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Abstract

Aortic aneurysm is a severe medical condition characterized by the pathological dilation of the aorta, the
main blood vessel in the human body. This study proposes a novel patient specific approach for producing
three-dimensional (3D) models of aortic aneurysms using Additive Manufacturing (AM) by AM
Stereolithography (AM SLA) 3D printing technology from computed tomography (CT) scans of real cases. A
specific elastomer was employed to match the mechanical properties of the biological tissue, particularly
endowed with suitable elasticity and flexibility, and relevant for accurate reproduction of the morphology and
structure of aortic aneurysms, which is essential for advanced medical applications such as surgical training
and preoperative planning. A virtual model generated through CT scans was converted into a physical model
using AM SLA technology, ensuring high-fidelity 3D replication. The geometric analysis of the 3D model
provides an in-depth understanding of the compliance to the structural and morphological characteristics of
real aneurysms, offering accurate data about size, shape, and pathology specifications. In addition, an
optical analysis was conducted on the model, by investigating its transparency to the visible light for direct
visualization of the internal model’s details. The results of this study offer significant contributions to
improving diagnostic accuracy and optimizing treatment planning for the treatment of aortic aneurysms. The
integration of rapid geometric and optical study with AM SLA 3D printing technology represents an advance
in the production of realistic 3D models, enhancing preoperative clinical trials and educational applications
and providing new perspectives in the treatment of this clinical condition.

Introduction

An aortic aneurysm is a serious condition that involves the abnormal dilation of the aortic artery. The artery
is composed of a series of lamellar elements, including smooth muscle, elastin, collagen, and other tissues
that affect its chemical and physical properties M.Q), During the cardiac cycle, the artery undergoes changes
in geometry, with a diameter ranging from 18 to 26 mm during diastole and 19 to 28 mm during systole, and
a thickness ranging from 1.2 + 0.3 t0 2.3 + 0.6 mm ©.

The pathogenesis of an aneurysm is attributable to the destruction of the connective tissue in the aortic wall
due to the degradation of elastin and the partial involvement of the muscular component, resulting in the

accumulation of collagen ("®). This process leads to the development of a discontinuity in the stiffness map
of the aorta, which fragmentizes the muscle fibers present on the endothelial wall, causing a loss of
mechanical properties and the formation of a sac due to the compression and release of the cardiovascular

system (5. Several potential contributing factors to this condition include aging, hypertension,

atherosclerosis, or genetic predispositions ©),

By a clinical point of view, aneurysm necessitates a highly delicate surgical intervention, the rupture of which
may result in fatality in as many as 90% of cases 7). It is essential to differentiate between the abdominal
segment (AAA) and thoracic segment (TAA) of the aortic artery, which are the two primary areas affected (®).
The treatment options available for aneurysm include Endovascular Aneurysm Repair (EVAR) intervention

and conventional surgery (). Studies have shown that the rupture of an aneurysm occurs when the thickness
of the artery wall surpasses 1.78 + 0.22 mm ("9, while emergency intervention is necessary when the
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external diameter of the artery exceeds 5.50 mm and exhibits distensibility ('""('2. Moreover, it is crucial to

consider the angle of the aortic neck, specifically the infra-renal neck angle, as many EVAR implants fail due

(13)_Prior to the surgical intervention, diagnostic tests will be conducted to identify

(14)

to excessively high values

the inclination angle of the aneurysm

In recent years, there has been a significant increase in the success rate of EVAR interventions due to the
advent of Additive Manufacturing (AM) in the medical field ('®. The success of the intervention is closely
associated with the creation of suitable 3D models that accurately and faithfully reproduce the morphology
of the anatomical area subject to surgery(!®). These models allow surgeons to assess critical issues during
preoperative planning and to test tools to be used during the different phases of surgery treatments.
Additionally, the stent can be tested during the preoperative phase to ensure it can be adapted as much as
possible to the nonlinear geometry(”).

To create these 3D models, different image acquisition technologies can be used as starting point, such as
Computed Tomography (CT) ('® and computed tomography angiography (CTA) (9. However, the accuracy
of the acquired images may be affected by inherent issues related to the resolution of the diagnostic
examination machine.

To enhance the efficacy of the intervention, 3D CAD models can be generated from CTA, for instance, in
order to facilitate the development of Computational Fluid Dynamic (CFD) simulations using appropriate
software analysis. This approach enables the identification of critical issues that may arise both during and
after the intervention 29). Furthermore, the utilisation of the 3D model enables the establishment of a
diagnostic process that incorporates a CFD analysis, which subsequently yields the rupture time of the
aneurysm under examination @),

The mechanical properties of the material used is another aspect to be considered for the creation of 3D
models ?2. The model can be realised using a variety of materials, although those with flexible properties,
such as silicones or elastomers (polyurethanes), are preferred due to their deformability and resilience,
which make them suitable for simulating blood vessels (23), Anyway, the choice among different
manufacturing approaches will depend on the type of material to be used. In the case of use of a light-curing
elastomer, it is possible to opt for a direct manufacturing method that involves appropriate AM technology
for the realization of the final model 24, By contrast, when the model is realized using silicones, a reverse
engineering process is needed. This process begins usually with the realization of 3D moulds by using water-
soluble materials, followed by the subsequent coating phase with the silicone material (25 1t is, however,
crucial to acknowledge that both production types will present challenges related to the timing of model
realization, which will consequently impact the final intervention time on the patient 2425,

In this respect, some works employed several mould casting techniques using 3D printing of the mould to
realize 3D models of aortic aneurysms applied for numerical simulation in EVAR applications (25)(26) |n
these cases, the use of 3D printing to realize silicone moulds for producing models by casting processes
conducted to good agreement of the experimental results with finite element analysis (FEA) simulations.
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In case of realization of 3D models to be used directly as implantable components, a study about cranial
prosthesis (27) evaluated both strengths and limitations of the three main strategies that imply additive
manufacturing for the production: (i) direct printing of PLA (polylactic acid) skullcaps, mould casting of
poly(methyl methacrylate) (PMMA) prosthesis using (ii) silicone mould manufactured from a 3D printed
master, (iii) 3D printed TPU (thermoplastic polyurethane) mould. In that study all solutions adopted led to
good geometric accuracy and excellent mechanical resistance of the prosthesis. Direct printing of the PLA
resulted in the fastest strategy, followed by PMMA casting in a silicone mould. Anyway, the use of silicone
was considered more advantageous overall, due to lower costs and the possibility of achieving sterilization
by using autoclaving.

Otherwise, in the case of the creation of 3D models intended mainly for surgical training, the sterilization
phase becomes unnecessary, so much so that a direct 3D printing technique, without the use of intermediate
steps for the realization of the moulds, should become the technique of choice as the fastest method to
shorten the time between training sessions and the final surgical intervention, which represents an extremely
crucial element.

Despite the aforementioned issues, models created using AM technology with the most suitable materials
are capable of accurately replicating the pre-operative challenges, such as the simulation of cannula
insertion into the intended vessel (28).

In order to enhance the probability of success of the intervention, materials with a very low refractive index
would be preferred. This will enable the operator to observe the trajectory of the probe/tool and identify any

potential issues in the preoperative phase (29).

The objective of this study is to realize a 3D model of an aortic aneurysm at the abdominal aortic aneurysm
(AAA) position using direct additive manufacturing (AM) by a stereolithography (SLA) technology. The model
realized has been subjected to a preliminary examination of its geometric, mechanical and optical (light
transmittance) properties. In particular, the optical transparency of the model has been evaluated by a
practical test involving the insertion of a vascular guide into the model, and by determining its visibility. The
optical visibility of the inner guide through the model has been evaluated in two modes and compared: 1)
taking the model as is in air and 2) submerging it in a liquid to determine change of the refractive index.

Materials and Methods
a) Materials

A Zortrax Inkspire 3D printer (Zortrax, Olsztyn, Poland), based on DLP technology, and a UV light-curing resin
(BioMed Elastic 50A, Formlabs, Somerville, MA, USA) especially optimized for traditional SLA 3D printers,
were employed to fabricate the model aneurysm. The photopolymer enabled the attainment of a Shore 50A
hardness at the conclusion of the manufacturing process, according to the producer’s data sheet.

b) Methods
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The CTA of the patient (pixel spacing: 0.5 mm x 0.5 mm; slice thickness: 1 mm) was acquired at St. Olavs
Hospital (Trondheim, Norway), using a Siemens scanner (Sectra Somatom, Syngo CT) in accordance with a
study protocol approved by the regional ethics committee (REK 2016/533, Faculty of Medicine, Trondheim,
Norway) 2%. A preliminary STL file was generated from the previously processed DICOM file to elaborate the
three-dimensional surface model of the aneurysm formation. The preliminary STL was then processed using
appropriate mesh processing software (GeoMagic Design X). At this stage, the acquisition of the model was
verified, any defects deriving from the pristine CTA were removed, and the mean thickness of the vessel was
estimated, with a theoretical value of 1.00 mm being imposed. A new STL file was generated from this,
which was finally processed by a slicing software (ZSuite) for the model production phase. In this phase, the
various printing parameters were set, as detailed in Table 1. The positioning of the model was optimized in
order to obtain the least number of supports.

Table 1 Printing parameters for slicing software (ZSuite) used to realize the model

Parameter Value
Layer Thickness 0.05 mm
Exposure Temp 40 s

Off Exposure Temp 5s
Exposure Time First Layer 120 s
Number of First Layer 6s
Supplement Time Exposure  No

The printing phase was completed in 2d Th 41m, by employing approximately 25 ml of resin, as estimated by
the slicing software.

The geometrical characterization of the model was performed after the printing phase. Firstly, the thickness
of the model’s wall was measured in three selected different areas, corresponding to the three external
vessels’ walls (identified as Input, Output 1 and Output 2) and also to the wall of the central area (Central
wall), respectively through a) a digital micrometer directly on the printed physical model, and b) elaboration
by CAD software of the photographic image of the printed model. Corresponding to the areas selected, four
measurements for each of the selected points (number eight points) were performed, and then the average
values and related standard deviations were calculated, both in case of direct measurement (a) that in case
of image elaboration (b).

Tortuosity of the arteria affected by aneurysm was also evaluated by CAD elaboration conducted on the
image of the printed model. In this case, the axis of revolution of the artery was determined as the curve of
the points corresponding to the mean centers of the cross-sections in the printed model. The curve
representing the revolution axis was then elaborated by calculating the first and second derivatives to
determine the radii of curvature; their variation along the entire curve is related to the longitudinal tortuosity
of the reconstructed aneurysm.
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The optical transparency of the model was evaluated through the insertion of a vascular guide and
subsequent assessment of its optical visibility. The test was conducted by two different methods. By the
first, a vascular guide was inserted into the model cavity exposed directly to air. In the second method, the
guide was inserted in the model previously immersed in a liquid (an isopropyl alcohol solution) by producing
a change in the refractive index (2.

Statistical Analysis

Thickness analysis was performed at eight different points in each model section. Four measurements were
acquired for each point, and the mean value was provided with its standard deviation. The curve relative to
the central axis of revolution on the model section and the curvature values in the three different concavity
change zones were determined graphically using CAD software. All curvature data for the three zones were
processed and provided as the mean value and its standard deviation.

Results

Figure 1 shows the graphical elaboration of the model as processed by the Z Suite slicing software, before
the printing phase.

The final printed model is represented in the photographic image of Fig. 2. The model was subjected to an
initial post-processing phase, during which the weights were compared with those obtained from the slicing
process. The model had a weight of 37.15 g, with an initial estimation error of 32.90%. Furthermore, the
Shore hardness referred to the A scale was evaluated, resulting in a value of 54.20, which is consistent with
the values reported in the material datasheet.

The wall thickness of the 3D model was evaluated with regard to its variability at the vessels’ positions
designated as Input, Output 1 and Output 2 in Fig. 2, and at the central area (after slicing of the printed
model). For accurate measurement of the walls’ thickness, the scheme shown in Fig. 3 for the Input, Output
1 and Output 2 positions, was employed, from which the values given in Table 2 of appropriate standard
deviation were determined.

Table 2 Comparison of the thickness values by direct measurements through digital micrometer and by
image elaboration, referring to the three outer vessels’ walls and the central wall of the physical model (8
positions of measurement are depicted in Figure 3, respectively - Values of the average thicknesses
calculated from four different measurements are also reported, with relative percentage error respect to the
theoretical values from CAD (1T mm).
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Position  Thickness [mm]

Input wall Output 1 wall Output 2 wall Central wall
Direct From Direct From Direct From Direct From
image image image image
1 1.05+025 118+ 0.78+x0.09 082+ 066+0.03 054+ 085+0.2 1.58 £
0.08 0.22 0.03 0.27
2 095+0.25 145+ 085004 1.05+ 0.63+0.04 052+ 080+0.177 0.86=
0.07 0.23 0.02 0.3
3 0.80+0.21 135+ 080+007 1.03+ 04320.06 051+ 0901015 1.05¢
0.08 0.22 0.03 0.32
4 0.85+0.23 14+ 0.75+0.03 096+ 045004 053+ 0.77+x0.22 0.88+%
0.06 0.25 0.04 0.33
5 095+0.24 1.15+ 079+0.03 095+ 0.54+0.05 053+ 0.78+0.23 0.75¢
0.07 0.23 0.04 0.32
6 086+0.23 113+ 0.79+0.04 125+ 046+0.05 044+ 082+0.18 1.02%
0.08 0.24 0.05 0.28
7 090+0.24 135+ 082+005 157+ 0.50+0.03 056+ 085+022 121+
0.09 0.23 0.03 0.29
8 096+0.24 125+ 088+003 1.03+ 0.56+0.04 057+ 0881024 1.09¢
0.07 0.22 0.03 0.31
Average 0.910.2 1.3% 0.8+0.1 1.1% 0.5+0.1 0.53+ 0.8+0.05 1.1%
value 0.1 0.2 0.04 0.3
(Ae):rror -10 +30 -20 +10 -50 -47 -20 +10
%

Table 2 illustrates also the average thickness values in relation to the four reference areas, with the
percentage error calculated in accordance with the theoretical thickness set in the CAD (1 mm).

The values obtained, as they are compared to the theoretical values from the CAD model, indicate that the
percentage error in the wall thickness is the greatest for both the testing methods adopted, in the Output 2
area, while it is reduced in the other areas. This could be indicative in some problem arising during the
printing phase in that position.

The images in Fig. 4 show a photograph of the vertical section of the aneurysm model (Fig. 4A) with a
graphical highlighting of the right and left edges of the section (Fig. 4B). Figure 4C shows the CAD
processing of the image acquired on the section, for the determination of the axis of revolution of the artery
(referring to its tortuosity).

The figure shows the segments representing the radii of curvature obtained from the derivation of the axis of
revolution. As shown in the figure, the change in the concavity of the axis corresponds to the three zones
highlighted as blue areas. Table 3 shows the calculated and graphed values of the radii of curvature and their
average variation from one zone to another of change in the concavity of the internal axis.
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Table 3

Variation of the radii of curvature of the model’s central axis
(tortuosity parameter) for the three concavity change zones. The
average value and related standard deviation are calculated for

each zone
Axis point Calculated radii of curvature [mm]
First zone Second zone  Third zone
1 1.25 3.64 0.65
2 18.02 6.43 1.29
3 35.40 6.18 2.43
4 46.82 5.64 3.72
9) 46.08 5.20 5.17
6 41.50 4.50 6.03
7 35.65 3.90 6.97
8 35.01 3.42 -
9 37.25 2.91 -
10 43.92 4.44 -
11 49.34 6.12 -
12 42.94 7.93 -
13 35.52 0.46 -
14 23.98 11.26 -
15 11.76 12.91 -
16 3.59 13.75 -
17 0.94 14.12 -
18 - 13.56 -
19 - 12.30 -
20 - 11.52 -
21 - 11.01 -
22 - 11.03 -
23 - 11.09 -
24 - 11.92 -
25 - 13.31 -
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Axis point Calculated radii of curvature [mm]
First zone Second zone  Third zone
26 - 12.61 -
27 - 10.71 -
28 - 8.62 -
29 - 6.20 -
30 - 3.40 -
31 - 1.88 -
32 - 1.08 -
Average value 30.00+16.00 8.00*4.00 4.00+2.00

An investigation was conducted to determine the effectiveness of inserting the vascular guide into the
model (Fig. 5). During the initial test, in which the model was exposed to air, the process of inserting the
vascular guide proved to be more challenging than in the second method, where the model was submerged
in a fluid, isopropyl alcohol (Fig. 6). The presence of the fluid made it easier for the tool to pass through,
significantly reducing the difficulty of insertion. This disparity can be attributed to the friction generated
between the tool and the walls of the model, which is greater in air and impedes the optimal performance of
the instrument. In the second mode, with the model submerged in isopropyl alcohol, the friction is
significantly reduced, making it easier to insert the vascular guide.

The evaluation of optical transparency was carried out on the model in accordance with the procedures
outlined. In the first scenario, where the vascular guide was introduced into the model in contact with air,
there was a reduction in transparency resulting from the refraction of light on the surfaces, which made the
vascular guide less eye-visible and, consequently, less handy (Fig. 4).

In the second mode, the model's immersion in the liquid phase led to a substantial increase in transparency.
This improvement can be ascribed to the favourable difference in the refractive index from the presence of a
surrounding liquid, which diminishes internal refractions and light scattering. The decrease in the air-solid
interface enables greater light penetration and transmission through the model, thereby enhancing the
visibility of the vascular guide inserted within it (Fig. 5). Consequently, a clearer and more defined
visualization of the internal structures is achieved, which facilitates the observation by the operator and
meticulous internal analysis of the structure.

Conclusions

In this study, a three-dimensional model of an aortic aneurysm in an abdominal aortic aneurysm (AAA)
position was analyzed and developed. After conducting a preliminary phase during which the DICOM file
from the computed tomography (CT) scan was studied and an STL file was generated, the production phase
by 3D printing of the model was performed. During production phase, the printing parameters were
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configured to produce the physical model, which was subsequently subjected to geometric characterization
and evaluation of optical characteristics in terms of transparency and external visibility of the operating
tools. The geometric analysis of the thicknesses was conducted in different areas (external and central),
allowing for a non-destructive evaluation in case of the external areas and a destructive one in case of the
central area. Geometric variations of the thickness from the theoretical model, was determined both by
direct measurement through digital micrometer and photographic image CAD elaboration. The
measurements then allowed for the determination of the average thickness and standard deviation, making
possible to highlight discrepancies due to random errors, method errors, and errors due to the printing
process. The analysis of this data on the printed model constitutes a preliminary assessment set useful to
the surgeon in order to further facilitate and speed up the following operational training phase. Moreover, the
optical feasibility tests showed that when the model was exposed to air, the refraction of light on the surface
reduced the transparency of the model, making it difficult to view the vascular guide clearly by the operator.
However, the immersion of the model in a liquid phase with refractive index similar to the model’'s material,
allowed for a clearer and more defined visibility of the vascular guide tool. These findings demonstrate that
immersion in a liquid is a more effective method for carrying out operability training. In conclusion, 3D
printing in this field has been used so far mainly to realize moulds intended for the direct casting of models
used in clinical trials. The method involved, by the direct 3D printing of a model from computed tomography
(CT) scans, enables a fast patient-specific approach aimed at enhancing clinical trials and educational
sessions and providing new practical perspectives in the treatment of this clinical condition.
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Figure 1

Model of the aneurysm processed by the ZSuite software
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Figure 2

Physical model obtained at the end of the production process. The three sections subjected to geometric
analysis of the thickness, referred to as Input, Output 1 and Output 2, are highlighted.
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Figure 3

Measurement schemes adopted for the analysis of thicknesses referred to the Input (A), Output 1 (B) and
Output 2 (C) sections.
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CAD elaboration of the internal section of the model for the determination of the revolution axis and its radii of
curvature (tortuosity parameter)

Figure 5

3D model of Aortic Aneurysm during the first test mode (in air) to evaluate optical visibility of inner operating
tool
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Figure 6

3D model of aortic aneurysm during the second test mode (in liquid, isopropyl alcohol) to evaluate optical
visibility of inner operating tool
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