Medicine

=

IObservationaI Study

3D printing in the endovascular treatment of
visceral artery aneurysms

Daniel Grzegorz Solinski, MD#* @, Marcin Celer, MD?, Krzysztof Dys, MD, PhD?, Wojciech Witkiewicz, MD, PhD?,

Maciej Wiewiéra, MD, PhDP

Abstract

Visceral artery aneurysms (VAAS) are vascular pathologies that are difficult to treat. The variable geometry of the vessels andb
location of aneurysms render difficult their evaluation in radiological imaging studies. Less invasive endovascular procedures are
increasingly used in common practice. Our aim was to test the feasibility of using 3D printing technology in the preparation of
preoperative spatial models of visceral artery aneurysms and their impact on interventional treatment. In our observational study,
we examined a group of patients with true aneurysms of the visceral arteries who were followed and who underwent endovascular
procedures with the use of 3D prints for better imaging of vascular lesions. We analyzed the fused filament fabrication method of
3D printing and printable materials in the preparation of spatial vascular models. We confirmed that more accurate visualization
and analysis of vascular anatomy could assist operators in attempting minimally invasive treatment with good results. Extending
imaging studies using 3D printing models that allow for the assessment of the position, morphology and geometry of the aneurysm
sac, particularly of vessel branches, could encourage surgeons to perform endovascular procedures.

Abbreviations: CT = computed tomography, FDM = fused deposition modeling, FFF = fused filament fabrication, HAA =
hepatic artery aneurysm, RAA = renal artery aneurysm, SAA = splenic artery aneurysm, VAA = visceral artery aneurysm.
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1. Introduction

Visceral artery aneurysms account for 4% of all arterial aneu-
rysms.!! The lack of specific symptoms renders quick detection
of VAAs difficult, and the finding rate has increased due to the
popularity of routinely performed diagnostic imaging examina-
tions. The patient life is threatened by spontaneous rupture of
the aneurysm sac, leading to hemorrhage, impairment, or loss of
the function of the supplied organ or even death.*?! The most
common cause of VAAs is atherosclerosis. Other etiological fac-
tors can include injuries; connective tissue diseases; pregnancy;
congenital diseases; infections, including bacteria and fungi;
inflammatory diseases, including those associated with chole-
cystitis and pancreatitis; and vasculitis.*s! Regarding visceral
localization, the most common aneurysms are splenic artery
aneurysms (SAAs), which occur in 60% to 80%, with a 2% risk
of rupture and a mortality rate of 36% to 90%. Hepatic artery
aneurysms (HAAs) account for 20% of cases, with a 20% risk
of rupture and an estimated mortality of 21% to 35%. Coeliac
trunk aneurysms account for only 4% of all visceral aneurysms,
with a 20% risk of rupture and a mortality rate of 50% to
70% .11 VA As, due to the location and geometry of the vessels,
make it challenging to plan the treatment and perform a repair
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procedure, especially endovascular procedures.*?! Accurate
assessment of VAA morphology, location, and geometry is nec-
essary for the appropriate selection of methods and tools, espe-
cially in planning endovascular treatment. The safety and effect
of endovascular procedures depend on the surgeon experience
and excellent knowledge of the anatomy of the operated artery,
based solely on diagnostic imaging examinations.’ One of the
possibilities for extending diagnostics based on radiological
examinations is the production of an individually prepared 3D
model using 3D printing.”) We aimed to test the potential of 3D
printing technology in planning minimally invasive procedures
and medical treatment of VAAs. We assumed the preparation
of spatial 3D models based on the imaging studies of patients
with VAAs, the assessment by specialists of their usefulness in
further proceedings, and, in subsequent stages, the performance
of repair procedures for aneurysms.

2. Materials and methods

The study was a single-center, prospective study as a proof of
concept to evaluate the feasibility of 3D printing in the minimally
invasive treatment of visceral artery aneurysms. Gender, age,
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aneurysm etiology, or comorbidities were not criteria for inclu-
sion in the research group. All patients had previously undergone
imaging examinations and consultation with a vascular surgeon
and were referred for specialist consultation to qualify for invasive
treatment. Further criteria for including patients in the research
group were single or multiple true aneurysms of the visceral arter-
ies visualized by CT angiography, the tortuous geometry of the
visceral vessels, or aneurysms in the area of vessel divisions or
sacs located in the course of angular deflections of the arteries, or
the aneurysm sacs with departing arterial branches. The CT scans
had to meet the minimum quality requirements, enabling the gen-
eration of a virtual 3D model, that is, without artifacts in clini-
cally significant places, in the arterial phase, with contrast filling
the blood vessels in a way that allows for their identification and
differentiation from the surrounding tissues. The thickness of the
layers in the computed tomography examination was assumed
to be no more than 1mm. The size of the aneurysm was close to
the limit value, qualifying patients for invasive treatment or with
a size of the aneurysm sac considered to require surgery. Patients
requiring emergency admission and treatment of the aneurysm
and whose anatomical course of the vessels and pathologi-
cal changes showed uncomplicated geometry and morphology
were excluded from the study group. The study covered patients
observed and treated in 2019 to 2022. The study was conducted
in accordance with the Declaration of Helsinki, and approved
by the Bioethical Committee of Regional Specialist Hospital in
Wroclaw, Research and Development Center, Wroclaw (protocol
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code: EC 8.01.2019, date of approval: 9/01/2019). The patients
were divided into 2 groups: those who underwent repair proce-
dures and those for observation. The 3D printing process is well
described in the literature.!'*'?l Angio-CT data in DICOM format
were processed in open-source software (3D Slicer) for segment-
ing and generating a virtual 3D model by automatic thresholds
regarding the data resulting from Hounsfield units of the baseline
examination and manual correction of the ranges covering the
selected anatomical regions. Regardless of the software, manual
data verification remains necessary to avoid errors that could sig-
nificantly impact the geometry of the generated 3D model. Mural
thrombus and calcified atherosclerotic plaques giving positive
and negative remodeling of the vessel or the aneurysm sac were
included in the 3D model geometry. In the next stage, the printing
parameters were set in slicer software (Ultimaker Cura; Ultimaker
B.V. Utrecht, Netherlands) dedicated to the fused filament fabri-
cation (FFF) type of 3D printer (Ultimaker 2+; Ultimaker B.V.
Zaltbommel, Netherlands), including the operating temperature
appropriate for the material used, the layer height, parameters of
the supports and the method of adhesion to the working table.
The support material and any contamination were removed from
the printed models. The filament used in all prints was thermo-
plastic polyurethane elastomer 98A. Endovascular operators
analyzed the 3D printed models. Based on the comparison of
angio-CT examinations and spatial 3D models, decisions were
made about possible modifications of the previously agreed upon
treatment plan and the intraoperative procedure. The quality of

Figure 1. (A) 3D models in the DSA study, with an empty light (A1, A2) and, for comparison, a 3D model filled with support material (A3). (B) 3D model of the
printed HAA. (C) The collateral vascular circulation from the gastroduodenal artery was well visualized in the prepared virtual model of the HAA aneurysm. It is
possible to select individual arteries for printing depending on the needs. (D) RAA model with a double-layered aortic wall (each layer 0.28mm thick) and empty

vessel lumen. HAA = hepatic artery aneurysm, RAA = renal artery aneurysm.
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the geometric representation of anatomical details in the accurate
model is crucial for the medical suitability of the prototype. The
3D printed models were subjected to digital subtraction angiog-
raphy on a GE Innova 4100 angiograph to validate the process
and assess its quality. Obtained images have been measured on
radiological workstations with Siemens Syngo Via and Pixmeo
SARL OsiriX MD software.

3. Results

The study group consisted of ten patients. Five underwent
endovascular aneurysm surgery, including 3 SAAs and 2 renal
artery aneurysms (RAAs). Five patients were under obser-
vation, including 1 HAA, 2 RAAs, 1 SAA, and 1 case of
dolichoectasia and aneurysm in the course of the upper pancre-
atic-duodenal artery and the lower pancreatic-duodenal artery
with an additional RAA. Due to insufficient data, 1 patient who
underwent an RAA repair procedure was excluded from the
research group. All 3D printed models had an empty lumen
corresponding to the contrast medium flow and vessel walls
on CT angiography. In 1 model, after appropriate preparation
of the project, a 2-layer aortic wall was obtained [Fig. 1D].
Measurements of the 3D printed models done using an elec-
tronic digital caliper. After evaluating the metric measurements
of 3D printed models and comparing the dimensions of the
aneurysm sacs and other characteristic anatomical structures
with the initial angio-CT imaging examinations, the differences
in dimensions of aneurysm sacs were <1 mm and applied to
all models and measurements. The results and discrepancies
of measurements are presented in the table [Table 1]. Based
on the results, the method was considered to reflect the data
obtained in the angio-CT examinations accurately. In operated
SAA cases, 3D models were used only to visually assess the
splenic artery anatomy, aneurysm sac, and spleen supply ves-
sels [Fig. 2A and C]. Additional model measurements were not
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performed to select endovascular tools, related to the insuffi-
cient flexibility and deformability of the 3D models under the
rigid guidewires compared to the typical changes in the geome-
try of the splenic artery during procedures. That posed a risk of
inappropriate length selection of stents or stentgrafts. During
particular procedures, the patients were provided with: a Gore
ViaBahn covered stent 6 x S0mm in size; a Gore Viabahn
6 x 50mm covered stent and Medtronic Concerto Helix spirals;
and a Medtronic Concerto 3D detachable coil system, which
after release formed a scaffold filled with additional Medtronic
Concerto Helix spirals. Control arteriographies confirmed that
the aneurysm sacs were supplied correctly in each case [Fig. 2B
and D]. In the case of RAA, the 3D model was used to extend
the imaging diagnosis to better visualize the outgoing branches
of blood vessels from the aneurysm sac, their length, and fur-
ther courses [Fig. 3A—C]. Venous vessels were also preserved in
the model [Fig. 3A]. Based on the actual 3D model, the agreed
treatment plan was changed radically. The patient was initially
qualified for the classic surgical procedure involving ex vivo
aneurysm sac surgery with renal autograft. After the analysis
of the patient spatial 3D model, endovascular treatment was
performed [Fig. 3D]. The model allowed for a better assess-
ment of the position, length, and diameter of the segmental
arteries of the kidney in relation to the aneurysm sac, showing
the possibility of proper guidewire positioning and release of
the vessel remodeling stent in a way that allowed for coiling
of the sac by Medtronic Concerto Helix spirals without the
risk of coil migration. The 3D model of the patient observed
with the common hepatic artery aneurysm visualized well ste-
nosis of the celiac trunk through the limbs of the diaphragm,
its post-stenotic dilatation, and hepatic artery modeling by the
aneurysm sac lying along the vessel [Fig. 1: A1-A3, B, and C].
The dolichoectasia and aneurysm model in the upper pancre-
atic-duodenal artery and the lower pancreatic-duodenal artery
[Fig. 4A and B] helped accurately assess the dilation without

Figure 2. (A) Virtual 3D model of the SAA sac. (B) Embolized SAA sac. (C) DSA study of the SAA 3D model. (D) Stentgraft in place of SA aneurysm sac. SAA

= splenic artery aneurysm.
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Figure 3. (A) Photo of the RAA 3D model with the preserved system of arteries and veins prepared regardless of the final treatment method. Printed 3D models
can also help in visualizations for classic treatments. (B) DSA of the RAA 3D model with a clearly visible separation of the segmental artery from the aneurysm
sac. (C) DSA of the RAA 3D model. (D) DSA of the RAA during the procedure. RAA = renal artery aneurysm.

other visible structures on CT angiography hindered accurate
evaluation [Fig. 4C and D]. Additionally, the model preserves
the coexisting right renal artery aneurysm and the stenosis
of the celiac trunk in the area of its proximal part. In 2 cases
of observed RAA, the aneurysm sacs were located close to
the hilum on the division of the renal arteries [Fig. SA1-A3].
Failure to inherently supply the aneurysm sacs could be asso-
ciated with at least partial obstruction of the flow through the
branches and renal ischemia. Due to the size of the aneurysms,
the patients are under observation. The last 3D model of an
SAA was made for multiple aneurysms in the distal part of the
SA and the left gastro-omental artery [Fig. 5B and C].

4. Discussion

3D reconstructions depend on the quality of diagnostic imag-
ing examinations, the absence of artifacts, good blood ves-
sel contrast, the examination protocol, and obtaining data
at the low heights of the examination layers. A radiologist
with appropriate clinical knowledge should prepare the vir-
tual model, preferably cooperating with a surgeon performing
endovascular procedures. Small anatomical details, including
vessels with fine diameters, might be poorly visible in imag-
ing examinations and impossible to accurately 3D print. The
precision of the obtained 3D models requires a repeatable,
uniform procedure and periodic validation. The use of indi-
vidualized preoperative diagnostics based on 3D printing

could affect the planning of the treatment process, including
reducing the invasiveness of the selected surgical method.
The spatial models produced in 3D printing technology are
instrumental in making decisions for a treatment plan in ana-
tomically complex vascular pathologies. 3D printing can be
useful in high-risk operations, in patients with comorbidities,
and in cases in which the information obtained from imag-
ing examinations leaves doubts as to the determination of an
unequivocal treatment plan and the acceptable margin of error
during the procedure is slight. 3D models can also help in the
development of novel treatment procedures or the implemen-
tation of new treatment techniques.'*!* The usefulness of 3D
printing in educating and training surgeons with little practi-
cal experience has been demonstrated.®!>) FFF was the chosen
method of 3D printing due to the availability of the method,
the possible simplicity of its implementation in everyday prac-
tice, and the relatively simple and clean technological process
for the user. An important aspect of the selected method is its
wide range of available filaments and 3D printers and low
cost. Due to angular departures, diameters, lengths, and often
tortuous courses, visceral arteries deform differently under
the pressure of guidewires. For this reason, we attempted to
select a material that was flexible, easily accessible, and par-
tially translucent, potentially enabling benchmark tests of the
printed materials. Printed 3D models made of materials with
higher stiffness and hardness are suitable for precisely mark-
ing the exit sites of visceral arteries in individually fenestrated
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Figure 4. The printed 3D model on the 1:1 scale (B) enables the accurate assessment of many changes without other anatomical structures visible in the
angio-CT examination (C, D). In the figures, dolichoectasia and an aneurysm in the course of the upper pancreatic-duodenal artery and the lower pancreatic-du-
odenal artery with additional RRAA are shown. Virtual model (A). RRAA = right renal artery aneurysm.

stent grafts of abdominal aortic aneurysms.!"*! However, the
vascular models made of hard materials on the Shore scale
described in the literature cannot be used as VAA models
for accurate testing of endovascular instruments. The bovine
aorta is graded with a hardness of approximately 41 Shore
0O, corresponding to less than 5 Shore A.l'"” The thermoplas-
tic polyurethane elastomer 98A used is too hard to perform
highly accurate benchmark tests of visceral lesions; therefore,
we did not use the models as simulators. Currently, there is no
commercially available material for printing in FFF or fused
deposition modeling (FDM) technologies with the desired low
hardness corresponding to the vessels’ mechanical properties.
The technology has significant limitations in extruding highly
flexible filaments less than 60 Shore A.

Other 3D printing technologies than FFF/FDM allow print-
ing with materials with higher flexibility and high translucency.
Before starting our work in the FFF technology, publications
on VAAs 3D printing mainly described using rigid and inflexi-
ble polymers. Due to the possible usefulness in planning precise
minimally invasive procedures, in subsequent works, materials
and 3D printing technologies that enable fabrication with high
flexibility of vascular model walls should be used, which will
enable benchmark tests, selection of endovascular tools, and
pretreatment training.

The virtual model preparation time and the time of 3D
printing limit cases that must be operating from the emer-
gency department. Nevertheless, models of visceral aneu-
rysms produced by 3D printing technology can significantly

facilitate the assessment of aneurysm sacs and vessel
branches, especially in cases of VA division aneurysms and
aneurysms of the renal arteries in the hilum area. Changing
the treatment plan into an endovascular, as well as the sur-
geon preparation for the procedure based on an actual 3D
model, can significantly reduce the time of the procedure and
its invasiveness.!>!%°1 This advantage is important in proce-
dures in which patients with comorbidities are at risk for ex
vivo supply of distal renal artery or hilum aneurysms, which
are considered the gold standard.**2! The use of 3D printing
for assessing renal artery aneurysms previously described in
the literature resulted in the qualification of patients for sur-
gical procedures.l?>?! In the case of several branches spread-
ing from the sac of splenic artery aneurysms, using 3D coils
in combination with the earlier good visualization of the sac
in the 3D printing model might also contribute to attempts
at the endovascular method. In our cases, we confirmed that
more accurate visualization and analysis of vascular anatomy
could assist operators in attempting minimally invasive treat-
ment with good results.?*%!

5. Conclusions

3D printing is an accessible and easy to implement method that
could be widely used in treating VAAs. The extension of radio-
logical diagnostics with spatial models produced by 3D printing
could be helpful for operators and affect the treatment choice.
The FFF 3D printing technology has limitations in the direct
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Figure 5. DSA examination of RAA (A1-A3) and SAA (B) 3D models and spatial 3D model of SAA (C) with different complexity of departures and vessel curva-

tures. RAA = renal artery aneurysm, SAA = splenic artery aneurysm.

production of highly flexible models, especially useful as preop-
erative stimulators. Further research is necessary on 3D printing
in treating aneurysms of the renal arteries, especially in the distal
segment of the renal arteries and those lying in the kidney hilum.
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