first central line (106) and the second central
line (106') of the second volume of interest (5), and having a length
between 0.5 cm and 1.5 cm;

- calculating a first angle (1), the first angle () being between the eighth
vector (44') and the ninth vector (44");

- calculating a second angle (6s,), the second angle (6;,) being between the
seventh vector (44) and the eighth vector (44'); and

- calculating a third angle (6,,), the third angle (64,) being between the
seventh vector (44) and the ninth vector (44").

A fifth embodiment of a system according to the present invention comprises an
arithmetic device configured to execute all of the operations listed in the description
relating to any of the preceding embodiments and, in addition thereto, an analysis over
time for morphological or dimensional assessment of a vessel section or region for one
or more phases of the cardiac cycle.

More specifically, the arithmetic device of the fifth embodiment of the system of the
present invention is configured for importing input data representative of whether a
single transverse plane or a larger region of the vessel represented by the volume of

interest (4, 5) in question is to be analysed along its central line. These input data are
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set by the user.

In the event that the user chooses to perform the analysis of a single transverse plane,
the arithmetic device is configured to process an automatic definition of said plane, at
the point on the vessel centerline represented by the volume of interest (4, 5). The
arithmetic device is then configured to process the following operations:

- calculating the planar profile of the vessel lumen, at the initial instant of
analysis (stage 0), as the intersection of the plane with the surface grid of
the vessel;

- definition of two longitudinal planes, perpendicular to the plane of
interest and mutually perpendicular to each other by means of a
consistent orthogonal curvilinear reference system; and

- Quantification of the longitudinal displacement of the transverse plane
along the vessel centerline of the volume of interest between the initial
instant (phase 0) and the subsequent instant (phase 1), using an
algorithm based on the optical flow (OF) method.

At the end of these operations, the arithmetic device updates the position of the
transverse plane and the image data is automatically interpolated within the volume
of interest. The displacement range of the lumen profile points is then calculated using
an OF algorithm and the planar coordinates of these points are updated from the
previous instant. The operation is then repeated for all available phases and at the end
of the operations the device arithmetically outputs the time-dependent curves of area,
perimeter, equivalent diameters and eccentricity of the vessel section for the entire
duration of the multiphase sequence.

In the case of dynamic analysis of a larger region of the vessel, on the other hand, the
arithmetic device is configured to receive as input data user-defined limits of the
region to be considered, such as a start position and an end position defined on the
central line.

The arithmetic device is then configured to process the following operations:

- definition of an ennuple N of equally spaced points, with odd N (3, 5,7,
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etc.) and a spacing of 1+2 mm, along the central line of interest;

- carrying out the operations described above in relation to the analysis of
the individual transverse plane for each individual transverse plane
identified along the central line.

At each stage, the new spatial coordinates of the N points are updated on the image
plane by means of OF algorithms and the new perimeter of the lumen section is finally
regularised. For each stage, both the position and orientation of each point profile are
referred to a single curvilinear reference system, orthogonal to the vessel centerline.
The resulting configuration of nodes is used to generate a numerical grid of 9-node
biquadratic quadrangular elements; the corresponding displacement field in the image
volume is extracted for each grid point. Subsequently, the displacement field U(t) is
interpolated for all nodes in the region of interest using shape functions for 9-node
elements from the displacement field calculated for the nodes in the numerical grid.
This results in a time-dependent displacement map for the entire region of interest
defined on the vessel surface, which is provided to the user by the arithmetic device.

A sixth embodiment of a system according to the present invention concerns a system

comprising:

a client device (101) including an arithmetic device configured to
execute:
e processing of importing (1) volumetric radiological images (2) of
the vascular district at a time instant of interest;

e processing of a dispatch (201) of images (2) to a server device; and

a server device (102) comprising an arithmetic device configured to
execute:
eall the processing, segmenting and calculating operations
performed by the arithmetic device described in connection with
the first to fifth embodiments of the system of the present
invention; and

e processing of sending (202) of the values of the proximal angle

-26-



10

15

20

25

WO 2024/241193 PCT/1B2024/054887

(), or of the first vector (10) or of the second vector (11) to the
client device (101), said client device (101) being further

configured for displaying and/or storing said values.

With reference to Figures 1a, 1b, 2a and 2b, a first embodiment of a method for the

morpho-functional assessment of the thoracic vascular district, according to the

present invention, concerns a method comprising the steps of:

acquiring volumetric radiological images (2) of the thoracic vascular
district at a time instant of interest;

segmenting, by means of a processor, the images (2) into volumes of
interest (4), at least one of said volumes (4) representing the aortic valve
and thoracic aorta;

reconstructing, by means of a processor, a central line (6) of the thoracic
aorta represented by the volume of interest (4); and

identifying, by means of a processor, a base section (8) and a proximal
section (7), the base section (8) being a section of the aortic valve and the
proximal section (7) being a section with a distance from the base section
(8) of less than or equal to 40 mm;

calculatint, by means of a processor, a first vector (10) intersecting the
base section (8) and tangent to the central line (6);

calculating, by means of a processor, the second vector (12) intersecting
the proximal section (7) and tangent to the central line (6); and
calculating, by means of a processor, a proximal angle («), the proximal

angle (a) being between the first vector (10) and the second vector (12).

The step of identifying the base section (8) comprises:

importing an atlas depicting three insertion lines, each of said lines being
a line of intersection of one of the three valve leaflets of the aortic valve
and each of said insertion lines having a nadir;

registering the atlas on the images (2), so as to obtain recorded images on

which each nadir is represented;
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- identifying the base section (8) as the section of the volume of interest (4)
lying on a plane passing through all the nadirs represented in the
recorded images.

The step of identifying the proximal section (7) comprises:

- importing an atlas depicting three insertion lines, each of said lines being
a line of intersection of one of the three valve leaflets of the aortic valve
and each of said insertion lines having a commissure;

- registering the atlas on the images (2), so as to obtain recorded images on
which each commissure is represented;

- identifying the proximal section (7) as the section of the volume of
interest (4) lying in a plane passing through all the commissures shown
in the recorded images.

The step of reconstructing the central line (6) comprises:

- identifying two ends (19, 20) of the volume of interest (4);

- calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (4) and such that there is no
other sphere inscribed in the volume of interest (4) and having the same
center as said maximal sphere, which contains said maximal sphere;

- calculating the center of each sphere of the said plurality of maximum
spheres, obtaining a plurality of centers; and

- calculating the central line (6) as a line (6) passing through the two ends
(19, 20) and on which lie said centers.

With reference to Figures 5a and 5b, the step of identifying the two ends (19, 20)
comprises:

- discretizing the surface of at least one volume of interest representing the
thoracic aorta (4), with a triangular grid;

- calculating the Laplace Beltrami operator of the triangulated surface;

- calculating the maximum and minimum of an eigenvector of the Laplace

Beltrami operator; and
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identifying a first (19) and a second (20) end as points of the volume of
interest (4) at which the eigenvector of the Laplace Beltrami operator

assumes said maximum and minimum values, respectively.

With reference to Figures 1a, 1b, 2a and 2b, a second embodiment of the method

according to the present invention comprises the steps of:

acquiring volumetric radiological images (2) of the thoracic vascular
district at a time instant of interest;

segmenting, by means of a processor, the images (2) into volumes of
interest (4), at least one of said volumes representing the aortic valve, the
thoracic aorta and its first three branches: brachiocephalic trunk, left
common carotid artery and left subclavian artery;

reconstructing, using a processor, a first central line (6) and a second
central line (6', 6"); and

identifying, by means of a processor, a base section (8) and a proximal
section (7), the base section (8) being a section of the aortic valve and the
proximal section (7) being a section with a distance from the base section
(8) of less than or equal to 40 mm;

identifying, by means of a processor, a distal section (13) of the volume
of interest (4);

calculating, by means of a processor, a first vector (10) intersecting the
base section (8) and tangent to the first central line (6) of the volume of
interest (4), i.e. the central line (69) of the thoracic aorta;

calculating, by means of a processor, a second vector (12) intersecting the
proximal section (7) and being tangent to the first central line (6) of the
thoracic aorta;

calculating, by means of a processor, a third vector (14) intersecting the
at least one distal section (13) being tangent to the second central line (6')
of the volume of interest (4), i.e. the central line (6') of the brachiocephalic

trunk;
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- calculating, by means of a processor, a proximal angle (), the proximal
angle (a) being between the first vector (10) and the second vector (12);

- calculating, by means of a processor, a first distal angle (y), the first distal
angle (y) being between the first vector (10) and the third vector (14); and

- calculating, by means of a processor, a second distal angle (&), the second
distal angle (§) being between the second vector (12) and the third vector
(14).

The step of identifying the base section (8) comprises:

- importing an atlas depicting three insertion lines, each of said lines being
a line of intersection of one of the three valve leaflets of the aortic valve
and each of said insertion lines having a nadir;

- registering the atlas on the images (2), so as to obtain recorded images on
which each nadir is represented;

- identifying the base section (8) as the section of the volume of interest (4)
lying on a plane passing through all the nadirs represented in the
recorded images.

The step of identifying the proximal section (7), comprises:

- importing an atlas depicting three insertion lines, each of said lines being
a line of intersection of one of the three valve leaflets of the aortic valve
and each of said insertion lines having a commissure;

- registering the atlas on the images (2), so as to obtain recorded images on
which each commissure is represented;

- identifying the proximal section (7) as the section of the volume of
interest (4) lying in a plane passing through all the commissures shown
in the recorded images.

With reference to Figures 5a and 5b, the step of reconstructing the first central line (6)
of the thoracic aorta comprises:

- identifying a first end (19) and a second end (20) of the volume of interest
@)
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calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (4) and such that there is no
other sphere inscribed in the volume of interest (4) and having the same

center as said maximal sphere, which contains said maximal sphere;

- calculating a center of each sphere of said plurality of maximum spheres,

obtaining a plurality of centers; and
calculating the first central line (6) as a line (6) passing through the first

end (19) and the second end (20) and on which lie said centers.

The step of identifying the two ends (19, 20) of the first central line (6) comprises:

discretizing the surface of at least one volume of interest (4) with a
triangular grid, thus obtaining a triangulated surface;

calculating the Laplace Beltrami operator of the triangulated surface;
calculating the maximum and minimum of an eigenvector of the Laplace
Beltrami operator; and

identifying a first (19) and a second (20) end as points of the volume of
interest (4) at which the eigenvector of the Laplace Beltrami operator

assumes said maximum and minimum values, respectively.

The step of reconstructing the second central line (6') of the brachiocephalic trunk also

comprises:

identifying a first end (19) and a second end (18, 18' 18") of the volume of
interest (4);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (4) and such that there is no
other sphere inscribed in the volume of interest (4) and having the same
center as said maximal sphere, which contains said maximal sphere;
calculating the center of each sphere of said plurality of maximum
spheres, obtaining a plurality of centers; and

calculating the second central line (6') as a line (6') passing through the

first (19) and second end (18) and on which lie said centers.
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The first end (19) of the second central line (6') coincides with the first end (19) of the

first central line (6).

The step of identifying the second end (18) of the second central line (6') comprises:

calculating the Heat Kernel Signature descriptor for each point on the
triangulated surface, this calculation consisting of solving a heat
equation using the Laplace Beltrami operator;

recursive selecting points having a 'Heat Kernel Signature' greater than
a threshold, this threshold being incremented with each recursion, and
recursively selecting terminating when the number of connected regions
of points having a 'Heat Kernel Signature' greater than the threshold is
three;

calculating a maximum value of the Heat Kernel Signature descriptor for
at least one of the connected regions identified by recursively selecting,
thus obtaining up to three maximum values; and

identifying the second end (18) as the point in at least one of the
identified connected regions at which the Heat Kernel Signature

descriptor takes on its maximum value.

The step of identifying a distal section (13) of the at least one volume of interest (4)

comprises:

calculating a point of intersection (17') between the first central line (6)
and a second central line (6'); and

identifying the at least one distal section (13) as a section perpendicular
to the first central line (6) and the second central line (6'), and passing

through the point of intersection.

With reference to Figures 3a, 3b, 4a and 4b, a third embodiment of a method according

to the present invention comprises the steps of:

acquiring volumetric radiological images (2) of the vascular district at a
time instant of interest;

segmenting, by means of a processor, the images (2) into volumes of
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interest (5), at least one of said volumes representing the pulmonary
valve and the pulmonary artery;

reconstructing, by means of a processor, a first central line (106) and a
second central line (106'); and

identifying, by means of a processor, a base section (11) and a proximal
section (12), the base section (11) being a section of the pulmonary valve
and the proximal section (7') being a section with a distance from the base
section (11) of less than or equal to 40 mm;

calculating, by means of a processor, a first vector (10') intersecting the
base section (11) and tangent to a first central line (106);

calculating, by means of a processor, a second vector (12') intersecting
the proximal section (7') and being tangent to the first central line (106);
and

calculating, by means of a processor, a proximal angle (a') the proximal

angle (a') being between the first vector (10') and the second vector (12').

The step of identifying the base section (11) comprises:

importing an atlas depicting three insertion lines, each of said lines being
a line of intersection of one of the three valve leaflets of the pulmonary
valve and each of said insertion lines having a nadir;

registering the atlas on the images (2), so as to obtain recorded images on
which each nadir is represented;

identifying the base section (11) as the section of the volume of interest
(®) lying on a plane passing through all the nadirs represented in the

recorded images.

The step of identifying the proximal section (7') comprises:

importing an atlas depicting three insertion lines, each of said lines being
a line of intersection of one of the three valve leaflets of the pulmonary
valve and each of said insertion lines having a commissure;

registering the atlas on the images (2), so as to obtain recorded images on
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which each commissure is represented;
identifying the proximal section (7') as the section of the volume of
interest (5) lying on a plane passing through all the commissures

represented in the recorded images.

With reference to Figures 6a and 6b, the step of reconstructing the first central line

(106) comprises:

identifying a first end (21) and a second end (22) of the volume of interest
©);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (5) and such that there is no
other sphere inscribed in the volume of interest (5) and having the same
center as said maximal sphere, which contains said maximal sphere;
calculating the center of each sphere of said plurality of maximum
spheres, and obtaining a plurality of centers; and

calculating the first central line (106) as a line (106) passing through the
first end (21) and the second end (22) on which said centers lie.

Similarly, the step of reconstructing the second central line (106') comprises:

identifying a first end (21) and a third end (23) of the volume of interest
©);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (5) and such that there is no
other sphere inscribed in the volume of interest (5) and having the same
center as said maximal sphere, which contains said maximal sphere;
calculating the center of each sphere of the said plurality of maximum
spheres, obtaining a plurality of centers; and

calculating the second central line (106') as a line (106) passing through
the first end (21) and the third end (23) on which said centers lie.

The step of identifying the three ends (21, 22, 23) comprises:

- importing reference images, three reference ends of the volume of
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interest being represented in the reference images (5);

registering reference images on images (2) so as to obtain recorded
images on which each of the three reference ends is represented; and
identifying the first (21), second (22) and third end (23) as the three

reference ends represented on the recorded images.

The third embodiment of the method of the present invention further comprises the

steps of:

calculating, by means of a processor, a point of intersection (17) between
the first central line (106) and the second central line (106'), as a point
common to the first (106) and the second central line (106') and having a
maximum distance from the firstend (21), the first central line (106) being
a central line (106', 106') passing through the first (21) and second end
(22) and the second central line (106') being a central line (106') passing
through the first (21) and third end (23);

subdividing, by means of a processor, the first central line (106) into a
first segment between the first end (21) and the point of intersection (17),
said first segment being common to the second central line (106') and a
second segment between the point of intersection (17) and the second
end (22);

subdividing, by means of a processor, the second central line (106') into
a third segment coinciding with the first segment and a fourth segment
between the point of intersection (17) and the third end (23);

calculating, by means of a processor, a third vector (44), the third vector
(44) being a vector approximating in the sense of least squares a tract of
the first segment, said tract of the first segment being through the point
of intersection (17) and having a length between 0.5 cm and 1.5 cm;
calculating, by means of a processor, a fourth vector (44'), the fourth
vector (44') being a vector approximating in the least-squares sense a tract

of the second segment, said tract of the second segment being through
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the point of intersection (17) and having a length between 0.5 cm and 1.5
cm;

calculating, by means of a processor, a fifth vector (44"), the fifth vector
(44") being a vector approximating in the least-squares sense a tract of
the fourth segment, said tract of the fourth segment being through the
point of intersection (17) and having a length between 0.5 cm and 1.5 cm;
calculating, by means of a processor, a first angle (1), the first angle (1)
being between the fourth vector (44') and the fifth vector (44");
calculating, by means of a processor, a second angle (6;,), the second
angle (6;,) being between the third vector (44) and the fourth vector (44');
and

calculating, by means of a processor, a third angle (6,,), the third angle

(B4x) being between the third vector (44) and the fifth vector (44").

With reference to figures 1a, 1b, 2a, 2b, 3a, 3b, 4a and 4b, a fourth embodiment of the

method according to the present invention comprises the steps of

acquiring volumetric radiological images (2) of the vascular district at a
time instant of interest;

segmenting, by means of a processor, the images (2) into a first volume
of interest (4) representing the aortic valve, a tract of the thoracic aorta
extending from the aortic valve, and the three branches of the aortic arch:
brachiocephalic trunk, left common carotid artery and left subclavian
artery, and into a second volume of interest (5) representing the
pulmonary valve and a tract of the pulmonary artery extending from the
pulmonary valve;

reconstructing, by means of a processor, a first central line (6) and at least
a second central line (6', 6") for the first volume of interest (4) and a first
central line (106) and a second central line (106') for the second volume
of interest (5);

identifying, by means of a processor, a first base section (8), a second base
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section (11), a first proximal section (7) and a second proximal section
(7"), the first base section (8) being a section of the aortic valve i.e. the
valve of the first volume of interest (4), the first proximal section (7) being
a section having a distance from the first base section (8 11) of less than
or equal to 40 mm, the second base section (11) being a section of the
pulmonary valve i.e. the valve of the second volume of interest (5) and
the second proximal section (7') being a section having a distance from
the first base section (11) of less than or equal to 40 mm;

identifying, by means of a processor, at least one distal section (13) of the
first volume of interest (4);

identifying, by means of a processor, an intermediate section (15) of the
first volume of interest (4), the intermediate section (15) being located
between the first proximal section (7) and the at least one distal section
(13);

calculating, by means of a processor, a first vector (10) intersecting the
first base section (8) and tangent to the first central line (6) of the first
volume of interest (4);

calculating, by means of a processor, a second vector (12) intersecting the
first proximal section (7) and tangent to the first central line (6) of the first
volume of interest (4);

calculating, by means of a processor, a third vector (14) intersecting the
at least one distal section (13) being tangent to the second central line (6',
6'") of the first volume of interest (4);

calculating, by means of a processor, a fourth vector (16) intersecting the
at least one intermediate section (15) and tangent to the first central line
(6) of the volume of interest (4);

calculating, by means of a processor, a fifth vector (10") intersecting the
second base section (11) and tangent to the first central line (106) of the

second volume of interest;
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calculating, by means of a processor, a sixth vector (12') intersecting the
second proximal section (7') and tangent to the first central line (106) of
the second volume of interest (5);

calculating, by means of a processor, a first proximal angle (), the first
proximal angle (@) being between the first vector (10) and the second
vector (12);

calculating, by means of a processor, a second proximal angle ('), the
proximal angle (a') being between the fifth vector (10') and the sixth
vector (12");

calculating, by means of a processor, a first distal angle (y), the first distal
angle (y) being between the first vector (10) and the third vector (14);
calculating, by means of a processor, a second distal angle (5), the second
distal angle (§) being between the second vector (12) and the third vector
(14);

calculating, by means of a processor, a third distal angle (¢), the third
distal angle (¢) being between the third vector (14) and the fourth vector
(16); and

calculating, by means of a processor, an intermediate angle (), the
intermediate angle being between the first vector (10) and the fourth

vector (16).

With reference to Figures 5a and 5b, 6a and 6b, the step of reconstructing the first

central line (6) of the first volume of interest (4), as well as the first (106) and second

central line (106) of the first volume of interest (5) comprises:

identifying a first (19) and a second (20) end of the first volume of interest
(4), a first (21), a second (22) and a third (23) end of the second volume of
interest (5);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the first volume of interest (4), or in the second

volume of interest (5) and such that there is no other sphere inscribed in
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the first volume of interest (4), or in the second volume of interest (5) and
having the same center as said maximal sphere, which contains said
maximal sphere;

calculating the center of each sphere of said plurality of maximum
spheres, thus obtaining a plurality of centers; and

calculating the first central line (6) of the first volume of interest as a line
(6) passing through the first end (19) and the second end (20) of the first
volume of interest (4), and on which lie said centers;

calculating the first central line (106) of the second volume of interest (5)
as a line (106) passing through the first end (21) and the second end (22)
of the second volume of interest (5), and on which lie said centers; and
calculating the second central line (106') of the second volume of interest
(6) as a line (106') passing through the first end (21) and the third end (23)

of the second volume of interest (5), and on which lie said centers.

The step of reconstructing the second central line (6') of the first volume of interest (4)

also comprises:

identifying a first end (19) and a second end (18) of the volume of interest
@)

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the first volume of interest (4) and such that there is
no other sphere inscribed in the first volume of interest (4) and having
the same center as said maximal sphere, which contains said maximal
sphere;

calculating the center of each sphere of said plurality of maximum
spheres, thus obtaining a plurality of centers; and

calculating the second central line (6') as a line (6') passing through the

first (19) and second end (18) and on which lie said centers.

The step of identifying the two ends (19, 20) of the first central line (6) of the first

volume of interest (4) comprises:
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discretising the surface of the first volume of interest (4) with a triangular
grid;

calculating the Laplace Beltrami operator of the triangulated surface;
calculating the maximum and minimum of an eigenvector of the Laplace
Beltrami operator; and

identifying the first (19) and second (20) end of the first volume of
interest (4) as points of the first volume of interest (4) at which the
eigenvector of the Laplace Beltrami operator takes on said maximum and

minimum values, respectively.

The first end (19) of the second central line (6') of the first volume of interest (4)

coincides with the first end (19) of the first central line (6) of the first volume of interest

).

The step of identifying the second end (18) of the second central line (6') of the first

volume of interest (4) comprises:

calculating the Heat Kernel Signature descriptor for each point on the
triangulated surface, this calculation consisting of solving a heat
equation using the Laplace Beltrami operator;

recursively selecting points having a 'Heat Kernel Signature' greater than
a threshold, this threshold being incremented with each recursion, and
recursively selecting terminating when the number of connected regions
of points having a 'Heat Kernel Signature' greater than the threshold is
three;

calculating a maximum value of the Heat Kernel Signature descriptor for
at least one of the connected regions identified by recursively selecting,
thus obtaining up to three maximum values; and

identifying the second end (18) of the second central line (6') of the first
volume of interest (4) as the point on at least one of the identified
connected regions at which the Heat Kernel Signature descriptor takes

on its maximum value.
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The step of identifying the three ends (21, 22, 23) of the first central line (106) of the

second volume of interest (5) and the second central line (106') of the second volume

of interest (5) comprises:

- importing reference images, three reference ends of the second volume

of interest being represented in the reference images (5);

registering reference images on images (2) so as to obtain recorded
images on which each of the three reference ends is represented; and
identifying the first (21), second (22) and third ends (23) of the second
volume of interest (5) as the three reference ends represented on the

recorded images.

The step of identifying the at least one distal section (13) of the first volume of interest

(4) comprises:

calculating a point of intersection (17') between the first central line (6)
and the second central line (6') of the first volume of interest (4); and

identifying the at least one distal section (13) as a section perpendicular
to the first central line (6) and the second central line (6') of the first
volume of interest (4), and passing through the point of intersection (17')
between the first central line (6) and a second central line (6') of the first

volume of interest (4).

The step of identifying the intermediate section (15) of the first volume of interest (5)

comprises:

calculating a point of intersection (17) between the first central line (106)
and the second central line (106") of the second volume of interest (5) as
a point common to the first (106) and second central line (106') and
having a maximum distance from the first end (21) of the first central line
(106), or of the second central line (106'), of the second volume of interest
(5); and

identifying the intermediate section (15) of the first volume of interest (4)

as a section perpendicular to the first central line (106) of the second
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volume of interest (5) and passing through the point of intersection (17)
between the first central line (106) and the second central line (106') of

the second volume of interest (5).

Finally, the method of the present invention further comprises the steps of:

- subdividing, by means of a processor, the first central line (106) of the

second volume of interest (5) into a first segment comprised between the
first end (21) of the first central line (106) of the second volume of interest
(5) and the point of intersection (17) between the first central line (106)
and the second central line (106') of the second volume of interest (5), said
first segment being common to the second central line (106') of the second
volume of interest (5), and in a second segment comprised between the
point of intersection (17) between the first central line (106) and the
second central line (106') of the second volume of interest (5) and the
second end (22) of the first central line (106) of the second volume of
interest (5);

subdividing, by means of a processor, the second central line (106') of the
second volume of interest (5) into a third segment coinciding with the
first segment and a fourth segment between the point of intersection (17)
between the first central line (106) and the second central line (106') of the
second volume of interest (5) and the third end (23) of the second central
line (106') of the second volume of interest (5);

calculating, by means of a processor, a seventh vector (44), the seventh
vector (44) being a vector approximating in the sense of least squares a
tract of the first segment, said tract of the first segment being passed
through the point of intersection (17) between the first central line (106)
and the second central line (106') of the second volume of interest (5), and
having a length between 0.5 cm and 1.5 cm;

calculating, by means of a processor, an eighth vector (44'), the eighth

vector (44') being a vector approximating in the least-squares sense a tract
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of the second segment, said tract of the second segment being passed
through the point of intersection (17) between the first central line (106)
and the second central line (106') of the second volume of interest (5), and
having a length between 0.5 cm and 1.5 cm;
- calculating, by means of a processor, a ninth vector (44"), the ninth vector
(44") being a vector approximating in the sense of least squares a line of
the fourth segment, said line of the fourth segment being passed through
the point of intersection (17) between the first central line (106) and the
second central line (106') of the second volume of interest (5), and having
a length between 0.5 cm and 1.5 cm;
- calculating, by means of a processor, a first angle (1), the first angle ()
being between the eighth vector (44') and the ninth vector (44");
- calculating, using a processor, a second angle (6s,), the second angle (6,)
being between the seventh vector (44) and the eighth vector (44'); and
- calculating, by means of a processor, a third angle (6,,), the third angle
(B4x) being between the seventh vector (44) and the ninth vector (44").
A fifth embodiment of a method according to the present invention comprises all the
operations listed in the description relating to any of the preceding embodiments and,
in addition to these, an analysis over time for morphological or dimensional
assessment of a section or region of the vessel for one or more phases of the cardiac
cycle.
More particularly, the sixth embodiment of the method of the present invention
comprises the step of importing input data representative of whether one wishes to
analyse a single transverse plane or a larger region of the vessel represented by the
volume of interest (4, 5) in question, along its central line. Such input data is set by the
user.
In the event that the user chooses to perform the analysis of a single transverse plane,
the method comprises the step of automatically defining said plane, at the point of the

central line of the vessel represented by the volume of interest (4, 5). The sixth
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embodiment of the method of the present invention, further comprising the steps of:

- calculating the planar profile of the vessel lumen, at the initial instant of
analysis (stage 0), as the intersection of the plane with the vessel surface
grid;

- defining two longitudinal planes, perpendicular to the plane of interest
and mutually perpendicular to each other by means of a consistent
orthogonal curvilinear reference system; and

- quantifying the longitudinal displacement of the transverse plane along
the vessel centerline of the volume of interest between the initial instant
(phase 0) and the subsequent instant (phase 1), using an algorithm based
on the optical flow (OF) method.

At the end of these operations, the position of the transverse plane is updated and the
image data automatically interpolated within the volume of interest. The displacement
range of the lumen profile points is then calculated using an OF algorithm and the
planar coordinates of these points are updated from the previous instant. The
operation is then repeated for all available phases and at the end of the operations, the
time-dependent curves of area, perimeter, equivalent diameters and eccentricity of the
vessel section for the entire duration of the multiphase sequence are provided as
output.

In the case of dynamic analysis of a larger region of the vessel, on the other hand, the
method comprises the step of receiving, as input data, user-defined limits of the region
to be considered, such as a start position and an end position defined on the central
line.

The method then comprises the following steps:

- defining an ennuple N of equally spaced points, with odd N (3, 5, 7, etc.)
and a spacing of 1+2 mm, along the central line of interest; and

- carrying out, by means of a processor, the operations described above in
relation to the analysis of the individual transverse plane for each

individual transverse plane identified along the central line.
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At each stage, the new spatial coordinates of the N points are updated on the image
plane using OF algorithms and the new perimeter of the lumen section is finally
regularized. For each stage, both the position and orientation of each point profile are
referred to a single curvilinear reference system, orthogonal to the vessel centerline.
The resulting configuration of nodes is used to generate a numerical grid of 9-node
biquadratic quadrangular elements; the corresponding displacement field in the image
volume is extracted for each grid point. Subsequently, the displacement field U(t) is
interpolated for all nodes in the region of interest using shape functions for 9-node
elements from the displacement field calculated for the nodes in the numerical grid.
This results in a time-dependent displacement map for the entire region of interest

defined on the vessel surface, which is provided to the user as output.
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1.

CLAIMS

A system (100) for morpho-functional assessment of the thoracic vascular

district, said system (100) comprising an arithmetic device configured to execute:

processing of importing (1) volumetric radiological images (2) of the
vascular district at a time instant of interest;

segmenting the images (2) into volumes of interest (4, 5), at least one of
said volumes (4, 5) representing at least one semilunar heart valve and
at least one section of a blood vessel extending from said valve;
processing of a reconstructing at least a central line (6, 6, 6”, 106, 106”)
for each vessel represented by the at least one volume of interest (4, 5);

and

characterized by the fact that the arithmetic device is further configured to execute:

2.

processing of identifying a base section (8, 11) and a proximal section (7,
7), the base section (8, 11) being a valve section of said at least one
volume of interest (4, 5) and the proximal section (7, 7') being a section
having a distance from the base section (8, 11) less than or equal to 40
mm;

calculating a first vector (10, 10") intersecting the base section (8, 11) and
being tangent to the at least central line (6, 106);

calculating a second vector (12, 12'), the second vector (12, 12')
intersecting the proximal section (7, 7) and being tangent to the at least
one central line (6, 106); and

calculating a proximal angle (a, a’), the proximal angle (a, a’) being

between the first vector (10, 10") and the second vector (12, 12’).

System (1) according to the preceding claim wherein the processing of

identifying the base section (8, 11) and the proximal section (7, 7') comprising;:

processing of importing an atlas depicting three insertion lines, each of
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3.

said lines being an intersection line of one of said three valve leaflets and
each of said insertion lines having a nadir and a commmisura;
registering an atlas on the images (2), so as to obtain registered images
on which each nadir and each commissure is represented;

processing of identifying the base section (8, 11) as a section of the
volume of interest (4, 5) lying in a plane passing through all the nadirs
represented in the recorded images; and

processing of identifying the proximal section (7, 7') as a section of the
volume of interest (4, 5) lying on a plane passing through all the

commissures represented in the recorded images.

System (1) according to claim 1, wherein the processing of reconstructing

the at least one central line (6, 6', 6", 106, 106') comprises:

4.

processing of identifying the at least two ends (18, 18', 18", 19, 20, 21, 22,
23) of each volume of interest (4, 5);

calculating a plurality of maximal spheres, each maximal sphere being a
sphere inscribed in the volume of interest (4, 5) and such that there is no
other sphere inscribed in the volume of interest (4, 5) and having the
same centre as said maximal sphere, which contains said maximal
sphere;

calculating the centre of each sphere of said plurality of maximum
spheres, obtaining a plurality of centres; and

calculating the at least one central line (6, 6', 6", 106, 106') as a line (6)
passing through said at least two ends (18, 18', 18", 19, 20, 21, 22, 23) and

on which said centres lie.

System (1) according to the preceding claim, wherein the processing of

identifying at least two ends (21, 22, 23) comprises:

processing of importing reference images, in the reference images being
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5.

represented three reference ends of the volume of interest (5);
registering the reference images on the images (2) so as to obtain
registered images on which each of the three reference ends is
represented; and

processing of identifying a first (21), a second (22) and a third end (23) as

the three reference ends represented on the recorded images.

System (1) according to the preceding claim, wherein the arithmetic

device is further configured to execute:

calculating an intersection point (17) between a first central line (106) and
a second central line (106'), as a point common to the first (106) and the
second central line (106') and having a maximum distance from the first
end (21), the first central line (106) being a central line (106, 106', 106")
passing through the first (21) and the second end (22) and the second
central line (106') being a central line (106') passing through the first (21)
and the third end (23);

processing of subdividing the first central line (106) into a first segment
between the first end (21) and the point of intersection (17), said first
segment being common to the second central line (106') and a second
segment between the point of intersection (17) and the second end (22)
processing of subdividing the second central line (106') into a third
segment coinciding with the first segment and a fourth segment
comprised between the point of intersection (17) and the third end (23);
calculating a third vector (44), the third vector (44) being a vector
approximating in the least-squares sense a tract of the first segment, said
tract of the first segment being passed through the point of intersection
(17) and having a length between 0.5 cm and 1.5 cm

calculating a fourth vector (44'), the fourth vector (44') being a vector

approximating in the least-squares direction a tract of the second
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6.

segment, said tract of the second segment being through the point of
intersection (17) and having a length between 0.5 cm and 1.5 cm; and

calculating a fifth vector (44"), the fifth vector (44") being a vector
approximating in the least-squares direction a segment of the fourth
segment, said segment of the fourth segment being through the point of

intersection (17) and having a length between 0.5 cm and 1.5 cm.

System (1) according to the preceding claim wherein the arithmetic

device is further configured to execute:

7.

calculating a first angle (1)), the first angle ()) being between the fourth
vector (44') and the fifth vector (44");

calculating a second angle (0sx), the second angle (0sx) being between the
third vector (44) and the fourth vector (44')

calculating a third angle (Bax), the third angle (Bax) being between the
third vector (44) and the fifth vector (44").

System (1) according to claim 3 wherein the processing of identifying at

least two ends (19, 20) comprises:

processing of discretizing the surface of the at least one volume of interest
(4), with a triangular grid, thereby obtaining a triangulated surface;
calculating the Laplace Beltrami operator of the triangulated surface;
calculating the maximum and minimum of an eigenvector of the Laplace
Beltrami operator; and

processing of identifying a first (19) and a second (20) end as points of
the volume of interest (4) at which the eigenvector of the Laplace
Beltrami operator assumes said maximum and minimum values,

respectively.

System (1) according to the preceding claim, wherein the processing of
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identifying at least two ends (18, 18’, 18”") further comprises:

9.

calculating the Heat Kernel Signature descriptor for each point of the
triangulated surface, said calculation comprising solving a heat equation
using the Laplace Beltrami operator;

processing of recursive selecting points having a “Heat Kernel
Signature” greater than a threshold, said threshold being incremented
with each recursion, and the recursive selecting terminating when the
number of connected regions of points having a “Heat Kernel Signature”
greater than the threshold is three;

calculating a maximum value of the Heat Kernel Signature descriptor for
each of the connected regions identified by the recursive selecting,
resulting in three maximum values; and

processing of identifying a third (18), a fourth (18") and a fifth (18”) ends
as points of the connected regions at which the “Heat Kernel Signature’

descriptor takes on said three maximum values.

System (1) according to claim 8, wherein the arithmetic device is further

configured to execute:

10.

processing of identifying the at least one distal section (13) of the at least
one volume of interest (4);

calculating a third vector (14), the third vector (14) intersecting the at least
one distal section (13) and being tangent to the at least one central line (6,
6, 6', 6") of the at least one volume of interest (4);

calculating a first distal angle (y), the first distal angle (y) being between
the first vector (10) and the third vector (14); and

calculating a second distal angle (6), the second distal angle (6) being
between the second vector (12) and the third vector (14).

System (1) according to claim 9, wherein the processing of identifying a
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distal section (13) of the at least one volume of interest (4) comprises:

11.

calculating an intersection point (17”) between a first central line (6) and
a second central line (6”), the first central line (6) being a central line (6)
passing through the first (19) and the second end (20) and the second
central line (6”) being a central line (6") passing through the first (19) and
the third end (18); and

processing of identifying the at least one distal section (13) as a section
perpendicular to the first central line (6) and the second central line (6”),

and passing through the point of intersection (177).

System (1) according to claim 10 wherein, the arithmetic device is further

configured to execute:

12.

processing of identifying an intermediate section (15) of the at least one
volume of interest (4), the intermediate section (15) being located
between the proximal section (7) and the distal section (13);

calculating a fourth vector (16), the fourth vector (16) intersecting the at
least one intermediate section (15) and being tangent to the at least one
central line (6) of the at least one volume of interest (4);

calculating a third distal angle (g), the third distal angle (¢) being between
the third vector (14) and the fourth vector (16)

calculating an intermediate angle (B), the intermediate angle being

between the first vector (10) and the fourth vector (16).

System (1) according to claim 11, wherein the processing of identifying

an intermediate section (15) of the at least one volume of interest (4, 5) comprises:

segmenting (3) the images (2) into at least a first volume of interest (4),
representing a section of thoracic aorta extending from the aortic valve,
and a second volume of interest (5), representing a section of pulmonary

artery extending from the pulmonary valve;
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13.

classifying the first (4) and second (5) volume of interest into the classes:
thoracic aorta and pulmonary artery, respectively;

processing of importing reference images, in the reference images being
represented three ends of the volume of interest (5) representing the
pulmonary artery tract;

registering the reference images on the images (2) so as to obtain
registered images on which each of the three ends is represented; and
processing of identifying a sixth (21), a seventh (22) and an eighth end
(23) as the three ends represented on the recorded images;

calculating a third central line (106) as a central line (6, 6', 6", 106, 106")
passing through the sixth (21) and the seventh end (22)

calculating a fourth central line (106') as a central line (6, 6", 6", 106, 106')
passing through the sixth (21) and eighth end (23);

calculating a point of intersection (17) between the third central line (106)
and the fourth central line (106') as a point common to the third (106) and
fourth central lines (106') and having a maximum distance from the sixth
end (21); and

processing of identifying the intermediate section (15) of the first volume
of interest (4) as a section perpendicular to the third central line (106) and
passing through the point of intersection (17) between the third central
line (106) and the fourth central line (106').

A system (100) for morpho-functional assessment of the thoracic vascular

district, comprising;:

a client device (101) comprising an arithmetic device configured to
execute:
* processing of importing (1) volumetric radiological images (2)
of the vascular district at a time instant of interest;

* processing of sending (201) the images (2) to a server device; and
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- a server device (102) comprising an arithmetic device configured to

execute:

* processing of recepting the images (2) sent by the server device;
* segmenting the images (2) into volumes of interest (4, 5), at least
one of said volumes representing at least one semilunar heart valve
and at least one section of a blood vessel extending from said valve;
* processing of reconstructing at least one central line (6, 6’, 67, 106,
106") for each vessel represented by the at least one volume of
interest (4, 5);

* processing of identifying a base section (8, 11) and a proximal
section (7, 7’), the base section (8, 11) being a section of the valve of
said at least one volume of interest (4, 5) and the proximal section
(7, 7") being a section having a distance from the base section (8, 11)
of less than or equal to 40 mm (8, 11)

* calculating a first vector (10, 10’), the first vector (10, 10")
intersecting the valve section (8, 11) and being tangent to the at least
central line (6, 106);

* calculating a second vector (12, 12’), the second vector (12, 12’)
intersecting the proximal section (7, 7') and being tangent to the at
least one central line (6, 106);

* calculating a proximal angle (a, a), the proximal angle (a, a’)
being between the first vector (10, 10") and the second vector (12,
12’); and

* processing of sending (202) the values of the proximal angle (q,
a’), either of the first vector (10, 10") or of the second vector (12, 12")
to the client device (101), said client device (101) being further

configured for displaying and/or storing said values.

14.  Method for the morpho-functional assessment of the thoracic vascular
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district, comprising:

acquiring volumetric X-ray images (2) of the vascular district at a time
instant of interest;

segmenting, by means of a processor, the images (2) into volumes of
interest (4, 5), at least one of said volumes representing at least one half-
lunar cardiac valve and at least one section of a blood vessel extending
from said valve; and

reconstructing, by means of a processor, at least one central line (6, 6', 6",
106, 106") for each vessel represented by the at least one volume of

interest (4, 5);

characterized by further comprising, for each of the volumes of interest (4, 5):

identifying, by means of a processor, a base section (8, 11) of the at least
one volume of interest (4, 5), the base section (8, 11) being a valve section
of said at least one volume of interest (4, 5);

identifying, by means of a processor, a proximal section (7, 7') of the at
least one volume of interest (4, 5), the proximal section (7, 7') being a
section having a distance from the base section (8, 11) of less than or equal
to 40 mm;

calculating, by means of a processor, a first vector (10, 10') intersecting
the valve section (8, 11) and being tangent to the at least central line (6,
106);

calculating, by means of a processor, a second vector (12, 12') intersecting
the proximal section (7, 7') and being tangent to the at least one central
line (6, 106); and

calculating, by means of a processor, a proximal angle (a, a'), the
proximal angle (a, a') being between the first vector (10, 10) and the
second vector (12, 12").
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