. mathematics

Article

A Large Scale Analysis for Testing a Mathematical Model for
the Study of Vascular Pathologies

Arianna Travaglini 2

check for
updates

Citation: Travaglini, A.; Vinti, G.;
Scalera, G.B.; Scialpi M. A Large Scale
Analysis for Testing a Mathematical
Model for the Study of Vascular
Pathologies. Mathematics 2023, 11,
1831. https://doi.org/
10.3390/math11081831

Academic Editor: Ana-Maria Acu

Received: 14 March 2023
Revised: 6 April 2023
Accepted: 7 April 2023
Published: 12 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Gianluca Vinti *{, Giovanni Battista Scalera 3

and Michele Scialpi 3

Department of Mathematics and Computer Science, University of Perugia, 1, Via Vanvitelli,

06123 Perugia, Italy

Department of Mathematics and Computer Science “U.Dini”-DIMAI, University of Florence, 67/a,

Viale Giovanni Battista Morgagni, 50134 Firenze, Italy; arianna.travaglini@unifi.it

Division of Diagnostic Imaging, Department of Medicine and Surgery, University of Perugia, Santa Maria
della Misericordia Hospital, 3, Piazzale Giorgio Menghini, 06129 Perugia, Italy;
giovannibattista.scaleral@unipg.it (G.B.S.); michele.scialpi@unipg.it (M.S.)

*  Correspondence: gianluca.vinti@unipg.it

Abstract: In this paper, we carry out a study developed on 13,677 images from 15 patients affected
by moderate/severe atheromatous disease of the abdominal aortic tract. A procedure to extract the
pervious lumen of the aorta artery from basal CT images is exploited and tested on a large scale. In
particular, the above method takes advantage of the reconstruction and enhancing properties of the
sampling Kantorovich algorithm which allows the information content of images to be increased.
The processed image is compared, slice by slice, by superposition, with the corresponding contrast
medium reference image. Numerical indices of errors were computed and analyzed in order to test
the validity of the proposed method. The results achieved confirm, both from the numerical and
clinical point of view, the good performance and accuracy of the proposed method, opening the
possibility to perform an assisted diagnosis avoiding the injection of the contrast medium.

Keywords: sampling Kantorovich operators; approximation results; digital image processing; simi-
larity indices; computed tomography; abdominal aortic aneurysm
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1. Introduction

The aim of this work is to carry out a large-scale study on patients affected by aneurys-
mal pathologies, in order to test, numerically and clinically, an assisted diagnosis procedure
that allows the identification and extraction of the patent lumen of the vessel from basal
CT images.

The aneurysm is one of the main pathologies affecting blood vessels [1]. It is defined
as a dilation of the artery whose diameter exceeds at least 50% that of the same vessel in
normal conditions. Our study is focused on the aorta artery that is the main and largest
artery of the human body, originating from the top of the left ventricle and extending
down to the abdomen, where it splits into two smaller arteries (the common iliac arteries).
Aneurysms are mainly distinguished into thoracic aortic aneurysms (AATs), involving the
aorta in the chest, and abdominal aortic aneurysms (AAAs), which involve the aorta in the
abdomen areas and which are the ones analyzed in the present study (Figure 1).

One of the main causes of aneurysmatic dilation is the weakness of the arterial walls.
In the worst cases, this dilation can cause the rupture of the vessel, leading to frequently
fatal bleeding. For the diagnosis of aneurysmal pathologies, computed tomography (CT) is
considered the gold standard procedure. Since blood often does not flow through the entire
aneurysmatic area but on a more restricted part, due to the formation of a thrombosed
zone within the vessel lumen, for the doctor’s diagnosis it is important not only to identify

Mathematics 2023, 11, 1831. https:/ /doi.org/10.3390/math11081831

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math11081831
https://doi.org/10.3390/math11081831
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-8228-2333
https://orcid.org/0000-0002-9875-2790
https://orcid.org/0000-0002-9687-9667
https://orcid.org/0000-0002-4842-2304
https://doi.org/10.3390/math11081831
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math11081831?type=check_update&version=2

Mathematics 2023, 11, 1831

20f19

the diameter of the aneurysmal area but also the patency of the aortic vessel, i.e., the area
where the blood actually flows. Moreover, the arteries, vessels and blood having a low level
of radiopacity which makes them not visible to the naked eye on a CT exam, the insertion
of the contrast medium is necessary, in order to identify the vascular district of interest.
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Figure 1. Anatomy of the aorta.

The above diagnosis is done through the so called CT angiography which is a diagnostic
procedure used to emphasize blood vessels, with particular interest in the arteries and
veins. However, the main inconvenience is connected with the contrast medium, whose
injection has to be avoided for patients with severe kidney diseases or important allergic
problems, due to the presence of iodine (a nephrotoxic substance) [2].

On the basis of a first preliminary analysis ([3]), the main objective of this paper is to
describe an original study carried out on 13677 images from 15 patients which foresees,
starting from basal CT image sequences, the extraction of the patent lumen of the vessel
with suitable digital image processing (DIP) algorithms, see, e.g., Refs. [4,5].

At first, slices that are outside the aneurysmal tract are excluded, then a square region
of interest (ROI) including the aorta is selected and binary masks are created to define the
circular region representing the aorta. The basal ROIs and those with the contrast medium
(in the arterial phase), together with the respective masks, are processed by an algorithm
implemented in PHP language in a portal, namely ImageLab, located at the Department of
Mathematics and Computer Science of the University of Perugia. The algorithm developed
in the portal foresees the application of the sampling Kantorovich (SK) algorithm for
processing the basal ROI, on which is then applied a wavelet filter in order to extract
the so called “residual component” of the image [6,7]. Then, the extraction of the patent
lumen of the vessel by means of an adaptive thresholding is preceded by the application of
normalization and equalization algorithms.

In this work, the entire procedure has been applied to the cases under examination
and has been tested through a series of error indexes, also implemented in the portal, see,
e.g., Refs. [3,6-12]. The present study is also accompanied by a clinical evaluation, showing
a good agreement between the numerical results and the patient reports examined.

A crucial role in the whole procedure is played by the SK algorithm, i.e., the imple-
mentation of the family of sampling Kantorovich operators [13,14], described in Section 2,
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which is revealed to be a suitable mathematical tool for the reconstruction and enhancement
of images, as it acts both as a low-pass filter and as a rescaling algorithm, increasing the in-
formation content of images. For these operators were provided both approximation results
in the space of continuous and uniformly continuous functions, as well as in the setting
of LF —spaces and, more generally, in the setting of Orlicz spaces (see, e.g., Refs. [13-18]).
Moreover, we remark that the performance of the SK algorithm in image rescaling, in terms
of PSNR and CPU time, in comparison with some interpolation and quasi-interpolation
methods, has been evaluated in [19]. Thanks to this implementation, several satisfac-
tory results have been obtained, both in the biomedical and engineering fields (see, e.g.,
Refs. [20,21]).

The images involved in this study have been obtained thanks to the development
of the CARE project: “A regional information system for Heart Failure and Vascular
Disorder”, carried out, on the part of vascular disorder, through a collaboration between
the Department of Mathematics and Computer Science, the Division of Diagnostic Imaging
of the Department of Medicine and Surgery of the University of Perugia and the Perugia
Hospital. It should be noted that the Bioethics University Committee of the University of
Perugia has granted the use of the images under study for research purposes.

The paper is organized as follows: in Section 2 we describe the theory of sampling
Kantorovich operators and the main approximation results which lead to the development
of the SK algorithm. The latter, which plays a crucial role in the extraction of the patent
lumen of the vessel of the aorta artery, is described in Section 3, together with some
DIP algorithms, useful for the segmentation procedure, and the definition of the error
indices. The Care portal, a platform recently created for the development of the CARE
Project with the scope of making a connection between doctors and mathematicians (the
latter later called “operators”), is analyzed in Section 4. In Sections 5 and 6, we provide
the experimental data and show the numerical results of the present large scale analysis.
Finally, in Section 7 we discuss the above results, making some final remarks.

2. Approximation by Means of Sampling Kantorovich Operators

In order to apply the SK algorithm, we need to recall some preliminary notions which
are useful for the mathematical definition of the family of sampling Kantorovich opera-
tors. Let ty = (t,,...,tx,) € R", where each (t, )x,cz,i = 1,...,n is a strictly monotone
increasing sequence of real numbers with 6, A such that § < t;,1 — tx < A. We denote
it by IT" := (t;)kezn. We say that a function x : R" — R is a kernel if it possesses the
following properties:

(x1) x € L}Y(R") and it is bounded in a neighborhood of the origin of R";
(x2) ¥ x(u—ty) =1, foreveryu € R
kez" B

(x3) for some B > 0, the discrete absolute moment of order § of yx is finite, i.e.,

mp i (x) = sup Y |x(u—t)|llu— Bll5 < +oo,
ueR" kezn

where || - |2 is the Euclidean norm.

There are many examples of kernels satisfying the above assumptions, see, e.g.,
Refs. [22,23].
Let

RY = rkl %H} « {szszﬂ} y

t t
X [k”, knt1l 1:| (w > 0),
w w w w w

w
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We define the multidimensional version of the sampling Kantorovich operators intro-
duced in [14] as

(K§f)(x) = Y x(w

kezn RY

fu)d ](XGR”), 1)

where f : R” — R is a locally integrable function such that the above series is convergent
for each x € R".

The one-dimensional version of these operators has been introduced in [13] in order
to extend the generalized sampling operators ([24,25]) to the general setting of Orlicz
spaces [17,18].

The following approximation results represent the basis of the application of the
mathematical model of the sampling Kantorovich operators to digital images. Indeed,
the implementation of the following results allows an effective reconstruction and improve-
ment of the images we dealt with in this study and constitutes one of the fundamental
steps of the entire procedure used for the extraction of the patent lumen of the aortic vessel.

Namely, we have the following:

Theorem 1 ([14]). Let f : R" — R be a continuous and bounded function. Then, for every
xeRY,

lim (K%f)(x) = f(x).

w—+-00

In particular, if f is uniformly continuous and bounded, then
. X _
wl_lg}oo [Kiof = fllo =0,

where || - ||co denotes the usual uniform norm.

Here follows the LP —convergence result for K f ([14]) which allows not necessarily
continuous signal /images to be reconstructed.

Theorem 2. For every f € LF(R"), 1 < p < 400, the following estimate holds

_ _ 1/
IKSflp < 7P (mo,m () P~V P | x1 P 1 £l

and
. X _
Jim KA~ £ll, =0,
where || - ||, denotes the usual LP —norm.

Note that in case t; = k for every k € Z, we have § = 1 and the above inequality
becomes

IS £llp < (moxw GO Dy P 1 £

For other results concerning the sampling Kantorovich operators see [15,16,26].

Now, we provide a list of some classes of kernels which satisfy the assumptions (x1) —
(x3) and that can be used in order to implement the family (1) of sampling Kantorovich
operators (see [3]). For the sake of completeness, we report in Figure 2 the pseudo-code of
the SK algorithm.

For instance, we could consider the one-dimensional central B-spline of order r (see,
e.g., Refs. [13,23]):
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where the function (x)4 = max{x,0} denotes the positive part of x € R.
Its multidimensional version can be defined as the following tensor product,

M (x) =] [ My (%), x=(x1,...,%2) ER".
i=1

Pseudo-code of SK-algorithm

e Objective: Reconstructing and improving the resolution of the original
image [ by sampling Kantorovich operators based upon the bi-dimensional
kernel .

e Inputs: Original image [ (n x n pixel resolution), the parameter w > 0, and
the scaling factor R.

Choice and definition of the kernel function y:
Size of the reconstructed image: (n- R) x (n- R);

Computation of matrices of the mean values (sam-
ples) of I by means of the Kronecker matrix prod-
uct.

Definition of the vectors containing the arguments
of y.

e Iteration: Summation over k of all non-zero terms of the form

x(wz — k) - {u‘g me I(g]d@] for suitable fixed grid of points .
S

e Output: The reconstructed image of resolution (n- R) x (n- R).

Figure 2. Pseudo-code of the SK algorithm.

Another useful class of kernels, which has been chosen for the segmentation process
of the pervious zone of the aorta artery (see Section 3), is given by the so called Jackson-type
kernels:

Ji(x) =] Thk(x), xeR", @)
i=1

where the one-dimensional Jackson-type kernels are defined by:

. X
0 e (5)

withx € R, k € N, « > 1, and where ¢ is a non-zero normalization coefficient given by

Cp = [/R sincZk(ZkL;m)du]

Finally, there are also examples of kernels which are not of the product type. An exam-
ple of such a kernel can be given by the Bochner-Riesz kernel which is of radial type and is
defined by:

-1

b (x) := 2°T(a+ 1)[xll; "2 By (22,

for x € R", where a > ”T“, B, is the Bessel function of order A and I’ is the Euler function
(see [22,23]).
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Now, in order to apply the bi-dimensional sampling Kantorovich operators to image
reconstruction, it is necessary to recall that a bi-dimensional grayscale image is a matrix A
which can be modeled as:

m m
I(X,y) = Z Zaij . 1ij(x,y) (X,y) € Rz,
i=1j=1

where [ is a step function, I € LP(R?), 1 < p < +oo, with compact support and

L (xy)e(@—1Lix(G-1j,
1;i(x,y) =
l](x y) {0, otherwise,

are the characteristics functions of the sets (i —1,i] x (j—1,j],i,j = 1,2,...,m. The function
I is associated with each pixel (i, j), its corresponding gray level a;;. Therefore the family
of bi-dimensional sampling Kantorovich operators can then be applied to the function
I, by choosing a suitable kernel function yx, e.g., among the ones above mentioned. We
note that this allows a given image I to be reconstructed with any fixed w (sampling rate).
Obviously, increasing w results in a better reconstruction of the original image. Moreover,
the implementation of the SK operators acts also as a rescaling algorithm, so allowing the
possibility of enhancing the original image, which is revealed to be very useful for the
applications [3,19-21,27].

3. SK and Segmentation Algorithms

In Figure 3, we can see the comparison between a basal CT image (i.e., without contrast
medium) and a CT image with contrast medium (in the arterial phase) depicting an AAA.
The difference is evident: the image on the left gives us an idea only of the size of the
dilation, while the image on the right shows how much the vessel is occluded.

Figure 3. On the left, basal CT image in the presence of an AAA. In the red square (the so called
region of interest, ROI) is depicted the aorta artery. On the right, CT image with contrast medium,
corresponding to the same CT section shown on the left.

In order to solve the problem, we have applied a series of algorithms to the basal im-
ages for the automatic segmentation of the lumen of the vessels, thus avoiding the injection
of the contrast medium, which is required by the gold standard diagnostic procedure for
detecting the aneurysms of the aorta artery. This procedure has been applied on images of
size 512 x 512, with slice thickness equal to 1 mm. The parameters of the windowing of the
basal sequence (W = 750 and L = 200) have been chosen in such a way that the structure
of the aorta was identified. On the other hand, those of the windowing of the contrast
medium sequence (W = 250 and L = 75) have been chosen in such a way that the contrast
agent appeared at full scale with respect to the rest of the image (i.e., completely white).
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With the purpose of establishing a direct interaction between the CT exams coming
from the hospital and the subsequent processing, a platform, which takes the name of Care
portal (see Section 4), has been developed. The doctor uploads two packages containing, re-
spectively, the sequence of basal images and the sequence of images with contrast medium,
which can be then downloaded and processed. First of all, CT images (both without and
with contrast medium) have been converted from DICOM standard to 8 bit and saved in
.png format. All sections between the initial and the final part of the aneurysm have been
selected and superposed through a registering operation, whenever required. This tech-
nique consists of overlapping pairs of images to match as closely as possible, because the
identified sections could present some displacements due to the different acquisition times
between basal and contrast medium images. Then, these sections have been cropped
obtaining images of the square areas, ROI, with dimensions larger than 32 x 32 pixels and
smaller than 100 x 100 pixels, depending on the patients under examination. Furthermore,
finally, in order to apply the segmentation algorithm, binary masks (i.e., consisting only
of black and white pixels) have been generated to detect the vessel. The SK algorithm is
applied to the ROI without contrast medium by using the bi-dimensional Jackson type
kernel (2) with k = 12 and the scaling factor R = 2 (Figure 2 of Section 2). The ROI selection
is performed, along the axial plane, in such a way that the entire CT scan of the portion
where the aorta shows the atheroma is contained in the square boundaries of the selection.
The SK algorithm is applied for its double function [19]:

* Itacts as a rescaling algorithm, interpolating the basal image to have a higher informa-
tion content;
* Itacts as a low pass filter, denoising the image.

As we can see in the following histograms (Figure 4), the original ROI used as input
image is improved by the reconstruction of the SK operator in terms of increasing the
information content and the smoothing effect due to its behavior as a low pass filter,
attenuating peaks and ripples in the histogram.

ALE CROP_403 JACKW=15_r=2_n=12.png

Figure 4. On the left, the histogram of the original ROI; on the right, the histogram of the ROI
processed by the SK algorithm. The red circle highlights the increasing of the information content, in
terms of number of pixels.

The ROI reconstructed by the SK algorithm is processed by a filter based on the
wavelet decomposition [6,7]. The algorithm splits the different components of the image
into five levels, each one with its own frequencial content, from which we then extract the
so called “residual image”, which contains only the low frequency components of the ROL
In order to remove the possible effects of spurious structures, such as plaques of calcium
or measurement artifacts, a suitable mask image is used. After that, normalization and
equalization procedures are applied to highlight the estimated pervious area in the lumen
of the artery. A suitable thresholding procedure is then applied and the image processed by
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the algorithm is compared, by registration, to the corresponding contrast medium reference
image, providing a series of errors (similarity indices) in order to evaluate the accuracy of
the proposed method (see [3]). Among these, we recall the ones that are more meaningful
for the numerical analysis of the present study, such as the Dice Coincidence Index (DCI) ,
the Jaccard/Tanimoto Index (TI) , the misclassification error E,, and the bias term Bpy. In the
following we denote by CM the ROI of the reference image (i.e., with contrast medium) and
by Csk the ROI processed by the SK algorithm and by the subsequent procedures, which
lead to the extraction of the patent lumen. The Dice Coincidence Index ([8]) measures the
similarity between two binary sets of points and it is defined as:

DCI = 2 -#(Csx N CMy) )
#Csx +#CM,

where #Cgg denotes the number of white pixels in Cgg, #CMj, is the number of white
pixels in CM,, (i.e., the binary image obtained from CM, applying a suitable threshold)
and #(Cgg A CM,) is the number of white pixels in both the previous images, denoted by
A the logic AND symbol. The Tanimoto Index (TI) [9], measuring the ratio between the
correctly classified pixels and the total number of pixels in the reference and extracted area,
is defined as:

T = #(Csx N CMy) :
" #Cgk +#CM, —#(CSK/\CM;,),

The misclassification error indicates the number of misclassified pixels between the
extracted zone and the reference set:

E, — #m .
" #Csg + #CMy — #(Csg A CMb),

where #m is the total number of pixels wrongly classified as pervious and wrongly classified
as occluded, while the other symbols have the same meaning described above. Thus, E;,
is a representation of the pixels that should be part of the pervious zone and that are
considered out of it (they are called f, i.e., false negative), and the ones that should be
placed outside the pervious zone and that are wrongly considered inside of it (they are
called fy, i.e., false positive). We remark that E, is a conservative measurement of the error,
when compared with the visual clinical diagnosis (Figure 5).

Figure 5. On the left, the reference image; on the right, the image extracted by the algorithm. For the
above slice E;;; = 0.352.

To evaluate whether the segmentation tends to over- or underestimate the pervious
zone, the bias term ([12]) is used:

#fp — #fn

Byy i= —/———
pn 7
#t,

where #f, and #f,, are the numbers of false positives and false negatives, respectively,
as explained in the definition of E;;; similarly, ¢, is the set of true positives. There will be

an overestimation of the pervious lumen when B, > 0 and an underestimation when
Byn < 0.
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The procedure previously described, together with the error indices, has been automa-
tized and implemented in the PHP language within a web portal, namely ImageLab, which
requires as input the basal ROI and the one with constrast medium, together with their
respective masks, as it is shown in Figure 6.

At the end of the process, the platform returns the results for each single image (slice),
as shown in Figure 7. The zone marked by green indicates the area identified by the
algorithm which is classified as correct, through comparison with the image with contrast
medium. On the other hand, the red zone indicates the area wrongly identified by the
algorithm and hence classified as incorrect. Furthermore, finally, the white zone indicates
the area highlighted by the contrast medium but which the algorithm was unable to identify.

Load images

CT without contrast medium

Invia questo file:

Sceglifile | Nessun file selezionato
Upload File

Mask for CT image without contrast medium n

Invia questo file:
Sceglifile | Nessun file selezionato
Upload File

CT with contrast medium (only for error

estimation)

‘<

-
,

Invia questo file:

Sceglifile | Nessun file selezionato
Upload File

Mask for CT image with contrast medium
(only_for error estimation)

Invia questo file:
Sceglifile | Nessun file selezionato
Upload File

s%=
Contrast medium displacement (along x,v axis;

only. for error estimation) AY=

Start analysis

Figure 6. Interface of the web portal ImageLab.

C

DCI=0.802
TI=0.669
Em=0.331
En=0.141
Es=0278
Hd=0.487
Bpn=-0.437
Delta Da= 7.579
Delta A=0.515

Figure 7. Results of the entire procedure.

4. Care Portal

In this section, we briefly describe the Care portal, which allows the interaction be-
tween doctors and operators and the work environment, where the images of the patients
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considered in this study are loaded and processed. This is done precisely to make it clear
how this study can practically be useful for an assisted diagnosis of the pathologies exam-
ined. The Care portal allows the exams of the patients to be managed before and after the
application of the SK algorithm and the whole procedure described above. It allows any
user to register, as doctor or operator user (Figure 8).

Login to Care

Password

Are you not registered? Did you forget your password?

Non sei registrato? Hai dimenticato la password?

Figure 8. The homepage of the Care portal.

The mutual interaction between doctor and operator begins when the doctor uploads
the sequences of images with and without contrast medium, specifying, for each patient,
the gender and tax ID code, which will then be anonymized. Once the data packages have
been processed by the operator, they are sent back to the doctor user, who can edit some
patient data, such as the weight, the height, the age, the smoking habits, and comments
about the clinical report (1, in Figure 9) and can access the processed data, in order to
check and evaluate the quality of the reconstructions (2, in Figure 9) in terms of a clinical
diagnostic point of view. The relative interface is shown in Figure 10, where the doctor
can rate (e.g., in terms of stars) the images displayed in each row. The errors, described in
Section 3, are also shown summarizing the quantitative numerical results.

Setnpll sowmns: P SENZA MEZZO DI PD CON MEZZO DI PACCHETTO DATI
CONTRASIO COMTRASTD FLABCRATC

DP without Pt Proces,
contrast medium|[SONErAsEl g
medium

- package
[Dstivsiszore [-Evaluation Data

[ 0SITION: DOCTOR Sequence details - - ‘ - X

Alterza -
Y

GE
WEIGHT
A HEIGHT

NON FUMATORE NOT SMOKER

N

clinical report

ISAVE PATIENT DATA

SALVA DATI PAZIENTE.

Figure 9. Interface of the doctor user for editing the patient data (1) and accessing the processed
data (2).
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TTH CONTRAST ITHOUT CONTRAST

PROCESSED| MEDIUM MEDIUM ERRORS
ORATO CON MEZZO DI SENZA MEZZO DI ERRORI
CONTRASTO CONTRASTO

ot 1246 e 0aTe
L i
DELTADA'OTES T
DETAAE21S T
L8 8 8 8
ncE 1078 TEME: DO04
TEM
. DELTA DA 0789 TE
DETAALITS  TEMP 0057

Figure 10. Doctor user interface for the results evaluations.

5. Experimental Data

Patients were recruited after signing informed consent and met the following require-
ments:

*  Patient with moderate/severe atheromatous disease of the abdominal aortic tract;
e  Absence of severe renal pathologies, which would have prevented the use of the
contrast medium during the examination.

The study was performed on a large scale, considering 13,677 CT images (total number)
from 15 patients. We remark that, for this study, the number of patients is not as important
as the number of images to be processed.

After enrollment, patients underwent a CT exam with the injection of contrast medium,
the gold standard procedure for the diagnosis of vascular disease. The doctors then
uploaded to the Care portal the images, with and without contrast medium, resulting from
the CT exam.

In this regard, it should be noted that the images have been totally anonymized during
their insertion on the portal, rather than preserving the original file DICOM (.dcm).

After downloading the images, the operator users proceeded to process them, applying
the previously described algorithms, entering the results again on the portal, with the
purpose of making them available for clinical evaluation by doctors. In addition to the
clinical evaluation, based on a system that provides a rating from a minimum of 1 to
a maximum of 5, the doctors edited some patient data, such as the weight, age, height,
if smoker or not, and the medical evaluation (report) of the examination, as shown in
Figure 11.

We specify that the slices which do not include the aneurysmal area have been ex-
cluded, together with those ones that present some artifacts that would not have been
useful from a clinical point of view and would have otherwise affected the outcome of
the algorithm.

The process related to the procedure and phases of the processing of the CT sequences
is illustrated in Figure 12 and is organized as follows:

1.  The medical user uploads the data packages with and without contrast medium to
the Care portal, entering the patient’s anonymous tax ID code, their gender and the
date of the exam.

2. The operator user downloads the data packages entered by the doctor user and selects
only the images that represent the aneurysmal area. These images are pre-processed:
selection of the ROI through cropping and creation of binary masks that indicate to
the algorithm which area to consider.

3. The processing of the sequences is carried out through the mathematical algorithms
developed for the segmentation of the patent lumen of the aortic vessel without
the use of the contrast agent, which have been implemented and automated in the
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platform ImageLab. At the end of the process, the platform returns the results for
each single image (slice), as in Figure 7 of Section 3.

4. The operator user uploads the results of the processing to the Care portal in a zip
folder containing the processed images, the images with contrast medium, those
without contrast medium and the excel file with the errors related to each processed

slice.

5. The medical user downloads the processed data package and evaluates each slice
with a score from 1 to 5, and can then edit the patient record, entering other data, such
as age, height, weight, if smoker, in addition to medical evaluation of the examination.

Dettagli sequenza: Sequence details:

Data di Creazione: 10 Oct 2022  Creation Date

Paziente: RFFSVN38XXXXXXXX Patient

Data Esame]10/06/2021 (3| [ExamDate

Pacchetto con mezzo di Contrasto caricato il 10 Oct 2022
Pacchetto senza mezzo di Contrasto caricato il 10 Oct 2022
Pacchetto in attesa di essere elaborato

Valutazioni registrate Registered evaluations

SESSO: Femmina Sex

ETA:83 Age

PESO (kg): 65 Weight
ALTEZZA (cm): 160 Height

NON FUMATORE non-smoker

Incremento dimensionale del noto aneurisma dell'aorta addominale iuxta-renale,
di diametri assiali massimi attuali di circa 54 x 55 mm (vs 45 x 44 mm) ed
estensione cranio-caudale di circa 8 cm (vs 7 cm). Irregolare apposizone
trombotica eccentrica con multiple PAU; invariato il circoscritto flap dissecativo sul
versante posteriore dell'aorta sotto-renale.

DI CONTRASTO CONTRASTO ELABORATO

PACKAGE WITHOUT
PACKAGE WITH PACKAGE
CONTRAST MEDIUM ¢ ONTRAST MEDIUM ~ PROCESSED
Dati Valutazione

Peso inserire un numero Weight

Altezza inserire un numero Height

Eta inserire un numero Age

= s [ x

PD SENZA MEZZO PD CON MEZZO DI PACCHETTO DATI

Fumatore NON fumatore ¥| Smoking habits

Inserire valutazione medica... Enter medical evaluation...

Size increase of the known juxta-renal abdominal aortic aneurysm,
with current il axial di of approxil ly 54 x 55 mm
(vs 45 x 44 mm) and cranio-caudal extension of approximately 8 cm
(vs 7 cm). Irregular eccentric thrombotic apposition with multiple
PAUS; the cir i i ion flap on the posterior
side of the infra-renal aorta.

Figure 11. Interface for editing patient data by the medical user.

'DATA PACKAGE ————————————————— PROCESSING
e

SN

" %

WITHOUT CONTRAST
WEDIM

SLICE SELECTION

ROI SELECTION

PROCESSED DATA.
PACKAGE.

PROCESSED J—>

CONTRAST MEDIUM —————

NO CONTRAST MEDIUM
[I'] ERRORS.csv —|—) -

‘ PRE-PROCESSING
+

EXTRACTION OF THE PERVIOUS LUMEN

K

processep  wmiem WTouTcM _ eRRoRs.

*REER

CLINICAL EVALUATION

l m . E

Figure 12. Entire procedure and phases of the processing of the CT sequences.

6. Numerical Results

In this section, we analyze the numerical results of the present study. Each of the
15 exams considered required a large amount of data, since the CT images ranged from a
minimum of 230 up to a maximum of 721 images, both for basal sequences (NO CM) and

for those with contrast medium (CM).
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The patients who were the subject of this trial, as can be seen from Figure 13, were
both male and female, aged between 65 and 83 years and characterized by a history
of systemic arterial hypertension, diabetes, hypercholesterolemia, chronic obstructive
pulmonary disease, chronic ischemic coronary artery disease, aortic valve heart disease,
transient ischemic attack or bronchial asthma. It should be pointed out that the male sex is
more subject to the pathology studied and this explains the numerical difference between
the two sexes in the cases taken into consideration. These are the only clinical data needed,
as most of the fundamental data for the study is represented by the images to be processed.

As an example, in Figure 14, there are the results of the processing of one of the
15 patients. On the left there is the basal image after the cropping process; only the aortic
vessel needed to be highlighted, from which the patent lumen is to be extracted. At the
center, instead, we have the reconstruction of the vessel using the SK and subsequent
segmentation algorithms. Finally, on the right there are the related images with contrast
medium, as reference. As can be seen, visually the algorithm is able to extract the patent
area, with a fairly good degree of accuracy compared with the reference image. This is
also confirmed by the trend of the error rates. In particular, the Dice Index (DCI), which
measures the white pixels correctly classified by the algorithm, is on average greater
than 0.82 (rounded), which indicates that the reference image (with the contrast agent)
and the image extracted by the algorithm have a match greater than the 82%. A similar
positive trend can be found for the Tanimoto Index (TI), which measures the ratio between
correctly classified pixels and the total number of white pixels present both in the image
extracted by the algorithm and in the reference one. The misclassification error (E;;), which
gives us a measure of misclassified pixels (occluded ones classified as pervious and vice
versa), despite having been implemented in such a way that it conservatively estimates
the lack of similarity between the two images, is on average no higher than 0.3 (rounded)
and represents the complementary of TI. Finally, the bias index (Bj;) mainly settles on
negative values (average lower than —0.04), indicating that the algorithm tends to slightly
underestimate the patency area, a characteristic that turns out to be positive from a clinical
point of view, as it offers a more pessimistic assessment of the aneurysmal area.

ID STUDY TAX ID CODE SEX | EXAM DATE |WEIGHT| HEIGHT |AGE SMOKER NOTES
91 PRLLRN3IXXXXXXXX | M 12/05/2021 66 168 89 YES [systemic arterial hypertension, diabetes Il, hypercholesterolemia, chronic coronary artery disease|
92 RFFSVN38XXXXXXXX F 10/06/2021 65 160 83 NO systemic arterial hypertension, chronic obstructive pulmonary disease
93 LPPMGBAOXXXXXXXX |  F 21/01/2022 70 165 72 YES systemic arterial hypertension
9% MRNCRLAGXXXXXXXX | M 17/03/2022 80 177 75 YES systemic arterial hypertension, diabetes Il, hypercholesterolemia, bronchial asthma
95 MCHVCNAAXXXXXXXX | M 18/05/2022 78 173 78 NO systemic arterial hypertension
96 NSNPTR3EXXXXXXXX | M 01/01/2020 | 83 176 83 YES systemic arterial hypertension, diabetes Il, hypercholesterolemia
97 MNLGPP3IXXXXXXXX | M 21/01/2020 | 72 167 88 NO systemic arterial hypertension, transient ischemic attacks, aortic valve heart disease
98 NTNLNSSOXXXXXXXX | M 11/03/2020 | 76 173 69 YES systemic arterial hypertension, diabetes Il, hypercholesterolemia
99 BTTGNNA2XXXXXXXX | M 21/01/2020 | 72 174 77 YES [systemic arterial hypertension, diabetes Il, hypercholesterolemia, chronic coronary artery disease|
100 BRTPTRAOXXXXXXXX | M 25/08/2020 | 68 169 80 YES systemic arterial hypertension, diabetes Il, hypercholesterolemia, transient ischemic attacks
101 | GTLVDM3SXXXXXXXX | M 12/09/2020 | 75 172 82 YES systemic arterial hypertension, chronic obstructive pulmonary disease
102 | MRCBRNS7XXXXXXXX | M 08/03/2021 83 178 63 NO systemic arterial hypertension, hypercholesterolemia
103 PFRCLR37XXXXXXXX F 17/05/2021 67 163 83 NO systemic arterial hypertension, diabetes Il transient ischemic attacks
104 PVRDNI4OXXXXXXXX | M 22/02/2021 77 167 80 YES systemic arterial hypertension, chronic p disease
105 SGRFBAAOXXXXXXXX | M 31/01/2022 80 170 72 YES systemic arterial hypertension, hypercholesterolemia

Figure 13. Data of the patients undergoing the study.

A similar positive trend can be seen from the averages made for the other patients,
as visible in Table 1. For completeness, we report in Table 2 the average of the four
fundamental indices made on all the images of all the patients subjected to the study.
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Figure 14. Results of the entire sequence of one of the 15 patients processed. On the left, the basal CT
images of the vessel (NO CM), on the right, the CT images of the vessel with the contrast medium
(CM), in the center, the reconstructions with the extraction of the patent lumen (i.e., the processed
image, Cgk). Next to each slice, we report some of the most significant errors (Dice Coincidence
Index, Tanimoto Index, misclassification error and bias index).
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Table 1. Average of the error indices on the slices of each of the 15 patients analyzed.
ID STUDY DCI TI En By
91 0.751 0.604 0.396 —0.429
92 0.817 0.693 0.307 —0.056
93 0.761 0.615 0.385 —0.571
94 0.801 0.67 0.330 —0.472
95 0.803 0.674 0.326 —0.180
96 0.765 0.620 0.380 —0.419
97 0.818 0.694 0.306 —0.256
98 0.819 0.695 0.305 —0.046
99 0.747 0.597 0.403 —0.517
100 0.787 0.651 0.349 —0.404
101 0.759 0.612 0.388 —0.517
102 0.743 0.593 0.407 —0.640
103 0.781 0.642 0.358 —0.428
104 0.736 0.583 0.417 —0.462
105 0.740 0.588 0.412 —0.703

Table 2. Average of the error indices on the slices of all the CT exams of the patients taking part in
the study.

DCI TI En By
MEAN 0.781 0.644 0.356 —0.376

From the reported data it emerges that for all patients the DCI is never lower than
0.74 (rounded) and the TI always remains between 0.6 and 0.7 (rounded). Inverse tendency
to TL is seen for the E;, index, while the By, is always negative. In particular, ID 105 has an
average By, of —0.7, probably due to the presence of severe aortic atheromatous disease,
as evidenced by the localized and consistent calcium plaques that can be seen in the basal
images (Figure 15). Indeed, in this case, the algorithm tends to underestimate the pervious
area because, by isolating the calcium plaques, it identifies a circular area delimited by
them (Figure 16).

Furthermore, it must be considered that the case under examination is particularly
interesting, since the lumen of the aortic vessel is completely patent, as visible from the CT
images with contrast medium (Figure 17), and, this being an unusual case, it is important
for testing the mathematical algorithm.

During the study, it was noted that the algorithm correctly processes the images
representing vessels with floating thrombi, allowing the extraction of the patent part
(Figure 18).

Finally, concerning the clinical evaluation, we point out that it has been carried out by
the doctor comparing the basal images, which do not reveal meaningful information on
the patency of the aortic vessel, with those processed by the algorithm. Indeed, the results
were very satisfactory, as in most cases the evaluation on the single slice was 5/5 points,
as shown by the averages on the sequences of each patient in Figure 19.
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Figure 15. Basal image sequence for patient ID 105.
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Figure 16. Case of underestimation of the extraction procedure.
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Figure 17. Sequence of images with contrast medium relating to patient ID 105.
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Figure 18. Case of floating thrombus that does not affect the functioning of the algorithm, which

manages to extract the patent part.
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ID STUDY | GLINICAL EVALUATION
91 5/5 %
92 4,8/5 %
93 5/5 %
94 4,8/5 &
95 4,7/5 *
9% 5/5 %
97 4,9/5 %
98 4,8/5 *
99 4,8/5 %
100 4,9/5 %
101 49/5 *
102 47/5 *
103 4,9/5 %
104 4,9/5 %
105 5/5 %

Figure 19. Average of the clinical evaluations (e.g., in terms of stars) on the slices of the CT sequence
of each patient.

7. Conclusions

The reconstruction properties of sampling Kantorovich operators were revealed to
be very useful for digital image processing and enhancement. Their contribution to the
study of vascular pathologies has provided new opportunities in the medical field. Indeed,
the segmentation procedure made up by specific DIP algorithms, applied to images pro-
cessed by the SK algorithm, allows the pervious lumen of the aortic vessel to be extracted
from basal CT images.

From a medical point of view, the possibility of avoiding the use of the contrast
medium represents a significant improvement in vascular diagnoses. Indeed, this proposed
method overcomes the inability of doctors to detect a vascular disease by using basal CT
images, since CT images with contrast medium still represent the gold standard procedure
to diagnose an AAA.

The initial step of the proposed method, i.e., the application of the SK algorithm, turns
out to be essential for the aim of this study. Indeed, the implementation of the SK algorithm,
together with the other DIP techniques, allows a more accurate separation to be obtained
between the pervious lumen of the aorta artery and the vessel itself, with respect to the one
obtained from the original not reconstructed image [3].

After the ROI selection, the whole procedure is not operator-dependent, since it is
automatized both in extraction and in the calculation of errors. Furthermore, the proposed
method manages to exclude calcium plaques from the basal image, which remain instead
visible on the contrast medium image, which would prevent the separation of the pervious
part. As we have highlighted, the procedure is also effective in the presence of floating
thrombi, which in no way affect the extraction of the patent area. Moreover, despite the
algorithm slightly underestimate the patent lumen, the clinical analysis of the doctor user
has shown that this can be translated into an advantage from a diagnostic point of view,
because in fact there is a more conservative estimation (underestimation) of the aneurysmal
area. However, what has been observed above could also pave the way for an improvement
in the numerical indices of the algorithm, even if, from the point of view of the extraction
of the vessel’s patent lumen, useful for clinical diagnosis, it would have no effect.

In conclusion, the application of the entire procedure (based both on the implemen-
tation of the results on SK operators and on DIP algorithms) to the significant number
of CT images considered, constitutes a validation of the algorithm, leading both to good
numerical (through error indexes) and diagnostic (according to the evaluations made by
the doctors involved in the study) results.
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DIP Digital Image Processing
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DCI Dice Coincidence Index
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